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Abstract

Adenosylcobalamin (AdoCbl, coenzyme B 12) is a complex organometallic enzyme cofactor
derived from vitamin B 12 that allows for challenging radical-based chemical transformations.
Additionally, the biological role of AdoCbl was recently expanded by the discovery that AdoCbl
can serve as a light sensor in light-dependent gene regulation. The use of AdoCbl in living
systems, however, comes at a significant price because the cofactor is reactive, prone to side
reactions, and very rare. Thus, the acquisition and handling of AdoCbl require specialized
machinery such as metallochaperones. In this thesis, I illustrate these different facets of the
biochemistry of AdoCbl. Using X-ray crystallography, I determined structures of IcmF, a fusion
protein between AdoCbl-dependent isobutyryl-coenzyme A mutase and a G-protein
metallochaperone that mediates AdoCbl delivery. Structures determined in the absence and
presence of AdoCbl depict large-scale conformational changes mediated by the
metallochaperone that expose the mutase active site and allow for cofactor delivery. Collectively,
these structures visualize how the precious AdoCbl cofactor is delivered to an enzyme active site
with the help of a metallochaperone. I furthermore determined crystal structures of IcmF in
complex with different acyl-coenzyme A substrates, revealing how the enzyme positions AdoCbl
and substrates for catalysis using specific amino acid residues. These structures combined with
bioinformatic analyses allowed me to predict the existence of AdoCbl-dependent enzymes with
unique reactivities. Finally, the recent discovery that the CarH transcription factors use AdoCbl
as a light sensor was remarkable because light sensitivity is usually detrimental and leads to
inactivation of the cofactor, yet here it is the main function of AdoCbl. To investigate the
molecular basis for this functional repurposing of AdoCbl, I determined crystal structures of
CarH in three states. These structures elucidate how CarH harnesses the light sensitivity of
AdoCbl to drive a light-dependent gene expression switch: intact AdoCbl in the dark mediates
formation of a CarH tetramer that binds to DNA and represses transcription, whereas light
exposure triggers a conformational change that dissociates CarH from DNA and activates
transcription. This work provides fundamental insight into a new mode of light-dependent gene
regulation and expands the functional repertoire of AdoCbl in living systems.

Thesis Supervisor: Catherine L. Drennan

Title: Professor of Chemistry and Biology
Howard Hughes Medical Institute Investigator and Professor
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Chapter I: Nature's Use of Adenosylcobalamin

I.A. Use and regulation of metal ions in biology

The chemistry of life is intimately linked to metals: approximately 30-50% of all proteins require

a metal ion for function'. These metal ions act as cofactors in enzyme catalysis, perform electron

transfer, assist protein and nucleic acid folding, effect signaling and neurotransmission, regulate

gene expression, mediate gas transport, and more. Transition metal ions in particular fulfill a

variety of functions and greatly expand the repertoire of enzyme-catalyzed reactions, allowing

for some of the most amazing chemical transformations in nature including essential processes

such as respiration, photosynthesis, and nitrogen fixation. The diversity of functions arises from

the chemical versatility of transition metal ions, which can adopt different redox states,

coordinate different ligands, and provide access to radical-based (or open-shell) reactions. Many

transition metal ions can be partnered with an organic ligand, giving rise to metallocofactors

such as heme, cobalamin, or molybdopterin and even further expanding the functional roles of

metal ions. In fact, a recent study suggests that the so-called metalloproteome is still largely

uncharacterized, with many metalloproteins and metal ion-assisted reactions still to be

discovered2 . The fascinating and essential roles played by metal ions and metallocofactors in

living systems have motivated significant research into the biochemistry of metal ions, a subfield

collectively known as bio-inorganic chemistry.

The use of metalloproteins in living organisms is constrained by the ability to acquire the

corresponding metals from the environment. Although proteins are thought to have evolved to

use metal ions that are most abundant and easily accessible in the environment, the accessibility

of metal ions has changed drastically over the course of evolution, sometimes severely restricting
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the availability of essential metal ions 3-. In addition, functional requirements may demand the

use of specific metal ions that are not abundant in the environment. Therefore, dedicated

pathways are often necessary to acquire these metal ions and accumulate them inside cells. Iron,

for example, was abundant and soluble in the anoxic oceans of primordial Earth and became

5,8-9central to many biological processes . The rise of photosynthesis ultimately led to complete

oxygenation of the oceans about 800 million years ago6 , resulting in oxidation of dissolved

ferrous (Fe 2+) iron to the ferric (Fe 3) state, which is nearly insoluble in aqueous solution with a

solubility limit of 10-18 M at neutral pH. Thus, although iron is essential for almost all

organisms, iron acquisition requires a significant amount of energy and specialized uptake

machinery 0'1 . Similar considerations hold for many other essential metals. The costly

acquisition constitutes a major challenge to the use of metals in biology.

Even after acquisition, transition metal ions pose a regulatory challenge to organisms:

almost all free transition metal ions are toxic when in excess. Iron and copper, for example,

rapidly react with molecular oxygen species via Fenton and Haber-Weiss chemistry 12- 14

generating hydroxyl radicals that wreak havoc across the cell by damaging proteins, lipids, and

nucleic acids. In addition, as described by the Irving-Williams series15 , some metal ions bind to

organic molecules more tightly than others: divalent ions of metals that are further to the right in

the periodic table, such as zinc and copper, form the tightest complexes, whereas the

corresponding dissociation constants increase for elements further to the left. Thus, ferrous iron

and manganese generally form weaker complexes with ligands and proteins and are readily

outcompeted by zinc and copper in solution. Organisms must overcome this chemical trend to

ensure that proteins are loaded with the appropriate metal ions for function.
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A central question, therefore, is how organisms acquire sufficient amounts of each metal

and allocate the correct metal ions to target proteins while avoiding toxicity arising from metal

overload. Extensive studies over the past decades have revealed the ubiquitous strategies of

metal homeostasis. Metal ion sensors and metal ion-dependent transcription factors regulate

metal ion uptake, use, storage, and export on the transcriptional, translational, and post-

translational levels in response to varying metal ion levels"1 0 -11,16-17. Furthermore, intracellular

metal ion allocation to target proteins is under control of metallochaperones that sequester free

metal ions and mediate their delivery to target proteins or assembly into larger

metallocofactors 8 21 . In a particularly fascinating example, two nearly identical bacterial

proteins, one of which requires copper and one of which requires manganese, can be loaded

specifically, even though copper binds more tightly to both, by performing metal ion loading in

22different cellular compartments . Together, these strategies ensure minimization of free metal

ion concentrations, avoidance of damaging side reactions, and proper metalation of the

proteome. In return for their investments into metal homeostasis, organisms are rewarded with

access to unique chemical reactions that are central to sustaining life.

In this thesis, we illustrate using the example of adenosylcobalamin (AdoCbl, coenzyme

B 12 ), a complex metallocofactor derived from vitamin B 12, how nature handles precious

metallocofactors, uses them for difficult chemical transformations, and diversifies their

biological roles. First, in Chapter II, we describe crystal structures of an AdoCbl-dependent

enzyme associated with its corresponding metallochaperone. The structures reveal that the

metallochaperone, a small G-protein, enables large-scale conformational changes in the AdoCbl-

dependent enzyme that expose the active site and allow for AdoCbl delivery. These findings

provide general insight into chaperone-mediated delivery of metallocofactors. Then, in Chapter
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III, we report structures of an AdoCbl-dependent enzyme in complex with different substrates,

revealing how the precious AdoCbl cofactor and substrates are positioned in the enzyme active

site to enable challenging radical-based chemistry. In addition, we identify determinants of

substrate specificity that allow us to predict new AdoCbl-dependent reactions. Finally, in

Chapters IV and V, we explore a new biological function for AdoCbl: that of a light sensor in

light-dependent gene regulation. Using a combination of crystal structures and biochemical

characterization, we elucidate how a transcription factor harnesses the light sensitivity of AdoCbl

to drive a light-dependent gene expression switch, providing fundamental insight into a new

mode of light-dependent gene regulation and expanding the functional repertoire of

metallocofactors in living systems.

I.B. Adenosylcobalamin: a radical cofactor

Vitamin B 12, once termed "nature's most beautiful cofactor", is a complex organometallic

molecule that has fascinated scientists ever since its first isolation in 1948 (refs. 24-25).

Derivatives of vitamin B 12 are known as cobalamins, often collectively referred to under the term

"B 12", and are cofactors for a variety of challenging enzymatic reactions 26-1. Their intricate

chemical structure, rich spectroscopic properties, and involvement in facilitating difficult

chemical transformations have prompted numerous experimental and theoretical studies that

have provided insight into their roles in biological systems, revealing functions ranging from

enzyme catalysis to control of gene regulation 32-36 and modulating the structure of microbial

communities3 7.

Chemically, cobalamins are tetrapyrrolic cofactors, consisting of a corrin ring system

whose four pyrrolic nitrogens coordinate a central cobalt ion that is usually in the +3 oxidation
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state (Figure 1.1). The corrin is further decorated with propionamide and acetamide side chains

and a nucleotide tail that ends in a dimethylbenzimidazole base, which occupies the lower, or a,

axial coordination site on the cobalt. The upper, or P, axial coordination site can be occupied by a

variety of ligands, depending on the cofactor form38. Two major biological cofactor forms of

cobalamin are methylcobalamin (MeCbl), which contains a methyl group as the upper ligand,

and AdoCbl, which contains a 5'-deoxyadenosyl group as the upper ligand that is bonded to the

cobalt through its 5'-carbon (Figure 1.1). Other possible ligands at the upper coordination site are

cyanide in cyanocobalamin, which is technically vitamin B12, water in aquocobalamin, or thiols

such as glutathione in glutathionylcobalamin39 4 0 . As enzyme cofactors, cobalamins are used for

three major types of reactions: MeCbl is used for methyl transfer reactions, such as that of

methionine synthase, AdoCbl is used for radical-based transformations, such as that of

methylmalonyl-coenzyme A (CoA) mutase (MCM), and it appears that cobalamin without an

upper ligand is used by reductive dehalogenases, whose structures and functions are only now

starting to emerge4'-42

The major focus of this thesis lies on AdoCbl, a cofactor for fascinating radical-based

chemical transformations. Elucidation of the chemical structure of AdoCbl in 1961 by Dorothy

Hodgkin revealed a covalent cobalt-carbon (Co-C) bond that stands unique in nature and is the

basis for the use of AdoCbl in enzyme catalysis 3 . The relatively low bond dissociation energy of

this bond, approximately 30.5 kcal/mol, allows for facile homolytic dissociation in the active site

of enzymes44. Homolysis of the Co-C bond yields five-coordinate cobalamin with cobalt in the

+2 oxidation state, referred to as cob(II)alamin (cob(II)), which does not participate directly in

catalysis, and a 5'-deoxyadenosyl radical. This radical is the catalytic species, initiating chemical

transformations by abstracting a hydrogen atom from a substrate molecule 45-4 7. The resulting
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substrate-based radical then rearranges to a product-based radical, which in turn re-abstracts a

hydrogen atom from 5'-deoxyadenosine, forming the product and regenerating the 5'-

deoxyadenosyl radical. Recombination of the radical with cob(II) completes the catalytic cycle

and restores AdoCbl for another round of catalysis (Figure 1.2). AdoCbl therefore is a "radical

reservoir", allowing for reversible access to the "working" 5'-deoxyadenosyl radical when it is

required. Controlled access to this free radical enables nature to exploit its reactivity for difficult

chemical reactions that would otherwise be impossible to achieve.

Notably, the rate constant of Co-C bond homolysis for free AdoCbl is estimated to be

about 3.8 x 10-9 s-1 at 37 'C in water, corresponding to a half-life of about 5.8 years. To achieve

catalysis, AdoCbl-dependent enzymes accelerate bond homolysis by a factor of 10I2:2 to the

order of 10-100 s- . At the same time, it is critical that the bond homolysis event is precisely

controlled to avoid formation of the 5'-deoxyadenosyl radical in the absence of substrate because

it would be susceptible to oxidative quenching, resulting in enzyme inactivation. The origin of

the specific rate enhancement in the presence of substrate has spurred considerable debate and

motivated a series of biochemical, small molecule, spectroscopic, and computational studies, but

still remains unresolved (for reviews, see, for example, refs. 28,48).

I.C. Chemistry, biology, and architecture of adenosylcobalamin-dependent enzymes

Most AdoCbl-dependent enzymes harness the 5'-deoxyadenosyl radical to catalyze a 1,2-

interchange of a hydrogen atom and a substituent group that can range in complexity from a

hydroxyl group to larger organic fragments (Figure I.3a). Three general classes of AdoCbl-

dependent enzymes are known, classified by the nature of their chemical transformations, their

overall structures, and their modes of AdoCbl binding: the carbon skeleton isomerases (class I),
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the eliminases (class II), and the aminomutases (class III). Characterized members of these

classes are listed in Table 1.1 and example reactions are shown in Figure J.3b-d. In addition,

AdoCbl is the cofactor for a class of ribonucleotide reductases, which reduce ribonucleotides to

deoxyribonucleotides for DNA replication and repair. Their mechanism shares similarities to

those of the eliminases but is unique in involving transient generation of an active site cysteine

thiyl radical49, radical-based elimination of water from the ribonucleotide substrate to generate a

ketone intermediate, and reduction of this intermediate by an additional pair of cysteine residues

in the active site to form the deoxyribonucleotide product 0 -5 . The chemical mechanisms of

AdoCbl-dependent enzymes have been studied and reviewed in great detail 28-30,52-53 and have

provided general insight into nature's strategies to generate and control reactive free radical

intermediates.

The powerful chemistry of AdoCbl-dependent enzymes is used in a variety of metabolic

pathways. The most common AdoCbl-dependent enzyme is MCM, which is thus far the only

AdoCbl-dependent enzyme found in mammals. MCM catalyzes the interconversion of

methylmalonyl-CoA and succinyl-CoA, which allows the degradation products of branched

amino acids, odd-chain fatty acids, and cholesterol to enter central metabolism through the

tricarboxylic acid cycle. Other AdoCbl-dependent enzymes are more restricted in their

distribution and are often part of more specialized metabolic pathways. Glutamate mutase, lysine

5,6-aminomutase, and diol dehydratase, for example, are involved in bacterial fermentation

pathways, allowing for anaerobic growth on glutamate, lysine, and 1,2-propanediol,

respectively 54. AdoCbl-dependent enzymes are also used for the generation of precursors for

polyketide biosynthesis (isobutyryl-CoA mutase)55, in degradation pathways of branched-chain

organic compounds (2-hydroxyisobutyryl-CoA mutase)56 , and in the newly discovered
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ethylmalonyl-CoA pathway57 for acetyl-CoA assimilation (ethylmalonyl-CoA mutase)58.

Notably, even though AdoCbl biochemistry has been studied for over 50 years, new AdoCbl-

dependent reactions are continuing to emerge, such as new enzyme-catalyzed carbon skeleton

isomerizations 5658-59. Thus, it appears that the full scope of AdoCbl-dependent reactions is yet to

be explored.

Several structures of AdoCbl-dependent enzymes have now been reported, with

intriguing similarities and differences between the three classes60 73 . All of these enzymes require

at least two domains that together mediate catalysis: a cobalamin-binding domain and a

substrate-binding domain. Some enzymes in addition possess a third domain that may contribute

to dimerization or stabilize the protein structure but does not participate directly in catalysis. All

AdoCbl-dependent enzymes bind AdoCbl using a small (a/0) fold domain, but its exact

architecture differs. Carbon skeleton isomerases and aminomutases use a modified a/p

Rossmann-fold domain74, similar to those of nucleotide-binding proteins such as NAD-

dependent enzymes and flavodoxin (Figure I.4a). The structure of the cobalamin-binding

Rossmann-fold domain was first reported for a MeCbl-dependent enzyme, methionine

synthase7 5 , and revealed that the protein displaces the axial dimethylbenzimidazole base from the

cobalt and instead coordinates the cobalt with a histidine side chain ("base-off/His-on" mode of

binding, Figure I.4b). Subsequently, it was determined that AdoCbl-dependent carbon skeleton

isomerases and aminomutases use the same "base-off/His-on" mode for binding AdoCbl (Figure

I.4b)61,7 1. In contrast, AdoCbl-dependent eliminases use a structurally distinct (a/p) domain to

bind AdoCbl without displacing the dimethylbenzimidazole ligand ("base-on", Figure I.4c,d).

The chemical rationale for these different modes of AdoCbl binding remains to be explored.
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Regardless of the AdoCbl binding mode, the cobalamin-binding domain is juxtaposed to

an (a/p) barrel, usually an (a/P)8 triose phosphate isomerase (TIM) barrel, for catalysis (Figure

I.4a,c). The AdoCbl cofactor is positioned at the interface of these two domains, locked in place

by hydrogen bonds and largely occluded from solvent. This binding mode places the 5'-

deoxyadenosyl group in a cavity within the protein, and substrate binding rapidly triggers

homolysis of the Co-C bond. Guided by the protein active site, the generated 5'-deoxyadenosyl

radical 76 then undergoes a conformational change, displacing the radical-bearing C5' by several

A toward the substrate for hydrogen atom abstraction, which initiates the transformation to the

product5 '6 '73'77 . The multiple free radical intermediates of this process require protection

because they are susceptible to oxidative quenching. This critical issue is solved using a carefully

designed domain architecture that creates a buried reaction chamber and allows control over both

generation and trajectory of the 5'-deoxyadenosyl radical, thereby enabling the difficult radical-

based chemistry of AdoCbl-dependent enzymes.

I.D. Trafficking and handling of cobalamin: the role of metallochaperones

The fascinating biosynthetic pathways for cobalamin have been unraveled over the course of the

past decades, revealing two different pathways for aerobic and anaerobic conditions that differ in

the timing of cobalt insertion into the macrocycle7 8 -80. Both pathways require about 30 genes and

stand as some of the longest biosynthetic pathways found in nature, placing a high price on

cobalamin-dependent chemistry. Only a subset of bacteria, with an uneven evolutionary

pattern 8, engages in the arduous task of synthesizing cobalamins de novo, whereas all other

cobalamin-dependent organisms including higher eukaryotes rely on uptake from the

environment or the diet.
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Because cobalamins are rare, reactive, and prone to damaging side reactions, the uptake

pathways are carefully designed to protect the precious cofactors and escort them to their cellular

destinations. Driven by clinical studies 82, the human cobalamin uptake pathway has been

elucidated, revealing a series of trafficking proteins and chaperones that take up cobalamins from

the diet, mediate their lysosomal import into cells, tailor them into their biologically active

cofactor forms, and guide these cofactors to their target enzymes-. Even though humans only

have two cobalamin-dependent enzymes, MeCbl-dependent methionine synthase in the cytosol

and AdoCbl-dependent MCM in the mitochondria, the trafficking pathway involves at least

eleven additional proteins, the newest member of which was only identified in 2012 (ref. 85).

Disruption of the pathway leads to methylmalonic aciduria, a genetically inherited disease that

can be devastating in infants and newborns, highlighting the importance of cobalamin uptake and

trafficking for human health86

Similar to the strategies outlined for metal ions in general, the cobalamin trafficking

pathway prevents dilution of the precious cofactors in the cell (cellular concentrations in humans

are only 30-700 nM) and ensures proper delivery to the target enzymes. Upon arrival in the

cytosol, cobalamin is delivered to methionine synthase or transported into the mitochondria for

conversion to AdoCbl and loading into MCM. In the mitochondria, the 5'-deoxyadenosyl ligand

of AdoCbl is attached by the action of cob(I)alamin:ATP adenosyltransferase in an ATP-

87-88 89dependent process . The adenosyltransferase then delivers AdoCbl directly to MCM

mediated by an additional chaperone known as MMAA (methylmalonic aciduria cblA type

protein) or Cb1A90-91. Homologs of MMAA are found associated with bacterial MCMs as well as

with related carbon skeleton isomerases, indicating that they are critical chaperones for different

AdoCbl-dependent enzymes.
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Pioneering biochemical studies focused on the bacterial homolog of MMAA, called

MeaB2, have established the general role of this chaperone for AdoCbl delivery and MCM

catalysis 9398. MeaB and MMAA are small guanine nucleotide-binding proteins (G-proteins) that

associate with MCM and use their GTP hydrolyase (GTPase) activity to ensure proper assembly.

In particular, MeaB mediates AdoCbl delivery from the adenosyltransferase to MCM while

preventing loading with other cobalamin forms, which would yield inactive enzyme 9. During

catalysis, MCM inevitably undergoes inactivation due to oxidative interception of radical

intermediates (at a rate of approximately 7 x 10-3 min- during turnover at 20 'C in vitro9 3),

despite extensive countermeasures to shield and protect them. This interception leads to cleavage

of the AdoCbl cofactor, leaving the enzyme inactive as well. Association with MeaB reduces the

rate of inactivation, indicating that MeaB exerts a protective function on catalysis93 . In addition,

upon inactivation, MeaB also effects ejection of inactivated cofactor, which allows for recycling

96of both the polypeptide and the AdoCbl cofactor . Thus, MeaB is critical both in ensuring

AdoCbl delivery and in protecting MCM catalysis.

Although MeaB has been studied extensively and crystal structures in different states

have been reported 5 '97 98, its association with MCM has not been visualized, limiting our

understanding of its chaperone function. MMAA and MeaB are members of a larger group of G-

protein metallochaperones that also includes HypB for [Ni,Fe]-hydrogenase9 9 and UreG for

urease1 00, which are of biotechnological and medical relevance. Similar to MeaB, how these G-

protein metallochaperones interact with their target proteins is unclear, and previous attempts to

obtain crystal structures of G-protein metallochaperones with their target proteins were

unsuccessful.
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Notably, the class II AdoCbl-dependent enzymes (Table I. 1) possess an apparently

independent reactivation system. Here, ATP-dependent reactivases that are structurally distinct

from MeaB and related G-protein chaperones bind to the enzymes after inactivation and cause

ejection of inactivated cofactor, but do not mediate cofactor delivery and do not associate with

enzymes during regular turnover . The convergent evolution of two different chaperone

systems for reactivation of AdoCbl-dependent enzymes highlights their importance for biology.

I.E. IcmF: a fusion protein between an AdoCbl-dependent enzyme and its chaperone

Most recently, a variant of the AdoCbl-dependent enzyme isobutyryl-CoA mutase (ICM) was

described in which the two ICM domains are naturally fused to the corresponding G-protein

metallochaperone, Meal (Figure 1.5) 06. This fusion protein, termed IcmF for ICM fused, has

both AdoCbl-dependent isobutyryl-CoA mutase activity and GTPase activity, indicating that

both the mutase and the G-protein are functional. Furthermore, just like MeaB, the G-protein

domain mediates AdoCbl delivery from the adenosyltransferase in a GTP-dependent fashion.

The characterization of IcmF provided a unique opportunity to visualize the elusive complex

between a G-protein metallochaperone and its target protein by crystallizing a single polypeptide

instead of a protein complex. The resulting crystal structures, described in Chapter II, revealed

that the G-protein metallochaperone associates with the AdoCbl-dependent mutase via conserved

GTPase active site elements, creating a molecular pathway for bidirectional signaling between

the active sites. The G-protein additionally mediates conformational changes of the mutase that

expose the active site to solvent and allow for cofactor delivery.

IcmF furthermore has two different carbon skeleton isomerase activities: in addition to its

native isobutyryl-CoA mutase activity, it also catalyzes the interconversion of pivalyl-CoA and
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isovaleryl-CoA 59, representing a new AdoCbl-dependent reaction. IcmF and related mutases that

isomerize CoA thioesters, collectively known as acyl-CoA mutases, allow for degradation or

biosynthesis of branched-chain compounds, and are therefore of biotechnological interest for

applications ranging from hydrocarbon pollution remediation to biosynthesis of branched-chain

biofuels and other commercial products. Because MCM is, thus far, the only structurally

characterized acyl-CoA mutase60-63, the factors governing substrate specificity in these acyl-CoA

mutases are still unclear. To address this issue, we determined crystal structures of IcmF in

complex with four different acyl-CoA substrates, described in Chapter III. The structures reveal

how the IcmF active site is designed to accommodate aliphatic acyl-CoA substrates and reveal

critical determinants of substrate specificity among acyl-CoA mutases. Guided by the structural

knowledge and phylogenetic analyses, we then identify uncharacterized classes of enzymes that

likely catalyze novel AdoCbl-dependent reactions.

I.F. A new biological function for adenosylcobalamin

AdoCbl is light sensitive: light exposure causes cleavage of the Co-C bond and inactivation of

the cofactor. Although this property usually poses a problem to both nature and biochemists, it is

put to use by the recently discovered class of CarH-type light-dependent transcription factors that

employ AdoCbl as a light sensor 07-108. Photoreceptors such as these light-dependent

transcription factors are ubiquitous in nature and allow living organisms to sense and respond to

light (see, for example, refs. 109-111). This ability is essential for many organisms because it

allows them to harvest light energy to drive light-dependent chemical reactions such as

photosynthesis' 12 mediates major developmental processes such as flowering in plants , and

enables vision1 1 4. At the same time, because light can trigger DNA damage and generation of
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reactive oxygen species 15 , which rapidly damage the cell, light-dependent gene regulation is

often used to initiate protective countermeasures against these detrimental effects'09-110. The

importance of this protective response is underscored by increased photosensitivity and cell

death when the response is disrupted. Different classes of photoreceptors have been

characterized in all domains of life using a variety of light-sensing chromophores, which now

also includes AdoCbl.

The use of AdoCbl as a light sensor is unprecedented, revealing a new biological function

for AdoCbl outside of enzyme catalysis and known gene regulatory functions such as in AdoCbl-

dependent riboswitches32-3 . This functional repurposing is particularly remarkable because the

light sensitivity usually is a detrimental side effect, yet here it is the main function of AdoCbl. In

particular, AdoCbl is used by the CarH-type transcription factors to mediate a new mode of light-

dependent gene regulation, initially characterized in the soil bacterium Myxococcus xanthus'07-108

and subsequently also in Thermus thermophilus 6 In both species, CarH regulates expression of

carotenoid biosynthetic genes. AdoCbl-bound CarH represses transcription of these genes in the

dark, whereas transcription is activated upon light exposure, leading to production of ROS-

scavenging carotenoids, which then protect the cell from light-induced damage. This pathway

represents an elegant response mechanism to light exposure and is found in hundreds of bacterial

species. In Chapter IV, we explore the structural basis for this new mode of light-dependent

gene regulation, revealing how the light sensitivity of AdoCbl is harnessed to drive a large-scale

conformational change in CarH, allowing for a switch in gene expression and adaptation to light

exposure.

At the same time, the use of AdoCbl as a light sensor bears dangers: similar to enzyme-

activated Co-C bond homolysis, photolysis leads to generation of the reactive 5'-deoxyadenosyl
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radical, which could rapidly damage cell components such as DNA. In this light, the new

function of AdoCbl appeared paradoxical because the major role of the associated transcription

factors is in mitigating radical-induced damage. To resolve this apparent paradox, we studied the

photochemistry of CarH-bound AdoCbl, detailed in Chapter V. These studies reveal that CarH

is equipped to prevent release of the reactive 5'-deoxyadenosyl radical into solution, thus

safeguarding the use of AdoCbl as a light sensor. Altogether, our detailed structure-function

analysis of CarH helps define a new biological function for adenosylcobalamin.

I.G. Conclusion

AdoCbl has attracted significant interest from chemists, biochemists, and biologists alike

because of its chemical complexity and its relevance to disease. Despite extensive studies,

however, much remains to be learned about the mechanisms by which AdoCbl is transported into

and within cells and about the mechanisms of the challenging radical reactions that AdoCbl

enables. Structural biology has a major role to play in elucidating these mechanisms and in

uncovering new AdoCbl-dependent chemistry in living systems. In this thesis, we use such a

structural approach, complemented by biochemical experiments and bioinformatic analyses, to

illustrate nature's strategies to handle, use, and repurpose AdoCbl.
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I.H. Tables and Figures

Table 1.1. AdoCbl-dependent enzymes.

Enzyme Substrate Product Ref.a

Class I: carbon skeleton isomerases

Methylmalonyl-CoA mutase (R)-Methylmalonyl-CoA Succinyl-CoA 117-119

Isobutyryl-CoA mutase Isobutyryl-CoA n-Butyryl-CoA 120121

Isobutyryl-CoA mutase fused b Isobutyryl-CoA n-Butyryl-CoA 106

Pivalyl-CoA Isovaleryl-CoA 59

Ethylmalonyl-CoA mutase (R)-Ethylmalonyl-CoA (S)-2-Methylsuccinyl-CoA 58

2-Hydroxyisobutyryl-CoA mutase 2-Hydroxyisobutyryl-CoA (S)-3-Hydroxybutyryl-CoA 56

Glutamate mutase L-Glutamate L-threo-3 -Methylaspartate 122

Methyleneglutarate mutase 2-Methyleneglutarate (R)-3-Methylitaconate 123-124

Class II: eliminases

Diol dehydratase ' DL- 1,2-Propanediol Propionaldehyde 4546,125

Glycerol dehydratase d Glycerol 3-Hydroxypropionaldehyde 126

Ethanolamine-ammonia lyase Ethanolamine Acetaldehyde 127

Class III: aminomutases

Lysine 5,6-aminomutase b D-Lysine (2R,5S)-2,5- 128-130

Diaminohexanoate

L-P-Lysine (3S,5S)-3,5-

Diaminohexanoate

Ornithine 4,5-aminomutase D-Ornithine (2R,4S)-2,4- 131-132

Diaminopentaonate

Ribonucleotide reductase Ribonucleotide 2'-Deoxyribonucleotide 133-134

a Selected references detailing discovery and characterization of enzymes are given.
b These proteins have dual activity.

' Also referred to as diol dehydrase.
d Also referred to as glycerol dehydrase.
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Figure 1.1. Chemical structure of cobalamins. General structure of cobalamins is shown on the
left. The upper axial coordination site on the cobalt can be occupied by a variety of ligands,
denoted R, giving rise to different cobalamin forms. Selected ligands and corresponding
cobalamin forms are listed on the right. C5' of the 5'-deoxyadenosyl group is labeled. Note that
for all ligands, the electron pair in the Co-R bond is fully attributed to the ligand and thus the
formal oxidation state of the cobalt is +3. The bond is covalent for adenosylcobalamin and
methylcobalamin.
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catalysis. The substrate radical then undergoes rearrangement to a product radical, which re-
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AdoCbl-dependent enzymes. Migrating hydrogen atoms are highlighted in red. The product of
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Figure 1.4. Overall structures and cobalamin binding modes of methylmalonyl-CoA mutase and
diol dehydratase. (a) Overall structure of one monomer of MCM (PDB ID code 4REQ)62,
colored by domain with Rossmann-fold AdoCbl-binding domain in yellow and TIM barrel
substrate-binding domain in green. P-sheets are shown in darker colors for emphasis. Cobalamin,
shown with carbons in magenta and cobalt in purple, is bound at the domain interface. (b) Close-
up view of MCM-bound cobalamin in the "base-off/His-on" binding mode. This structure was
obtained in the presence of AdoCbl, but the Co-C bond is cleaved and the 5'-deoxyadenosyl
group is positioned toward the substrate in a conformation thought to mediate hydrogen atom
abstraction (not shown). (c) Overall structure of one monomer of diol dehydratase (PDB ID code
1 EGM) 68, colored by domain with (a/f) AdoCbl-binding domain in yellow and TIM barrel
substrate-binding domain in green. P-sheets are shown in darker colors for emphasis. Cobalamin,
shown as in (a), is bound at the domain interface. A third subunit, shown in gray, is thought to be
only of structural importance. (d) Close-up view of diol dehydratase-bound cobalamin in the
"base-on" binding mode. This structure was obtained with cyanocobalamin.
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Figure 1.5. Domain organization of ICM, MCM, and IcmF. The domains/subunits are color
coded as follows: TIM barrel substrate-binding domain (green), Rossmann-fold AdoCbl-binding
domain (yellow), G-protein metallochaperone (cyan). All three subunits are encoded on separate
polypeptides in ICM. The mutase domains are fused in MCM, but the G-protein is encoded
separately. All three subunits are fused in IcmF.
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Chapter II: Visualization of a Radical B12 Enzyme with its G-protein Chaperone

II.A. Summary
Metalloproteins are ubiquitous and have wide-ranging functions, for example in carrying out
challenging molecular transformations. Metalloprotein reactivity comes at a price, however,
often requiring specialized molecular machinery for holoenzyme assembly. G-protein
metallochaperones are an important part of this assembly apparatus for a variety of
metalloproteins, including adenosylcobalamin (AdoCbl)-dependent methylmalonyl-CoA mutase
and hydrogenase, and thus have both medical and biofuel development applications, but an
understanding of their molecular mechanisms has been hindered by a lack of structural data.
Here, we present crystal structures of IcmF, a natural fusion protein of AdoCbl-dependent
isobutyryl-CoA mutase and its corresponding G-protein chaperone, which reveal the molecular
architecture of a G-protein metallochaperone in complex with its target protein. These structures
show that conserved G-protein elements become ordered upon target protein association,
creating the molecular pathways that both sense and report on the cofactor loading state.
Structures determined of both holo- and apo-forms of IcmF depict closed and open enzyme
states, in which the cofactor-binding domain is alternatively positioned for cofactor loading and
for catalysis. Notably, the G-protein moves as a unit with the cofactor-binding domain, providing
a visualization of how a chaperone assists in the sequestering of a precious cofactor inside an
enzyme active site.

Contributions: Paul Hubbard cloned Cupriavidus metallidurans icmF and Valentin Cracan
purified protein samples for crystallization in the laboratory of Ruma Banerjee. Valentin Cracan
and Ruma Banerjee helped interpret and discuss results.

A manuscript similar to this chapter has been published as:
Jost, M., Cracan, V., Hubbard, P.A., Banerjee, R., and Drennan, C.L. (2015) Visualization of a
Radical B12 Enzyme with its G-Protein Chaperone, Proc. Natl. Acad Sci. U S. A. 112, 2419-
2424.

45



II.B. Introduction

Metallocofactors are ubiquitous in biology and essential for many cellular processes. Their use

comes at a price, however, as they are expensive to biosynthesize and transport, can have

associated toxicity, and must be correctly assembled into their target enzyme for activity. To

address these challenges, nature often employs protein metallochaperones. Chaperone-assisted

cofactor delivery limits cellular dilution, minimizes inadvertent reactivity associated with the

free cofactor, and ensures proper enzyme assembly 3. The importance of metallocofactor

trafficking is underscored by the manifestation of diseases when mutations affect trafficking

proteins. One important group of metallochaperones comprises the small guanine nucleotide-

binding proteins (G-proteins) belonging to the SIMIBI class of P-loop NTPases . The human G-

protein chaperone, MMAA (gene product of cblA), is involved in the assembly of

adenosylcobalamin (AdoCbl, coenzyme B 12)-dependent methylmalonyl-coenzyme A mutase

(MCM)5-6. Mutations in MMAA and MCM result in methylmalonic aciduria, a genetically

inherited metabolic disease that is devastating in newborns and infants7. Bacterial homologs of

MMAA are involved in assembly of other metalloproteins and include HypB for hydrogenase8

and UreG for urease9 . These G-protein chaperones bind to their target proteins and then use their

GTP hydrolase (GTPase) activity to assist maturation of the target with high specificity10' 2 . The

mechanisms by which these essential chaperones perform their functions, however, are not well

established, in large part due to the absence of structural information on their complexes with

target proteins.

An extensively studied member of the G-protein chaperones is MeaB12-14, a bacterial

ortholog of MMAA. Its target MCM requires AdoCbl to catalyze the radical-mediated 1,2-

rearrangement of methylmalonyl-coenzyme A (CoA) to succinyl-CoA (Figure 11.1a) 3, an
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essential step in the degradation of odd-chain fatty acids, cholesterol, and branched amino acids.

In this reaction and those of related isomerases, AdoCbl serves as a radical reservoir, reversibly

generating the working 5'-deoxyadenosyl radical via homolytic cleavage of its cobalt-carbon

bond (see also chapter I)13-5. It is critically important for these isomerases to be loaded with

AdoCbl and not any other cofactor derivative, which would yield inactive enzyme. MeaB

performs this gating function for MCM and uses its GTPase activity to enable cofactor delivery' 2

from the adenosyltransferase that synthesizes AdoCbl' 6 -7. MeaB additionally remains associated

with MCM during turnover and reduces the rate of oxidative inactivation . Notably, MeaB is

structurally and mechanistically distinct from the ATP-dependent chaperones for AdoCbl-

dependent eliminating enzymes such as diol dehydratase: these chaperones, also termed

reactivases, bind to inactivated enzymes and use their ATPase activity to eject damaged cofactor

but do not affect AdoCbl delivery1 9. An ortholog of MeaB, Meal, is found fused to isobutyryl-

CoA mutase. Termed IcmF20, the fusion protein exhibits both GTPase activity and AdoCbl-

dependent carbon skeleton isomerase activity, interconverting isobutyryl-CoA and n-butyryl-

CoA as well as pivalyl-CoA and isovaleryl-CoA (Figure II. 1b,c) 20-2 . The latter activity is newly

discovered and may have relevance to the biodegradation of branched compounds.

Herein, we present the crystal structure of IcmF from Cupriavidus metallidurans

containing bound AdoCbl and GDP-Mg , providing the first visualization of the juxtaposition of

a G-protein chaperone and its target AdoCbl-dependent mutase. In addition, the crystal structure

of IcmF in the absence of cofactors reveals the conformational changes required for cofactor

loading.
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II.C. Results

Conserved GTPase elements are involved in G-protein.mutase complex formation

To visualize the molecular architecture of a G-protein:mutase complex, we determined the

crystal structure of C. metallidurans IcmF with bound AdoCbl and GDP-Mg 2 (holo-IcmF-GDP)

to 3.35 A resolution (Figures 11.2,11.3, Table 11.1). The asymmetric unit contains a dimer,

consistent with solution studies 20, which exhibits an extensive dimer interface that buries an

average surface area of 3630 A2 per protomer. Each protomer of the IcmF dimer consists of four

functional domains: an N-terminal cobalamin (Cbl)-binding Rossmann-fold domain (residues

21-157), a G-domain (residues 169-417), a structured linker region involved in dimer formation

(residues 418-579), and a C-terminal acyl-CoA substrate-binding domain with an (a/P)8 triose

phosphate isomerase (TIM) barrel fold (residues 580-1093) (Figure II.2a-c).

Both the Cbl- and substrate-binding domains of IcmF share high similarity to other

known AdoCbl-dependent mutases such as MCM and glutamate mutase (Figures II.2b,d, I.4a-c,

Table II.2)23-26. As with these other enzymes, AdoCbl is bound to a Rossmann-fold domain in a

"base-off/His-on" conformation with a His (His39) serving as the lower axial ligand to the cobalt

(Figure II.4d,e) and the 5'-deoxyadenosyl group (5'-dAdo) positioned in the active site cavity on

the C-terminal face of the substrate-binding TIM barrel. Acyl-CoA substrates are known to

access the AdoCbl cofactor by threading through the TIM barrel (Figure II.4f), which can open

and close 23,2 7. Finally, the dimer architecture of IcmF is similar to other AdoCbl-dependent

mutases, with substantial parts of the dimer interface formed by the substrate-binding domains

(Figure II.4g-i). The linker region of IcmF, which is not conserved, additionally stabilizes the

dimeric arrangement of the subunits.
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Remarkably, the two G-domains of an IcmF dimer are located on opposite ends and do

not share an interface (Figure II.2a), in contrast to all other G-protein metallochaperones

characterized to date, which are dimers28-3 1. Apart from this difference, the G-domain exhibits

high structural similarity to other G-protein chaperones with a central seven-stranded -sheet,

which is flanked by a-helices on both sides (Figure II.2c,e, Table II.2)29-30, housing the signature

G-protein motifs (Figure 1I.5a). The catalytically essential Mg2+ is coordinated by the side chains

of Ser223, Asp262, Glu310, and by a P-phosphate oxygen of GDP (Figure II.5a). Asp249 is in

proximity to the Mg2+-binding site and seems ideally positioned to activate a water molecule for

GTP hydrolysis, as predicted previously based on homology to HypB . Arg265, which was

disordered in structures of MeaB alone, interacts with the phosphate groups of the bound GDP

and could help stabilize the negative charge that builds up during GTP hydrolysis, thus playing

the role of a cis-acting Arg finger.

This conserved nucleotide-binding site is located directly at the interface of the G-domain

and the mutase substrate-binding domain (Figure 1I.2f), burying 667 A 2 and 626 A2 on the G-

domain and the substrate-binding domain, respectively. The substrate-binding domain

contributes two hydrogen bonds to the GDP ribose, from the side chain of Asn1092 and the

backbone carbonyl of Glu973 (Figure 1I.5b). Glu973 is also involved in salt bridges with base

specificity loop residues Arg361 and Lys358. Interestingly, Glu973 immediately precedes a long

a-helix that spans the width of the TIM barrel and interacts with the Cbl-binding domain, thus

connecting the nucleotide binding site with both mutase domains (Figure II.5b). Two other

residues of the substrate-binding domain, Argl091 and Asnl092, form hydrogen bonds across

the interface via their backbone atoms to the side chain of Arg265, which is likely involved in

GTP hydrolysis as described above (Figure 1I.5b). It is notable how much of the G-
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protein:substrate-binding domain interface is comprised of residues from each domain that

directly or indirectly contact GDP.

The interface between the G-domain and the Cbl-binding domain buries 969 A2 and

943 A2, respectively. Residues 258-261 of the G-domain, which were disordered in the structures

of MeaB29 and MMAA 33, form a short P-strand (Figure II.5b, dark blue) that hydrogen bonds to

the outermost P-strand of the Cbl-binding domain (Figure II.5b, orange), creating an extended p-

sheet. Interestingly, this domain-linking P-strand contains part of the GTPase switch I motif

(Leu259, Figure I.5a,b) known to undergo conformational changes during the GTPase cycle.

There are a number of interactions made between residues in or near switch I that connect the

GDP-Mg 2 -binding site in the G-domain to the Cbl-domain. In particular, Asp262 of switch I

and downstream Arg265 resemble a C-clamp, pointing toward and interacting with Mg2 and

GDP, respectively (Figure II.5b), while Arg263 points in the opposite direction and directly

contacts the Cbl-domain via a bifurcated interaction with Gln75 and Glu76. Gln75, Glu76,

Leu259, Asp262, Arg263, and Arg265 are all fully conserved in IcmF sequences

Insights into MCM:G-protein complexes and methylmalonic aciduria from the IcmF structure

Given the high structural similarity between the IcmF domains and the homologous domains of

MCM and MMAA/MeaB, the LcmF crystal structure allows us to predict the architectures of

MCM:G-protein chaperone complexes by three-dimensional structural alignments. These

structure-based docking models place MCM and the G-proteins in the same relative positions as

in IcmF, with complementary surfaces and no major clashes (Figures II.2g, 11.6, 11.7). In the

modeled MCM:G-protein complexes (with MMAA or MeaB), GDP resides at the interface of

the MCM substrate-binding domains and the G-protein, where it can make similar interactions
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(Figure II.6a,b). At least ten residues that contribute to the interface between the IcmF Cbl-

binding and G-domains are conserved in MCMs and their G-proteins (Figure 11.8), including the

switch I motif and the interface-forming P-strand in the G-protein.

Interestingly, a number of residues in MCM and MMAA that are associated with

methylmalonic aciduria, map to this predicted interface. These include the MCM mutations

R616C (R28 in IcmF) and G642R (G54 in IcmF), and G188R in MMAA (G257 in IcmF) (Figure

II.5c,d, Table 11.3). We expect all three of these mutations to substantially alter the

MCM/MMAA interface: the MCM R616C mutation would disrupt several hydrogen bonds,

whereas the MCM G642R or MMAA G188R mutations would introduce severe clashes.

Similarly, two other disease-causing mutations, F573S and G648D, map to IcmF residues G1086

and L60, respectively. Both these residues are located at the mutase:G-protein interface in IcmF

(Figure II.6d,e).

Asymmetry within the holo-IcmF-GDP structure highlights subunit flexibility

Comparison of the two protomers of the holo-IcmF-GDP dimer reveals a displacement of the

Cbl- and G-domains in one chain (B) relative to the other chain (A), leading to an ~850 A2

difference in buried surface area and an 8 A shift of the Cbl cofactor (Figures II.9a, 11.10a).

Whereas the interactions between the Cbl and its binding domain are unchanged, almost all

interactions between the Cbl and the substrate-binding domain are lost in chain B, with reduction

of the buried surface area from 839 A2 to 159 A2 and concomitant loss of 5'-dAdo. Although the

Cbl-binding domain is farther from the substrate-binding domain in chain B, parts of the G-

domain are closer to the substrate-binding domain, increasing the interface between the latter two

domains from 646 A2 to 768 A2 . A difference distance matrix plot3 4 demonstrates that the Cbl-
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and the G-domains move as a single rigid body that is best described as a swinging motion

around a hinge centered at the nucleotide-binding site of the G-domain (Figures 1I.9a, 11.10b,

11.11). Given its location at the hinge, the guanosine nucleotide moves by only -3 A, whereas the

Cbl, which is far from the hinge, is displaced by a larger distance of ~8 A.

Inspection of crystal packing suggests that the chain B Cbl-binding domain is held in this

extended position by lattice contacts, whereas chain A makes fewer lattice contacts and is thus

free to pack tightly against its substrate-binding domain (Figure 11.10c,d). Chain A represents an

active state of the enzyme, with AdoCbl positioned in the barrel ready for catalysis, whereas

chain B represents an inactive state with a cleaved Cbl cofactor positioned out of the active site.

The substrate-binding domains of the holo-IcmF-GDP dimer also exhibit structural

differences (Figures II.9b, 11.11). Whereas the TIM barrel in chain A is intact, with all inter-

strand hydrogen bonds in place, the TIM barrel in chain B is split into two halves of four strands

each (Figure II.9b). Comparing the two conformations of the substrate-binding domain to

structures of MCM reveals that the closed barrel of chain A resembles the structure of substrate-

bound MCM 27,35, even though no substrate is bound in our holo-IcmF-GDP structure. The open

barrel of chain B closely matches the structure of substrate-free MCM (Figure II.9c) 23,27. Thus,

chain B, which has the cleaved Cbl cofactor swung out of the active position, also exhibits a

disrupted substrate-binding barrel. Although opening and closing of the substrate-binding barrel

was previously associated exclusively with substrate binding, here we observe both states in the

absence of substrate. The opening is instead accompanied by a displacement of the Cbl out of the

active position.
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Comparison of apo- and holo-IcmF structures support relevance of domain motions to G-protein

assisted cofactor delivery

To investigate the significance of the motion of the Cbl and G-domains observed in the holo-

IcmF-GDP structure, we determined the structure of cofactor-free LcmF (apo-IcmF) to 3.45 A

resolution (Table 11.1). This structure lacks both AdoCbl and GDP-Mg 2 but has the substrate n-

butyryl-CoA bound. Comparison of the holo and apo structures reveals that the Cbl-binding

domain of chain A is no longer tightly associated with its substrate-binding domain. The surface

area between these domains has decreased from 1502 A2 to 799 A2 , and the Cbl-domain is

moved by ~6 A from its position in holo-IcmF-GDP (Figure II.12a). At the same time, the

interface between the Cbl-domain and the G-domain remains intact with an unchanged average

buried surface area and no loss of interactions, demonstrating again that the Cbl-domain and the

G-domain are moving as one rigid body. This displacement is very similar to that in the holo-

IcmF-GDP structure, and as before, it is best described as a swinging motion hinged near the

nucleotide-binding site of the G-domain.

Notably, this "open" conformation in apo-IcmF exposes the AdoCbl binding site and the

His39-containing loop known to be important for cofactor docking' 6 and could therefore depict a

structural intermediate in cofactor delivery. To test if this conformation of IcmF is capable of

binding AdoCbl, we incubated a pre-formed apo-IcmF crystal with fresh AdoCbl and determined

the resulting structure. Strikingly, the structure reverts back to the active conformation, with

AdoCbl bound in the catalytically competent position (Figure 11.13). Thus, the "open"

conformation is competent for cofactor binding, and cofactor binding triggers a conformational

change into the active conformation.
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The G-protein active site undergoes nucleotide-sensitive conformational changes

The structures of holo-IcmF-GDP and apo-IcmF also allow us to observe changes associated

with GDP binding. In the absence of GDP in the apo-IcmF structure, three loops near the G-

protein active site are disordered or exhibit conformational changes compared to the holo-

IcmF*GDP structure (Figure 11.12b). These loops include (i) residues 252-256, which

immediately precede switch I, (ii) residues 312-318, which include the last two residues of

switch II and are located next to the residues corresponding to the recently identified switch III

region in MeaB 36 (residues 333-344), and (iii) residues 281-291, which are packed between

loops (i) and (ii). To examine whether these loop differences are due to GDP and not other

crystal-to-crystal variations, we incubated a pre-formed apo-IcmF crystal with GDP-Mg2+ and

determined the resulting apo-lcmF-GDP structure to 3.25 A resolution (Table 11.1). Notably, the

loops become ordered (Figure 11.12b) and adopt the same conformations as observed in the holo-

IcmF-GDP structure. Thus, these crystallographic data support the responsiveness to GDP of

these three loops in the G-protein.

II.D. Discussion

G-protein metallochaperones constitute an important enclave of metal homeostasis regulators

whose activity in cofactor delivery has been difficult to understand without structural data

depicting a metallochaperone:target enzyme complex. The fortuitous fusion of two "stand-alone"

proteins into one in IcmF has allowed us to obtain the requisite structural data to interrogate both

the signaling pathways and the conformational dynamics related to cofactor delivery. With IcmF

serving as a model system, we predict that the human and bacterial MCM:G-protein complexes

will form such that their G-proteins interact similarly with their mutase domains despite their
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differences in oligomerization state (bacterial MCM is a heterodimer of an active and an inactive

chain2 3 ,3 7 and human MCM is a homodimer33'38 ). Notably, our structure-based docking model

places five pathogenic human mutations, four in human MCM and one in MMAA, at the

MCM:MMAA interface. We now posit that MCM F573S, R616C, G642R, and G648D as well

as MMAA G188R (Table II.3)7 lead to disease because they disrupt the MCM:MMAA

interaction, thereby impairing AdoCbl delivery to MCM and causing methylmalonic aciduria.

Biochemical data are available to support two of these predictions: the pathogenic G188R

mutation in MMAA was shown to inhibit complex formation with human MCM3 3 and the

pathogenic R616C mutation in MCM was mimicked in a bacterial ortholog and exhibited

reduced affinity for MeaB'.

Our atomic level view of this G-protein:enzyme complex reveals that the switch I region

lies at the interface between the G-domain and the Cbl domain, where it can communicate a

signal to regulate Cbl delivery. We have captured multiple structures of both "open" and

"closed" forms of IcmF and every structure depicts the movement of the Cbl-domain as a

concerted displacement of both the Cbl- and the G-domain, with the nucleotide-binding site in

the G-domain serving as a hinge. With an interface between the Cbl- and G-domains that appears

fairly rigid, the G-protein is not just sending a remote signal for the Cbl-domain to move, it is

accompanying the Cbl-domain in its movement. Additionally, our structures with and without

GDP identify three conformationally flexible loops, which are either near or include residues of

the common G-protein elements (switch I and II) and/or the MeaB/MMAA-specific element

known as switch III. Notably, mutations of switch III residues in MeaB affect AdoCbl delivery36

Using these structural snapshots and previously published biochemical data12, we can

propose a molecular model for the involvement of G-protein metallochaperones in Cbl delivery
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(Figure 11.14). Enabled by association with the G-protein, the Cbl-domain can undergo

substantial motions, equilibrating between "open" and "closed" conformations. In the "open"

state, the Cbl-domain is partially dissociated from the substrate-binding domain, exposing the

His-loop known to be important for cofactor docking' 6 and allowing access to the binding pocket

for the Cbl dimethylbenzimidazole tail. Indeed, we observe that the "open" conformation is

capable of binding AdoCbl, returning to the catalytically competent "closed" conformation.

AdoCbl delivery' 6 should be promoted by GTP binding. Based on the position of GDP, the y-

phosphate of GTP would be positioned between switch I and switch II in a solvent-exposed

region, where it could make direct contact with the adenosyltransferase. Alternatively, GTP

binding could stabilize the "open" conformation of the Cbl-domain via the switch I region, but

elucidation of the precise role of GTP awaits a GTP-bound structure. In our model, AdoCbl

binding and GTP hydrolysis would favor release of the adenosyltransferase and collapse of the

"open" state, sequestering the high value cofactor in its binding pocket. In this catalytically

active state, the cofactor is secured by multiple interactions from both the substrate- and Cbl-

binding domains, which should inhibit active site re-opening and thus prevent inactivation due to

loss of the Cbl upper ligand.

In addition to the molecular interactions observed between the G-domain and the Cbl-

binding domain that are undoubtedly involved in cofactor delivery, we find that the GTPase

active site is located directly at the interface with the mutase substrate-binding domain. This

location provides a molecular explanation for the observation that chaperone GTPase activity is

affected by binding to a target protein, as observed with MCM:MMAA/MeaB33 '9. Sizable

regions of the GTPase active site are disordered in structures of MeaB and MMAA alone and

likely become ordered upon complex formation to assume the positions observed in IcmF. In
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particular, complex formation between MCM and MMAA/MeaB is expected to position the

conserved Arg (265 in IcmF and 108 in MeaB) at the G-protein:mutase interface such that it can

facilitate GTP hydrolysis (Figure II.5b). Thus, by the re-positioning of a few key side chains

through a protein:protein binding event, communication is established between the substrate-

binding domain of the target protein and the GTPase active site of the metallochaperone.

This molecular communication could play a role in mediating conformational changes of

the substrate-binding domain that have been observed crystallographically for MCM, with the

TIM barrel split open in the absence of substrate and closed in its presence'2 3 27 . Here, we observe

the same open and closed conformations of the TIM barrel, but the correlation is with the

absence/presence of Cbl in the barrel as neither structure has substrate. Although the key role of

the G-protein metallochaperone must be in AdoCbl loading, MeaB and MMAA also reduce the

rate of inactivation of their target enzyme MCM at no cost to catalytic efficiency6'1 8 . It is

tempting to consider that this protection arises from the G-protein assisting conformational

changes of the TIM barrel to prevent formation of inactive enzyme states.

In summary, we have provided atomic resolution structures that depict the interaction

between an AdoCbl-dependent mutase and its corresponding G-protein chaperone. These

structures suggest a molecular pathway to explain the observed bidirectional signaling12, 36 and

indicate how large conformational changes between cofactor- and substrate-binding domains can

be achieved to load one of Nature's most precious metallocofactors.
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II.E. Materials and Methods

icmF Cloning

Cupriavidus metallidurans (formerly known as Ralstonia metallidurans) icmF was amplified

from genomic DNA and ligated into a pET28a expression vector (Novagen, CA) at the NdeI and

BamHI sites, yielding pET28a-IcmF.

Protein purification

IcmF from C. metallidurans was purified as described previously 20-21. IcmF-SeMet was

expressed using the methionine biosynthesis inhibition method40. The 5x M9 medium stock was

prepared as follows: 76.8 g Na2HPO4-7H20, 18 g KH2PO4, 3 g NaCl, 6 g NH4Cl were dissolved

in 1.2 L deionized water and autoclaved. The mineral salt solution was prepared as follows:

1.65 g MgCl 2-6H20, 0.358 g FeCl2-4H20, 0.2 g CaCal2-2H20, 0.0586 g MnCl 2-4H20, 0.03 g

NaMnO 4 -H 20, 6.83 mg CuCl 2-2H 20, 9.7 mg Cu(N0 3)2-3H20, 0.01g CoCl 2 -6H2 0 were

dissolved in 100 mL deionized water and autoclaved. The nitrogen stock solution was prepared

as follows: 25 g NaNO 3, 10.3 g NaNO 2, 16 g NH4Cl were dissolved in 100 mL deionized water

and autoclaved. To prepare 1 L of M9 minimal medium, the following components were mixed:

800 mL autoclaved deionized water, 200 mL 5x M9 stock, 2 mL 1 M MgSO 4 , 2 mL 1 M

Na2 SO4, 0.1 mL 1 M CaCl 2, 10 mL mineral salt solution, 10 mL nitrogen stock solution, 1 mL

1 mg/mL thiamin, 20 mL autoclaved 20% (w/v) glucose solution, and 1 mL 50 mg/mL filter-

sterilized kanamycin.

A 10 mL starting culture of BL21 (DE3) cells (Invitrogen, CA) transformed with pET28a-

IcmF was grown in LB medium containing 50 mg/L kanamycin, harvested by centrifugation,

resuspended in 10 mL M9 minimal medium containing 0.4 % (w/v) glucose and 50 mg/L
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kanamycin, and then used to inoculate 1 L of M9 minimal medium containing 0.4 % (w/v)

glucose and 50 mg/L kanamycin. Cells were grown at 37 'C at 250 rpm until the OD6oo had

reached -0.6, at which point 60 mg/L SeMet as well as other amino acids (100 mg/L of L-lysine,

L-phenylalanine, L-threonine; 50 mg/L of L-isoleucine, L-leucine, L-valine) were added. The cells

were left to shake at 25 'C for 30 min and then at 15 'C for 1 h, at which point 0.1 mM IPTG

was added to initiate protein production. The cells were grown for another 12 h at 15 'C. IcmF-

SeMet was purified in the same fashion as unlabeled IcmF 21 but with 5 mM tris(2-

carboxyethyl)phosphine (TCEP) in purification buffers. The buffer used for the final size

exclusion chromatography step contained 1 mM TCEP.

Protein Crystallization

All forms of IcmF were crystallized at 25 'C using the hanging drop vapor diffusion technique.

Purified IcmF was supplemented with AdoCbl, GDP, and MgCl 2 to generate holo-IcmF-GDP.

1 .L of a protein solution (12 mg/mL IcmF in 100 mM NaCl, 50 mM HEPES pH 7.5, 1 mM

GDP, 3 mM MgCl 2, 300 tM AdoCbl) was mixed with 1 pL of a precipitant solution (0.7 M

potassium sodium tartrate, 0.2 M ammonium acetate, 0.1 M imidazole pH 7, 3% (v/v) ethylene

glycol) on a glass cover slip. The cover slip was sealed with grease over a reservoir containing

500 pL of the precipitant solution without ethylene glycol. IcmF-SeMet in complex with AdoCbl

and GDP (holo-IcmF-SeMet-GDP) was crystallized in an analogous fashion, using a protein

solution containing 11.8 mg/mL LcmF-SeMet and supplemented with 1 mM TCEP to enhance

stability of IcmF-SeMet. All crystallization procedures for holo-IcmF were carried out in a dark

room under red light. Triangular prismatic crystals appeared within three weeks and grew to full

size within six weeks. Crystals were transferred in three steps of increasing glycerol
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concentration into a cryogenic solution containing the precipitant, 20% (v/v) glycerol, 1 mM

GDP, and 3 mM MgCl 2 soaked in that solution for 30 sec, and then flash-frozen in liquid

nitrogen.

IcmF in the absence of AdoCbl and GDP (apo-IcmF) was crystallized in a similar

fashion. The substrate n-butyryl-CoA (BCoA) was included to stabilize the protein. 1 gL of a

protein solution (4 - 7 mg/mL IcmF in 50 mM NaCl, 20 mM HEPES pH 8, 10 mM BCoA) was

mixed with 1 pL of a precipitant solution (0.7 - 0.75 M potassium sodium tartrate, 0.1 M Tris

pH 8.5) on a glass cover slip. The cover slip was sealed with grease over a reservoir containing

500 pL of the precipitant solution. Rod-shaped crystals appeared within two days and grew to

full size within one week. Crystals were transferred in four steps of increasing glycerol

concentration into a cryogenic solution containing the precipitant, 20% (v/v) glycerol, and

10 mM BCoA, soaked in that solution for 30 sec, and then flash-frozen in liquid nitrogen.

To generate crystals of apo-IcmF-GDP, pre-formed apo-IcmF crystals were transferred to

2 ptL of a soak solution (0.7 M potassium sodium tartrate, 0.1 M Tris pH 8.5, 1 mM GDP,

1.5 mM MgCl 2 , 10 mM BCoA) and incubated in that solution for 6 h. The drop was sealed over

a reservoir containing 500 pL of the precipitant solution. After soaking, crystals were transferred

in four steps of increasing glycerol concentration into a cryogenic solution containing the

precipitant, 25% (v/v) glycerol, 1 mM GDP, 1.5 mM MgCl 2, and 10 mM BCoA, soaked in that

solution for 30 see, and then flash-frozen in liquid nitrogen.

To reconstitute crystals of apo-IcmF with AdoCbl (apo-IcmF-reconst), pre-formed apo-

IcmF crystals were transferred to 2 pL of a soak solution (0.7 M potassium sodium tartrate,

0.1 M Tris pH 8.5, 1 mM AdoCbl, 10 mM BCoA) and incubated in that solution for 6 h. The

drop was sealed over a reservoir containing 500 tL of the precipitant solution. All crystal
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handling was performed in a dark room under red light. Crystals were transferred in four steps of

increasing glycerol concentration into a cryogenic solution containing the precipitant, 25% (v/v)

glycerol, 1 mM AdoCbl, and 10 mM BCoA, soaked in that solution for 30 sec, and then flash-

frozen in liquid nitrogen.

Data collection and processing

All IcmF crystals belong to space group H32. Data for holo-IcmF-SeMet-GDP were collected at

the Advanced Light Source (Berkeley, CA) at beamline 8.2.1 using a Quantum 315 detector at a

temperature of 100 K. An initial holo-IcmF-SeMet-GDP crystal was used for a fluorescence scan

to determine the peak wavelength for data collection. Another crystal was then used for an

anomalous peak data collection at a wavelength of 0.97914 A (12663 eV). Data were collected in

wedges of 200 in 0.50 oscillation steps. For each wedge, the corresponding images related by a

180' crystal rotation were collected immediately after completion of the wedge.

Data for holo-IcmF-GDP were collected at the Advanced Photon Source (Argonne, IL) at

beamline 24ID-C using a Quantum 315 detector at a temperature of 100 K. Data were collected

in three wedges of 60' in 1 oscillation steps at a wavelength of 0.9795 A (12658 eV). The

crystal was displaced along its major macroscopic axis after each wedge.

Data for apo-IcmF, apo-IcmF-GDP, and apo-LcmF-reconst were collected at the

Advanced Photon Source (Argonne, IL) at beamline 241D-C using a Pilatus 6M pixel detector at

a temperature of 100 K and a wavelength of 0.9792 A (12662 eV, apo-IcmF) or 0.9790 A

(12664 eV, apo-IcmF-GDP, and apo-IcmF-reconst). The crystals were continuously displaced

along their major macroscopic axes during data collection using the continuous vector scan

method.
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Data for holo-IcmF-SeMet-GDP, and apo-IcmF-reconst were integrated in HKL2000 and

scaled in Scalepack41. Data for holo-IcmF-GDP, apo-IcmF, and apo-IcmF-GDP were integrated

in XDS and scaled in XSCALE 42 . The apo-IcmF and apo-IcmF-reconst data sets were strongly

anisotropic. Therefore, data were truncated after scaling using ellipsoidal limits along a*, b*, and

c* where F/a fell below 3.0 (ref. 43). The same reflections were marked for the free set of

reflections in all data sets. All data collection statistics are summarized in Table II. 1.

Structure building and refinement

The holo-IcmF-GDP structure was determined to 3.35 A resolution using a S/Se-single

isomorphous replacement with anomalous scattering (SIRAS) approach. The asymmetric unit

contains a dimer, consistent with solution studies. Positions of 56 selenium sites were located

using ShelxD44 in the HKL2MAP 45 shell and refined using SHARP/autoSHARP 4 6. The initial

overall figure of merit (acentric) was calculated by SHARP to be 0.35 to 5.10 A resolution.

Experimental maps from the SHARP output, solvent flattened using SOLOMON 47, were of

sufficient quality to determine the positions of helices. Helices comprising a total of 536 amino

acids were placed in the electron density and the model was used to better define solvent

boundaries and optimize the solvent flattening routine. Using the resulting electron density, the

protein backbone of the IcmF dimer was traced and the locations of cofactors were determined.

Poly-alanine models of the Cbl- and substrate-binding domains of the active chain of MCM

(PDB ID code 4REQ3 5 ) and of a MeaB protomer (PDB ID code 2QM7 2 9) were placed in the

48 ti oelectron density and modified manually in COOT . Using this model to define the solvent

boundaries, a final round of solvent flattening in SOLOMON was carried out with a

simultaneous extension of the resolution to 4.5 A. Using the resulting improved electron density
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maps, loop regions were added and side chains with visible electron density were placed. When a

near-complete model of IcmF was obtained (containing 87% of residues, 64% of side chains, and

bound GDP and cobalamin), the coordinate file was used for refinement in CNS49-50 against the

native IcmF data set using data from 50 to 3.5 A resolution and using the DEN refinement

algorithm for low resolution data. The resulting R-factors were 30.6 and 34.1 for the working

and the free R-factor, respectively. The model was further refined by iterative rounds of manual

adjustment in COOT and refinement in CNS. Side chains with limited electron density were

truncated at the last atom with visible electron density. Subsequent cycles of refinement were

carried out in phenix over the full resolution range and included B-factor refinement, initially

grouped by residue and later for individual atoms. Final stages of refinement included TLS

parametrization using one TLS group per chain5 3 . Strict non-crystallographic symmetry restraints

were applied in early cycles of refinement. In advanced stages of refinement, non-

crystallographic symmetry restraints were loosened for residues involved in crystal contacts as

well as selected residues that were in substantially different environments due to conformational

differences between the two chains of IcmF in the asymmetric unit.

The structure of apo-IcmF was determined to 3.45 A resolution by molecular replacement

with the holo-IcmF-GDP structure without AdoCbl and GDP using rigid body refinement in

phenix. To minimize existing model bias, 10 cycles of simulated annealing refinement were

carried out in phenix. There was clear electron density for BCoA in one of the two protomers in

the asymmetric unit. After insertion of BCoA, the model was adjusted to account for any

changes in the protein environment by iterative cycles of manual model building in COOT and

refinement in phenix.
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The structure of apo-IcmF-GDP was determined to 3.25 A resolution by molecular

replacement with the apo-IcmF structure. To minimize existing model bias, 10 cycles of

simulated annealing refinement were carried out in phenix. There was clear electron density for

GDP in both protomers of the asymmetric unit. After insertion of GDP, the model was adjusted

to account for any changes in the protein environment by iterative cycles of manual model

building in COOT and refinement in phenix.

The structure of apo-IcmF-reconst was determined to 4.0 A resolution by molecular

replacement with the apo-IcmF structure. There was clear electron density for Cbl in both

protomers of the asymmetric unit. In addition, the electron density indicated that the Cbl- and G-

domains of chain A had undergone a rigid body shift. The model was refined by rigid body

refinement in phenix with each domain defined as its own rigid body. The resulting model

exhibited a good fit to the electron density. The apo-IcmF-reconst structure was not refined to

completion.

Refinement restraints for Cbl and 5'-dAdo were generously provided by Oliver Smart at

Global Phasing (Cambridge, UK). Refinement restraints for GDP and BCoA were generated

using the electronic Ligand Builder and Optimisation Workbench (elBOW)5 4 implemented in

phenix.

Crystallographic refinement of the holo-IcmF-GDP, apo-IcmF, and apo-IcmF-GDP

structures yielded models that possess low free R-factors, excellent stereochemistry, and small

root mean square deviations from ideal values for bond lengths and angles. The final model of

holo-IcmF-GDP includes residues 21-1093 for chain A and residues 22-1093 for chain B,

lacking the hexahistidine tag and 20 residues at the N-terminus as well as residues 531-536 in

chain A and residues 905-906 and 1011-1018 in chain B. In addition, each chain contains bound
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cobalamin (AdoCbl in chain A and Cbl in chain B), GDP*Mg 2+, and an additional Mg2+ in the

GDP-binding site. Whereas the electron density is consistent with AdoCbl in chain A (Figure

11.3), 5'-dAdo does not refine well in the small amount of density that is found above the Cbl in

chain B, and we have modeled Cbl instead of AdoCbl in that chain. The extra density near the

chain B Cbl appears to be due to an alternative conformation of a nearby loop and not to the

presence of an upper Cbl ligand. The final model of apo-IcmF includes residues 22-1093 for both

chains in the asymmetric unit, lacking residues at the N-terminus as well as residues 286-287,

314-316, 530-535, and 1013-1020 in chain A, and residues 531-533 and 1013-1018 in chain B.

In addition, chain A contains bound BCoA, chain B contains the nucleotide portion of BCoA,

and both chains contain tartrate in the GDP-binding site. The final model of apo-IcmF-GDP

includes residues 22-1093 for both chains in the asymmetric unit, lacking residues at the N-

terminus as well as residues 530-535 and 1013-1020 in chain A, and residues 531-536 and 1013-

1018 in chain B. In addition, chain A contains bound BCoA, chain B contains the nucleotide

portion of BCoA, and both chains contain GDP-Mg2+ and an additional Mg2+ in the GDP-

binding site. Refinement statistics are summarized in Table Si. The models were validated using

simulated annealing composite omit maps calculated in CNS. Model geometry was analyzed

using MolProbity5 5 and ProCheck 56. Analysis of the Ramachandran statistics using MolProbity

indicated that for holo-IcmF-GDP, 95.9%, 4.0%, and 0.1% of residues are in the favored,

allowed, and disallowed regions, respectively, for apo-IcmF, 95.7%, 4.1%, and 0.2% of residues

are in the favored, allowed, and disallowed regions, respectively, and for apo-IcmF*GDP, 95.7%,

4.2%, and 0.1% of residues are in the favored, allowed, and disallowed regions, respectively.

The atomic coordinates and structure factors for holo-IcmF-GDP, apo-LcmF, and apo-IcmF-GDP

have been deposited in the Protein Data Bank, www.pdb.org, with PDB ID codes 4XC6, 4XC7,
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and 4XC8, respectively. Figures were generated using PyMoL . Interfaces between subunits

were analyzed using the 'Protein interfaces, surfaces and assemblies' service PISA at the

European Bioinformatics Institute (http://www.ebi.ac.uk/msd-srv/prot-int/pistart.html) 58.

Crystallography software packages were compiled by SBGrid59.
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II.G. Tables and Figures

Table 11.1. Crystallographic data collection and refinement statistics.
holo- holo-IcmF- apo-IcmF b apo-IcmF-GDP apo-

IcmF*GDP SeMet -GDP Se IcmF-reconst b

native peak a

Data collection
Space group
Cell dimensions

a, b, c (A)

a, P, 7 (0)
Resolution (A)c

No. reflections'
Rsym (%) C
Rmeas (%) C

CC1 /2 c

<I> / a(<I>) C
Completeness (%) c
Multiplicity C

H32

318.8, 318.8,
343.5

90, 90, 120
50.0 - 3.35

(3.44 - 3.35)
94999 (6905)

12.9 (92.6)
13.6 (100.3)

(73.5)
15.1 (2.1)

99.2 (98.0)
9.3 (6.4)

H32

317.8, 317.8,
343.6

90,90, 120
50.0 -4.00

(4.14 - 4.00)
108677 (10837)

12.7 (32.9)
d

d

16.3 (6.5)
99.9 (100.0)

6.3 (6.4)

H32

318.2, 318.2,
344.7

90, 90, 120
100 - 3.45

(3.54 - 3.45)
84003 (3574)

19.0 (79.9)
20.0 (84.0)

(91.4)
11.7(3.8)

95.7 (55.4)
10.4 (10.4)

H32

316.5, 316.5,
342.3

90, 90, 120
100-3.25

(3.33 - 3.25)
102338 (7543)

14.6 (100.3)
16.3 (112.1)

(69.7)
11.3(1.9)

99.3 (99.6)
5.1 (5.0)

H32

316.4, 316.4,
345.2

90, 90, 120
100 -4.00

(4.07 - 4.00)
53179 (1385)

16.9 (79.2)
17.9 (83.9)

(89.1)
12.7 (3.1)

95.0 (50.3)
9.4 (9.1)

Refinement
Resolution (A) 50.0 - 3.35 100 -3.45
Rciyst/Rfree 0.180/0.198 0.186/0.203
No. atoms

protein 16282 16079
AdoCbl 200 -
GDP/Mg 56/4
BCoA - 80
Acetate 4 -
Tartrate 20

B-factors (A2 )
protein 82.7 106.1
AdoCbl (chain A) 70.0 -
CbI (chain B) 99.8
GDP/Mg 70.6/52.7 -/-
BCoA - 131.8
Acetate 86.2 -
Tartrate 1 19.4

R.m.s. deviations
bond lengths (A) 0.003 0.002
bond angles (0) 0.62 0.56

Rotamer outliers 7 (0.4%) 5 (0.3%)
Ramachandran
statistics (% residues)

favored 95.9 95.7
allowed 4.0 4.1
disallowed 0.1 0.2

a For this dataset, Bijvoet pairs were not merged during data processing.
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100-3.25
0.205/0.222

16093

56/4
92

94.4

74.1/72.3
127.0

0.002
0.58

10(0.6%)

95.7
4.2
0.1

b These data sets were truncated using ellipsoidal limits to account for anisotropy.
C Values in parentheses indicate highest resolution bin.
d These values were not reported in the version of Scalepack used for scaling.



Table 11.2. Structural homologs of the
60DaliLite server

IcmF domains. Alignments were performed using the

Domain

Cbl-binding

PDB ID code
(Reference)a
2XIQ --

1REQ 23

119C 6 1

3KP1 62

1XRS 25

Protein aligned

human MCM

MCM from
Propionibacterium
freudenreichii subsp.
shermanii

Glutamate mutase

Ornithine-4,5-
aminomutase

Lysine-5,6-
aminomutase

human MCM

MCM from
Propionibacterium
freudenreichii subsp.
shermanii

Glutamate mutase

Ornithine-4,5-
aminomutase

Lysine-5,6-
aminomutase

Z-score No. residues
aligned

19.2 130

18.9 130

18.9

18.0

16.1

48.5

47.1

23.4

18.6

16.5

129

128

127

484

480

484

320

318

G-protein MeaB 2QM7 -9 20.6 216 2.9

MMAA 2WWW 20.5 205 2.4

Arginine/ornithine 3MD0 63 20.2 208 2.9
transport system
ATPase

HypB 2HF8 30 19.8 183 2.6

UreG 4HI03 1 19.4 178 2.4

a IcmF domains were aligned individually to all available structures of each enzyme. The structure listed has the

highest homology to the corresponding IcmF domain and was used to determine the Z-score and the r.m.s.d. values.

b r.m.s.d. is root mean squared deviation.
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2XIQ -'

6REQ 35

119C 6 1

3KP1 62

1XRS 25

substrate-
binding

C, r.m.s.d.
(1 .
1.6

1.6

1.9

1.9

2.1

1.7

1.7

3.0

3.0

3.2



Table 11.3.
predicted to

MCM/
MMAA
mutation
MMAA
G188R

MCM
F573S

MCM
R616C

MCM
G642R

MCM
G648D

List of methylmalonic aciduria-causing mutations in human MCM or MMAA
reside at the mutase:G-protein interface based on the IcmF structure.

corresponding
IcmF residue

G257

G1086

R28

G54

L60

Location in
IcmF

G-protein, at
interface with
mutase Cbl-
domain (Figure
II.5d)

Mutase
substrate-binding
domain, at
interface with G-
protein
(Figure II.6d)

Mutase Cbl-
domain, at
interface with G-
protein
(Figure 1I.5c)

Mutase Cbl-
domain, at
interface with G-
protein
(Figure II.5d)

Mutase Cbl-
domain, at
interface with G-
protein (Figure
II.6e)

Proposed
molecular cause of

disease
Clash with Cbl-
domain, inhibition
of complex
formation

Disruption of local
structure by loss of
hydrophobic
packing, inhibition
of complex
formation

Disruption of
complex-stabilizing
hydrogen bonds,
inhibition of
complex formation

Clash with G-
protein, inhibition
of complex
formation

Biochemical data
impaired
MCM:MMAA complex
formation33

none

impaired MCM:MeaB
complex formation and
impaired chaperone
function when
mimicked in bacterial
homolog 2

none

Disruption of local none
structure by clash
with MCM Q660,
inhibition of
complex formation
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a
0 S CoA

0 0
methylmalonyl-CoA

b
SNC

0
isobutyryl-CoA

0
pivalyl-CoA

0

MCM 0 S CoA

0
succinyl-CoA

ICM, IcmF
CoA

0
n-butyryl-CoA

' lcmF 
CoA

0
isovaleryl-CoA

Figure 11.1. AdoCbl-dependent carbon skeleton isomerizations. (a) Reaction catalyzed by
MCM. (b) Reaction catalyzed by isobutyryl-coenzyme A mutase (ICM) and IcmF. (c) Additional
pivalyl-coenzyme A mutase activity of IcmF.
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Figure 11.2. Crystal structure of lcmF and comparison to MCM/MMAA. (a) Dimeric IcmF in
ribbon depiction, colored by domain with one chain lighter than the other: yellow (Cbl-domains),
cyan (G-domains), green (substrate-binding domains), pink/red (structured linker regions).
AdoCbl shown in ball-and-stick with Cbl carbon in pink, 5'-dAdo carbon in cyan, cobalt in
purple; GDP-Mg 2 in ball-and-stick with carbon in yellow, Mg 2 in orange. Boxed region shown
in more detail in Figure 1I.5a. (b) and (c) lcmF protomer in a different orientation, with (b)
mutase domains shown slightly separated from (c) the G-domain to emphasize shape
complementarity. The second lcmF protomer and linker regions are not shown. (d) Human
MCM protomer (PDB ID code 2XIQ33) and (e) dimeric MMAA (PDB ID code 2WWW 33),
shown in the same orientation as the corresponding IcmF domains in (b) and (c). MCM is
colored in blue (substrate-binding domain) and red (Cbl-binding domain). The second MCM
protomer is not shown. The MMAA protomers are shown in cyan and gray. MCM-bound Cbl
and MMAA-bound GDP are shown as in (a). (f) Close-up of IcmF domain interactions, with G-
and Cbl-domains shown as in (a) and the substrate-binding domain in surface representation. (g)
Structure-based docking model of the human MCM:MMAA complex, generated by
superimposition of human MCM (PDB ID code 2XIQ33) and MMAA (PDB ID code 2WWW 33)
structures onto IcmF and oriented as in (f). MCM shown with substrate-binding domain in
surface representation and Cbl-domain in red, MMAA shown in cyan, Cbl and GDP shown as in
(a). Switch I of MMAA is disordered, locations of the chain breaks are indicated by spheres and
connected by dashed lines.
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b

Figure 11.3. Wall-eyed stereo 2FO-Fc simulated annealing composite omit electron density (blue
mesh) contoured at 1.5 (Y for the holo-IcmF-GDP crystal structure. (a) Composite omit electron
density for AdoCbl bound to the Cbl-domain, with the Cbl-domain in yellow, Cbl in pink, and
5'-dAdo in cyan. Substrate-binding domain is hidden for clarity. (b) Composite omit electron
density for GDP-Mg2+ bound to the G-domain, with the G-domain in cyan, GDP in yellow, and
Mg2+ in orange.
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Figure 11.4. Structure of IcmF mutase domains and comparison to other AdoCbl-dependent
mutases. (a) Ribbon depiction of IcmF mutase domains, colored in green (substrate-binding
domain) and yellow (Cbl-binding domain). P-strands are shown in darker colors for emphasis.
Bound Cbl is shown in stick representation with Cbl carbon atoms in pink, 5'-dAdo carbons in
cyan, and cobalt as a purple sphere. (b,c) Superimposition of IcmF mutase domains with (b)
human MCM (light blue, light red, PDB ID code 2XIQ33) and (c) bacterial MCM (purple, PDB
ID code 4REQ35). Bound Cbl cofactors are shown in black. (d) IcmF Cbl-binding domain,
colored as in (a). His39 (orange carbons) serves as the lower axial ligand to the cobalt. (e) Cbl-
binding domain of bacterial MCM, colored as in (c). His610 (purple carbons) serves as the lower
axial ligand to the cobalt. (f) Methylmalonyl-CoA (orange carbons) binds to MCM by threading
through the TIM barrel of the substrate binding domain. Only P-strands of the TIM barrel are
shown for clarity. Cbl and 5'-dAdo shown as in (c). (g-i) Dimer architectures of IcmF and other
AdoCbl-dependent mutases are similar, with the major contacts made by the TIM barrel
substrate-binding domains. Shown are dimers of (g) IcmF, (h) human MCM, and (i) glutamate
mutase (PDB ID code 119C61) with substrate-binding domains in green (IcmF), light gray and
light blue (MCM), and dark gray and dark blue (glutamate mutase) and Cbl-binding domains in
yellow (IcmF) and red (MCM, glutamate mutase). In IcmF, the structured linker region (dark red
and salmon) additionally contributes to the dimer interface. IcmF G-domains are hidden for
clarity.
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25

D262

SL259

R265

0"--K358

H39 E973 R361

C
R282

E56

278

R28 
J

S 2 55 256 G25
G256 *N

Figure 11.5. Molecular interactions within and between IcmF domains. (a) IcmF GTPase active
site with signature G-protein elements highlighted: Mg2+-binding P-loop or Walker A motif
(purple); switch I (dark blue), which is conformationally responsive to the GTPase cycle; switch
II or Walker B motif (pink), which also undergoes conformational changes; and base specificity
loop (orange) with the sequence NKxD that confers specificity to guanosine nucleotides.
GDP-Mg2+ shown with carbon in yellow, Mg2+ in orange. Hydrogen bonds and coordination
bonds are indicated by dashed black lines. Water molecules may additionally coordinate the
Mg2+, but are not visible in this structure due to its modest resolution. (b) Close-up view of the
interactions between selected parts of the G-domain (cyan) and mutase Cbl- (yellow, orange) and
substrate-binding domains (green), oriented as Figure II.2f. AdoCbl shown with Cbl carbon in
pink, 5'-dAdo carbon in cyan, cobalt in purple. Switch I shown in dark blue. Interactions
between G-domain and mutase domains are shown as black dashed lines, with residues shown as
sticks with carbons colored by domains. Pathogenic mutations in MCM:MMAA, which have
been mapped onto IcmF, are highlighted in pink (R28, G54, L60, G257). (c) and (d) Close-up
view of mapped pathogenic mutations, see Figure II.6b for location in overall structure. IcmF,
colored as in (b), is superimposed with MMAA in gray. Highlighted pathogenic mutations are
(c) Arg28 (MCM Arg616) as well as (d) Gly54 (MCM Gly642) and Gly257 (MMAA Gly188),
shown in pink. In (d), the corresponding region in MMAA is disordered and not shown.
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d
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1241 0

1548 G648

F573 L56

V5 Pe49

Figure 11.6. Structure-based docking model of the human MCM/MMAA complex. (a) Human
MCM (PDB ID code 2XIJ3 ) and MMAA (PDB ID code 2WWW 33) superimposed onto the
IcmF structure, oriented as Figure II.2fg. All structures are shown in ribbon representation, with
the IcmF domains in yellow (Cbl-domain), dark green (substrate-binding domain), and cyan (G-
domain), MCM in pink (Cbl-domain) and light blue (substrate-binding domain), and MMAA in
gray. Bound Cbl cofactors are shown with pink (IcmF) and black carbons (MCM). Cobalt is
shown as a purple sphere. Bound GDP molecules are shown with yellow (IcmF) and brown
(MMAA) carbons. (b) Locations of five methylmalonic aciduria-causing mutations that map to
the mutase:G-protein interface in IcmF, described in the main text and Table 11.3, are marked by
pink spheres and numbered as follows: 1: IcmF Gly257 (corresponding to MMAA G188R); 2:
IcmF Gly54 (MCM G642R); 3: IcmF Arg28 (MCM R616C); 4: IcmF Gly60 (MCM G648D); 5:
IcmF Glyl.086 (MCM F573S). (c) Oligomeric assembly of predicted human MCM/MMAA
complex structure. Coloring as in (a), except that MMAA is shown in cyan. Additional
protomers shown in surface representation in gray (MCM) and cyan (MMAA). (d) Close-up
view of MCM Phe573 (pink carbons). Mutation of Phe573 to Ser causes methylmalonic aciduria.
Phe573 is embedded in a hydrophobic pocket (selected residues shown with gray carbons) and is
located at the predicted mutase/G-protein interface. The F573S mutation could lead to structural
changes and disruption of the interface. Domain coloring as in (a). (e) Close-up view of MCM
Gly648 (pink carbons). Mutation of Gly648 to Asp causes methylmalonic aciduria. Gly648 is
located at the predicted mutase/G-protein interface and mutation to Asp would likely cause a
clash with Gln660 (light pink carbons), leading to structural changes and disruption of the
interface. Domain coloring as in (a), the corresponding region of MMAA is disordered.
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a

C

Figure 11.7. Structure-based docking model of the bacterial MCM/MeaB complex. (a) and (b)
Two views of bacterial MCM (PDB ID code 4REQ35) and MeaB (PDB ID code 2QM72 9 )
superimposed onto the IcmF structure, with (a) oriented as Figure II.2fg. All structures are
shown in ribbon representation, with the IcmF domains in yellow (Cbl-binding domain), dark
green (substrate-binding domain), and cyan (G-domain), MCM in purple, and MeaB in light red.
Switch III of MeaB is highlighted in dark purple. Bound Cbl cofactors are shown with pink
(IcmF) and black carbons (MCM). Cobalt is shown as a purple sphere. Bound GDP molecules
are shown with yellow (IcmF) and pink (MeaB) carbons. Switch I of IcmF is shown in dark blue
in (b), as indicated by the arrow. The corresponding region of MeaB is disordered. The locations
of chain breaks are indicated by red spheres and connected by red dashed lines. (c) Structure-
based docking model of the bacterial MCM/MeaB complex, without IcmF. Oriented and colored
as in (a). (d) Oligomeric assembly of predicted bacterial MCM/MeaB complex structure.
Coloring as in (a). Additional protomers shown in surface representation in gray (MCM) and
light pink (MeaB).
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a
IcmF_Cupriavidus-metallidurans
MeaBBradyrhizobium
MeaBNitrobacter _winogradskyi
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MeaBMycobacterium
MHAAMusmusculus
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IcmFCupriavidus metallidurans
MeaBBradyrhizobium
MeaBNitrobacterwinogradskyi
MeaBMethylobacterextorquens
MeaBMycobacterium
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MMAA_Homosapiens
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meaBMycobacterium
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MeaBMycobacterium
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IcmF Cupriavidus metallidurans
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mCmmusmusculus
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Figure 11.8. Sequence alignments of IcmF domains and homologs. (a) Sequence alignment of
IcmF G-domain with homologs from bacteria and eukaryotes. Positions of the IcmF domain-
linking P-strand and switch I are marked with pink triangles. Positions of LcmF Arg263 and
Arg265, which contribute to mutase:G-protein interactions (see main text), are marked with
green triangles. (b) Sequence alignment of IcmF Cbl-binding domain with MCM Cbl-binding
domains from bacteria and eukaryotes. The position of the Cbl-binding histidine (His39 in IcmF)
is marked with a blue triangle. Positions of IcmF Gln75 and Glu76, which contribute to
mutase:G-protein interactions (see main text), are marked with green triangles. Alignments
created with ESPript 2.2 (ref. 64). Strict sequence identity is shown by a red box with a white
character, similarity by red characters in a blue frame.
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b c

Figure 11.9. Conformational movements in IcmF. (a) Differential positioning of the Cbl-domain
and G-domain of holo-IcmF-GDP in chain A (cyan/orange) compared to chain B (light
blue/yellow) when superimposed by their substrate-binding domains (gray surfaces). Cbl is
shown in pink (chain A) and black (chain B), and GDP in yellow (chain A) and green (chain B).
Mg 2 is shown as an orange sphere. 5'-dAdo not shown for clarity. (b) Superposition of the TIM
barrel P-strands of holo-IcmF-GDP chains A (dark green) and B (gray). Cbl colored as in (a) and
distances between corresponding Ca-atoms in A. (c) Superposition of the TIM barrel P-strands of
substrate-bound (dark blue) and substrate-free (gray) MCM (PDB ID codes 4REQ 35 and 2REQ2 7,
respectively). Cbl is shown in pink (substrate-bound) and black (substrate-free).
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8.3 A

a

b

d

Figure 11.10. Comparison of holo-IcmF-GDP protomers. (a) Comparison of the relative
positions of the Cbl cofactors in the two IcmF protomers. Chain A: Cbl pink, Cobalt purple, 5'-
dAdo cyan. Chain B: Cbl black, Cobalt purple. P-strands of the TIM barrel of chain A are shown
in dark green. Methylmalonyl-CoA is modeled from the structure of substrate-bound bacterial
MCM (PDB ID code 4REQ35). (b) Chains A and B of holo-IcmF-GDP superimposed by their
Cbl-binding domains, demonstrating rigidity of interface between Cbl-binding domain and G-
domain. Chain A: green/yellow/cyan, Cbl in pink, GDP in yellow. Chain B: light green/black,
Cbl in black. Cobalt purple, magnesium orange. (c) and (d) Lattice contacts made by the G-
domains in (c) chain A and (d) chain B. The G-domain in chain A forms loose lattice contacts
with two other molecules (shown in surface representation, colored in gray) that bury a total area
of 1060 A2 on the G-domain from solvent. The G-domain in chain B forms extensive lattice
contacts with one other molecule that bury a total area of 2520 A2 on the G-domain from solvent.
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Figure 11.11. Domain motions in holo-IcmF-GDP. (a) Difference distance matrix plot
(ddmp)3 4'65 of the two holo-IcmF-GDP protomers, using the catalytically competent "closed"
conformation of chain A as the reference. Plotted are differences in the pairwise distances of all
Cs-atoms, which renders this plot unbiased towards different points of reference for
superimposition of structures. C distance differences are color coded from red (-6 A difference,
farther apart) to white (no difference) to blue (+6 A difference, closer together). For clarity, the
ddmp is divided into five sections: section 1 describes the relation of the Cbl- and G-domains,
section 2 describes the movement of the Cbl-domain relative to the substrate-binding domain,
section 3 describes the movement of the G-domain relative to the substrate-binding domain, and
sections 4 and 5 describe changes within the TIM barrel substrate-binding domain, which is split
into two halves (labeled 5a and 5b, linker region is labeled 4). (b) Ribbon depiction of a holo-
IcmF*GDP protomer, color-coded to match regions of the ddmp.
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281-291 252-256

312-318

switch III

Figure 11.12. Comparison of structures of apo-IcmF, holo-IcmF*GDP, and GDP-soaked apo-
IcmF (apo-IcmF.GDP). (a) Comparison of Cbl- and G-protein domain movements for apo-IcmF
versus holo-IcmF-GDP chain A. The structures are superimposed by their substrate-binding
domains, shown as gray surfaces. The remaining domains are shown as ribbons, with the Cbl-
and G-protein domains of holo-IcmF-GDP in cyan and orange, respectively, and domains of apo-
IcmF in lighter colors. Cobalamin is shown in pink and GDP in yellow. Mg2+ is shown as an
orange sphere. (b) Comparison of apo-IcmF and apo-IcmF.GDP. apo-IcmF is shown with Cbl-
domain in yellow and G-protein domain in cyan. apo-IcmF-GDP is shown in gray. Loop regions
of apo-IcmF-GDP that changed conformation upon GDP-binding are shown in red. Switch I is
shown in dark blue, switch II is shown in pink, and the region corresponding to MeaB switch III
is shown in purple.
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a

Figure 11.13. Conformational changes after incubating apo-IcmF crystals with AdoCbl. (a)
2FO-F, electron density (4.0 A resolution) around the Cbl-binding domain after rigid body
refinement with the holo-IcmF-GDP structure (active conformation), contoured at 1.8 cy. Ribbons
colored by domain with Cbl-domain in orange, G-protein domain in cyan, substrate-binding
domain in green. Cbl shown with pink carbons. (b) F0-Fc electron density around the Cbl-
binding domain after rigid body refinement with the apo-IcmF structure ("open" conformation),
contoured at 3 T. Positive difference density is shown in green, negative difference density in
red. There is significant negative difference density around the apo-IcmF structure (ribbons with
light colors). The holo-IcmF-GDP structure (transparent ribbons, dark colors) matches the
positive difference density well.
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Figure 11.14. Schematic of proposed molecular model of Cbl delivery. Only one monomer of the
dimer is depicted. See main text for details.
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Chapter III: Examining substrate specificity of adenosylcobalamin-dependent acyl-
coenzyme A mutases

III.A. Summary
Acyl-coenzyme A mutases are a growing class of adenosylcobalamin-dependent radical enzymes
that perform challenging carbon skeleton rearrangements in primary and secondary metabolism.
Members of this class of enzymes require precise control over substrate binding and positioning
to prevent oxidative interception of radical intermediates during catalysis. Our understanding of
substrate specificity and catalysis, however, is incomplete. Here, we present crystal structures of
IcmF, a natural fusion protein variant of isobutyryl-coenzyme A mutase, in complex with
cofactor and four different acyl-coenzyme A substrates, visualizing how the active site is
designed to accommodate the aliphatic acyl chains. The structures reveal a conformational
change of the 5'-deoxyadenosyl group from C2'-endo to C3'-endo that initiates catalysis.
Furthermore, detailed bioinformatic analyses guided by our structural findings reveal the
evolutionary relationship among different acyl-CoA mutases, identify critical determinants of
sequence specificity, and predict new acyl-coenzyme A mutase-catalyzed reactions. These
results expand our understanding of substrate specificity and the catalytic scope of acyl-
coenzyme A mutase chemistry and set the stage for their rational and directed engineering for
biotechnological applications, which range from production of biofuels and commercial products
to hydrocarbon remediation.

Contributions: Valentin Cracan purified IcmF for crystallization in the laboratory of Ruma
Banerjee. Valentin Cracan and Ruma Banerjee helped interpret and discuss results.
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III.B. Introduction

Adenosylcobalamin (AdoCbl, coenzyme B 12) is an organometallic enzyme cofactor for radical

chemistry, enabled by its unique covalent cobalt-carbon (Co-C) bond. This Co-C bond is

sufficiently weak to allow for reversible homolytic cleavage in enzyme active sites, generating

the working 5'-deoxyadenosyl radical in the presence of the corresponding substrate1-4. The 5'-

deoxyadenosyl radical then initiates the chemical transformation by abstracting a hydrogen atom

from the substrate to form a substrate radical. Rearrangement to the product radical, re-

abstraction of a hydrogen atom from 5'-deoxyadenosine to form the product, and recombination

of the 5'-deoxyadenosyl radical with the Co complete the catalytic cycle and restore the intact

AdoCbl cofactor for another round of catalysis (see also Chapter I, Figure 1.2). This strategy

allows AdoCbl-dependent enzymes to catalyze difficult radical-based transformations, such as

the carbon-skeleton rearrangements of acyl-coenzyme A (CoA) thioesters catalyzed by a major

group of AdoCbl-dependent enzymes as part of primary and secondary metabolic pathways

(Figure 111.1)2,.5 These so-called acyl-CoA mutases allow for the degradation and biosynthesis of

branched-chain compounds, by altering the level of branching, and therefore have

biotechnological potential ranging from remediation of hydrocarbon pollution to synthesis of

commercial products such as solvents and fragrances 5-7. To realize this potential and to engineer

new activities, a better understanding of the factors governing substrate specificity in acyl-CoA

mutases is required.

Methylmalonyl-CoA mutase (MCM), which is found in species ranging from bacteria to

humans, is the best-characterized acyl-CoA mutase2 . MCM catalyzes the interconversion of

(R)-methylmalonyl-CoA and succinyl-CoA (Figure 111.1 a), an essential step in the degradation of

odd-chain fatty acids, cholesterol, and branched amino acids, and can also supply
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methylmalonyl-CoA units for polyketide biosynthesis8 . Several related acyl-CoA mutases

catalyze the interconversion of other branched-chain CoA thioesters in more specialized

metabolic pathways (Figure III. lb-e): Isobutyryl-CoA mutase (ICM)9-10 interconverts isobutyryl-

CoA and n-butyryl-CoA to provide isobutyryl extender units for polyketide biosynthesis"

(Figure III.1b), ethylmalonyl-CoA mutase (ECM)1 2 catalyzes the interconversion of (R)-

ethylmalonyl-CoA and (S)-methylsuccinyl-CoA (Figure 111.1d) in the ethylmalonyl-CoA

pathway for acetate assimilation 3 , and 2-hydroxyisobutyryl-CoA mutase (HCM)1 4 interconverts

2-hydroxyisobutyryl-CoA and (S)-3-hydroxybutyryl-CoA (Figure 111.1e) in the catabolism of

compounds bearing tert-butyl moieties. In addition, an ICM variant that is naturally fused to its

corresponding G-protein metallochaperone Meal, termed IcmF for ICM fused', was shown to

catalyze the interconversion of pivalyl-CoA and isovaleryl-CoA in addition to its native ICM

activity (Figure 111.1c) 6. Finally, it was proposed that novel acyl-CoA mutases catalyze

interconversion of 2(2'-aminophenyl)succinyl-CoA and (2'-aminobenzyl)malonyl-CoA and

related compounds (Figure 111.1f) in the anaerobic degradation of aromatic compounds such as

indoleacetate 1-18 as well as interconversion of 2(1'-methylalkyl)succinyl-CoA and (2'-

methylalkyl)malonyl-CoA (Figure III. ig) in the anaerobic degradation of alkanes 9 22. Although

these activities have not been biochemically verified, these studies suggest that the catalytic

scope of acyl-CoA mutases might be larger than originally anticipated.

MCM23-26 and IcmF 2 7 are the only two acyl-CoA mutases that have been structurally

characterized to date, and only MCM has been visualized with substrates bound. Both enzymes

require two domains for catalytic activity: a Rossmann-fold cobalamin- (Cbl-)binding domain,

which binds the AdoCbl cofactor in the "base-off/His-on" mode24,26,2 8, and an (a/) 8 triose

phosphate isomerase (TIM) barrel that is responsible for binding substrate. The Cbl-binding
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domain positions the AdoCbl into the TIM barrel, forming a buried active site cavity such that

the free radical intermediates of catalysis are protected from oxidative quenching4,24,26.

Intriguingly, the TIM barrels of both MCM and IcmF can undergo a dramatic conformational

change, from the catalytically active closed state24 -2 5 that resembles a typical TIM barrel to an

unusual open state, in which the TIM barrel is split into two halves of four P-strands each,

creating a cavity in the center of the barrel. For the homodimeric substrate-free structure of IcmF

(see Chapter II), one chain (chain A) has AdoCbl positioned into a closed barrel, and the other

has an open barrel with the Cbl cofactor displaced out of the active site (chain B)27. In contrast,

for MCM, the open barrel structure is associated with the substrate-free form of the enzyme23,

whereas the substrate-bound structure is in the closed conformation with the substrate threaded

through the barrel2 4 -25 . It has been proposed that this conformational change may afford at least

part of the impressive 1012 rate acceleration of Co-C bond homolysis that occurs upon substrate

binding in MCM 2 3 ,2 9.

The dramatic substrate-induced conformational rearrangement in MCM lies in stark

contrast to the more subtle conformational changes that occur upon substrate binding in a

different AdoCbl-dependent enzyme, glutamate mutase. Here, the ribose of the 5'-deoxyadenosyl

group (5'-dAdo) of AdoCbl undergoes pseudorotation from the C2'-endo conformation to the

C3 '-endo conformation when substrate binds, breaking the Co-C bond and repositioning the

resulting 5'-deoxyadenosyl radical species for hydrogen atom abstraction from substrate30 . No

structural data exist as to whether the same change in ribose conformation is involved in MCM

reactivity. Given the limitation in number of mutase enzymes that have been structurally

characterized, we still have much to learn about how these enzymes generate and control the
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highly reactive 5'-deoxyadenosyl radical in response to substrate binding, knowledge that will be

important for designing mutases with altered substrate specificity.

To engineer mutases for biotechnological applications, an understanding of the substrate-

binding determinants will also be required. Substrate-bound structures of MCM 2 and

bioinformatic analyses5 -6,12,14 have suggested that substrate specificity in acyl-CoA mutases is

determined by the identity of a few key amino acids. Previous attempts to rationally alter the

substrate specificity of acyl-CoA mutases by mutagenesis, however, have failed'4 3 1, in a notable

case instead leading to suicide inactivation of the enzyme3 1 , indicating that our understanding of

substrate specificity and catalysis in acyl-CoA mutases is incomplete.

We recently reported crystal structures of IcmF from Cupriavidus metallidurans, which

contains a G-protein domain in addition to the ICM domains 27 , with AdoCbl in the ICM active

site and GDP-Mg2+ in the G-protein active site (holo-IcmF-GDP), but without acyl-CoA

substrates 27. Here, we report crystal structures of IcmF bound to AdoCbl, GDP-Mg 2+, and all

four known acyl-CoA substrates (pivalyl-CoA, isovaleryl-CoA, isobutyryl-CoA and n-butyryl-

CoA), revealing the mode of substrate binding and the determinants of substrate specificity in

IcmF. In addition, guided by the structural insight and bioinformatic analyses, we identify three

classes of acyl-CoA mutases that likely catalyze novel AdoCbl-dependent reactions.

III.C. Results

The acyl-CoA substrates bind to the catalytically active chain of IcmF

To visualize how IcmF binds its substrates, we sought to determine crystal structures of IcmF

bound to its AdoCbl cofactor and the four different acyl-CoA molecules that all serve as

substrates 15-16. Whereas isobutyryl-CoA, n-butyryl-CoA, and isovaleryl-CoA are commercially
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available, we had to synthesize the fourth substrate, pivalyl-CoA (2,2-dimethylpropionyl-CoA),

from pivalic anhydride via a one-step synthetic procedure (Figure 111.2, see methods). We then

incubated pre-formed crystals of IcmF bound to AdoCbl and GDP-Mg2+ (holo-IcmF-GDP) with

the different substrates and determined the substrate-bound structures, to resolutions ranging

from 3.40 A to 3.50 A (Figures III.3a,b, II.4a-d, III.5a,b, Table 111.1). The resulting structures

depict IcmF in complex with Cbl, the 5'-deoxyadenosyl group (5'-dAdo), and substrate in the

mutase active site as well as GDP-Mg2+ in the G-protein active site (Figure III.3a, see chapter II).

There is clear electron density for each of the four substrates as well as for the Cbl cofactor and

the 5'-deoxyadenosyl group in chain A of our structure (Figure III.4a-d), which is in the

catalytically competent closed conformation. In chain B, which is in a catalytically inactive open

conformation with the Cbl cofactor swung out of the active site and the TIM barrel substrate-

binding domain split into two halves (Figure III.5c), we only observe electron density for the

nucleotide portion of the substrate, whereas the remainder of the substrate is disordered (Figure

III.5b).

Comparison of the substrate-bound structures to the previously determined structure of

substrate-free holo-LcmF-GDP (see Chapter 11)27 reveals that the structures match closely, with

a Ca root mean square deviation (rmsd) of 0.3 A for the entire IcmF dimer between the substrate-

free and substrate-bound structures (Figure III.3b). Thus, both substrate-free and substrate-bound

structures of IcmF have both open and closed conformations of the TIM barrel substrate-binding

domain (Figure III.5c). In our structures, substrates appear to bind to the TIM barrel in both

conformations, but only the TIM barrel in the closed conformation represents the catalytically

active state with AdoCbl and substrate positioned for catalysis. In this chain, a few side chains,

including those of Arg589, Gln732, and Arg856, rearrange to engage in interactions with the
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substrates, but there are no large-scale conformational changes upon substrate binding (Figure

III.3b). To further evaluate the substrate binding mode, we focused on chain A in our structure.

The acyl-CoA substrates are threaded through the TIM barrel substrate-binding domain

The four substrate-bound IcmF structures are nearly identical, with C rmsds smaller than 0.2 A

between all structures. The acyl-CoA substrates are bound in the same overall fashion: the

nucleotide portion is positioned on the surface of the N-terminal face of the TIM barrel, the

phosphopantetheine moiety is threaded through the center of the IcmF TIM barrel substrate-

binding domain, and the acyl group is positioned adjacent to the Cbl cofactor and the 5'-

deoxyadenosyl group in the active site cavity (Figures II.4a-d, III.5a). This mode of substrate

binding is very similar to that observed in the related acyl-CoA mutase MCM 23,2 5 and many of

the specific interactions are conserved (Figure III.4e). In IcmF, the thioester carbonyl is

stabilized by hydrogen bonds from Gln732 and His780, securing the acyl group in the active site

(Figure III.4a-d). The interaction with His780 in particular is likely important for catalysis, as

mutation of the homologous His (His244) to Gln or Ala in MCM reduced kcat by two to three

orders of magnitude and drastically increased the rate of oxidative inactivation 32 . The

phosphopantetheine arm and the nucleotide portion are stabilized by additional interactions such

as electrostatic interactions from the positively charged residues Arg589, Arg622, Arg728,

Arg856, and Lys861 to the phosphate groups (Figure III.4a-d, Figure III.5a). Furthermore,

Tyr772 hydrogen bonds with a phosphate oxygen, Phe585 engages in R- stacking interactions

with the adenine base, and Ser821 forms a hydrogen bond to the phosphopantetheine hydroxyl

group (Figure III.4a-d, Figure III.5a). Together, the interactions to the phosphopantetheine and
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the nucleotide plug the access tunnel to the active site, thereby protecting the reactive catalytic

intermediates.

Comparison of IcmF substrate-free and substrate-bound structures reveals two conformations of

the 5 '-deoxyadenosyl group

The crystal structure of substrate-free IcmF contains partially cleaved AdoCbl cofactor in the

active site, an issue that has previously been documented for AdoCbl-dependent enzymes. The

density cannot be fit with a single conformation of the 5'-dAdo moiety. Instead, there appears to

be a mixture, containing substantial amounts both of cleaved 5'-dAdo in the C3'-endo

conformation with a Co-C distance of 3.4 A and of uncleaved 5'-dAdo in the C2'-endo

conformation with a Co-C distance of 2.2 A (Figure 1II.6b). 5'-dAdo in both the C2'-endo and

C3 '-endo conformations has been previously observed in a structure of the related AdoCbl-

dependent glutamate mutase (Figure III.6a)30. In the IcmF substrate-bound structures, only the

C3'-endo conformer of 5'-dAdo is present and the Co-C bond is cleaved with distances of 3.2 A

- 3.5 A between the Co and the 5'-dAdo C5' (Figure III.6d). The transition from C2'-endo to C3'-

endo moves the C5' position of 5'-dAdo close to the hydrogen atom abstraction site on the

substrate (see below). Both conformations of the 5'-dAdo in IcmF have stabilizing hydrogen-

bonding interactions. The C2'-endo conformation is stabilized by hydrogen bonds from Tyr779

to the ribose 02' and from Glu905 to the ribose 03' (Figure II.6c). In the C3'-endo

conformation, the interaction with Tyr779 is disrupted; instead, now the ribose 03' also forms a

hydrogen bond to Glu905 and the ribose 04' forms a hydrogen bond to Gln865 (Figure III.6d).

Very similar changes in the hydrogen bonding patterns of the two 5'-dAdo conformers were

observed for glutamate mutase (Figure III.6c,d)30 . Glu905 is also conserved in glutamate mutase
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as Glu330, and mutation of Glu330 to Asp, Gln, or Ala leads to a drastic reduction in activity,

34
supporting its importance for catalysis

The active site is arranged for hydrogen atom abstractionfrom allfour IcmF substrates

To investigate the catalytic mechanism of IcmF, we compared the binding modes of the different

substrate acyl groups. Although the resolution is moderate, we were able to model the four acyl

groups as well as the 5'-dAdo group in the active site guided by the electron density and

minimization of steric clashes. All four acyl-CoA substrates are bound in the active site in a

similar orientation, with a P-carbon of the acyl group positioned within 3.6 A of the 5'-dAdo C5'

(found in the C3'-endo conformation, see above), which is in agreement with other distances

reported for hydrogen atom transfer (Figure III.7a,b)35 . The binding site for the acyl groups is

lined by Gln732 and His780 (see above) as well as Gln742 and Tyr779 on one side, Phe598,

Thr679, and Gln865 on the other side, and the Cbl corrin ring on the bottom (Figure II.7a).

These residues create a tight binding pocket for the substrate acyl groups.

The acyl chains of pivalyl-CoA and isovaleryl-CoA are positioned similar to those of

isobutyryl-CoA and n-butyryl-CoA in the active site. For pivalyl-CoA, two of the methyl groups

overlay closely with those of isobutyryl-CoA (Figure III.7a), whereas the third methyl group

points toward Phe598, causing a small rotation of the side chain to accommodate the methyl

group (Figure III.7a). Isovaleryl-CoA is bound in a similar orientation as n-butyryl-CoA, without

notable side chain rearrangements. Thus, the active site accommodates pivalyl-CoA and

isovaleryl-CoA with only minor adjustments, explaining the observed substrate promiscuity of

lcmF. Nevertheless, pivalyl-CoA would likely bind more readily if Phe598 was replaced by a
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slightly smaller side chain such as Leu, and we predict that a mutase carrying this substitution

would have higher pivalyl-CoA mutase activity.

Finally, comparing the positioning of the isobutyryl-CoA and n-butyryl-CoA substrates

allows us to probe the stereospecificity of the ICM reaction, which has been studied in stand-

alone ICM (as opposed to the IcmF fusion protein) from Streptomyces cinnamonensis. IcmF-

bound isobutyryl-CoA is positioned for hydrogen atom abstraction from the pro-S methyl group,

which is located within 3.5 A of the 5'-dAdo C5' whereas the pro-R methyl group is farther away

at a distance of 3.9 A (Figure 111.8, left box). For n-butyryl-CoA, modeling of hydrogen atoms

with ideal geometry positions the pro-S hydrogen on C3 toward the 5'-dAdo C5', in ideal

position for hydrogen atom abstraction (Figure 111.8, right box). Both of these observations

match previous stereochemical investigations on ICM36-37. Our observed modes of substrate

binding also provide an explanation for the observed partial breakdown of stereospecificity in

ICM, for which a small amount of hydrogen atom abstraction occurs from the pro-R methyl

group of isobutyryl-CoA 36. The isobutyryl group likely has rotational flexibility in the active site,

with the preferred mode of binding as observed in our structure and an alternative mode of

binding with the pro-S methyl group pointing toward Phe598, as observed for pivalyl-CoA

(Figure III.7a). The two possible modes of binding would lead to the observed breakdown of

stereospecificity, as originally hypothesized36.

Specific active site substitutions allow for binding of aliphatic CoA thioesters

Comparing IcmF to MCM reveals that the active site architectures and the substrate positions of

these two acyl-CoA mutases are nearly identical (Figure III.7b). The major difference comes

from the replacement of Phe598 and Gln742 in IcmF by a tyrosine (Tyr89) and an arginine
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(Arg207) in MCM (numbering as in MCM crystal structures from Propionibacterium

freudenreichii subsp. shermanii), which form specific contacts to the carboxylate groups of the

MCM substrates (Figure III.7c)s,23 . In IcmF, the smaller Gln and Phe side chains increase the

size and hydrophobicity of the active site, thereby allowing for accommodation of the

hydrophobic substrates (Figure III.7a,b). In addition, the position of the 5'-dAdo group is slightly

shifted in IcmF (Figure III.7b), but the 5'-dAdo electron density in the MCM structures is

ambiguous and the relevance of this observation is unclear.

Overall, the high structural similarity between MCM and IcmF as well as the high

sequence similarity (>20-30% identity) between substrate-binding domains of acyl-CoA mutases

suggest that other acyl-CoA mutases have similar structures and active site architectures.

Previously, it was demonstrated that a Y89F/R207Q MCM double mutant binds to isobutyryl-

CoA and n-butyryl-CoA, whereas wild-type MCM did not appear to bind these thioesters .

Although the mutant enzyme undergoes suicide inactivation during turnover3 1 , likely because

second-sphere interactions are important to control the radical intermediates, this and other

studies suggest that the binding specificity of ICM, MCM, and likely related acyl-CoA mutases

is governed by the identity of a few residues in the substrate-binding domain.

Bioinformatic analyses reveal new classes of acyl-CoA mutases

To classify acyl-CoA mutases and predict their substrate specificities, we performed

phylogenetic and bioinformatic analyses on the substrate-binding domains. The currently

available sequences with homology to substrate-binding domains of characterized MCMs,

ECMs, ICMs, IcmFs, or HCMs cluster into distinct groups in a phylogenetic tree according to

the catalyzed reaction (Figures 111.9, 111.10). Each cluster with characterized members contains a
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series of signature sequences indicating the substrate specificity (Figures 111.9, 111.11). Two

major determinants are at the positions of MCM Tyr89/IcmF Phe598 (determinant 1) and MCM

Arg207/IcmF Gln742 (determinant 2): MCMs and ECMs have Tyr and Arg at these positions,

allowing them to bind charged carboxylate-bearing substrates (see above); ICMs and IcmFs have

Phe and Gln; and HCMs have Ile or Val and Gln' 4 (Figure 111.11). MCMs and ECMs are

furthermore distinguished by two additional substitutions around the active site, with a His and

an Asn in MCMs replaced by a Gly and a Pro in ECMs (Figure 111.11), as described previously 2 .

Beyond these differences, catalytically important residues, such as the His and Gln contacting

the substrate thioester carbonyl (Figure 111.7) and the Glu contacting the 5'-dAdo ribose hydroxyl

groups (Figure III.6d) are conserved in all sequences (Figure 111.11), indicating that all sequences

represent functional mutases.

This bioinformatic analysis allows for a number of interesting observations. First,

archaeal MCMs cluster with ICMs rather than with bacterial and eukaryotic MCMs (Figure 111.9)

as noted previously12, 38. Archaeal MCMs encode the substrate-binding and Cbl-binding domains

on separate polypeptides, in notable contrast to most bacterial (see below) and all eukaryotic

MCMs, which encode both domains on a single polypeptide. Most sequences annotated as

archaeal MCMs have the characteristic features of MCMs, and MCM from the archaeon

Pyrococcus horikoshii was recently shown to indeed have MCM activity3 9 . Notably, archaea

appear to contain additional acyl-CoA mutases, including ICMs and several yet-uncharacterized

mutases (Figure 111.9), indicating that archaea use a variety of different AdoCbl-dependent

reactions. The metabolic roles of these reactions remain to be determined.

Second, we observe two groups of MCMs, one containing MCMs from Clostridiae and

related Firmicutes and one containg MCMs from Thermotogae, that do not cluster with other
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bacterial MCMs (Figure 111.9). Closer inspection reveals that these mutases contain the active

site determinants of MCMs (Figure 111.9) but are encoded on two separate polypeptides, in

contrast to other known bacterial MCMs. Thus, both archaeal MCMs and a subgroup of bacterial

MCMs resemble ICMs more closely than other MCMs, highlighting the complex evolutionary

history of acyl-CoA mutases, which likely features several events of domain fusion as well as

frequent horizontal gene transfer.

Third, the bioinformatic analysis reveals three phylogenetically distinct sequence clusters

that do not contain any characterized members (uncharacterized mutase clusters 1-3, Figure 111.9)

and thus could represent new AdoCbl-dependent mutases. Analysis of the genomic context

reveals that all of these mutase substrate-binding domains are encoded together with

corresponding Cbl-binding domains in larger operons, suggesting that they are active mutases.

Cluster 1 contains seven mutases from different gram-negative Proteobacteria including a

Zoogloea strain and from a gram-positive actinobacterium of the genus Nocardioides. Mutases in

this cluster have the general sequence features of ICMs and HCMs, but have Leu and Asn in the

determinant positions, which would enlarge the active site compared to IcmF and other

characterized mutases and likely allow them to accept bulkier substrates (Figures 111.9, 111.11).

Uncharacterized mutase cluster 2 contains six mutases from different archaea and bacteria,

including Aromatoleum aromaticum (formerly Azoarcus strain EbN1). Finally, the third cluster

of uncharacterized mutases currently contains four sequences from different Deltaproteobacteria,

including Desulfatibacillum alkenivorans, a metabolically versatile bacterium. The mutases in

clusters 2 and 3 contain Tyr and Arg in the determinant positions, likely allowing them to bind

carboxylate-bearing substrates (Figure 111.11).
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To further examine the mutases in clusters 2 and 3, we analyzed the sequences for large

replacements and generated homology models of these mutases. Mutases in uncharacterized

cluster 3 have relatively low sequence similarity to MCM and IcmF, limiting the reliability of

homology models. Current homology models reveal several structural changes in the active site,

but do not provide conclusive evidence on the active site architecture (not shown). Notably,

mutases in uncharacterized cluster 2 contain a stretch of six residues in the active site with the

sequence AGGGGG (Figure 111.11), replacing several residues including an otherwise strictly

conserved Gln that contacts the 5'-dAdo group (Gln330 in MCM or Gln865 in IcmF, (Figure

III.6d) by small Ala and Gly residues (Figure 111.11). In addition, an otherwise conserved Phe in

the active site (Phe287 in MCM and Phe823 in IcmF) is replaced by Asn. A homology model

generated using the structure of substrate-bound MCM2 3 (see methods) reveals that the Gln to

Ala substitution enlarges the active site cavity, which now appears ideally suited to bind

substrates carrying larger substituents, and that the Phe to Asn substitution positions an

additional hydrogen bonding partner in the active site (Figure 111.12). Thus, these mutases could

catalyze novel AdoCbl-dependent interconversions.

III.D. Discussion

Acyl-CoA mutases are a growing family of AdoCbl-dependent enzymes that perform

challenging carbon skeleton rearrangements. Despite extensive studies, our understanding of

catalysis and substrate specificity remains incomplete, currently limiting their utility for

biotechnological applications. In particular, substrate binding had previously only been

visualized for a single member of this class, MCM. Here, we report crystal structures of IcmF, an

ICM variant, bound to its four acyl-CoA substrates, revealing how this acyl-CoA mutase

108



positions its substrates for catalysis. Together with bioinformatic analyses, these structures

provide expand our understanding of catalysis and substrate specificity in acyl-CoA mutases and

allow us to identify new classes of acyl-CoA mutases.

As observed previously in MCM 3'25 , the IcmF acyl-CoA substrates are threaded through

the 8-stranded P-barrel of the substrate-binding domain, indicating that this mode of substrate

binding is conserved for acyl-CoA mutases. Notably, TIM barrels usually feature a tightly

packed hydrophobic core with the active site formed by loop regions at the periphery of the

barrel. The unique use of TIM barrels by acyl-CoA mutases and other AdoCbl-dependent

enzymes is likely an adaptation to the free radical intermediates of catalysis, which need to be

protected to prevent enzyme inactivation. It appears that in the case of AdoCbl-dependent

enzymes, nature's strategy is to perform catalysis in a deeply buried active site.

The TIM barrels of acyl-CoA mutases are furthermore distinguished by their ability to

undergo a dramatic conformational change from a closed to an open conformation, splitting the

barrel into two halves of four strands each (Figure III.5c). Initially observed in MCM23-24, we

subsequently also captured IcmF in both these conformations (see also chapter II), suggesting

that TIM barrel flexibility is a general feature of acyl-CoA mutases. In MCM, the barrel was

captured in the open and closed conformations in the absence and presence of substrate,

respectively23 24 . In IcmF, however, we captured both open and closed conformations in the same

structure in the absence of substrate 27, and here we again capture both conformations in the

presence of substrate, with substrate binding to the already closed TIM barrel. The TIM barrel

open conformation instead correlates with loss of the Cbl 5'-dAdo group and displacement of the

cofactor out of the active site into a catalytically inactive conformation, possibly mediated by the

cognate G-protein chaperone, which is absent in structures of MCM. Thus, we now have a series
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of snapshots depicting the TIM barrel in both open and closed conformations, indicating that

these two conformations are in equilibrium, affected by the presence of substrates as well as by

other factors such as the cognate G-protein chaperone and the cofactor state. Although TIM

barrel opening could help product release and substrate binding, and may play a role in the

acceleration of Co-C bond homolysis that is triggered by substrate binding, our IcmF structures

indicate that the barrel does not absolutely need to open and close for every catalytic cycle. It

appears that these barrel dynamics are inherent to acyl-CoA mutases, but further studies will be

required to determine their role during catalysis and cofactor recycling.

In the active site, substrate binding and Co-C homolysis need to be tightly coupled to

ensure a high catalytic rate while preventing generation of the 5'-deoxyadenosyl radical without

substrate. In IcmF, we observe that the 5'-dAdo undergoes a conformational change from C2'-

endo in intact AdoCbl to C3'-endo upon Co-C bond homolysis, which propels the active C5'

radical from its position above the Cbl Co toward the substrate for hydrogen atom abstraction.

Thus, our structures provide additional evidence for a pseudorotation of the 5'-dAdo ribose group

during catalysis in AdoCbl-dependent mutases, as previously suggested from biochemical

studies of glutamate mutase30 and from computational studies 40. Notably, another group of

AdoCbl-dependent enzymes, the eliminases, appears to employ a different conformational

change to move the active C5' radical towards substrate: here, movement occurs by rotation

about the N-glycosidic bond4143.

To accelerate Co-C bond homolysis, substrate binding likely modulates the interactions

between the protein and the 5'-dAdo, for example by inducing large-scale conformational

changes such as the TIM barrel motions or by altering active site electrostatics or dynamics to

destabilize the C2'-endo form or to stabilize the C3'-endo form34 44 ~45. It is unclear how many
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molecular mechanisms AdoCbl enzymes use to afford the substantial 1012 enhancement in Co-C

bond homolysis that accompanies substrate binding2 4 . The IcmF structures reported here suggest

that the C2'-endo to C3'-endo transition that is promoted by substrate binding is relevant in other

AdoCbl-dependent enzymes as well (see above). These structures also cast doubt on the

relevance of the TIM barrel motions to homolysis rates, if barrel opening and closing need not

accompany every turnover. Although more studies are needed to understand the relationship

between substrate binding and Co-C bond homolysis, it is clear that substrate positioning with

respect to the AdoCbl is universally important. Both substrate radical generation by AdoCbl and

AdoCbl regeneration following turnover require precise positioning of the substrate in the active

site. Our structures of the acyl-CoA mutase IcmF reveal that all four substrates are positioned

similarly, with a P-carbon pointed toward the 5'-dAdo for hydrogen atom abstraction. It appears

that the active site has some flexibility, in particular at the position of Phe598, allowing it to

accommodate both sets of acyl-CoA substrates. Nevertheless, it appears that Phe598 is a critical

determinant for substrate specificity: smaller residues at this position would allow for more facile

binding of substrates with tertiary a-carbons, as observed in HCM.

With two different acyl-CoA mutases now known to have the same overall structure and

mode of substrate binding, we can more reliably identify determinants of substrate specificity for

other members of this class. Our bioinformatic analyses identify two critical sequence

determinants, similar to previous analyses5" 2 , for substrate specificity: the presence of a charged

Arg and an additional Tyr is required for binding of substrates with carboxylate groups, whereas

a panel of smaller and uncharged groups allow for binding of successively larger aliphatic

substrates such as isobutyryl-CoA and hydroxyisobutyryl-CoA. These analyses allow us to look
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more closely at three groups of thus far uncharacterized mutases (Figure 111.9) and to predict

their activities.

In the first group of these mutases, the Leu and Asn residues in the determinant positions

likely provide for a spacious active site, particularly around the acyl-CoA substrate a-carbons, as

indicated by our pivalyl-CoA-bound structure (Figure III.7a). Thus, these uncharacterized

mutases could accept substrates containing tertiary a-carbons. Notably, Zoogloea strains, which

contain these mutases, are known to degrade pivalic acid and related compounds 46, likely

6mediated by a yet-uncharacterized pure pivalyl-CoA mutase . We hypothesize that these

phylogenetically distinct mutases represent such pivalyl-CoA mutases.

The second cluster of uncharacterized mutases is found within larger operons that encode

a putative hydantoinase, a thiolase, a CoA transferase, a tungsten- (in archaea) or molybdenum-

dependent oxidoreductase (in bacteria), and other enzymes. Although strains carrying these

mutases are not well characterized, recent studies suggest that a strain related to Ar. aromaticum,

Az. evansii, employs this operon for anaerobic degradation of indoleacetate '. The authors

propose that the degradation pathway involves the carbon skeleton rearrangement of 2-(2'-

aminophenyl)succinyl-CoA to (2'-aminobenzyl)malonyl-CoA (Figure 111.1f) by a novel acyl-

CoA mutase and used similar bioinformatic analyses to identify the same cluster of

uncharacterized mutases1 7. Our understanding of substrate binding in acyl-CoA mutases now

allows for a re-examination of this proposal. These mutases likely bind carboxylate-bearing

substrates, as indicated by the presence of Tyr and Arg in the determinant positions (Figure

111.11). Additional replacements around the active site, conserved within this cluster but not in

other mutases, lead to a substantially enlarged active site cavity, which now may be prone to

bind the aminophenyl group of the proposed substrate (Figure III.12a,b). Similarly, these or
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related mutases could be involved in anaerobic degradation of ethylbenzene, which likely

requires a carbon skeleton isomerization after it gets metabolized to (1-phenylethyl)succinyl-

CoA 6,18. Together, our bioinformatic and modeling studies suggest that these mutases represent a

new class of acyl-CoA mutases and accept substrates with aromatic groups.

Similarly, the third cluster of uncharacterized mutases is encoded in operons responsible

for anaerobic oxidation of long-chain alkanes. These operons contain an alkylsuccinate synthase

of the glycyl radical enzmye family that is proposed to convert alkanes and fumarate to 2-(1'-

methylalkyl)succinyl-CoA, which could then be isomerized by an acyl-CoA mutase to (2'-

19-22
methylalkyl)malonyl-CoA (Figure III. 1 g) and further processed by P-oxidation . Notably, D.

alkenivorans is indeed known to degrade long-chain alkanes under anaerobic conditions using

such a pathway . This evidence suggests that these uncharacterized mutases represent novel

(2'-methylalkyl)malonyl-CoA mutases. Indeed, they contain Tyr and Arg in the determinant

positions, which would allow them to accept carboxylate-containing substrates (Figure 111.11).

Unfortunately, our attempts to further model the active sites of these mutases failed due to the

low sequence similarity to MCM and IcmF. Further biochemical characterization of these

proteins will be required to establish the role of these mutases in anaerobic alkane degradation.

Notably, Ar. aromaticum and D. alkenivorans as well as other strains bearing these novel

mutases encode several additional acyl-CoA mutases in their genomes. Ar. aromaticum, for

example, encodes MCM and IcmF (Figures 111.9, 111.11), whereas D. alkenivorans encodes

MCM as well as another uncharacterized mutase (Figure 111.9). All of these strains are known to

be metabolically flexible, and it is tempting to speculate that this ability in part stems from a

diverse array of acyl-CoA mutases. These analyses highlight the complex evolutionary history of
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acyl-CoA mutases, which likely underwent specialization, frequent horizontal gene transfer, and

different domain fusion events.

Altogether, our studies reveal important design principles of acyl-CoA mutases. The

improved understanding of different acyl-CoA mutase classes and their metabolic versatility

could help facilitate the rational and directed engineering of these acyl-CoA mutases for

applications ranging from generation of branched-chain biofuels to hydrocarbon remediation.
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III.E. Materials and Methods

Materials

Isobutyryl-CoA, n-butyryl-CoA, and isovaleryl-CoA were obtained from Sigma-Aldrich.

Pivalyl-CoA was synthesized in a one-step procedure from pivalic anhydride (Sigma) and

coenzyme A (Sigma) (Figure 111.2). Briefly, to a solution of 0.20 mmol pivalic anhydride

(40.6 [tL) in 2 mL anhydrous dimethylformamide (DMF) were added 0.040 mmol solid

coenzyme A hydrate (32 mg), 0.12 mmol triethylamine (16.8 pL), and a catalytic amount of

dimethylaminopyridine. The reaction was stirred for 30 min at 25 'C. Reaction progress was

followed by thin layer chromatography in 1:1:1:1 1 -butanol:acetic acid:ethyl acetate:water. The

reaction was stopped by addition of 0.10 mmol HC and diluted with water, and the water:DMF

mixture was removed by lyophilization. The solid product was dissolved in 400 pL 95:5

water/acetonitrile and purified by HPLC on a 250 x 10 mm Targa C18 (5 ptm pore size) reversed-

phase column (Higgins Analytical). The final yield of pivalyl-CoA was 0.018 mmol (45%). ESI-

MS (m/z): [M-2H] 2 - calculated for C2 6H4 4N7017P3S, 424.58; found, 424.58.

Protein expression, purification, and crystallization

N-terminally His-tagged IcmF from Cupriavidus metallidurans was expressed and purified as

described previously1 5 -16, 2 7 and in Chapter II. Purified IcmF was supplemented with AdoCbl

(Sigma), GDP (Sigma), and MgCl 2 to generate holo-IcmF-GDP and crystallized at 25 'C using

the hanging drop vapor diffusion technique. 1 gL of a protein solution (11.7 mg/mL IcmF in

100 mM NaCl, 50 mM HEPES pH 7.5, 1 mM GDP, 3 mM MgCl 2 , 300 pM AdoCbl) was mixed

with 1 ptL of a precipitant solution (0.7 M - 0.75 M potassium sodium tartrate, 0.2 M ammonium

acetate, 0.1 M imidazole pH 7.0 - 7.7, 3% (v/v) ethylene glycol) on a glass cover slip. The cover

115



slip was sealed with grease over a reservoir containing 500 pL of the precipitant solution without

ethylene glycol. Triangular crystals appeared within three weeks and grew to full size within six

weeks. To generate crystals of holo-IcmF-GDP bound to n-butyryl-CoA, isobutyryl-CoA,

isovaleryl-CoA, or pivalyl-CoA, preformed holo-IcmF-GDP crystals were transferred to 2 tL of

a soak solution containing the precipitant, 2 mM GDP, 3 mM MgCl 2 , and 5 mM of the

corresponding substrate in three steps of about 30 s each, with successive increases in the

substrate concentration from 1.25 mM to 2.5 mM to 5 mM. After soaking, crystals were

transferred in two steps of increasing glycerol concentration into a cryogenic solution containing

the precipitant, 2 mM GDP, 3 mM MgCl 2, 5 mM substrate, and 20% (v/v) glycerol, incubated in

that solution for 15 s, and then flash-frozen in liquid nitrogen. All crystallization and soaking

procedures were carried out in a dark room under red light to prevent cleavage of the AdoCbl

Co-C bond before ligand binding.

Data collection and processing

All IcmF crystals belong to space group H32. All data were collected at the Advanced Photon

Source (Argonne, IL) at beamline 241D-C at a temperature of 100 K and a wavelength of

0.9795 A (12658 eV). Data for holo-IcmF-GDP bound to isobutyryl-CoA, n-butyryl-CoA, and

isovaleryl-CoA were collected using a Quantum 315 detector in 0.50 (isobutyryl-CoA) or 1

oscillation steps (n-butyryl-CoA, isovaleryl-CoA). Data for holo-IcmF-GDP bound to pivalyl-

CoA were collected using a Pilatus 6MF detector in wedges of 20' in 0.5' oscillation steps. The

crystal was displaced along its major macroscopic axis after each wedge.

All data were integrated in XDS and scaled in XSCALE. 47 The same reflections as in the

holo-IcmF-GDP data set (Chapter II) were marked for the free set of reflections in all data sets,
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corresponding to 5% of total reflections. All data collection statistics are summarized in Table

III.1.

Structure building and refinement

All structures were determined to resolutions ranging from 3.40 to 3.50 A resolution (Table 111.1)

by molecular replacement. First, the structure of holo-IcmF-GDP bound to isobutyryl-CoA was

determined by molecular replacement with the structure of substrate-free holo-IcmF-GDP 2 7

(described in Chapter II, PDB ID 4XC6) using rigid body refinement in phenix 48. To minimize

existing model bias, 10 cycles of simulated annealing refinement were carried out in phenix.

There was clear electron density for isobutyryl-CoA in one of the two protomers in the

asymmetric unit. After insertion of the substrate, the model was adjusted to account for any

changes in the protein environment by iterative cycles of manual model building in COOT49-50

and refinement in phenix. The structures of holo-IcmF-GDP bound to n-butyryl-CoA, isovaleryl-

CoA, and pivalyl-CoA were determined by molecular replacement with the structure of

isobutyryl-CoA-bound holo-lcmF-GDP using rigid body refinement in phenix. For each

structure, there was clear electron density for the corresponding substrate in one of the two

protomers in the asymmetric unit. The models were adjusted to account for any changes in the

protein environment by iterative cycles of manual model building in COOT and refinement in

phenix. Side chains with limited electron density were truncated at the last atom with visible

electron density. Initial stages of refinement included B-factor refinement for individual atoms.

Final stages of refinement included TLS parametrization using one TLS group per chain. Strict

non-crystallographic symmetry restraints were applied in early cycles of refinement. In advanced

stages of refinement, non-crystallographic symmetry restraints were loosened for residues
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involved in crystal contacts as well as selected residues that were in substantially different

environments due to conformational differences between the two chains of IcmF in the

asymmetric unit.

Parameter files for Cbl were generously provided by Oliver Smart at Global Phasing

(Cambridge, UK). Refinement restraints for 5'-dAdo, isobutyryl-CoA, n-butyryl-CoA,

isovaleryl-CoA, and pivalyl-CoA were generated using the Grade Web Server

(http://grade.globalphasing.org) 2 Refinement restraints for GDP were generated using the

electronic Ligand Builder and Optimisation Workbench (elBOW) 53 implemented in phenix.

Crystallographic refinement of the four structures of holo-IcmF-GDP bound to substrates

yielded models that possess low free R-factors, excellent stereochemistry, and small rmsd values

from ideal values for bond lengths and angles. The final models of holo-IcmF-GDP bound to

isobutyryl-CoA, n-butyryl-CoA, isovaleryl-CoA, or pivalyl-CoA include residues 21-1093 (of

1093) for chain A and residues 22-1093 (of 1093) for chain B, lacking the hexahistidine tag and

residues at the N-terminus. The model of holo-IcmF-GDP bound to isobutyryl-CoA additionally

lacks residues 285, 530-537, and 1013-1014 in chain A and residues 592, 904-906, and 1011-

1018 in chain B. The model of holo-IcmF-GDP bound to n-butyryl-CoA lacks residues 285, 530-

536, and 1014 in chain A and residues 592-593, 905-906, and 1011-1018 in chain B. The model

of holo-IcmF-GDP bound to isovaleryl-CoA lacks residues 284-285, 530-536, and 1013-1014 in

chain A and residues 592-593, 904-906, and 1011-1018 in chain B. The model of holo-

IcmF-GDP bound to pivalyl-CoA lacks residues 530-536 and 1012-1014 in chain A and residues

592-593 and 1011-1018 in chain B. For all models, each chain contains bound cobalamin and

GDP-Mg2+ and an additional Mg2 in the GDP-binding site, chain A contains bound substrate

and 5'-dAdo, and chain B contains the nucleotide portion of the substrate. All refinement
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statistics are summarized in Table 111.1. The models were validated using simulated annealing

composite omit maps calculated in CNS. 54-5 Model geometry was analyzed using MolProbity5 6

and ProCheck.57 Figures were generated using PyMoL. 8 Crystallography software packages

were compiled by SBGrid."

Phylogenetic and bioinformatic analyses

Sequences of different acyl-CoA mutase substrate-binding domains were retrieved from the

genomic BLAST interface (February 5, 2015) at the National Center for Biotechnology

Information (NCBI) or from the Integrated Microbial Genomes and Metagenomes database of

the Joint Genome Institute of the U.S. Department of Energy (http://img.jgi.doe.gov). Two

hundred sequences were manually selected for alignment. MCM sequences were chosen to cover

eukaryotes, archaea, and all major bacterial phyla that contain MCM and have enough sequences

reported (Proteobacteria (including alpha-, beta-, gamma-, and deltaproteobacteria),

Actinobacteria, Bacteroidetes, Chlorobi, Chloroflexi, Cyanobacteria, Deferribacteres,

Deinococci, Firmicutes, Planctomycetes, Spirochaete, Synergistes, and Verrumicrobia).

Additional sequences were chosen to cover characterized HCMs, ECMs, ICMs, and IcmFs as

well as putative uncharacterized mutases. All phylogenetic analyses were carried out using the

Phylogeny.fr web server 0 . Sequences were aligned using MUSCLE61 . The alignment was

trimmed to homologous regions using Gblocks 62 and the resulting alignment was used for

phylogenetic analysis. Phylogenetic trees were constructed using the bootstrap method (100

bootstraps) and the LG substitution model (4 substitution rate categories; y-distribution

parameter and proportion of invariable sites were estimated by the program) in PhyML 63 and

visualized using TreeDyn64
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Homology modeling

Homology models (Figure 111.12) of the uncharacterized mutase from Aromatoleum aromaticum

(NCBI accession code WP_011236985.1) and of uncharacterized mutase 1 from

Desulfatibacillum alkenivorans (NCBI accession code WP_012610856.1) were generated using

the SWISS-MODEL Automated Comparative Protein Modeling Server6 5 with the structure of

substrate-bound MCM from P. freudenreichii subsp. shermanii (PDB ID code 4REQ 25) as

58template. Figures were generated in PyMOL
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III.G. Tables and Figures

Table 111.1. Crystallographic data collection and refinement statistics.
holo-IcmF-GDP holo-lcmF*GDP holo-IcmF GDP holo-lcmF-GDP
with isobutyryl- with n-butyryl-CoA with isovaleryl- with pivalyl-CoA

CoA CoA

Data collection
Space group

Cell dimensions

a, b, c (A)

cc, [, 7 (0)
Resolution (A)a

No. reflections a

Rsym (%) a

Rmeas (%) a

CCI/ 2 a

< I / a() > a
Completeness (%) a

Multiplicity a

Refinement
Resolution (A)

Rciyst/Rfre

No. atoms

protein

AdoCbl
GDP

Mg
Substrate

Average B-factors (A 2)
protein

Cbl
5'-dAdo
GDP

H32

318.0, 318.0, 343.4
90,90, 120

35.0-3.40
(3.49 - 3.40)
87533 (6578)

12.6 (67.1)
14.3 (76.2)
99.3 (66.0)
10.6 (2.0)

96.9 (98.9)
4.3 (4.3)

35.0-3.40
0.194/0.213

16163
200
56
4
80

84.0
79.4
101.1
73.1

H32

316.8, 316.8, 342.7
90, 90, 120

35-3.50
(3.59 - 3.54)
81568 (6052)

14.8 (95.0)
16.6 (106.0)
99.4 (67.5)
12.7 (2.0)

98.4 (99.2)
5.1 (5.1)

35.0- 3.50
0.189/0.211

16172

200

56

4

80

98.1
98.9
114.5
88.4
67.5

120.8

0.003
0.59

3 (0.8%)

12 (95.5%)

1 (4.3%)

5 (0.2%)

Mg 51.2
Substrate 115.5

R.m.s. deviations
bond lengths (A) 0.003
bond angles (0) 0.60

Rotamer outliers 11 (0.7%) 1
Ramachandran
statistics

favored 2020 (95.9%) 20
allowed 83 (4.0%)
disallowed 3 (0.1%)

a Values in parentheses indicate highest resolution bin.

H32

317.6, 317.6, 343.5

90, 90, 120

35-3.45
(3.54 - 3.45)

86230 (6411)

13.7 (80.2)

15.7 (92.0)
99.2 (65.2)
10.0 (2.0)

99.0 (99.9)
3.8 (3.8)

35.0-3.45

0.197/0.217

16167
200
56
4

81

89.6

91.0
112.9
78.0
58.2

126.5

0.003
0.61

13(0.8%)

2018 (95.9%)
82 (3.9%)

5 (0.2%)

H32

317.5, 317.5, 343.0
90, 90, 120

100-3.40
(3.49 - 3.40)
90203 (6660)
13.7 (101.5)
14.5 (112.7)
99.8 (69.4)
15.4 (2.4)

99.4 (99.8)
10.5 (10.2)

100-3.40
0.187/0.203

16143
200
56
4

81

108.3
110.1
177.8
97.2
79.8
133.3

0.003
0.59

9 (0.6%)

2026 (96.1%)
77 (3.7%)
4 (0.2%)
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Figure 111.1. Reversible interconversions catalyzed by acyl-CoA mutases. See main text for
details. R group in panel (g) denotes alkyl groups. Stereochemistry of compounds in panels (J)
and (g) is not unambiguously established (with the exception of 2-(1'-methylpentyl)succinyl-
CoA and (2'-methylhexyl)malonyl-CoA described in ref. 19).
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Figure 111.2. Pivalyl-CoA synthesis. (a) Synthetic scheme. CoA is coenzyme A, DMAP is
dimethylaminopyridine. See methods for details. (b) Chemical structure of CoA. The acyl groups
are attached to the terminal thiol as thioesters.
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R62
1772

K861

F5 
58 s/

Figure 111.3. IcmF overall structure and comparison of substrate-bound and substrate-free
structures. (a) Overall structure of lcmF, shown in ribbon representation colored by domain: Cbl-
binding domain in yellow, TIM barrel substrate-binding domain in green, and G-protein domain
in cyan. The linker region between the G-protein and substrate-binding domains is hidden for
clarity. TIM barrel and Cbl-binding domain P-sheets are shown in darker colors for emphasis.
Isobutyryl-CoA is threaded through the TIM barrel. Bound AdoCbl, GDP-Mg2+, and isobutyryl-
CoA are shown in ball-and-stick representation with Cbl carbons in pink, 5'-dAdo carbons in
cyan, cobalt in purple, GDP in brown, Mg2+ in orange, and isobutyryl-CoA carbons in yellow.
(b) Comparison of isobutyryl-CoA-bound (green) and substrate-free IcmF (purple), revealing
nearly identical structures. Selected residues contributing to substrate binding are shown in stick
representation. AdoCbl and isobutyryl-CoA of the substrate-bound structure are shown as in (a).
AdoCbl of the substrate-free structure are shown in purple.
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Figure 111.4. Overall mode of IcmF substrate binding. Shown are structures of IcmF bound to
Cbl (pink carbons, cobalt purple), 5'-dAdo (cyan carbons), GDP-Mg 2 (not shown), and (a)
isobutyryl-CoA (yellow carbons), (b) n-butyryl-CoA (orange carbons), (c) pivalyl-CoA (maroon
carbons), and (d) isovaleryl-CoA (light pink carbons). 2FO-Fc electron density (orange mesh)
contoured at 1.0 a is shown around the substrates and 5'-dAdo. IcmF is shown with the TIM
barrel substrate-binding domain in green and the Cbl-binding domain in yellow. The Cbl-
coordinating His39 as well as selected residues that bind substrate are shown as sticks, with
hydrogen bonds, ionic interactions, and 7U-7c interactions shown as black dashed lines. The 5'-
dAdo C5' and the locations of hydrogen abstraction on the substrates are shown as spheres, red
dashed lines connect the C5' to the Cbl Co and the substrate carbons. (e) Comparison of
isobutyryl-CoA-bound IcmF (green) and methylmalonyl-CoA-bound MCM (gray), revealing
nearly identical structures and substrate binding modes. IcmF isobutyryl-CoA, Cbl, and 5'-dAdo
are shown as in (a). MCM-bound methylmalonyl-CoA, Cbl, and 5'-dAdo are shown with gray
carbons.

126



A77C

Figure 111.5. Differences of substrate-binding domains of IcmF dimer. (a) Isobutyryl-CoA
binding to IcmF chain A of the IcmF dimer, which is in a catalytically active conformation.
Coloring as in Figure 111.3. (b) Isobutyryl-CoA binding to IcmF chain B, which is in a
catalytically inactive conformation. IcmF (green carbons), isobutyryl-CoA (yellow carbons), and
2FO-Fc electron density (orange mesh), contoured at 1.0 (, are shown as in Figure III.3a. Note
that there is no electron density past the 5'-phosphate of the isobutyryl-CoA nucleotide moiety;
therefore, additional atoms were not modeled. The nucleotide portion is bound by few specific
interactions, as indicated by black dashed lines. Other interactions between IcmF and isobutyryl-
CoA are disrupted because of the conformational change in IcmF chain B compared to IcmF
chain A. (c) Different conformations of substrate-binding domains of IcmF chains A (dark green)
and B (light green). Chains are superposed by TIM barrel P-strands. Cbl of chain A is shown as
in Figure III.a, Cbl of chain B is shown with carbons in black. Distances between corresponding
Ca-atoms indicated in A.
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Figure 111.6. Comparison of substrate-free and substrate-bound IcmF to glutamate mutase. (a)
Glutamate mutase active site3 0 (PDB ID code 119C), revealing conformational changes of 5'-
dAdo from C2'-endo (pink carbons) to C3'-endo (purple carbons), induced by binding of
glutamate (gray carbons). The 5'-dAdo C5' moves from its position above the Cbl Co (dashed
red line) toward the location of hydrogen abstraction on the substrate (dashed red line). Cbl is
shown with light pink carbons and Co in purple. (b) 2F0-F, electron density (orange mesh)
contoured at 0.9 T around Cbl and 5'-dAdo of substrate-free IcmF. 5'-dAdo can be modeled in
the C3'-endo conformation (cyan carbons) as well as in the C2'-endo conformation (light blue
carbons), as indicated by weak electron density connecting the 5'-dAdo and the Cbl Co. In the
C2'-endo conformation, the C5' is close to the Cbl Co, whereas in the C3'-endo conformation,
the C5' is pointed toward substrate (dashed red line). Cbl is shown with carbons in pink and
cobalt in purple. (c) Comparison of the 5'-dAdo C2'-endo conformations in IcmF (light blue
carbons) and glutamate mutase (pink carbons). The 5'-dAdo C5' is positioned over the Cbl Co
(dashed red lines). Cbl is shown as in (a). In both proteins, 5'-dAdo is stabilized by specific
interactions (dashed lines) to amino acid side chains, shown in green for IcmF and in pink for
glutamate mutase. IcmF Asn901 corresponds to glutamate mutase Lys326, but does not
contribute to 5'-dAdo binding. IcmF Tyr779 interaction omitted for clarity. (d) Comparison of
the 5'-dAdo C3'-endo conformations in IcmF (cyan carbons) and glutamate mutase (purple
carbons). The 5'-dAdo C5' is positioned toward the substrates isobutyryl-CoA (yellow carbons)
or glutamate (gray carbons), as indicated by dashed red lines. Again, 5'-dAdo is stabilized by
specific interactions to amino acid side chains (dashed black lines). Protein side chains and Cbl
colored as in (c). IcmF Gln865 contributes to 5'-dAdo binding, but the corresponding Arg66 in
glutamate mutase does not.
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Figure 111.7. IcmF active site and comparison to MCM in wall-eyed stereo view. (a) Overlay of
four substrates-bound IcmF structures, revealing similar substrate orientation. Shown are
isobutyryl-CoA (yellow carbons), n-butyryl-CoA (orange carbons), pivalyl-CoA (maroon
carbons), and isovaleryl-CoA (light pink carbons). The locations of hydrogen abstraction are
shown as spheres, located within 3.6 A of the 5'-dAdo (C3'-endo conformation, cyan carbons)
C5' atom (cyan sphere), as indicated by the dashed red lines. Residues in the substrate-binding
site are shown with dark green carbons. The third methyl group of pivalyl-CoA clashes with
Phe598 (yellow dashed line), leading to a small rotation of the side chain (maroon carbons) in
this structure. Hydrogen bonds from Gln732 and His780 to the thioester carbonyl are indicated
as dashed black lines. Cbl is shown with carbons in pink and cobalt in purple. (b) Overlay of
substrate-bound IcmF and MCM 25 (PDB ID code 4REQ). Isobutyryl-CoA, n-butyryl-CoA,
IcmF-bound 5'-dAdo, IcmF-bound Cbl, and LcmF residues are shown as in (a). The locations of
hydrogen atom abstraction in both methylmalonyl-CoA (gray carbons) and succinyl-CoA (purple
carbons) overlay with those of IcmF substrates (spheres). MCM-bound 5'-dAdo, MCM-bound
Cbl, and MCM substrate-binding residues are shown with gray carbons. Gln197 and His244 are
conserved in MCM and LcmF, whereas IcmF Phe598 is replaced by MCM Tyr89 and IcmF
Gln742 is replaced by Arg209, putatively accounting for the switch in substrate binding
specificity. Hydrogen bonds and ionic interactions are shown as dashed black lines. (c) Active
site of substrate-bound MCM, shown as in (b), highlighting interactions to substrate carboxylate
groups. Only interactions to methylmalonyl-CoA are shown for clarity.
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Figure 111.8. Stereochemical course of isobutyryl-CoA mutase reaction. The chemical
mechanism shown at the bottom was established based on stereochemical studies 36. Following
Co-C bond homolysis (not shown), the 5'-dAdo radical abstracts a hydrogen atom (red) from the
pro-S methyl group of isobutyryl-CoA (blue). The isobutyryl-CoA radical rearranges to the n-
butyryl-CoA radical, which then re-abstracts the hydrogen atom from 5'-deoxyadenosine. The
hydrogen atom ends up in the pro-S position. In the reverse reaction, the 5'-dAdo radical
abstracts the pro-S hydrogen from n-butyryl-CoA. The structures of IcmF bound to isobutyryl-
CoA (left) and n-butyryl-CoA (right) support the proposed stereochemistry. Isobutyryl-CoA
(yellow carbons) positions its pro-S methyl group next to the 5'-dAdo group (cyan carbons),
whereas n-butyryl-CoA positions its pro-S hydrogen (white sticks) toward the 5'-dAdo group.
The red dashed line connects the 5'-dAdo C5' to the closest hydrogen atom. Hydrogens are
modeled based on ideal geometry. Cobalamin is shown with pink carbons and cobalt as a purple
sphere.
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Figure 111.9. Simplified phylogenetic tree of acyl-CoA mutase substrate-binding domains. The
sequences of substrate-binding domains cluster into distinct groups according to their substrate
specificity. The inactive subunit of MCM from Propionibacterium freudenreichii subsp.
shermanii was used as an outgroup to root the tree. Larger clusters of characterized mutases are
simplified as triangles. Clusters of thus far uncharacterized mutases are shown with organisms as
indicated. The amino acid identities in the specificity determinant positions are indicated on the
right (see main text and Figure 111.11 for explanation of specificity determinant positions). IcmF
from Cupriavidus metallidurans is highlighted in blue, three uncharacterized mutases are
highlighted in red and discussed in the main text. Full tree is shown in Figure 111.10.
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Figure 111.10. Full phylogenetic tree of acyl-CoA mutase substrate-binding domains (left side:
top half, right side: bottom half). Red numbers represent certainty of branch assignment.
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Figure 111.11. Sequence alignment of important regions of acyl-CoA mutases. Sequences were
selected to represent all characterized acyl-CoA mutase classes, using sequences of structurally
(P. freudenreichii2 3 2 4 and H sapiens MCM 2 6, C. metallidurans IcmF2 7 (chapter II, this study)) or
biochemically characterized mutases (P. freudenreichii MCM, C. metallidurans IcmF' -16 S.

cinnamonensis ICM10'36 Aq. tertiaricarbonis HCM14 , R. sphaeroides ECM12 ) when available.
Two sequences from each of the three clusters of uncharacterized mutases were included, as well
as two additional mutases encoded in the genome of Ar. aromaticum. Sequence determinant
positions are highlighted by red boxes, positions proposed to distinguish MCMs and ECMs are
highlighted by green boxes, and unique AGGGGG stretch of uncharacterized mutases from Ar.
aromaticum and Az. toluclasticus is highlighted by a blue box. Other conserved catalytically
important residues are labeled. Strict residue conservation is indicated by a yellow highlight,
sequence similarity is indicated in red. Beginning of each sequence stretch is numbered on the
left. "put" stands for putative.
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Figure 111.12. Homology model of uncharacterized Ar. aromaticum mutase and comparison to
MCM. (a) Structure of succinyl-CoA-bound MCM 25 (PDB ID code 4REQ), shown with protein,
5'-dAdo, and Cbl carbons in gray and succinyl-CoA carbons in violet. Cobalt shown in purple.
Succinyl-CoA is bound by specific hydrogen bonds and electrostatic interactions (black dashed
lines). (b) Homology model of Ar. aromaticum mutase, shown in the same orientation as MCM
in (a). 5'-dAdo and Cbl are shown as in (a). Protein residues are shown with carbons in yellow.
Substrate (pink carbons) is modeled into the active site by adding the aminophenyl group to
MCM-bound succinyl-CoA without altering the positioning of succinyl-CoA. Interactions to the
thioester carbonyl and the carboxylate are conserved (black dashed lines). Replacement of MCM
Gln330 by Ala307 creates a cavity in the active site that could accommodate the aminophenyl
group. Ala307 is relatively close to the phenyl group (2.2 A), but this region likely has
significant flexibility because of the following stretch of Gly residues. In addition, replacement
of MCM Phe287 by Asn263 in the uncharacterized mutase positions a potential hydrogen
bonding partner for the amino group in the active site (dashed red line).
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Chapter IV: Structural basis for light- and adenosylcobalamin-dependent gene regulation

IV.A. Summary
The ability to sense and respond to light is a crucial function of photoreceptor proteins in most
organisms. First discovered in soil microbes, the CarH transcriptional regulator uses
adenosylcobalamin (AdoCbl) as the light-sensing chromophore to regulate production of
carotenoids, molecules that protect against light-induced oxidative damage. AdoCbl-bound CarH
is a tetramer that represses transcription in the dark. Visible light triggers tetramer disassembly to
monomers, weakens DNA binding, and activates transcription. To probe the molecular basis of
action for this newly discovered class of light-dependent transcriptional regulators, we have
determined crystal structures of Thermus thermophilus CarH in all three relevant states: the dark
AdoCbl-bound tetrameric state, both free and DNA-bound, and the light-exposed monomer. For
this alternative use of AdoCbl chemistry, we find that nature has repurposed the cobalamin-
binding domains of the enzyme methionine synthase as light-sensing domains, and has
repurposed MerR-type winged-helix DNA-binding domains to recognize the carotenoid
biosynthethic operon. Instead of employing two MerR-type domains to bind a palindromic piece
of DNA, CarH uses three of its four MerR-type domains to bind three stretches of DNA in
parallel. Additionally, AdoCbl chemistry is repurposed, with light-induced Co-C bond cleavage
being transformed from an unwanted side reaction to the mechanism by which a dramatic
conformational change is initiated that breaks apart the CarH tetramer. These results define the
mechanism of a newly discovered mode of light-dependent gene regulation, expand the
biological role of AdoCbl, and will be essential for applications of this class of photoreceptors as
potential optogenetic tools in light-gated protein switches.

Contributions: Jesus Fernndez-Zapata, Maria Carmen Polanco, Juan Manuel Ortiz-Guerrero, S.
Padmanabhan, and Montserrat Elias-Arnanz performed the purification and characterization of
TtCarH mutants in vitro (size-exclusion, EMSAs) and in vivo (two-hybrid analysis in
Escherichia coli and light-induced carotenogenesis in Myxococcus xanthus). S. Padmanabhan
and Montserrat Elias-Amanz helped interpret and discuss results.
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IV.B. Introduction

Light allows for photosynthesis and other essential light-dependent chemical reactions. Yet, light

also triggers photooxidative stress via generation of reactive oxygen species, which rapidly

1-2damage the cell . Organisms in all domains of life produce proteins capable of sensing light.

These biological photoreceptors participate in vision, harness light energy, regulate circadian

clocks, and mediate gene expression and major developmental processes3 6. Different classes of

photoreceptor proteins with a variety of chromophore cofactors exist to sense light over the

visible and ultraviolet spectrum 7-8. The group of photoreceptors was recently expanded by a new

class that is widespread in bacteria and uses the vitamin B 12 derivative adenosylcobalamin

(AdoCbl) as the chromophore to orchestrate light perception and response 9-10. The prototypes of

this class, the CarH-type photoreceptors, have been characterized in Myxococcus xanthus

(MxCarH) and Thermus thermophilus (TtCarH) and typically regulate light-induced expression

of carotenoid biosynthetic genes, which results in carotenoid-mediated protection against photo-

11-12oxidative damage . This class of photoreceptors thereby allows bacteria to mitigate the

detrimental effects of sunlight, a critical determinant of survival in light-exposed conditions,

while avoiding unnecessary production of carotenoids in the absence of light. The CarH-type

photoreceptors consist of an N-terminal DNA-binding domain and a C-terminal AdoCbl-binding

and oligomerization domain to directly sense light and regulate gene expression. In the dark,

AdoCbl-bound CarH, a tetramer, binds to the promoter region of target genes to repress

transcription. Exposure to light disrupts the photosensitive Co-C bond in AdoCbl, leading to

tetramer disassembly, loss of operator-binding, and activation of gene expression (Figure IV. 1).

Thus, AdoCbl, which is typically used as a cofactor for radical-based enzyme reactions -4, is

now being used for a new biological function as a light sensor. Here, we sought to determine the
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structural basis for the functional repurposing of one of nature's most complex metallocofactors

and for this new mode of light-dependent gene regulation.

Homologs of the CarH-type photoreceptors are found in hundreds of bacterial genomes,

independent of the capacity to biosynthesize AdoCbl. Notably, the light-sensing oligomerization

domain is an autonomous module that can exist as a stand-alone protein or can be linked to

effector domains other than those for DNA-binding such as histidine kinases to mediate light-

induced effects beyond regulation of gene expression. It thus holds promise as a potential tool in

engineering applications as light-gated protein switches. To elucidate the mode of AdoCbl

binding, the mechanism of operator recognition and transcriptional repression, and the

conformational changes induced by light in these novel receptors, we determined crystal

structures of Thermus thermophilus CarH (TtCarH) in three different states: in two AdoCbl-

bound dark states, both free and bound to DNA, and in the light-exposed state. These high-

resolution visualizations of AdoCbl-mediated TtCarH tetramerization, operator DNA

recognition, and light-induced conformational changes provide a structural basis for a newly

discovered mode of light-dependent gene regulation and a new biological function for vitamin

B 12 .

IV.C. Results

TtCarH has a modular architecture

To visualize the TtCarH domain structure and the architecture of the repressor "dark" state, we

first determined two independent structures of AdoCbl-bound TtCarH to 2.15 A and 2.80 A

resolution (Tables IV. 1, IV.2). To prevent cleavage of the light-sensitive AdoCbl Co-C bond, we

carried out all crystallization experiments under red light and all diffraction data collection at
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T= 100 K. Both single-crystal UV-Vis spectra and the electron density confirmed that AdoCbl

remained intact with a Co-C bond length of 2.0 A (Figure IV.2), indicating that the structures are

in the "dark" state. Each monomer of TtCarH has a modular three-domain architecture with an

N-terminal winged-helix DNA-binding domain followed by the light-sensing domain, composed

of a four-helix bundle and a C-terminal Rossmann-fold cobalamin (Cbl)-binding domain (Figure

IV.3a).

The DNA-binding domain is structurally similar to those of MerR family transcription

factors' (Figure IV.3b) and to that of the AdoCbl-independent CarH paralog CarA 9, 6, featuring

a canonical recognition helix and a -hairpin wing for DNA binding (Figure IV.3a). In our DNA-

free structures, the DNA-binding domain samples different orientations for the different TtCarH

protomers in the asymmetric unit, enabled by a flexible linker region and stabilized by crystal

lattice contacts (Figure IV.4).

In contrast to the flexible DNA-binding domains, the four-helix bundle and the

Rossmann domain are structurally rigid, together forming a module that binds the AdoCbl light

sensor. AdoCbl is sandwiched between the four-helix bundle, which interacts with the upper

axial 5'-deoxyadenosyl ligand, and the Rossmann-fold domain, which binds the Cbl lower face

in the base-off/His-on mode with the side chain of His177 displacing the Cbl

dimethylbenzimidazole base (Figure IV.3a,d, Figure IV.2b). Instead of closely resembling an

AdoCbl-dependent enzyme, the AdoCbl-binding module of CarH is structurally homologous to

the methylcobalamin (MeCbl)-binding module of methionine synthase MetH (Figure IV.3b) 7 ,

even though the AdoCbl 5'-deoxyadenosyl group is much bulkier than the MeCbl methyl group

in MetH. Modeling AdoCbl into MetH leads to several clashes, but in TtCarH, a small but

important shift of about 2.5 A of the four-helix bundle enlarges the cavity on the Cbl upper face
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(Figure IV.3c,d,e). Additionally, four hydrophobic residues at the Cbl upper face in MetH are

replaced in TtCarH, providing the 5'-deoxyadenosyl group a larger binding pocket

(Leu715->Vall38), a hydrogen bonding interaction (Val718-+Glul41), and more polar

environment in general (Val719-+His142, Phe708->Trp131). Although Trp is larger than Phe,

the orientation of the Trp side chain on the side of the upper ligand, rather than directly above it,

beautifully accommodates the 5'-deoxyadenosyl group (Figure IV.3c,d).

TtCarH is a compact dimer-of-dimers-type tetramer

AdoCbl-bound TtCarH is a tetramer in the crystal structure (Figure IV.5), consistent with results

from size exclusion chromatography and analytical ultracentrifugation9 '"8 . Four light-sensing

domains comprise the core of the tetramer (Figure IV.5a-d) with the DNA-binding domains

extending away from the core (Figure IV.5e-f). The core has a dimer-of-dimers architecture,

with each of the constituent dimers composed of two TtCarH light-sensing domains in a head-to-

tail orientation (Figure IV.5a). The extensive head-to-tail dimer interface is formed by the four-

helix bundles and the Cbl-binding domains and features a solvent-buried area of 1390 A 2 on each

protomer as well as numerous hydrogen bonds and ionic interactions involving various side

chains and the Ado group of AdoCbl (Figures IV.5a,b). Two such head-to-tail dimers assemble

to a tetramer in a staggered fashion, burying another 2080 A2 from solvent on each head-to-tail

dimer (Figures IV.5c-f). This dimer-dimer interface is again formed exclusively by the four-helix

bundles and the Cbl-binding domains, whereas the four DNA-binding domains are positioned on

the surface of the tetramer (Figures IV.5e,f). TtCarH adopts the same tetramer architecture when

the DNA-binding domains are proteolytically removed during crystallization (Figures IV.5c,e),

indicating that the DNA-binding domains are not required for tetramerization. Thus, the light-
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sensing domains mediate tetramerization, positioning the DNA-binding domains on the surface

to engage DNA.

To confirm the TtCarH tetramer architecture and the mode of AdoCbl binding, we

mutated residues in the AdoCbl binding site, at the head-to-tail dimer interface, and at the dimer-

dimer interface and analyzed these mutants in vitro using size exclusion chromatography (SEC)

and electrophoretic mobility shift assays (EMSAs) (Figure IV.6, Table IV.3). To check the

effects of these mutations in vivo, we introduced the corresponding mutations into MxCarH,

which shares 29% sequence identity with TtCarH (Figure IV.7) and whose behavior can be

readily tested in M xanthus, where the AdoCbl- and light-dependent regulation by CarH has

been well-characterized (Figure IV.8, Table IV.3) 9-10. Non-conservative mutations in the binding

site for the 5'-deoxyadenosyl group impaired tetramer formation (W13 1A, E141A, Figure IV.3d)

or completely abolished it (H142A, also involved in head-to-tail dimer interface, Figure IV.5b),

as did the head-to-tail dimer interface mutant D201R (Figure IV.5a and 6). All these mutants

only formed monomers and no higher order oligomers with or without AdoCbl (Figure IV.6a-f)

and, remarkably, the most drastically adverse H142A and D201R mutations also appeared to

impair AdoCbl binding (Figure IV.6a,c, absorbance traces at 522 nm). Moreover, DNA binding

affinity weakened with decreased ability to form tetramers in the W131 A, E141 A, Hi 42A, and

D20IR mutants (Figure IV.6i, Table IV.3). Comparable results were observed in vivo for the

corresponding MxCarH mutants W147A, E157A, and H158A (Figure IV.7): the mutants

exhibited no dimerization in a two-hybrid screen in E. coli (Figure IV.8a, Table IV.3) and were

unable to repress carotenogenesis in M xanthus in the dark (Figure IV.8b). As a control, we also

introduced the conservative W131F TtCarH mutation (W147F in MxCarH), which behaved like

wild-type in its oligomerization, DNA binding, and in vivo activity.

150



Inability to oligomerize by the D20IR mutant is consistent with a critical role of the

Asp20 1 /Arg 176 electrostatic interaction for TtCarH oligomerization, as suggested by the crystal

structure (Figure IV.5a). We expected a second compensatory mutation, R176D or R176E, to

restore the electrostatic interaction and, indeed, the D201R/R176D and D201R/R176E double

mutants could form tetramers (Figure IV.6c) and bind to DNA, albeit less efficiently than WT

TtCarH (Figure IV.6i). Curiously, TtCarH Asp201 and Arg176 align with Arg217 and Glul92,

respectively, in MxCarH (Figure IV.7). The E192R mutation abolished MxCarH oligomerization

and function, but the E192R/R217E double mutant restored wild-type behavior (Figure IV.8).

Thus, the charge balance of these residues is crucial in MxCarH oligomerization and function as

in TtCarH. Finally, replacing Gly160 and Gly192 at the TtCarH dimer-dimer interface (Figure

IV.5d) by the bulkier Gln resulted in dimers in the presence of AdoCbl, which had previously

never been observed for TtCarH (Figure IV.6e). Although both these mutants bound to the DNA

probe in the dark with AdoCbl present, they formed a smaller size (higher mobility) complex

than WT TtCarH, suggesting that their binding mode is distinct (Figure IV.6i). Consistent with

this observation, the MxCarH P1 76Q and G 178Q mutants both appear to require higher protein

concentrations for activity than WT (Figure IV.8b). Although the MxCarH G208Q mutant is

largely unaffected, it is possible that this mutant retains some ability to tetramerize or that

MxCarH can partially function as a dimer. Together, these results confirm that TtCarH forms the

observed tetramer architecture and indicate that this tetramer architecture is conserved for CarH

from other species such as M xanthus as well.
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TtCarH binds the -35 element of the promoter to repress transcription

To reveal the mode of transcriptional repression, we next sought to visualize TtCarH bound to its

cognate DNA operator. The TtCarH operator lies within a 92-bp segment of the intergenic region

between carH and the carotenogenic crtB9 . We narrowed this operator sequence down to a 30-bp

segment using systematically truncated DNA probes in EMSAs (Figure IV.9). We were then

able to obtain diffraction quality crystals of AdoCbl-bound TtCarH in complex with a blunt-

ended 26-bp DNA segment and determined the crystal structure to 3.89 A resolution (Figures

IV.10, IV.IIa, Table IV.2).

The structure revealed a unique mode of DNA binding involving three of the four DNA-

binding domains of tetrameric TtCarH (Figure IV. 1 Oa). The fourth DNA-binding domain is

disordered and not visible in the electron density. The overall architecture of the tetramer is the

same before and after DNA binding except for a reorientation of the DNA-binding domains to

allow for DNA binding (Figure IV. 11 b). All three DNA-binding domains are facing the same

way on the DNA segment, binding to a set of three 11 -bp repeats with a consensus sequence

(A/G)A(G/C)(A/C)T(A/G/T)(T/G)ACA(A/T) (Figure IV. 1 Oa). This parallel orientation is

stabilized by specific interactions between adjacent DNA-binding domains (Figure IV.1 Ic). The

central DNA-binding domain comes from one head-to-tail dimer, whereas the two flanking

DNA-binding domains come from the second head-to-tail dimer (Figure IV. 12). These structures

suggest that the two individual head-to-tail dimers would bind to DNA less tightly, consistent

with the apparently distinct DNA-binding mode and reduced affinity and cooperativity for the

dimeric G160Q and G192Q TtCarH mutants (Figure IV.6i). TtCarH rendered monomeric by

light exposure or mutagenesis (H142A, D201R) binds DNA with even further reduced affinity

(Figure IV.6i). These observations rationalize the requirement for tetramerization, which brings

152



the DNA-binding domains into proximity and allows for cooperative DNA binding.

Additionally, TtCarH's tetramer architecture of two head-to-tail dimers, which is unusual for

transcription factors, enables the DNA-binding domains to arrange in a parallel fashion and to

engage a repeat sequence.

Each DNA-binding domain forms hydrogen bonds and electrostatic interactions to the

phosphate backbone, contributed from both the peptide backbone and the side chains of Trp26,

Tyr30, Arg37, Arg43, and Lys67 (Figure IV.IOb,c), and each domain also inserts His42 of its f-

hairpin "wing" into the DNA minor groove of an AT-rich stretch. Such stretches have narrowed

minor grooves 19, focusing the electrostatic potential and allowing for a strong interaction with

the likely positively charged His42 side chain. Finally, each DNA-binding domain places its

recognition helix in the DNA major groove, where it recognizes a 6-bp stretch (Figure IV.10a)

using specific hydrogen bonds from the side chains of Gln25, Arg28, and Arg29 (Figure

IV.10b,c). Strikingly, the major groove sequence occupied by the central DNA-binding domain

spans the -35 promoter element (TTGACA, red box in Figure IV.10a) for the major A/ 70_

associated bacterial RNA polymerase (RNAP). Thus, these structures reveal the mechanism of

transcriptional repression: with TtCarH occupying the -35 element, access by the RNAP-GA

holoenzyme would be blocked, thereby preventing transcription initiation.

To verify the observed mode of DNA binding, we generated the Q25A, R29A, Y30A,

H42A, and R43A TtCarH mutants and tested their DNA binding capacity. Mutating either Arg29

or Arg43 to Ala abolished DNA binding in EMSAs (Figure IV.6i, Table IV.3) but did not affect

AdoCbl-dependent tetramerization (Figure IV.6g), consistent with a role of these residues in

DNA binding. In addition, the MxCarH R42A mutant corresponding to TtCarH R43A was

previously shown to be inactive in vivo 10, and here we show that the R29A mutant (R28A in

153



MxCarH) is inactive as well (Figure IV.8, Table IV.3). Notably, the Q25A mutant retained

DNA-binding capacity in EMSAs, indicating that Gln25 could be more important for mediating

DNA specificity than affinity, further supported by its lack of conservation in MxCarH (Figure

IV.6i). Finally, although the H42A and Y30A mutants did not show dramatically reduced affinity

in EMSAs (Figure IV.6g), the in vivo analysis with the corresponding Y41A and Y29A

mutations in MxCarH indicated that these mutants are inactive (Figure IV.6i), suggesting that

these residues contribute to DNA binding. Vice versa, we also tested the effect of mutating DNA

bases in the TtCarH operator, such as the AC dinucleotide at positions 7 and 8 of the repeats or

the (A/C)T dinucleotide at positions 4 and 5. Strikingly, mutating dinucleotides in any single

repeat (Mutants 1-3 or 8-10 in Figure IV. 13) only led to a small decrease in affinity as evidenced

by the intense retarded bands for the TtCarH:DNA complex and only small amounts of free

DNA in EMSAs (Figure IV. 13), but simultaneously mutating the dinucleotide in any two of the

three repeats almost completely abolished DNA binding (Mutants 4-7 and 11-14 in Figure

IV. 13). As a control, we also mutated DNA bases in the operator that TtCarH does not contact

directly, and as expected, WT TtCarH bound to these mutants with unchanged affinity (Mutants

15-18 in Figure IV.13). Together, these mutagenesis results support the crystallographically

observed mode of DNA binding and further suggest that all three repeats are important for

TtCarH DNA binding.

Light triggers tetramer disassembly through helix bundle movement

Finally, to examine how light exposure causes tetramer disassembly, we determined the crystal

structure of light-exposed TtCarH to 2.65 A resolution (Figures IV.14, IV.15, Table IV.2). The

structure contains monomeric TtCarH with bound Cbl but without the 5'-deoxyadenosyl group,
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which dissociated as a consequence of light exposure (Figures IV. 14a, IV. 15a). The individual

domains do not exhibit major conformational changes compared to the dark AdoCbl-bound

structure. The architecture of the light-sensing domains, however, is changed drastically with a

>8 A displacement of the four-helix bundle in the light-exposed TtCarH structure (Figure

IV.14b). This helix bundle movement would disrupt the head-to-tail dimer interface (Figure

IV. 14c), leading to tetramer disassembly, dissociation from DNA, and transcriptional activation.

Tetramer disassembly is triggered by loss of the AdoCbl 5'-deoxyadenosyl group: its

presence in the AdoCbl-bound structure blocks movement of the helix bundle, due in large part

to the positioning of W131 against the upper Cbl ligand (Figure IV.3d), keeping the TtCarH

protomers in the extended "upright" conformation required for tetramerization. Loss of the 5'-

deoxyadenosyl group leaves a large cavity on the Cbl upper face (Figure IV.14d), prompting

movement of the helix bundle to occupy this void and cover the Cbl (Figure IV. 14e).

Strikingly, the helix bundle motion brings His132 from the protein surface to the Cbl

upper face, where it binds to the cobalt to form bis-His ligated Cbl (Figures IV. 14d,e, IV. 15b).

Such bis-His ligation, common for hemes, has not been reported for Cbl, although bis-His Cbl

ligation was recently proposed based on mass spectrometry for the Cbl-dependent transcription

factor AerR2 and a recently deposited but unpublished structure of a fragment of light-exposed

TtCarH (helix bundle and Cbl-binding domain) exhibits such a ligation. We therefore validated

formation of bis-His ligated Cbl using UV-Vis spectroscopy. Spectra of light-exposed wild-type

TtCarH and a H132A mutant, which is unable to form the bis-His ligation, resemble those of free

Cbl with two or one imidazole ligands 2 1, respectively (Figure IV.15c). In contrast, the spectra of

the AdoCbl-bound proteins are identical (Figure IV.15d). These results provide unambiguous
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evidence for a bis-His-ligated Cbl in light-exposed TtCarH and suggest that this mode of

coordination might be employed more frequently in non-heme proteins.

Notably, both wild-type and H132A TtCarH undergo light-dependent tetramer

disassembly, indicating that bis-His ligation is not required for disassembly (Figure IV.15e,f).

H 132A TtCarH instead has an increased rate of Cbl dissociation after light exposure compared to

wild-type TtCarH, which forms a very tight and stable complex with the photolyzed Cbl, as

indicated by the relative abilities of the protein to be reconstituted with fresh AdoCbl (Figure

IV.15g,h). Thus, the bis-His ligation could be important to retain the Cbl cofactor after

photolysis.

IV.D. Discussion

The widespread CarH-type photoreceptors perform a new mode of light-dependent gene

regulation using AdoCbl as the light sensor. To reveal the molecular basis for this unprecedented

use of AdoCbl and to elucidate the mechanism of CarH-mediated gene regulation, we

determined crystal structures of TtCarH in three different states. Combined with in vitro DNA-

binding and in vivo genetic experiments, these structures reveal the critical role of AdoCbl as a

chromophore: in the dark, it stabilizes TtCarH for assembly of an asymmetric tetramer that

positions its DNA-binding domains on repeat DNA sequences, inhibiting transcription initiation

by sterically occluding the promoter -35 element. Light exposure triggers collapse of this

tetramer due to a conformational change of a four-helix bundle that results from the loss of the

5'-deoxyadenosyl group. Tetramer disassembly is concomitant with dissociation from DNA and

transcription activation.
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The direct gene regulation mechanism distinguishes CarH from most known classes of

photoreceptors (with the exception of some LOV-type photoreceptors"-"), which do not to bind

DNA directly themselves, requiring additional proteins for signaling and gene regulation.

Notably, the CarH light-sensing mechanism appears to be versatile, as it is also found fused to

effector domains such as histidine kinases and in stand-alone modules that could undergo light-

dependent protein:protein interactions, likely explaining its broad distribution in bacteria. The

use of AdoCbl as a light-sensing chromophore is biologically unprecedented. AdoCbl is

structurally distinct from known photoreceptor chromophores such as bilins2 6, flavin

derivatives 27, retinal 5 ,28, or Trp side chains29, and its photochemistry is unique: light exposure

leads to breakage of a covalent Co-C bond, whereas other chromophores undergo less drastic

changes such as light-induced electron transfer or cis-trans isomerizations (Figure IV. 16). In all

cases, however, the light energy is ultimately harnessed to drive a conformational change, here

tetramer disassembly, highlighting the convergence of different light sensing mechanisms.

AdoCbl was previously best known as a cofactor for radical-based enzyme reactions, in

which reversible homolytic cleavage of the Co-C bond allows access to the 5'-deoxyadenosyl

radical for catalysis', and as a modulator of gene expression via riboswitches 0 31 . Our structures

now visualize how AdoCbl is functionally repurposed as a light sensor in CarH: in the dark, the

5'-deoxyadenosyl group of intact AdoCbl acts as a molecular doorstop that keeps TtCarH

protomers in an extended conformation for tetramerization, and light exposure triggers collapse

into a more favorable conformation. Whereas photolysis of the Co-C bond is an unwanted side

reaction in AdoCbl-dependent enzyme catalysis because it leads to cofactor inactivation, in CarH

this light sensitivity is used to drive a light-dependent gene expression switch and a change in

physiology.
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Beyond AdoCbl, our structures of TtCarH reveal the functional repurposing of two

different protein modules. The TtCarH helix bundle and Cbl-binding domain mirror the Cbl-

binding module of methionine synthase (Figure IV.3), an enzyme that uses a MeCbl intermediate

in the transfer of a methyl group from methyltetrahydrofolate to homocysteine, generating

32tetrahydrofolate and methionine . But whereas methionine synthase employs its helix bundle to

position Phe708 over the methyl group of MeCbl and protect it from photolysis 33 , TtCarH,

enabled by specific substitutions at the Cbl upper face, repurposes this fold into an AdoCbl-

binding light-sensing domain, in which the corresponding Trp131 senses the presence of the 5'-

deoxyadenosyl group and transmits the signal of AdoCbl photolysis by leading a conformational

change of the helix bundle. Furthermore, whereas the Cbl-binding module of methionine

synthase is embedded in a multi-domain protein of 136 kDa and juxtaposed to different

substrate-binding domains via transient domain-domain interactions during a catalytic cycle, the

light-sensing domain of TtCarH is used to assemble a compact tetramer that is stable enough to

occlude the -35 element from RNAP. This asymmetric dimer-of-dimers architecture of the

tetramer is supported by comprehensive mutagenesis data and biochemical characterization

(Table IV.3), suggesting its relevance in CarH from other species as well. Thus, in the course of

evolution, this module has been repurposed from a methyl group carrier in primary metabolism

to a light sensor that undergoes light-dependent changes in oligomerization state.

Similarly, the TtCarH DNA-binding domain resembles those of MerR-type transcription

factors such as MerR, BmrR, and SoxR, whose role as transcriptional activators in the presence

of heavy metals or other stresses has been established and whose DNA-bound structures have

been reported' . Whereas the MerR transcription factors bind as dimers to a

(pseudo-)palindromic DNA sequence and distort the DNA, which brings the promoter -10 and
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-35 elements into alignment for transcriptional activation (Figure IV. 17), the TtCarH tetramer

uses its MerR DNA-binding domains to bind to three parallel repeat sequences, which occludes

the -35 element and represses transcription (Figure IV.10). Our in vitro DNA-binding assays

demonstrate that mutations in any of the three repeats can impair DNA binding, further

supporting the relevance of all three repeats (Figure IV.13). This unique DNA binding mode

rationalizes the requirement for CarH tetramerization, which brings the DNA-binding domains

into proximity for cooperative DNA binding.

AdoCbl is a biologically expensive molecule, requiring arduous pathways for

biosynthesis or specialized machinery for uptake. Many of the bacteria that use CarH are unable

to synthesize AdoCbl and must acquire it from the environment. The occasional unavailability of

AdoCbl likely drove evolution of the AdoCbl-independent CarA paralog, which are structurally

similar but are regulated by light-induced expression of an antirepressor .'36 A challenging task

for CarH-using organisms, therefore, is to ensure that the expensive Cbl is not lost. Perhaps the

formation of the bis-His ligated Cbl in TtCarH is a first step of a salvage pathway for this

expensive molecule. Interestingly, His132 is not conserved in MxCarH (where it is an E, Figure

IV.7) but occurs in some other homologs, most notably in those in thermophilic bacteria where it

might be an adaptation to elevated temperatures. Although the final fate of the Cbl after

photolysis is unknown, it is possible that a specialized adenosyltransferase could be used for re-

attachment of the 5'-deoxyadenosyl ligand onto CarH-bound Cbl or that regulated proteolytic

degradation of CarH occurs in the presence of a Cbl chaperone, coupled to de novo biosynthesis

of CarH, which often represses its own gene in the dark. Either of these biological strategies

would allow for recycling of this precious cofactor. Although use of AdoCbl as a light sensor

comes at a price, it appears that the physiological benefits make this repurposing worthwhile.

159



Altogether, our results provide fundamental insight into a new mode of light-dependent

gene regulation and reveal pervasive repurposing of enzyme cofactors and protein domains. The

structures furthermore provide a basis for deployment of the modular CarH photoreceptors, in

which the light-sensing and DNA-binding activities rest on different domains, for engineering

purposes such as light-modulated transcriptional control or protein-protein interactions.

160



IV.E. Materials and Methods

Protein Constructs

Cloning of the pET I5b-TtCarH construct encoding for TtCarH with an N-terminal His6-tag was

described previously9 . The H132A mutation was introduced into pET15b-TtCarH using

QuikChange PCR mutagenesis (Stratagene) with Pfu Turbo DNA polymerase. All other

mutations (Q25A, R29A, Y30A, H42A, R43A, W131A, W131F, E141A, H142A, G160Q,

G192Q, D201R, R176D/D201R, R176E/D201R) were obtained by gene synthesis (Genscript)

with appropriate 5' and 3' restriction sites for cloning into the required vectors for protein

expression or analysis in vivo.

Protein purification

TtCarH for gel shift assays as well as all described mutants except for H132A TtCarH were

purified as described previously9 . His6-tagged TtCarH for crystallization and His 6-tagged H132A

TtCarH were purified using a modified protocol. A 5 mL starting culture of BL21 Star(DE3)

pLysS cells (Invitrogen) transformed with pETI 5b-TtCarH was grown in LB medium containing

100 ig/mL carbenicillin and 34 jig/mL chloramphenicol and used to inoculate 1 L of LB

medium containing 100 ptg/mL carbenicillin and 34 pg/mL chloramphenicol. Cells were grown

at 37 'C at 220 rpm until the OD600 had reached 0.6 - 0.8, at which point IPTG was added to a

final concentration of 0.5 mM. The cells were left to shake at 25 'C for 16 hours and harvested

by centrifugation. All subsequent steps were performed at 4 'C. Cells from 1 L of culture were

resuspended in 30 mL Lysis Buffer (300 mM NaCl, 50 mM sodium phosphate, pH 8, 1 mM

PMSF, 1 mM benzamidine-HCl, supplemented with 1 cOmplete protease inhibitor tablet

(Roche) and 100 U benzonase nuclease (EMD Millipore)) and lysed by sonication in three cycles
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of 2 min each with a Branson digital sonicator (3/16" tapered tip, 70% amplitude). The lysate

was clarified by centrifugation at 25000 x g and 4 0C for 30 minutes. The supernatant was

filtered through a 0.2 pm filter and applied to a 1 mL HisTrap HP Ni-NTA column (GE

Healthcare) pre-equilibrated in Buffer A (300 mM NaCl, 50 mM sodium phosphate, pH 8) using

a peristaltic pump. The column was washed with Buffer A and with Buffer A supplemented with

25 mM imidazole. Bound protein was eluted using Buffer B (300 mM NaCl, 50 mM sodium

phosphate, pH 8, 250 mM imidazole). Fractions containing pure TtCarH, as judged by SDS-

PAGE, were combined and concentrated to about 4 mg/mL, as judged by the absorbance at

280 nm using the calculated 6280 (37.9 mM'Icm-1, calculated from the protein sequence using

ProtParam at http://web.expasy.org/protparam). All subsequent handling was performed in a

dark room under red light. A 3-fold molar excess of AdoCbl (Sigma) was added and the mixture

was incubated on ice for 1 hr. The protein solution was filtered through a 0.2 [tm filter and

applied to a HiLoad 26/60 superdex 200 size exclusion column (GE Healthcare) pre-equilibrated

with buffer C (100 mM NaCl, 50 mM Tris, pH 8). Under these conditions, tetrameric AdoCbl-

bound TtCarH eluted as a single peak, separate from residual amounts of monomeric TtCarH.

Fractions containing AdoCbl-bound TtCarH were combined and concentrated to about 8 mg/mL,

as judged by the absorbance at 280 nm using the combined F280 for AdoCbl (22.5 mM~Icm-,

determined spectroscopically) and for TtCarH (see above).

Purified native and mutant protein identities were verified prior to use by HPLC-ESI

TOF or Trap mass spectrometry using an Agilent 1100 Series HPLC equipped with a pi-well

plate autosampler and a capillary pump and connected to an Agilent Ion Trap XCT Plus Mass

Spectrometer with an electrospray (ESI) interface (Agilent Technologies). Samples were injected

into an Agilent Zorbax Poroshell 300 SB-C18 HPLC column (5 ptm, 75 mm x 1 mm, Agilent
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Technologies) that was coupled online to the mass spectrometer using an electrospray interface.

Samples were separated at 60 'C at a flow rate of 0.2 mL/min using the following program: wash

with buffer A (water/acetonitrile/formic acid, 95:4.9:0.1) for 10 min, linear gradient to 90%

buffer B (water/acetonitrile/formic acid, 10:89.9:0.1) over 30 min, 90% buffer B for 10 min.

Protein elution was monitored at 210 nm and 280 nm. Mass spectra were acquired in the positive

ion mode in an m/z range from 100-2200.

The integrity of the AdoCbl Co-C bond was assessed by UV-Vis spectroscopy (described

below). Protein containing intact AdoCbl was flash-frozen in liquid nitrogen until further use.

TtCarH containing photolyzed AdoCbl was generated by exposing the protein solution to

ambient light for 30 minutes at 4 'C. Complete photolysis was assessed by UV-Vis spectroscopy

(described below). Light-exposed TtCarH was used for crystallization experiments immediately.

TtCarH:DNA complexes for crystallization were generated by mixing protein and DNA at the

desired ratio and incubating the mixture for 1 hr on ice in the dark prior to crystallization

experiments.

Preparation of DNA segments for crystallization

HPLC-purified DNA oligonucleotides for co-crystallization were purchased from Integrated

DNA Technologies. Individual single-stranded oligonucleotides were dissolved to 1 mM in

Buffer C (100 mM NaCl, 50 mM Tris, pH 8). Equimolar amounts of complementary

oligonucleotides were mixed, heated to 95 'C for 10 min, and then slowly left to cool down to

room temperature in a thermocycler over the course of 1 hr. Final DNA concentrations were

assessed by the absorbance at 260 nm using the calculated sequence-specific F260

(http://biophysics.idtdna.com/UVSpectrum.html).
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Crystallization

Purified AdoCbl-bound TtCarH was crystallized in three different crystal forms. All

crystallization procedures for AdoCbl-bound TtCarH were carried out in a dark room under red

light. Initial crystals of AdoCbl-bound TtCarH (crystal form 1) were obtained by the hanging

drop vapor diffusion technique at 25 'C. 1 tL of a protein solution (7 mg/mL AdoCbl-bound

TtCarH in buffer C) was mixed with 1 pL of a precipitant solution (10 % (w/v) PEG 8000, 10 %

(v/v) glycerol, 40 mM KH 2PO4 ) on a glass cover slip. The cover slip was sealed with grease over

a reservoir containing 500 ptL of the precipitant solution. Octahedral crystals appeared within 3

days and grew to maximum size within 7 days. Under these conditions, the protein underwent

slow proteolysis at the linker region between the DNA-binding domain and the four-helix

bundle, as judged by SDS-PAGE. The crystals consisted of the C-terminal fragment containing

the four-helix bundle and the Cbl-binding domain. Crystals were transferred in 2 steps of

increasing glycerol concentration into a cryogenic solution containing 10 % (w/v) PEG 8000,

20 % (v/v) glycerol, 40 mM KH 2PO 4, 50 mM Tris pH 8, and 100 mM NaCl, soaked in that

solution for 20 s, and then flash-frozen in liquid nitrogen.

A second crystal form of AdoCbl-bound TtCarH was obtained by the sitting drop vapor

diffusion technique at 25 'C. 0.15 pL of a protein solution (5.9 mg/mL AdoCbl-bound TtCarH in

buffer C, supplemented with 70 pM of a 31 -bp DNA oligonucleotide) were mixed with 0.15 pL

of a precipitant solution (20 % (w/v) PEG 3350, 0.2 M KCl). The drop was equilibrated against a

reservoir containing 70 pL of the precipitant solution. Rectangular crystals appeared within 6

months. Again, the protein underwent slow proteolysis and the crystals only consisted of the C-

terminal fragment containing the four-helix bundle and the Cbl-binding domain. Crystals were

transferred in 2 steps of increasing glycerol concentration into a cryogenic solution containing
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the precipitant supplemented with 20 % (v/v) glycerol, soaked in that solution for 5 s, and then

flash-frozen in liquid nitrogen.

A third crystal form of AdoCbl-bound TtCarH containing full-length protein was

obtained by the sitting drop vapor diffusion technique at 25 'C. 0.15 pL of a protein solution

(6 mg/mL AdoCbl-bound TtCarH in buffer C, supplemented with 70 pM of a 28-bp DNA

segment) were mixed with 0.15 pL of a precipitant solution (20 % (w/v) PEG 3350, 0.1 M

ammonium citrate tribasic pH 7). The drop was equilibrated against a reservoir containing 70 piL

of the precipitant solution. Rod crystals appeared within 1 month. These crystals contained full-

length AdoCbl-bound TtCarH but no DNA. Crystals were transferred in 3 steps of increasing

glycerol concentration into a cryogenic solution containing the precipitant supplemented with

20 % (v/v) glycerol, soaked in that solution for 10 s, and then flash-frozen in liquid nitrogen.

Light-exposed TtCarH was crystallized by the hanging drop vapor diffusion technique at

25 'C. 1 pL of a protein solution (4.5 mg/mL light-exposed TtCarH in buffer C) was mixed with

1 pL of a precipitant solution (3.4 M NaCl, 0.1 M Bis-Tris, pH 6) on a glass cover slip. The

cover slip was sealed with grease over a reservoir containing 500 piL of the precipitant solution.

Octahedral crystals appeared within 8 months. Crystals were transferred in 3 steps of increasing

glycerol concentration into a cryogenic solution containing the precipitant supplemented with

18 % (v/v) glycerol, incubated in that solution for 10 s, and then flash-frozen in liquid nitrogen.

TtCarH bound to both AdoCbl and a 26-bp DNA segment was crystallized by the

hanging drop vapor diffusion technique at 25 'C. 1 pL of a protein solution (6 mg/mL AdoCbl-

bound TtCarH in buffer C, supplemented with 67.5 pM of a 26-bp DNA segment, 1.5-fold molar

excess) was mixed with 1 pL of a precipitant solution (16% PEG 3350, 0.2 M L-proline, 0.1 M

HEPES, pH 7.5) on a glass cover slip. The cover slip was sealed with grease over a reservoir
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containing 500 pL of the precipitant solution. Tetragonal bipyramidal crystals appeared within 3

weeks. Crystals were transferred in 3 steps of increasing PEG 400 concentration into a cryogenic

solution containing the precipitant supplemented with 15 % (w/v) PEG 400, incubated in that

solution for 20 s, and then flash-frozen in liquid nitrogen.

Data collection and processing

All data were collected at the Advanced Photon Source (Argonne, IL) at beamline 241D-C using

a Pilatus 6M pixel detector at a temperature of 100 K. Crystals of AdoCbl-bound TtCarH crystal

form 1 belong to space group P43212. An initial AdoCbl-bound TtCarH crystal was used for a

fluorescence scan to determine the Co peak wavelength for anomalous data collection. Another

crystal was then used for collection of both native data and anomalous peak data. Native data

were collected in a single wedge of 75' at a wavelength of 0.9792 A (12663 eV). The crystal was

displaced continuously along its major macroscopic axis during data collection. Anomalous peak

data were collected in a single wedge of 3450 at a wavelength of 1.6039 A (7730 eV). The

crystal was aligned using a mini-w goniometer such that Bijvoet mates were recorded on the

same frame.

All other data were collected at a wavelength of 0.9795 A (12658 eV). Crystals of

AdoCbl-bound TtCarH crystal form 2 belong to space group P2 12121. Data were collected in a

single wedge of 1000. Crystals of AdoCbl-bound TtCarH crystal form 3 belong to space group

Pl. Data were collected in a single wedge of 270' and the crystal was displaced continuously

along its major macroscopic axis during data collection. Crystals of light-exposed TtCarH belong

to space group I4122 and data were collected in a single wedge of 150'. Crystals of DNA-bound

TtCarH belong to space group P2 12 12 and data were collected in a single wedge of 180'.
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Data for the AdoCbl-bound TtCarH (crystal form 1) Co peak data set were integrated in

HKL2000 and scaled in Scalepack 37. Data for all other data sets were integrated in XDS and

scaled in XSCALE 38. Data collection statistics for data sets of AdoCbl-bound TtCarH crystal

form 1 are summarized in Table IV. 1, all other data collection statistics are summarized in Table

IV.2.

Structure building and refinement

The structure of AdoCbl-bound TtCarH in crystal form 1 (space group P43212) was determined

to 2.80 A resolution using single-wavelength anomalous diffraction (SAD). Positions of two

cobalt sites, corresponding to two TtCarH protomers in the asymmetric unit, were located using

ShelxD39 in the HKL2MAP shell40 and refined using SHARP/autoSHARP 41. The initial overall

figure of merit (acentric) was calculated by SHARP to be 0.43 to 5.1 A resolution. Experimental

maps from the SHARP output, solvent flattened using SOLOMON 4 2 and extended to 3.3 A

resolution, were of sufficient quality to place two copies of the Cbl-binding domain of MetH17

(PDB ID code 1BMT, residues 745-868), eight additional helices, and AdoCbl in the electron

density. This initial model was used to better define solvent boundaries in another round of

solvent flattening of SOLOMON. Using the resulting electron density, loop regions were

modified and side chains with visible electron density were added. When a near-complete model

of AdoCbl-bound TtCarH was obtained (containing 374 amino acid residues and bound

AdoCbl), the coordinate file was used for rigid body refinement in Phenix43 against the native

AdoCbl-bound TtCarH data set (crystal form 1) using data from 100 to 2.80 A resolution. The

resulting R-factors were 42.0% and 44.1% for the working and the free R-factor, respectively.

The model was further refined by manual adjustment in Coot4 4 until rigid body refinement in
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Phenix yielded R-factors of 30.8% and 34.7% for the working and the free R-factor, respectively.

Subsequent cycles of refinement included positional refinement with non-crystallographic

symmetry restraints and individual B-factor refinement in Phenix until the R-factors were 20.9%

and 24.2% for the working and the free R-factor, respectively. This model was not refined to

completion. Instead, the near-complete model was used to determine the structures of AdoCbl-

bound TtCarH in crystal form 2 (space group P2 12121) and crystal form 3 (space group Pl),

which are higher resolution (crystal form 2) or contain the full-length protein (crystal form 3).

The structure of AdoCbl-bound TtCarH in crystal form 2 was determined to 2.15 A

resolution by molecular replacement in Phaser 5 using a TtCarH tetramer, generated from the

two protomers in the asymmetric unit of crystal form 1 using crystallographic symmetry

operations. The structure in crystal form 2 contains four TtCarH protomers in the asymmetric

unit, corresponding to a tetramer. After molecular replacement, 10 cycles of simulated annealing

refinement were carried out in Phenix to remove model bias. The model was then refined by

iterative cycles of manual adjustment in Coot and refinement in Phenix. Initially, strict non-

crystallographic symmetry restraints were applied for the two head-to-tail dimers in the

asymmetric unit. Subsequently, these restraints were loosened for residues that are in unique

environments either because of the asymmetric tetramer architecture or because of crystal

contacts. In advanced stages of refinement, a first set of water molecules was added manually in

Coot. These water molecules were refined in Phenix with placement of additional water

molecules until their number was stable.

The structure of AdoCbl-bound TtCarH in crystal form 3 was determined to 2.80 A

resolution using molecular replacement. First, two TtCarH tetramers were placed in the

asymmetric unit using Phaser, accounting for all eight protomers in the asymmetric unit.
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Subsequently, four TtCarH DNA-binding domains from the structure of light-exposed TtCarH

(see below) were placed using Phaser. After refinement in Phenix, there was clear electron

density for an additional DNA-binding domain as well as a fragment of another DNA-binding

domain, accounting for six of the eight DNA-binding domains in the asymmetric unit. The

remaining two DNA-binding domains are disordered. The model was refined by iterative cycles

of manual adjustment in Coot and refinement in Phenix as described above. Strict non-

crystallographic restraints were applied for all TtCarH protomers in the asymmetric unit,

separately for the N-terminal DNA-binding domains and the C-terminal part consisting of the

helix bundles and Cbl-binding domains, and loosened in later stages of refinement as described

above. No water molecules were added to this structure. Final cycles of refinement included TLS

parametrization46 using one or two TLS groups per TtCarH protomer. For each protomer, the

helix bundle and the Cbl-binding domain together were defined as a TLS group. For protomers

with modeled DNA-binding domains, each DNA-binding domain was defined as an additional

TLS group.

The structure of light-exposed TtCarH was determined to 2.65 A resolution by molecular

replacement in Phaser using consecutive searches for the TtCarH Cbl-binding domain, the four-

helix bundle, and the first conformation of the NMR structure of the CarA DNA-binding domain

(PDB ID code 2JML1 6). The structure contains one protomer in the asymmetric unit and all three

search models could be placed unambiguously. Ten cycles of simulated annealing refinement

were carried out in Phenix to remove model bias. The model was then refined by iterative cycles

of manual adjustment in Coot and refinement in Phenix. In advanced stages of refinement, water

molecules were added manually in Coot and refined in Phenix, with placement of additional

water molecules until their number was stable.
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The structure of TtCarH bound to AdoCbl and a 26-bp DNA segment was determined to

3.89 A resolution by molecular replacement in Phaser using consecutive searches for two

TtCarH tetramers without the DNA-binding domains and for two 26-bp DNA segments (models

generated by the 3D- DART server 47; http://haddock.science.uu.nl/services/3DDART/). After

molecular replacement, there was clear electron density for six DNA-binding domains in the

asymmetric unit, which were positioned manually in the electron density from the structure of

light-exposed TtCarH. The model was then refined by iterative cycles of manual adjustment in

Coot and refinement in Phenix. B-factors were refined grouped by residue and positions of

individual atoms were restrained using non-crystallographic symmetry restraints. No water

molecules were added to this structure. Final cycles of refinement included TLS parametrization

using one TLS group for each TtCarH protomer and each DNA strand.

Parameter files for cobalamin were generously provided by Oliver Smart at Global

Phasing (Cambridge, UK). Refinement restrains for the 5'-deoxyadenosyl group were generated

using the Grade Web Server (Global Phasing, Cambridge, UK).

Crystallographic refinement of all TtCarH structures yielded models that possess low free

R-factors, excellent stereochemistry, and small root mean square deviations from ideal values for

bond lengths and angles. In all models, side chains without visible electron density were

truncated to the last atom with electron density. The final model of AdoCbl-bound TtCarH in

crystal form 2 includes residues 81-274 out of 285 residues for chain A in the asymmetric unit,

lacking the hexahistidine tag and 80 residues at the N-terminus and as well as 11 residues at the

C-terminus. The N-terminal residues were cleaved proteolytically during crystallization.

Similarly, the model includes residues 83-275 for chain B, 81-274 for chain C, and 82-274 for

chain D. In addition, each chain contains bound AdoCbl. The final model of AdoCbl-bound

170



TtCarH in crystal form 3 includes residues 72-276 for chain A, residues 79-276 for chain B,

residues 4-275 for chain C, residues 52-275 for chain D, residues 6-283 for chain E, residues 5-

276 for chains F and G, and residues 6-277 for chain H in the asymmetric unit, each chain

lacking residues at the N- and C-termini as before. Chain G additionally lacks residues 35-44,

which are disordered and have no visible electron density. Each chain contains bound AdoCbl.

The final model of light-exposed TtCarH includes residues 4-279, bound cobalamin, and three

chloride ions, lacking three residues and the His-tag at the N-terminus and six residues at the C-

terminus. The final model of AdoCbl- and DNA-bound TtCarH contains residues 5-277 for chain

A, residues 4-280 for chain B, residues 76-280 in chain C, residues 1-278 in chain D, residues 5-

278 in chain E, residues 6-279 in chain F, residues 77-277 in chain G, and residues 1-279 in

chain H, lacking residues at the N- and C-termini as before. Chain F additionally lacks residues

38-41. The DNA-binding domains in chains C and G are disordered and not modelled. Chains D

and H contain an additional residue of the His-tag at the N-terminus. All chains contain bound

AdoCbl and the model furthermore contains two double-stranded 26-bp DNA segments. All

refinement statistics are summarized in Table IV.2.

The models were validated using simulated annealing composite omit maps (AdoCbl-

bound TtCarH, light-exposed TtCarH) or regular refinement composite omit maps (DNA-bound

TtCarH) calculated in Phenix and the geometry was analyzed using MolProbity 48 and

ProCheck49. Analysis of the Ramachandran statistics using MolProbity indicated that for

AdoCbl-bound TtCarH (crystal form 2), 97.8%, 2.2%, and 0.0% of residues are in the favored,

allowed, and disallowed regions, respectively, for AdoCbl-bound TtCarH (crystal form 3),

97.5%, 2.5%, and 0.0% of residues are in the favored, allowed, and disallowed regions,

respectively, for light-exposed TtCarH, 96.7%, 3.3%, and 0.0% of residues are in the favored,
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allowed, and disallowed regions, respectively, and for AdoCbl- and DNA-bound TtCarH, 95.9%,

3.5%, and 0.6% of resides are in the favored, allowed, and disallowed regions, respectively. The

larger number of residues in the disallowed region of the Ramachandran plot of DNA-bound

TtCarH is due to the mediocre resolution of the structure. Figures were generated using

PyMoL . Interfaces between subunits were analyzed using the 'Protein interfaces, surfaces and

assemblies' service PISA at the European Bioinformatics Institute (http://www.ebi.ac.uk/msd-

srv/prot-int/pistart.html)5 1 . Crystallography software packages were compiled by SBGrid 52.

DNA-binding assays

Electrophoretic mobility shift assays (EMSAs) were carried out in the dark or after light

irradiation as described previously9 . DNA probes for EMSA were either a 177-bp probe PCR-

amplified using primers with one 5'-end 32 P-labeled with T4 polynucleotide kinase (T4PK;

Takara) prior to the PCR as described elsewhere9 or shorter HPLC-purified synthetic probes

(Biolegio). With the latter, one strand was 32 P-labeled at the 5'-end with T4PK and then mixed

with a two-fold excess of the unlabeled complementary strand to ensure that all of the labeled

strand was present in the double-stranded probe. The strand mixture was incubated at 100 'C for

2 min and then rapidly cooled to 0 'C, where it was left over night for hybridization.

For EMSAs, a 20 jtL reaction volume containing the DNA probe (1.2 nM, approximately

13,000 cpm), protein, the specified cobalamin (as required, final concentrations as indicated),

100 mM KCl, 25 mM Tris, pH 8, 1 mM DTT, 10% (v/v) glycerol, 200 ng/[tL BSA, and 1 pg of

sheared salmon sperm DNA as nonspecific competitor was incubated for 30 min at 65 'C (with

the 177-bp probe) or at 30 'C (with the shorter probes). Samples were either kept in the dark

during the incubation period or exposed to light (1 - 5 min with 10 W/m 2 white light from
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fluorescent lamps or at specific wavelengths using a 5 x 5 cm2 plate with 144 LEDs arranged in

12 sectors, each with a 3 x 4 array of 12 LEDs all under computer control and custom-made by

Cetoni GmbH, Germany) 1. They were then loaded onto 6% native polyacrylamide gels (37.5:1

acrylamide:bisacrylamide) pre-run for 30 min in 0.5 x TBE buffer (45 mM Tris base, 45 mM

boric acid, 1 mM EDTA) and subjected to electrophoresis for 1.5 h at 200 V, 10 'C in a dark

room (with dim stray light to aid in viewing). Gels were vacuum-dried and analyzed by

autoradiography. EMSA were repeated three to five times for each experimental condition.

Autoradiograms were scanned using an Image Scanner II imager with LabScan 5.0 software (GE

Healthcare).

Two-hybrid assays

The E coli two-hybrid system used is based on functional complementation of the T25 and T 18

fragments of the Bordetella pertussis adenylate cyclase catalytic domain when two test proteins

interact, in this case two CarH monomers5 3 . Two-hybrid assays were carried out as described

previously9 . Coding regions of interest were PCR-amplified and cloned into the XbaI and BamHI

sites of pKT25 or pUT18C. Given pairs of these constructs were introduced into E coli strain

BTH 101 (cya ) by electroporation. Negative controls were pairs with only one fusion protein

expressed, and a positive control was the GCN4 leucine zipper. Interaction was assessed

qualitatively from the blue color developed on LB plates containing 40 gg/mL X-Gal with or

without 1 pM vitamin B 12 (cyanocobalamin, CNCbl) in the dark or light, and quantitatively by

the P-gal-specific activity measured in three independent experiments for each interacting pair

tested.
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Analytical size exclusion chromatography (SEC)

Analytical SEC for all TtCarH mutants except for H132A TtCarH was carried out using an

AKTA FPLC unit on a Superdex 200 analytical SEC column (GE Healthcare) equilibrated with

150 mM NaCl, 50 mM sodium phosphate, pH 7.5, and 2 mM -mercaptoethanol and calibrated

as described previously9 . The calibration curve obtained was: log M = 7.885 - 0.221 Ve, where

Mr is the apparent molecular weight and V is the elution volume. 100 pL protein (50-100 pM)

was incubated with a five-fold molar excess of AdoCbl for at least 15 min and analyzed by SEC

in the dark or, as required, after light irradiation as described for EMSA earlier. Elution at

0.4 mL/min flow rate was tracked by absorbance at 280 nm, 361 nm, and 522 nm and M was

estimated from Ve. Peak fractions were analyzed for protein content by SDS-PAGE. Each SEC

experiment was performed at least three times.

Analytical SEC for H132A TtCarH was carried out using an AKTA FPLC unit on a

Superose 6 10/300 GL column (GE Healthcare) equilibrated with buffer C. The calibration curve

obtained was: log M = 9.74 - 0.30 Ve, where M is the apparent molecular weight and V is the

elution volume. 300 pL WT or Hi 32A TtCarH (20 - 50 [M) with stoichiometric AdoCbl or

after exposure to white light for 1 hr were injected onto the column and elution was tracked by

absorbance at 280 nm. For AdoCbl exchange studies, WT or H132A TtCarH samples were

exposed to light as described and then incubated with a 10-fold excess of free AdoCbl for the

given time periods and at the given temperatures. The samples were then analyzed by analytical

SEC as described.
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In vivo assays

To test the effect of CarH mutations in vivo, wild-type carH from M xanthus or its mutant

versions (obtained by gene synthesis from Genscript) were inserted into plasmid pMR3679,

which integrates at a specific site in the M xanthus chromosome and allows for gene expression

under the control of a vanillate-inducible promoter5 4. For this purpose, each gene was PCR-

amplified with appropriate oligonucleotide primers to generate a fragment with an NdeI

restriction site and the FLAG-tag coding sequence at the 5' end and a KpnI site at the 3' end, and

cloned into these sites in pMR3679. Each of the resulting constructs was introduced by

electroporation into the M xanthus strain MRl 778 with the AcarA AcarH AcarS triple deletion,

which allows the AdoCbl and light-dependent regulation of the incoming CarH variant to be

directly assessed. For light-induced carotenogenesis, liquid cultures of the M xanthus strains

were grown at 33 'C in casitone Tris (CTT) medium supplemented with antibiotic (40 tg/ml

kanamycin, Km), from which 5 ptL drops were spotted on CTT plates containing 1 ptM CNCbl

and 100 pM vanillate. These colonies were then incubated in the dark or in the light (three 18 W

fluorescent lamps at -10 W/m2 intensity) at 33 'C, and the color phenotype examined as follows:

Wild-type M xanthus cells are yellow in the dark and turn red in the light from the carotenoids

produced by expressing all of the structural genes, including one, crtIb, which is not directly

regulated by CarH (Car+ phenotype) 6. However, because the recipient strain in our analysis,

MR1778 (denoted as "A"in Figure IV.8b), lacks CarA and CarH and the carotenogenic genes are

not repressed, it is orange in the dark whether or not CNCbl is present in the growth medium,

and red in the light (Carc phenotype). A functional CarH variant introduced into MR1778 will

repress expression of carotenogenic genes in the dark like CarH (which serves as a positive

control) in the presence, but not absence, of CNCbl (or other Cbl sources such as AdoCbl or

175



MeCbl in the growth medium. Thus, cells will be yellow in the dark with CNCbl present, orange

with CNCbl absent, and red in the light [CarH phenotype], whereas MR1778 with a non-

functional CarH variant introduced will remain CarC

Stable expression of CarH variants was tested by Western blot analysis of whole cell

extracts as described elsewhere. Briefly, each strain was grown in 10 mL CTT/Km containing

1 tM CNCbl and 100 tM vanillate in the dark at 33'C to an OD5 5 0 of ~0.7, and cells from

500 tL were pelleted by centrifugation and stored at -70 'C until required. The cell pellets were

thawed, resuspended in 300 VtL buffer (100 mM NaCl, 50 mM Tris-HCl pH 7.5, 2 mM EDTA,

1 mM each of phenylmethyl sulfonyl fluoride and benzamidine, 30 [tL protease inhibitor mixture

(Sigma)), and 20 tL of each sample were loaded into a 4-12% Bis-Tris Criterion XT (BioRad)

precast gel and subjected to SDS/PAGE electrophoresis. Proteins were transferred to a PVDF

membrane using a semi-dry electroblotting unit, and probed with the anti-FLAG M2 antibody

(Sigma-Aldrich) or, as loading control, polyclonal anti-CdnL antibodies using the ECL kit (GE

Healthcare Life Sciences).

Solution UV- Vis spectroscopy

Solution UV-Vis spectra were recorded at 25 'C on a SpectraMax Plus 384 (Molecular Devices)

using SoftMax Pro 5 software (Molecular Devices) and a 1 cm path length quartz cuvette

(Starna). 130 [tL WT or H132A TtCarH in buffer C were transferred to the cuvette under red

light or after exposure to white light for 20 min and UV-Vis spectra were recorded from

250-800 mn in 1 nm steps. The spectrum of pure buffer C was used for background subtraction.

No photolysis occurred on the timescale of spectra acquisition, as repeated acquisition did not

lead to spectral changes.
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Single crystal UV- Vis spectroscopy

Single-crystal UV-Vis spectra were recorded at a temperature of 100 K at Stanford Synchrotron

Radiation Laboratory beamline 11-1 (Menlo Park, CA) using a UV-Vis microspectrophotometer.

The setup used a Hamamatsu light source (50 [tm light spot) with deuterium and halogen lamps,

UV solarization-resistant optical fibers, reflective Newport Schwardchild objectives, and an

Ocean Optics QE65000 Spectrum Analyzer. Spectra were acquired as 50 averages with an

integration time of 0.03 s and a boxcar width of 3. A crystal of AdoCbl-bound TtCarH was

cryoprotected, transferred to a nylon fiber loop, and frozen in liquid nitrogen as described above.

A background spectrum was acquired on a region of the fiber loop containing just

cryoprotectant. A sample spectrum was then acquired on the crystal.
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IV.G. Tables and Figures

Table IV.1. Crystallographic data statistics of data sets used for phasing.

AdoCbl-bound TtCarH form 1
Native Peak a

Data collection
Space group
Cell dimensions

a, b, c (A)
c, P, y (0)

Wavelength
Resolution (A) b

No. reflections b
Rsym (%)b
< / (J) > b

Completeness (%) b

Multiplicity b

P43212

94.5, 94.5, 180.5
90.0, 90.0, 90.0

0.9792
200 - 2.80 (2.87 - 2.80)

20760 (1518)
6.5 (69.0)
16.4 (2.3)

99.5 (99.9)
5.3 (5.4)

P432 12

94.5, 94.5, 180.6
90.0, 90.0, 90.0

1.6039
200 - 3.30 (3.36 - 3.30)

23548 (1202)

12.4 (38.6)
15.7 (7.0)

99.5 (100.0)
11.9 (11.5)

a For this dataset, Bijvoet pairs were not merged during data processing.
b Values in parentheses indicate highest resolution shell.
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Table IV.2. Crystallographic data collection and refinement statistics.
AdoCbl-bound AdoCbl-bound AdoCbl- and DNA- light-exposed
TtCarH form 2 TtCarH form 3 bound TtCarH TtCarH

Data collection
Space group
Cell dimensions

a, b, c (A)

U, P, 7 (0)
Resolution (A)a

No. reflections a
Rsym (%) a

Rmeas (%) a

CCI/ 2 a

<I / () > a

Completeness (%) a

Multiplicity a

Refinement
Resolution (A)
Rcryst/Rfree
No. atoms

protein
Cbl
5'-deoxyadenosine
water
DNA
chloride

Average B-factors (A 2 )
protein
Cbl
5'-deoxyadenosine
water
DNA

P2,212,

51.4, 99.7, 144.0
90.0, 90.0, 90.0

100 -2.15

(2.21 - 2.15)
40511 (2970)

5.3 (60.8)
6.2 (71.5)
99.9 (87.7)
15.2 (2.1)

98.5 (99.4)
3.6 (3.6)

100-2.15
0.183/0.229

5741
364
72
270

43.4

41.8
41.0
46.1

chloride
R.m.s. deviations

bond lengths (A) 0.004
bond angles (0) 0.86

Rotamer outliers (%) 5 (0.9%)
Ramachandran statistics

favored 749 (97.8%)
allowed 17 (2.2%)
disallowed 0 (0%)

a Values in parentheses indicate highest resolution bin.

P1

78.7, 79.7, 118.4
90.7, 96.6, 117.3

100 -2.80
(2.87 - 2.80)
59284 (4419)

10.5 (83.2)
11.7 (91.9)
99.7 (84.3)
12.0 (2.0)

94.9 (95.5)
5.6 (5.6)

100-2.80
0.182/0.229

14650
728
144

76.0
64.9
77.1

0.005
0.98

12 (0.9%)

916 (97.5%)
49 (2.5%)

0(0%)

P21212

141.8, 162.7, 177.9
90.0, 90.0, 90.0

100-3.89
(3.99 - 3.89)

38480 (2819)
9.8 (126.4)
10.2 (131.9)
99.9 (87.0)
15.7 (2.0)

99.9 (100.0)
12.2 (12.4)

100-3.89
0.246/0.254

14599
728
144

2120

159.7
148.9
152.1

231.7

0.003
0.64

13 (1.0%)

1957 (95.9%)
72 (3.5%)
12 (0.6%)

I4122

126.9, 126.9, 149.5
90.0, 90.0, 90.0

100-2.65
(2.72 - 2.65)

18067 (1319)
6.9 (167.8)
7.2 (174.4)
100.0 (68.5)
26.8 (1.8)

100.0 (99.9)
12.8 (13.4)

100-2.65
0.197/0.234

2103
91

17

3

76.2
85.0

67.7

85.0

0.007
1.01

1 (0.5%)

265 (96.7%)
9 (3.3%)
0 (0%)
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Table IV.3. Results summary for TtCarH/MxCarH mutant analysis in vitro and in vivo.

Mutation Description In vitro a In vivo a
(TtCarH) (MxCarH)

TtCarH MxCarH Oligomer- DNA
ization binding

WT WT ++++ ++++ +

Q25A not conserved ++++ ++++
(Ala)

R29A R28A ++++ - -

Y30A Y29A DNA contact C

H42A Y41A ++++ ++C

R43A R42Ab - -

W131A W147A + + -

W131F W147F Ado .+ .-

E141A E157A contact ++ ++ -

H142A H158A - -

D201R E192R + - -

R176D/D20IR E192R/R217E Dimer ++ +
contact

R176E/D201R +++ ++ N/A

G160Q P176Q ++d +e -

G178Q Dimer-dimer
contact

G192Q G208Q ++d ++e +

a For TtCarH, oligomerization was probed by size-exclusion analysis and DNA binding by gel shift analysis in vitro.
Effects of the mutations in vivo were assessed using the color phenotype characteristic of carotenogenesis in M.
xanthus. Here, the wild-type (WT) phenotype "+" corresponds to cells being yellow in the dark and red in the light,
and mutant phenotype "-" corresponds to cells being orange in the dark and red in the light, with vitamin B 12 always
included in the medium. A "+/-" indicates that the cells became yellow in the dark only at higher protein expression
levels.
b Ref. 10.

cY30A, H42A: weakened binding at 100 nM protein.
d Dimer, no tetramer.

* Binds as a higher mobility (smaller size) complex.
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Figure IV.1. Schematic of CarH-mediated light-dependent gene regulation. See main text for
details.
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-1.0- holo TtCarH crystal b
holo TtCarH solution
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0.6

0
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0.0-
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Wavelength (nm)

Figure IV.2. TtCarH crystals contain intact AdoCbl. (a) UV-Vis spectra obtained from AdoCbl-
bound TtCarH crystals at T=100 K (red trace) or AdoCbl-bound TtCarH in solution at T=298 K
(black trace) exhibit good qualitative agreement and similar features, including a peak centered
around 540 nm with a shoulder around 560 nm. Because many band intensities are orientation-
dependent and the crystal spectrum changes with orientation but molecules are rotationally
averaged in solution, quantitative comparison of the spectra is difficult. Note also that individual
bands appear sharper in the crystal spectrum because the molecules have fewer rotational
degrees of freedom and because fewer vibrational states are populated at T=100 K. (b) 2F-Fe
electron density contoured around AdoCbl at 1.5 Y (gray). The electron density covers the entire
AdoCbl molecule including the Co-C bond, indicating that the Co-C bond remained intact during
crystallization and data collection. AdoCbl is shown in stick representation with Cbl carbons in
pink and 5'-deoxyadenosyl group carbons in cyan. Co is shown as a purple sphere. The Co-
coordinating His177 is shown in sticks with carbons in green. TtCarH shown in ribbons with
helix bundle in yellow and Cbl-binding domain in green.
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V719'- L71Aw170 8 /V79 V7

d
V138 E141 W131

H142 *t-132

H M

Figure IV.3. Overall structure of TtCarH protomer and comparison to MetH. (a) TtCarH
protomer colored by domain: N-terminal DNA-binding domain (cyan) with recognition helix
(dark blue) and P-hairpin wing (purple) highlighted; central four-helix bundle (yellow); C-
terminal Rossmann-fold Cbl-binding domain (green). AdoCbl shown with Cbl carbons in pink,
5'-deoxyadenosyl group carbons in cyan, cobalt in purple. (b) Overlay of TtCarH protomer,
shown as in (a), with Cbl-binding module of MetH (gray) and BmrR DNA-binding domain (red),
highlighting structural homology. (c) MetH is designed to accommodate a methyl group (yellow)
at the Cbl upper face, modeling a 5'-deoxyadenosyl group (cyan) results in clashes. Coloring as
in (b). (d) TtCarH accommodates the 5'-deoxyadenosyl group at the Cbl upper face due to
several replacements compared to MetH. Replaced residues are shown as sticks. Co-coordinating
His in green. Remaining coloring as in (a). (e) Superposition of MetH and CarH, highlighting
shift of the four-helix bundle between MetH (gray) and CarH (yellow). Coloring as in (c) and
(d). Cbl of MetH as well as amino acid side chains are hidden for clarity.
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a b C d

Figure IV.4. The TtCarH DNA-binding domains are flexible in the absence of DNA. (a)
Overlay of five TtCarH protomers, including the protomer shown in Figure IV.3a, highlighting
flexibility of DNA-binding domains. Structures are aligned by the Cbl-binding domains (green)
and helix bundles (yellow) and shown in the same orientation as Figure IV.3a. DNA-binding
domains are colored in dark cyan, light cyan, dark blue, black, and gray. AdoCbl is shown with
Cbl carbons in pink, 5'-deoxyadenosyl group carbons in cyan, and cobalt in purple. (b-e)
Individual TtCarH protomers shown side by side. Orientation and coloring as in (a).
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ae

Figure IV.5. TtCarH oligomerization. (a) Two TtCarH protomers arranged in a head-to-tail
dimer, colored by domain (helix bundle: yellow: Cbl-binding domain: green) with one protomer
shown in lighter colors. DNA-binding domain hidden for clarity. AdoCbl is shown with Cbl
carbons in pink, 5'-deoxyadenosyl group carbons in cyan, and cobalt as a purple sphere. Asp201
and Arg176 form an electrostatic interaction across the interface. (b) Close-up of selected
residues at head-to-tail dimer interface, shown in sticks colored by domain as in (a). Additional
residues contribute to interface formation but are hidden for clarity. (c) Core of TtCarH tetramer,
assembled from two head-to-tail dimers. Top dimer is colored as in (a) and bottom dimer is
colored in black and gray. Gly160 and Gly192 at the dimer-dimer interface are shown as red
spheres. Structure is from a sample of TtCarH that was proteolytically degraded during
crystallization and lacks the DNA-binding domains. (d) Close-up on Gly160 and Gly192
(spheres) from two protomers at the dimer-dimer interface. One protomer is shown in green and
yellow, the other in gray. Both Gly160 and Gly192 are surrounded by larger residues that limit
flexibility at this interface. (e) Tetramer of full-length TtCarH including DNA-binding domains,
colored as in (c). The tetramer architecture is identical with and without DNA-binding domains.
DNA-binding domains of colored dimer are shown in dark cyan, those of gray dimer are shown
in light cyan. (f) Additional view of TtCarH tetramer, revealing how DNA-binding domains are
positioned on the protein surface.

186

)IW
H14

19

Q'I. 0 .9160

C

jo

14

e

VW

800

#Je)



.120-

E 80-

i 40a

dark 00

40-
E

204

520.

1

E ,100,

light- 20.
exposed

40

E20.

5'-dAdo contacts

137 kDa 39 kDa

a

-wr
- W131A

kLZ141A

H142A

0 12 14 16 1
Volume (mL)

39 kDa

b

Volume (mL)

Dimer interface Dimer-dimer interface

200.

100.

0.

40-

20.

0.

3 1

320a

137 kDa 39 kDa
I I

C

- wr
- D20IR
- R176D201IA

-
R176ID201F

12 1 16 I
Volume (mL)

39 kDa

d2

89 kDa
137 kDa 3! kDa

200 e

100

0.

40 .. m
GIOQ

20 -G192Q

0

a I) 1 1' 15 1
Volume (mL)

300.
200.
100.
0.

39 kDa

80 80 50.

40 40 0 25 .

1 10 12 14 16 18 10 12 14 16 1
Volume (mL) Volume (mL)

200-

100.

40-

20-

0.
BI

DNAcontacts

137 kDa

9 W

-... R29A
3 -Y30A

H42A
R43A

1Vo 14 (m 1-
Volume (mL)

39 kDa

200-

100.

0.

Protein (800 nM)

AdoCbl

Dimer interface Dimer-dimer
5'- dAdo contacts interface

+ + + + + + + + + + -
+ +4+ + + + +4+ + + -

DNAcontacts

+ + + + + +
+ + + + + +

TtCarH:DNA
complex

4

Free DNA w

187

h1

Volume (mL)



Figure IV.6. In vitro characterization of TtCarH mutants. (a-h) SEC traces of TtCarH carrying
mutations (a,b) near the 5'-deoxyadenosyl group, (c,d) at the head-to-tail dimer interface, (e,f) at
the dimer-dimer interface, and (g,h) in the DNA-binding domains. Shown are traces of mutants
incubated with AdoCbl in the dark (top panels) and after light exposure (bottom panels). In all
panels, both A 280 (tracking protein) and A5 22 (tracking Cbl) traces are shown. Molecular weights
are calculated from the observed elution volumes as described in the methods, and are consistent
with a tetrameric species (137 kDa), dimeric species (89 kDa), and a monomeric species
(39 kDa). Trace of light-exposed G192Q TtCarH is not shown. (i) DNA-binding capacity of
mutants as determined by EMSAs after incubation with AdoCbl in the dark.
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TtCarH 271 AEALWLPRGPEKEAI

Figure IV.7. Sequence alignment of MxCarH and TtCarH. Identity is marked by a white font on
black background and similarity is marked by a black box. Positions of amino acids that were
mutated in this work are marked with triangles, colored as follows: 5'-deoxyadenosyl group
binding site: green (MxCarH W147, E157, H158; TtCarH W131, E141, H142); dimer interface:
orange (MxCarH E192, R217; TtCarH RI 76, D20 1); dimer-dimer interface: red (MxCarH P176,
G178, G208; TtCarH G160, G192); TtCarH Hisl32: purple (MxCarH E148; TtCarH H132);
protein:DNA contacts: cyan (MxCarH A24, R28, Y29, Y41, R42; TtCarH Q25, R29, Y30, H42,
R43). The cobalamin-coordinating His is also marked in blue (MxCarH H193; TtCarH H177).
Alignment was generated using ESPript 6.
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Figure IV.8. In vivo effect of CarH mutations in M xanthus. (a) The ability of MxCarH
protomers to assemble into dimers in the dark was assessed using a bacterial two-hybrid analysis
in E. coli. Wild-type and indicated mutants were assessed without CNCbl (unfilled bars) or with
1 jM CNCbl in the growth medium (filled black bars). lacZ reporter activity in E. coli
transformed with pKT25 and pUT18C-derived plasmids expressing MxCarH or a given mutant
is measured and given as the P-galactosidase activity in nmol of o-nitrophenyl-p-D-galactoside
hydrolysed min-' (mg protein)-. Values reported are the mean and standard error of three or
more independent experiments. Values for mutants are as follows (-CNCbl/+CNCbl): WT:
80/1097; W147A: 65/69; W147F: 78/1301; E157A: 65/71; H158A: 62/188; E192R: 88/104;
E192R/R217E: 46/99. (b) Photographs of colonies of AcarAAcarHAcarS M xanthus
complemented with vanillate-inducible WT or mutant FLAG-tagged CarH as indicated. Strains
were grown in the dark (top panels) or exposed to light (bottom panels) with concentrations of
the inducer vanillate as indicated. All CarH mutants were expressed and stable, as indicated by
Western Blots against the FLAG-tag. See methods for more details. MxCarH residues
correspond to TtCarH as follows: MxCarH W147 - TtCarH W131; E157 - E141; H158 - H142;
E192 - R176; R217 - D201; R28 - R29; Y29 - Y30; Y41 - H42; P176/G178 - G160; G208 -
G192 (see also Figure IV.7).
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5'-CGCAGAGATGTACAAAAGCTTGACAAAACCTATACATTGC-3'
3'-GCGTCTCTACATGTTTTCGAACTGTTTTGGATATGTAACG-5'

5'-CGCAGAGATGTACAAAAGCTTGACAAAACCTATACAT-3'
3'-GCGTCTCTACATGTTTTCGAACTGTTTTGGATATGTA-5'

5'-ATGTACAAAAGCTTGACAAAACCTATACATTGC-3
3'-TACATGTTTTCGAACTGTTTTGGATATGTAACG-5'

5'-ATGTACAAAAGCTTGACAAAACCTATACAT-3'3'-TACATGTTTTCGAACTGTTTTGGATATGTA-5'

40 bp

37 bp

33 bp

30 bp

Figure IV.9. Identification of TtCarH operator sequence by EMSAs. A -75-bp segment of the
intergenic region between carH and the carotenogenic crtB was systematically trimmed as
shown. Substantial DNA-binding was observed for a probe as small as 30-bp.
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Figure IV.10. DNA-bound TtCarH structure. (a) Crystal structure of a TtCarH tetramer bound to
a 26-bp DNA segment (yellow). TtCarH is shown in ribbon representation with one head-to-tail
dimer shown in green (Cbl-binding domains) and yellow (helix bundles) and the other dimer
shown in gray. DNA-binding domains are shown in cyan. AdoCbl is shown with Cbl carbons in
pink and 5'-deoxyadenosyl group carbons in cyan. Sequence of DNA segment used for
crystallization (larger font) as well as flanking sequences in the operator (smaller font) are shown
underneath. Base pairs covered by each DNA binding domain are colored in cyan and base pairs
contacted by the recognition helix are boxed. Red box highlights the promoter -35 element. (b)
Schematic drawing of TtCarH:DNA interactions for central DNA-binding domain. Hydrogen
bonds/electrostatic interactions are shown as black arrows, van der Waals interactions as green
arrows. Contacts from protein side chains are shown as solid lines, contacts from main chain as
dashed lines. Contacts in the DNA major groove are denoted (M), contacts in the DNA minor
groove are denoted (m). (c) Close-up of interactions between TtCarH (cyan) and DNA (yellow).
Hydrogen bonds and ionic interactions to the phosphate back bone are shown as black dashed
lines. Contacts to the DNA bases are shown in purple.

192



ab

4r

C

R72 Y7 7Y

41 41

Figure IV.11. TtCarH DNA binding and conformational changes upon binding. (a) 2FO-F, omit
electron density for DNA-bound TtCarH, calculated after performing full refinement of the
model with DNA omitted and contoured at 1 cT. DNA is shown with carbons in yellow and
recognition helix of a TtCarH DNA-binding domain with carbons in cyan. (b) Comparison of
TtCarH before and after DNA binding, revealing rearrangement of DNA-binding domains.
TtCarH before DNA binding is shown with helix bundles and Cbl-binding domains in gray and
DNA-binding domains in pink. TtCarH bound to DNA is shown with helix bundles and Cbl-
binding domains in green and DNA-binding domains in cyan. The fourth DNA-binding domain
of DNA-bound TtCarH is disordered and not modelled. DNA is shown in yellow. AdoCbl is
shown with Cbl carbons in pink and 5'-deoxyadenosyl group carbon in cyan. (c) Contacts
between residues in neighboring DNA-binding domains, colored by domain. Each interface
between two DNA-binding domains buries 280 A2 of surface from solvent on each DNA-binding
domain. Interactions of Arg72 to Tyr7 and Glul 1 are indicated by black dashed lines. Coloring
as in (b).
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'4

b

se.6
Figure IV.12. Models of individual head-to-tail dimers bound to DNA. (a) Head-to-tail dimer
contributing the middle of the three DNA-binding domains, colored by domain with DNA-
binding domain in cyan, helix bundles in yellow, and Cbl-binding domains in green. The DNA-
binding domain of the second protomer (right) is disordered and not modeled. DNA is shown in
yellow, AdoCbl is shown with Cbl carbons in pink and 5'-deoxyadenosyl group carbons in cyan.
(b) Head-to-tail dimer contributing the flanking DNA-binding domains. Helix bundles and Cbl-
binding binding domains are shown in gray, remaining coloring as in (a).
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Figure IV.13. TtCarH binding to operator sequences carrying mutations, as indicated. (a)
Sequences of tested operators. WT operator sequence shown at the top, with repeat sequences
that CarH recognizes shown in cyan. 6-bp stretch contacted by TtCarH recognition helix is
boxed. Mutations are as follows: Muti -7: single (1-3), pairwise (4-6), and triple (7) mutations of
AC to GT; Mut8-14: single (8-10), double (11-13), and triple (14) mutations of (A/C)T to GC;
Mutl5-18: pairwise (15-17) and triple (18) mutations of A(G/C) to TT. (b) EMSAs with WT
TtCarH and each of the mutant operators.
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Figure IV.14. Structure of light-exposed TtCarH and comparison to AdoCbl-bound TtCarH. (a)
Structure of light-exposed TtCarH, shown in ribbons with the helix bundle in orange and the
Cbl-binding domain in gray. DNA-binding domain is hidden for clarity (see Figure IV.15a).
Bound Cbl is shown with carbons in pink and cobalt in purple. (b) Overlay of light-exposed
TtCarH structure, shown as in (a), with a protomer of the TtCarH dark state, shown in ribbons
with the helix bundle in yellow and the Cbl-binding domain in green. AdoCbl bound to the dark
state is shown with carbons in gray and 5'-deoxyadenosyl group carbons in cyan. The helix
bundle undergoes a dramatic movement between the dark state and the light-exposed state, as
indicated by the arrow. (c) Helix bundle movement after light exposure leads to tetramer
disassembly. Shown is a head-to-tail dimer of TtCarH in the dark state, but the right protomer is
replaced by the structure of light-exposed TtCarH, shown as in (a). The new position of the helix
bundle clashes into the dimer interface. (d) Departure of the 5'-deoxyadenosyl group after light
exposure leaves a large cavity on the Cbl upper face. The helix bundle (yellow) and the Cbl-
binding domain (green) are shown in surface representation and selected residues are shown in
sticks, colored by domain. Cbl shown as in (a). (e) Helix bundle movement fills the cavity at the
Cbl upper face and brings His132 to the cobalt, where it occupies the open coordination site.
Coloring as in (a).
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Figure IV.15. Light-exposed TtCarH has bis-His ligated Cbl. (a) Structure of light-exposed
TtCarH including the DNA-binding domain (cyan) and other domains colored as in IV.14a. (b)
Close-up view of the Cbl in light-exposed TtCarH, with both coordinating His side chains shown
in sticks. 2FO-Fc electron density is shown in blue, contoured at 1.5 Y. (c) UV/Vis spectra of
light-exposed WT TtCarH (black) and H132A TtCarH (red) exhibit pronounced differences,
indicating that the bis-His ligation is also formed in solution. (d) UV/Vis spectra of AdoCbl-
bound WT TtCarH (black) and H132A TtCarH (red) are virtually identical, suggesting that the
mode of AdoCbl binding is unchanged. (e,f) Size exclusion chromatograms of AdoCbl-bound
and light-exposed (e) H132A TtCarH and (f) WT TtCarH, demonstrating that H132A TtCarH,
like WT TtCarH, forms a tetramer in the dark and undergoes light-dependent tetramer
disassembly. (g) Light-exposed H132A TtCarH slowly reforms the tetramer state upon
incubation with free AdoCbl, indicating loss of the photolyzed Cbl and formation of apo protein
to which free AdoCbl can bind. (h) Light-exposed WT TtCarH shows almost no recovery upon
incubation with free AdoCbl, indicating that photolyzed Cbl remains associated with the protein.
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Figure IV.16. Chemical structures of chromophores employed by different photoreceptors and
their light-induced changes. (a) AdoCbl is used by CarH-type photoreceptors and undergoes
light-induced cleavage of its covalent Co-C bond (highlighted in red). Note that although the
"base-on" form of AdoCbl is shown, CarH binds in the "base-off/His-on" mode. (b) Bilins are
linear tetrapyrroles that undergo light-induced cis-trans isomerization around a linkage between
two pyrrole rings (highlighted in red). Shown is biliverdin as a representative of bilin
chromophores, used by phytochrome photoreceptors and covalently attached via a Cys side
chain 26. (c) Retinal undergoes light-induced cis-trans isomerization (highlighted in red) in
rhodopsin photoreceptors and is covalently attached via a Lys side chain ,28. (d) p-Coumaric acid
undergoes light-induced cis-trans isomerization (highlighted in red) in xanthopsin
photoreceptors such as photoactive yellow protein and is covalently attached via a Cys side
chain . (e) Flavins and their derivatives (in a common derivative used in photoreceptors, flavin

mononucleotide, R is ribitol-5'-phosphate linked to the flavin isoalloxazine via its 1'-carbon) can
serve as chromophores via different mechanisms8, 27 . In LOV-type sensors, light absorption leads

58to thioether bond formation between a Cys side chain and the flavin C4a atom . In BLUF
(sensors of blue light utilizing FAD)-type photoreceptors, light absorption by oxidized flavin
leads to oxidation of a nearby tyrosine side chain to generate the signaling state 59. Finally, in
cryptochromes, light-induced reduction of the flavin to the semiquinone state generates the
signaling state (f) Tryptophan side chains serve as chromophores for the UVR8 photoreceptor.
Charge separation after light absorption leads to dissociation of a UVR8 dimer29 ,61
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Figure IV.17. BmrR bound to DNA (PDB ID code 1EXJ 34). A BmrR dimer is shown in ribbon
representation in orange and red. DNA is shown in yellow. BmrR binds as a dimer to a
palindromic sequence and distorts the DNA double strand from its ideal conformation.
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Chapter V: The light-dependent transcription factor CarH alters adenosylcobalamin
photochemistry to safeguard its use as a light sensor

V.A. Summary
Sunlight can be a double-edged sword, providing energy for photosynthesis while also
generating reactive oxygen species that can damage DNA. To protect themselves from light-
induced oxidative damage, some bacteria produce carotenoids, which are capable of quenching
radical oxygen species. The newly discovered light-dependent transcription factor CarH uses
adenosylcobalamin as a light sensor to upregulate carotenoid biosynthetic genes in soil microbes
and other bacteria upon exposure of these organisms to sunlight. The use of adenosylcobalamin
as the photoreceptor for carotenoid biosynthetic gene activation is a clever adaptation of a classic
enzyme cofactor, taking advantage of the cofactor's photolabile Co-C bond. However, it is also a
puzzling adaption in that photolysis of adenosylcobalamin also generates a reactive radical (the
5'-deoxyadenosyl radical) that could damage DNA. Here, we explore the photochemistry of
CarH-bound adenosylcobalamin using liquid chromatography and spectroscopic techniques,
demonstrating that CarH suppresses release of the 5'-deoxyadenosyl radical and instead effects
conversion to a non-reactive 4',5'-anhydroadenosine. By altering the photochemistry of
adenosylcobalamin, CarH safeguards use of the cofactor in light-dependent gene regulation
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V.B. Introduction

Adenosylcobalamin (AdoCbl, coenzyme B 12 ) is typically a cofactor for enzymes that catalyze

carbon skeleton rearrangements or elimination reactions through radical-based chemistry

Recently, however, AdoCbl was shown to be used as a light sensor by the light-dependent

transcription factor CarH 2. Light exposure of AdoCbl leads to cleavage of its covalent Co-C

bond, and this cleavage is harnessed by CarH to effect a large-scale conformational change that

activates transcription. In particular, in the dark, intact AdoCbl mediates formation of a compact

CarH tetramer that directly binds to DNA and represses transcription, whereas light exposure

leads to tetramer disassembly, dissociation from DNA, and transcription activation (see Chapter

IV, Figure IV. 1). A primary function of CarH-type transcription factors is to activate gene

expression that leads to the biosynthesis of molecules that mitigate light-induced damage. In

Myxococcus xanthus2 4 , Thermus thermophilus,5 and other bacteria, CarH activates expression of

carotenoid biosynthesis genes upon light exposure, resulting in production of carotenoids, which

then protect the cell from photooxidative damage by quenching light-induced reactive oxygen

species such as singlet oxygen. In this context, the use of AdoCbl as a light sensor appears

paradoxical: light-induced cleavage of the Co-C bond leads to formation of a 5'-deoxyadenosyl

radical, which itself could rapidly generate reactive oxygen species or react with and damage

DNA; the type of damage that this mode of light sensing is meant to prevent. Given that release

of the reactive 5'-deoxyadenosyl radical adjacent to DNA could be detrimental to the cell, we

sought to investigate the fate of the 5'-deoxyadenosyl moiety upon light-induced cleavage of the

Co-C bond in CarH-bound AdoCbl.

The photochemistry of free AdoCbl has been studied extensively6 Briefly, exposure of

AdoCbl to light of wavelengths <550 nm leads to homolytic cleavage of the Co-C bond- 8
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generating five-coordinate cob(II)alamin (cob(II)) and a 5'-deoxyadenosyl radical (Figure V.1).

Under aerobic conditions, the 5'-deoxyadenosyl radical rapidly reacts with molecular oxygen to

first form 5'-peroxyadenosine, which then decomposes to adenosine-5'-aldehyde with adenosine

and adenine as minor products". Cob(II) also gets oxidized, either by 5'-peroxyadenosine or by

molecular oxygen, followed by ligation of water to form aquo-cob(III)alamin (OH2Cbl)". Under

anaerobic conditions, the major products are cob(II) and 5',8-cycloadenosine, generated by

cyclization of the 5'-deoxyadenosyl radical".

In AdoCbl-dependent enzymes, Co-C bond homolysis is a tightly controlled process and

only activated in the presence of substrate, promoting enzyme activity while preventing radical

damage' 3 . The recently determined structures of the light-sensing transcription factor CarH from

T. thermophilus revealed a number of similarities and a few differences with other cobalamin-

binding proteins in how CarH binds AdoCbl (see Chapter IV). Briefly, AdoCbl binds to a

Rossmann-fold domain with the common "base-off/His-on" motif, in which the

dimethylbenzimidazole base of the cobalamin cofactor is displaced from the Co and a His

residue from the protein provides the lower axial ligand. The upper face of AdoCbl is capped by

a four-helix bundle in CarH (see Chapter IV), a structural motif previously associated with

MeCbl-binding in methionine synthase. But instead of using this helical bundle to protect MeCbl

from light-induced cleavage of the Co-C bond', which would lead to enzyme inactivation, CarH

uses this bundle to sense and response to light-induced Co-C bond cleavage as part of its

function as a light sensor. Previous structural and spectroscopic studies of CarH have further

demonstrated that, under aerobic conditions, light exposure results in cobalamin oxidation and

ligation by a second His side chain to form bis-His ligated cob(III)alamin (see Chapter IV). The

fate of the 5'-deoxyadenosyl group after light exposure of CarH-bound AdoCbl as well as the
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fate of the cobalamin under anaerobic conditions, however, were not investigated. Using a

combination of liquid chromatography and spectroscopy, we now determine the fates of the

cobalamin and the 5'-deoxyadenosyl radical following CarH photolysis and provide evidence for

CarH-mediated decomposition of the 5'-deoxyadenosyl radical prior to its release into solution.

V.C. Results

CarH-bound AdoCblforms cob(II)alamin upon photolysis under anaerobic conditions

To investigate the chemical reaction upon photolysis of CarH-bound AdoCbl, we sought to probe

both the state of the cobalamin after photolysis and the chemical nature of the product derived

from the AdoCbl 5'-deoxyadenosyl group, from here on referred to as the CarH photolysis

product. The different cobalamin species generated upon photolysis of AdoCbl, described above,

are distinguishable by their spectroscopic properties, for example in ultraviolet-visible (UV-Vis)

spectroscopy and electron paramagnetic resonance (EPR) spectroscopy. The different nucleoside

products derived from the 5'-deoxyadenosyl group are readily separated by liquid

chromatography, detectable by absorbance at 260 nm, and furthermore have distinct molecular

weights. Thus, the fates of both the cobalamin and the nucleoside product can be monitored.

To probe the state of CarH-bound cobalamin after photolysis, we exposed CarH to light

under anaerobic conditions. We had previously determined that photolysis of CarH-bound

AdoCbl under aerobic conditions results in formation of bis-His-ligated cob(III)alamin (see

Chapter IV), but it was unclear whether or not cob(II) was an intermediate in this process

because cobalamin in this oxidation state is not stable in the presence of molecular oxygen. The

UV-Vis spectrum after anaerobic photolysis of CarH-bound AdoCbl resembles that of cob(II),

including a peak at 312 nm and a broad feature around 480 nm (Figure V.2a)15 . Exposure of this

210



species to molecular oxygen resulted in quantitative conversion to bis-His ligated cob(III)alamin

(Figure V.2b), suggesting that the species formed upon anaerobic photolysis is chemically

competent to form the final cob(III)alamin product observed under aerobic conditions.

Additionally, the EPR spectrum after anaerobic photolysis of CarH-bound AdoCbl closely

resembles that of free cob(II), with a distinct axial signal, hyperfine splitting arising from the

59Co nucleus (I = 7/2), and superhyperfine splitting arising from the axial '4 N ligand (I = 1)

(Figure V.2c,d)16 . Thus, these data indicate that cob(II) is an intermediate of CarH photolysis.

The CarHphotolysis product is distinct from those generated by free AdoCbl

To characterize the fate of the 5'-deoxyadenosyl group after photolysis, we performed LC-MS

experiments on light-exposed CarH. Because cobalamin remains associated with CarH after

photolysis, the flowthrough of a size cutoff filter only contains the products derived from the 5'-

deoxyadenosyl group (Figure V.3, red trace). Notably, under aerobic conditions, we only

detected a single product with a molecular weight of 249 Da, which is different from any of the

products generated by aerobic photolysis of AdoCbl (Figure V.1). This molecular weight

corresponds to that of 5',8-cycloadenosine, the product of anaerobic photolysis of AdoCbl

(Figure V.1).

To exclude the possibility that we observed this product because of a lack of molecular

oxygen in our samples, we performed control experiments with free AdoCbl. Consistent with

literature reports, we detected adenosine-5'-aldehyde (molecular weights 265 Da for the free

aldehyde and 283 Da for the aldehyde hydrate) and 5'-peroxyadenosine (molecular weight

283 Da) as the main nucleoside species (Figure V.3, black trace and Figure V.4) as well as a

smaller amount of adenosine (molecular weight 267 Da)9' 1 . Finally, we observed species
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corresponding to cob(III)alamin (the water ligand likely dissociated during ionization) and

uncleaved AdoCbl (Figure V.4). Thus, we observe the expected species for photolysis of free

AdoCbl under aerobic conditions, indicating that molecular oxygen is present in our samples and

that CarH forms a different photolysis product than free AdoCbl under aerobic conditions.

A possible explanation for these results is that CarH excludes oxygen from the binding

site for the 5'-deoxyadenosyl group and directs cyclization of the 5'-deoxyadenosyl radical to

form 5',8-cycloadenosine. We first tested if the presence of molecular oxygen affected the

observed product by repeating the CarH photolysis experiments under anaerobic conditions.

Again, we only observed a single product with a molecular weight of 249 Da and with the same

retention time as the aerobic CarH photolysis product (Figure V.3, brown trace), indicating that

the fate of the CarH 5'-deoxyadenosyl group is independent of the presence of oxygen.

To determine if the CarH photolysis product was 5',8-cycloadenosine or a different

compound with the same molecular weight, we generated 5',8-cycloadenosine as a standard by

photolyzing AdoCbl under anaerobic conditions. Notably, 5',8-cycloadenosine and the CarH

photolysis product have different retention times during liquid chromatography (Figure V.3,

brown and green traces) and furthermore exhibit different fragmentation patterns during mass

spectrometry. The mass spectrum of the CarH photolysis product reveals a major species with a

molecular weight of 249 Da as well as a fragment with a molecular weight of 135 Da,

corresponding to adenine (Figure V.5). This pattern indicates that the CarH photolysis product

undergoes fragmentation during ionization due to cleavage of the N-glycosidic bond. In contrast,

the mass spectrum of 5',8-cycloadenosine does not feature an adenine fragment (Figure V.5). To

further compare the CarH photolysis product and 5',8-cycloadenosine, we tested their

susceptibility to acid treatment. For this purpose, we added 8% (v/v) trifluoroacetic acid (TFA)
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to the samples after photolysis and repeated the LC-MS experiments. As expected, 5',8-

cycloadenosine is unaffected by TFA (Figure V.3, dark yellow trace). Addition of 8% (v/v) TFA

to the CarH photolysis product, however, resulted in disappearance of the nucleoside peak and

appearance of a broad peak with a molecular weight of 135 Da, again corresponding to adenine

(Figure V.3, blue trace). Addition of 70% (v/v) methanol did not alter the CarH photolysis

product, suggesting that degradation was specific to the addition of acid (Figure V.6). These

results indicate that acid treatment of the CarH photolysis product results in cleavage of the N-

glycosidic bond to yield adenine and an undefined ribose derivative.

These lines of evidence together demonstrate that the CarH photolysis product is

chemically distinct from 5',8-cycloadenosine and any other known compounds generated by

photolysis of free AdoCbl. The molecular weight indicates that the CarH photolysis product is

generated from the 5'-deoxyadenosyl group by loss of a hydrogen atom, or a proton and an

electron. Of the possible structures that can be proposed, 4',5'-anhydroadenosine (or 4',5'-

didehydroadenosine) is an attractive hypothesis because it would be expected to be acid-sensitive

due to acid-catalyzed ring opening and cleavage of the N-glycosidic bond.

CarH forms the /-H-elimination product 4', 5 '-anhydroadenosine upon photolysis

To unambiguously determine the chemical structure of the CarH photolysis product, we purified

0.22 imol of the product from 25 mg of protein and then performed a series of NMR

experiments (see methods). The chemical shifts and correlations obtained from 1-D 'H and 2-D

H-1H GQCOSY, 'H-"C HSQC, and 'H-' 3 C gHMBC spectra (Figures V.7-V.10) provided

unambiguous support for assignment of the CarH photolysis product as 4',5'-anhydroadenosine
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(Figure V.7b). Thus, CarH must prevent escape of the reactive 5'-deoxyadenosyl radical and

effect decomposition of the radical to 4',5'-anhydroadenosine.

We next sought to investigate the mechanism of 4',5'-anhydroadenosine formation in

CarH. Reasonable mechanisms involve P-H-elimination from the C4' position of the 5'-

deoxyadenosyl radical, one-electron oxidation followed by removal of a proton from C4', or

removal of hydride followed by one-electron reduction. The latter two mechanisms would likely

require involvement of protein residues. Therefore, to probe the role of protein residues in this

reaction, we performed site-directed mutagenesis on residues in the CarH binding site for the 5'-

deoxyadenosyl group that could engage in acid-base chemistry, namely Glul41 and His142.

Glul41 in particular is pointing directly at the hydrogen atom of C4' (Figure V.1 la). An E141Q

CarH mutant yielded the same photolysis product as WT CarH (Figure V.1 Ib), indicating that

Glul4l does not act as a base in the photolysis process, although we cannot rule out that a slower

step such as a conformational change is masking the effect of the mutation. Mutation of His142

to either Gln or Phe abolished AdoCbl binding by CarH, precluding investigation of the nature of

the photolysis product.

V.D. Discussion

The discovery that the transcription factor CarH uses AdoCbl to achieve light-dependent gene

regulation was fascinating, revealing functional repurposing of AdoCbl from a cofactor for

radical-based enzyme catalysis to a light sensor. The choice of AdoCbl as a light sensor,

however, appeared unwise because CarH directly binds DNA, which would be very susceptible

to damage by the reactive 5'-deoxyadenosyl radical generated upon AdoCbl photolysis. Thus, we

speculated that CarH might possess a mechanism to protect the cell from radical-induced DNA
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damage. Here, we determine that CarH indeed alters the photochemistry of AdoCbl and prevents

release of the 5'-deoxyadenosyl radical into solution, thereby safeguarding the use of AdoCbl as

a light sensor.

In particular, CarH effects formation of 4',5'-anhydroadenosine, a molecule that had not

previously been observed as a photolysis product of AdoCbl. Instead, 4',5'-anhydroadenosine has

been observed as a product of base-catalyzed degradation of 5'-deoxyadenosylcobaloxime 17, an

AdoCbl analog in which the corrin ring is substituted for cobaloxime, and as the inactivation

product of the AdoCbl-dependent enzymes ethanolamine ammonia-lyase or diol dehydratase

upon reaction with N2 018-1 9 or substrate analogs 20, the relevance and mechanism of which are

unclear2 1 . More importantly, 4',5'-anhydroadenosine has been observed after thermolysis of

AdoCbl or adenosylcobinamide (AdoCbl lacking the dimethylbenzimidazole nucleotide tail) in

viscous solvents, attributed to P-H-elimination from the 5'-deoxyadenosyl radical 22-23 . Although

organometallic P-H-elimination reactions are commonly concerted and involve migration of a

hydride (H) to the metal 24 , radical-based p-H-eliminations have been observed after thermolysis

of alkylcobalamins and other organometallic complexes, see for example refs. 22-23,25-29. These

radical-based eliminations occur in two steps, with initial homolytic cleavage of the metal-

carbon bond followed by hydrogen atom (H-) migration in the caged radical pair, as

demonstrated by radical trapping2 3 and kinetic experiments 2 7-30, summarized in more detail in

refs. 23,29

Like thermolysis, photolysis of cobalamins and related organocobalt complexes also

proceeds through homolytic cleavage of the Co-C bond and a caged radical pair' 8 . Thus, the

mechanism of 4',5'-anhydroadenosine formation after AdoCbl thermolysis could inform on the

mechanism of its formation after photolysis of CarH. For free AdoCbl, 4',5'-anhydroadenosine is
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only observed upon thermolysis in glycerol, accounting for 4-5% of total product derived from

the 5'-deoxyadenosyl group 2 . Glycerol, a very viscous solvent, creates a strong solvent cage that

slows escape of the 5'-deoxyadenosyl radical from the caged [Cob(II)-5'-deoxyadenosyl radical]

pair and allows it to undergo cob(II)-mediated P-H-elimination of the C4' hydrogen to form 4',5'-

22 3anhydroadenosine and the cob(III)alamin hydride.

By analogy, CarH might exert a strong cage effect after photolysis, preventing escape of

the 5'-deoxyadenosyl radical. Such protein-induced cage effects have been observed in Cbl-

binding module of methionine synthase MetH, which is structurally related to CarH but binds

methylcobalamin (MeCbl) instead of AdoCbl. Here, the protein prevents loss of the methyl

group after photolysis by "caging" the radical, preventing its escape and favoring

recombination14 . Similarly, AdoCbl-dependent enzymes have been hypothesized to act as radical

cages to prevent loss of the 5'-deoxyadenosyl radical in the absence of substrate22 . In addition,

CarH might reduce the rate of radical pair recombination to activate the P-H-elimination pathway

and increase the efficiency of the light-dependent switch; for example, a conformational change

that moves the C5' of the deoxyadenosyl group away from and the C4' hydrogen toward the

cobalamin could achieve this result. The second product of this reaction, cob(III)alamin hydride,

is not well-characterized but is thought to decompose to cob(II) and molecular hydrogen23 ,2 7-2 8 ,

which would explain our observation of cob(II) as the final product under anaerobic conditions.

Under aerobic conditions, cob(II) would then get oxidized to cob(III)alamin, yielding bis-His-

ligated cob(III)almin as the final product, as observed spectroscopically and crystallographically

(see Chapter IV). Thus, all our data are consistent with the mechanism outlined in Figure V.12:

homolytic Co-C bond cleavage is followed by p-H-elimination from C4' to form 4',5'-
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anhydroadenosine and cob(III)alamin hydride bound to CarH, which decomposes to cob(II) and

molecular hydrogen.

Although all our data are consistent with the described pathway, we note that photolysis

might also proceed through heterolytic cleavage of the Co-C bond, forming the 5'-deoxyadenosyl

anion and cob(III)alamin, followed by P-hydride elimination to form 4',5'-anhydroadenosine and

cob(III)alamin hydride. Thus, these two mechanisms share the same final products. We currently

favor the homolytic pathway because of its precedent in AdoCbl photochemistry, but distinction

between these mechanisms will require time-resolved spectroscopic experiments to directly

probe the cobalamin intermediates and more detailed mechanistic studies such as quantification

of molecular hydrogen.

Altogether, our results indicate that CarH safeguards use of AdoCbl as a light sensor by

altering the photochemistry of the bound AdoCbl, preventing release of the reactive 5'-

deoxyadenosyl radical into solution and instead holding onto it long enough for what appears to

be a unique protein-mediated organometallic P-H-elimination to take place. Thus, whereas

AdoCbl is usually used as an enzyme cofactor, with the 5'-deoxyadenosyl radical as the working

species and photolysis as the unwanted side reaction, the roles are reversed in the use of AdoCbl

as a light sensor by CarH: here, photolysis is desired and generation of the 5'-deoxyadenosyl

radical is an unwanted side reaction. These results extend our understanding of the functional

repurposing of AdoCbl by CarH, showing a classic cofactor in a new light.
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V.E. Materials and Methods

Sample preparation

The E141Q, H142Q, and H142F mutants of CarH from Thermus thermophilus were generated

from pET15b-CarH by site-directed mutagenesis by GenScript. AdoCbl-bound (holo) CarH and

E141Q CarH were purified as described in Chapter IV. H142Q and H142F CarH were purified

using the same procedure, but did not bind to AdoCbl and therefore did not elute as tetramers

during the size exclusion chromatography step. Here, the fractions corresponding to monomeric

proteins were collected. AdoCbl (Sigma) for photolysis experiments was dissolved in buffer A

(100 mM NaCl, 50 mM Tris, pH 8). All AdoCbl-containing samples were handled in a dark

room under red light until photolysis experiments.

Photolysis and spectroscopic analysis

For experiments under aerobic conditions, samples of either AdoCbl or holo CarH in buffer A

were exposed to air for 2 hrs in the dark prior to photolysis to ensure the presence of oxygen. For

photolysis, samples were transferred into transparent tubes and exposed to ambient light for 1 hr

on ice.

For experiments under anaerobic conditions, photolysis was performed in an MBraun

chamber under an atmosphere of 100% N2 at 20 'C. Buffers and solutions were de-gassed by

sparging with Ar prior to transfer into the MBraun chamber. Protein samples were transferred

while frozen and allowed to de-gas within the chamber over the course of 4-12 hrs in the dark.

Because photolysis of alkylcobalamins is slower under anaerobic conditions (see, for example,

ref. 32), samples were exposed to ambient light for 2 hrs (CarH) or 4-8 hrs (AdoCbl).
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For UV-Vis spectroscopy under anaerobic conditions, 120 pM holo CarH (4.0 mg/mL) or

120 pM AdoCbl in buffer A were photolyzed as described above. The samples were transferred

to 1 cm path length quartz cuvettes (Starna) under anaerobic conditions. The cuvettes were

sealed with septa and removed from the anaerobic environment. UV/Vis spectra were recorded at

25 'C on a SpectraMax Plus 384 (Molecular Devices) using SoftMax Pro 5 software (Molecular

Devices). The resulting spectra were qualitatively indistinguishable from UV-Vis spectra

recorded within the MBraun anaerobic chamber on a NanoDrop 2000c (Thermo Scientific), but

were of higher quality. After acquisition of the spectra, the samples were removed from the

cuvettes and exposed to molecular oxygen for 20 min before another set of UV-Vis spectra were

collected using the same experimental parameters. The spectrum of pure buffer A was used for

background subtraction.

For EPR spectroscopy, 400 pL of 240 pM holo CarH (8.0 mg/mL) or 400 jiL of 1 mM

free AdoCbl in buffer A supplemented with 5% (v/v) glycerol were photolyzed under anaerobic

conditions as described above. The resulting samples were transferred to 3.8 mm thin wall

precision quartz EPR tubes (Wilmad-LabGlass). The tubes were sealed with septa and removed

from the anaerobic environment, and the samples were immediately flash-frozen in liquid

nitrogen. Continuous wave (cw) X-band EPR spectra were recorded at 77 K in the MIT

Department of Chemistry Instrumentation Facility on a Bruker ESP-300 X-band spectrometer

equipped with a quartz finger Dewar filled with liquid nitrogen. Experimental conditions were as

follows: microwave frequency, 9.45GHz; modulation amplitude, 5.00 G; modulation frequency,

100 kHz; time constant, 5.12 ms; and scan time, 41.9 s. A microwave power of 1 mW and an

average of 100 scans were used.
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LC-MS analysis

Samples were prepared and photolyzed as described above, under either aerobic or anaerobic

conditions. After photolysis, the photolysis product was separated from CarH and CarH-bound

cobalamin species using a 10 kDa molecular weight cutoff centrifugal concentrator. AdoCbl

samples were used directly. The resulting samples were placed in HPLC vials under aerobic or

anaerobic conditions, sealed, and then analyzed by LC-MS on an Agilent 1100 LC-MSD

instrument (Agilent Technologies). The chromatography separation was carried out on a

150 x 3.0 mm Poroshell 120 SB-C18 (2.7 pim pore size) reversed-phase column (Agilent

Technologies) at 25 'C and a flow of 200 ptL min-i. The solvent system consisted of H2 0 +

0.1% (v/v) acetic acid (solvent A) and CH3CN (solvent B). The following elution program was

used: isocratic 0% B for 7 min, linear gradient from 0% to 95% B over 28 min, 100% B for 20

min, re-equilibration at 0% B for 15 min. Absorbance was monitored continuously at 260 nm

and 350 nm. An in-line ESI-TOF single quadrupole mass spectrometer (Agilent Technologies) in

positive ion mode was used to determine mass-to-charge ratios (m/z) with the following settings:

ESI capillary voltage, 3000 V; gas temperature, 350 'C; drying gas flow, 11 L/min; nebulizer

pressure, 25 psi; fragmentor voltage, 70 V; m/z scan range, 120-1500. For treatment with

trifluoroacetic acid (TFA), TFA was added to photolyzed samples to a final concentration of

8% (v/v) and incubated on ice for 10 min. For treatment with methanol, methanol was added to

photolyzed samples to a final concentration of 70% (v/v) and the samples were shaken for 1 min.

All samples were then centrifuged at 15000 x g for 10 min to remove precipitated protein and the

supernatant was used for LC-MS experiments. All LC-MS experiments were performed at the

MIT Center for Environmental Health Sciences Bioanalytical Sciences core facility.
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Purification of CarHphotolysis product

For purification of the CarH photolysis product, holo CarH was purified as described in Chapter

IV, with the following modifications: cell pellets from 2 L of culture were resuspended in 70 mL

lysis buffer (50 mM sodium phosphate, pH 8, 300 mM NaCl, 1 mM PMSF, 1 mM benzamidine-

HCl, supplemented with 2 cOmplete protease inhibitor tablets (Roche) and 200 U benzonase

nuclease (EMD Millipore)). Ni-NTA chromatography was performed on a 5 mL HisTrap HP Ni-

NTA column (GE Healthcare) and the wash step after binding contained 40 mM imidazole. The

final size exclusion chromatography step was performed in 20 mM Tris, pH 8, 100 mM NaCl to

reduce the amount of Tris in the sample. Fractions containing about 100 mg of holo CarH were

merged and exposed to ambient light for 2 hrs until all holo CarH was photolyzed, as assessed by

UV-Vis spectroscopy. Protein was precipitated by addition of methanol to a final concentration

of 70% (v/v) followed by shaking for 1 min. Precipitated protein was removed by centrifugation

at 20,000 x g for 20 min. Methanol was then removed in a rotary evaporator at 70 torr and 30 'C.

The remaining aqueous solution was flash-frozen in liquid nitrogen and lyophilized. The

resulting product, a pale red crystalline solid, was dissolved in 4 mL H20 and purified by

successive HPLC runs over a 3.0 x 150 mm Poroshell 120 SB-C 18 (2.7 [tm pore size) reversed-

phase column (Agilent). Samples were injected in 200 [tL aliquots using an auto-sampler and

separated using the following elution program: flow 200 pL min', solvent A H20 + 0.01% (v/v)

TFA, solvent B CH3CN + 0.01% (v/v) TFA, isocratic 0% B for 5 min, ramp to 80% B over 25

min, wash with 100% B for 20 min, re-equilibrate at 0% B for 20 min. The product was collected

in 40 [tL fractions into tubes pre-filled with 500 ptL H20 to dilute the TFA and to prevent

hydrolysis of the acid-sensitive compound. The fractions were merged immediately after

collection, flash-frozen in liquid nitrogen, and lyophilized, yielding a white powder. Fractions
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originating from 25 mg of protein yielded 0.22 pmol of the compound (30% yield), as judged by

absorbance at 260 nm. ESI-MS (m/z): [M+H]+ calculated for CioH,,N50 3, 250.0935; found,

250.0962.

NMR spectroscopy

For NMR, 0.22 tmol of the CarH photolysis product were dissolved in 230 pL DMSO-d

(960 pM) and placed in a high precision NMR tube (Shigemi). All spectra were collected on a

Varian INOVA 500 NMR spectrometer at 25 'C.

The 1 -D 'H NMR spectrum was obtained by averaging 64 scans. Each scan used a 2 s

relaxation delay followed by a 9.2 ps 90' excitation pulse, and a time-domain acquisition of

3 s. The time-domain data consisted of 26,678 points (complex). No apodization function was

applied to the time domain data for this spectrum. The size of the transformed data set was

256,000 (complex) to improve the fineness of the digital resolution. The spectral window was

8.9 ppm wide (4446.2 Hz) and was centered at 4.67 ppm. Baseline correction was applied prior

to obtaining integrals of resonances.

The 2-D 'H-IH double quantum correlation spectroscopy (DQCOSY) NMR spectrum

used essentially the same 'H pulse widths and spectral window as the I-D 'H NMR spectrum

described above. For each t1 time increment, 16 transients were collected. The number of t, time

increments was 200, resulting in 400 free induction decays (FIDs) being collected for this phase-

sensitive experiment. Each pass through the NMR pulse sequence consisted of a 1 s relaxation

delay, the two 90' 1H rf pulses separated by the t1 evolution time, and 231 ms of t2 time domain

data acquisition (corresponding to 1024 complex points at the 4439.5 Hz sweep width).

Following data acquisition, the t2 time domain data were apodized with a shifted, squared sine
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bell function. Linear prediction was used to extend the size of the data set from 200 complex

points along the ti axis to 512. The tj time domain data was then apodized with a shifted, squared

sine bell function. The size of the final 2-D data matrix was 2048 x 2048 (1024 x 1024

complex).

The 2-D 'H-"C heteronuclear single quantum correlation (HSQC) NMR spectrum was

collected with 64 transients for each t, time increment. A total of 400 FIDs were collected,

corresponding to two FIDs for each ti time increment. The 'H spectral window and pulse

durations were the same as those used for the DQCOSY 2-D NMR spectrum. Each pass through

the pulse sequence entailed a 1 s relaxation delay and 100 ms of t2 time domain data acquisition

(the acquisition time was kept short to prevent overheating of the sample and probe due to the

demands associated with 13 C decoupling during data acquisition). The short t2 acquisition time

limited the number of the data points in the FIDs to 444 complex points. The 13 C dimension

(t1/F1) was 250 ppm wide and centered at 125 ppm. The 13 C hard pulses were 14.6 ms in

duration. The t2 time domain data was apodized with a Gaussian function. The number of points

in the t1 time domain was extended from 200 complex points to 512 complex points. The ti time

domain data was apodized with a Gaussian function. The size of the final 2-D data matrix was

2048 x 2048 (1024 x 1024 complex).

The 2-D H- 13C gradient-selected heteronuclear multiple bond correlation (gHMBC)

NMR spectrum was collected with 192 transients for each t, time increment. A total of 400 FIDs

were collected. The 'H spectral window and pulses were the same as above for the DQCOSY

and HSQC 2-D NMR spectra. Each pass through the pulse sequence employed a 1 s relaxation

delay and ended with 231 ms of t 2 time domain data acquisition, corresponding to the collection

of 1024 data points. The 13C dimension (tI/F1) and rf pulses were the same as those described
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above for the 2-D 'H-13C HSQC NMR spectrum. The t2 time domain data was apodized with a

sine bell function. Linear prediction extended the size of the ti time domain data from 400 points

to 512 points (absolute value, not complex). The ti time domain data was apodized using a sine

bell function. The size of the final 2-D data matrix was 1024 x 1024.
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V.G. Figures
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Figure V.1. Fates of cobalamin and the 5'-deoxyadenosyl group upon photolysis of free AdoCbl.
Light exposure causes homolytic cleavage of the covalent Co-C bond, generating the 5'-
deoxyadenosyl radical and cob(II). Molecular oxygen rapidly reacts with the 5'-deoxyadenosyl
radical, forming 5'-peroxyadenosine and then adenosine-5'-aldehyde as the major products.
Cob(II) gets oxidized to cob(III)alamin. In the absence of molecular oxygen, the 5'-
deoxyadenosyl radical undergoes a cyclization reaction to form 5',8-cycloadenosine. Cob(II) is
stable under these conditions. Molecular weights of products resulting from the 5'-
deoxyadenosyl group are indicated. Cobalamin is shown as a rhombus, "N" denotes the lower
axial base (dimethylbenzimidazole for AdoCbl).
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Figure V.2. Fate of CarH cobalamin after anaerobic photolysis. (a) UV-Vis spectra of
anaerobically photolyzed CarH-bound AdoCbl (black) and anaerobically photolyzed free
AdoCbl (red). The spectra are very similar, indicating that anaerobically photolyzed CarH-bound
AdoCbl yields cob(II). (b) Exposure of CarH-bound cob(II) (black) leads to spectral changes
(blue). The resulting spectrum is identical to that of aerobically photolyzed CarH (pink, spectrum
shifted by 0.5 AU), which contains bis-His-ligated cob(III)alamin. (c) X-band EPR spectrum of
anaerobically photolyzed CarH (240 pM), recorded at 77 K. The spectrum has features
characteristic of cob(II). (d) X-band EPR spectrum of pure cob(II), generated from anaerobic
photolysis of AdoCbl (1 mM), as a comparison, recorded at 77 K with the same experimental
parameters.
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Figure V.3. Fate of CarH 5'-deoxyadenosyl group upon photolysis. Shown are A2 60 traces from
LC of different light-exposed CarH and free AdoCbl samples. CarH photolyzed under aerobic
(red trace) or anaerobic conditions (brown trace) only yields a single nucleoside product with a
different retention time and molecular weight than nucleoside products derived from free
AdoCbl photolyzed under aerobic (black trace) or anaerobic conditions (green trace). The CarH
photolysis product is sensitive to acid (blue trace), whereas the anaerobic photolysis product of
AdoCbl is not (dark yellow trace). Molecular weights of peaks, as determined by an in-line mass
spectrometer, are indicated. Peaks denoted with an asterisk (*) are cobalamin species, as
indicated by additional absorbance at 350 nm and 520 nm. Note that the blue trace is magnified
5-fold.
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Figure V.4. Photolysis products of pure AdoCbl. Shown are A 260 (black) and A350 traces (red)
from LC of AdoCbl exposed to light under aerobic conditions. Shown at the top are counts of
specific ions, as measured by an in-line mass spectrometer. Peak 1 is adenosine-5'-aldehyde, as
indicated by the associated ions with m/z = 266 (free aldehyde) and m/z = 284 (aldehyde
hydrate). Peak 2 is 5'-peroxyadenosine, as indicated by the associated ion with m/z = 284. The
peak furthermore has a shoulder that corresponds to adenosine, as indicated by the associated ion
with m/z = 268. Peak 3 is cob(III)alamin, as indicated by the additional large absorbance at 350
nm and the associated ion with m/z = 665 (2+) (not shown). Peak 4 is unphotolyzed AdoCbl, as
indicated by the additional absorbance at 350 nm and the associated ions with m/z = 790 (2+) and
m/z = 527 (3+) (not shown). Note that acquisition of mass spectra started at t = 4 min.
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Figure V.5. Comparison of fragmentation patterns of (a) CarH photolysis product and (b) 5',8-
cycloadenosine. (a) Close-up of A 260 trace (black) from LC of CarH exposed to light under
anaerobic conditions. Shown at the top are counts of ions with m/z = 250 (full product, red trace)
and m/z = 136 (adenine fragment, blue trace), as measured by an in-line mass spectrometer. (b)
Close-up of A 260 trace (black) from LC of AdoCbl exposed to light under anaerobic conditions.
Ion traces are shown as in (a). Note that 5',8-cycloadenosine (m/z = 250) elutes at a different
time than the CarH photolysis product and does not exhibit an adenine fragment (m/z = 136).
Later peaks are cobalamin species. Full LC traces are shown in Figure V.3. The -0.2 min time
delay between the A 260 trace and the mass counts reflects the time delay between the UV cell and
the mass spectrometer inlet.
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Figure V.6. Stability of CarH photolysis product to TFA and methanol. Shown are A260 traces
from LC of different light-exposed CarH samples in which the photolysis product was separated
from the protein using a concentrator (black trace), by treatment with TFA (blue trace), or by
treatment with methanol (magenta). The product remains intact after treatment with methanol but
decomposes upon treatment with TFA. The TFA-treated sample also exhibits an additional peak
(marked with an asterisk (*)),corresponding to a cobalamin species based on its absorbance
spectrum, indicating that TFA treatment induces release of a small amount of cobalamin from
the protein.
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Figure V.7. Assignment of CarH photolysis product as 4',5'-anhydroadenosine. (a) 1 -D 'H NMR
spectrum with peak chemical shifts (top) and peak integrations (bottom) shown. The large peaks
at 7.7 ppm and 5.25 ppm arise from contaminating Tris that is left in the sample. (b) Structure of
4',5'-anhydroadenosine with assigned 'H and 13 C chemical shifts ('H in bold). Predicted shifts
are shown in parentheses, obtained from ACD/ NMR Predictor (Advanced Chemistry
Development, Inc.). Predictions of chemical shifts of hydroxyl and amine protons are unreliable
and were not obtained.

232

co4 r-T
Cq Cq .rI.

KI() "C
00 M

C14
00

0'V
0) CYO a

ff



F2
(ppm)-

4.5-

5.5-

7.0

7.5-

I I I I I I I I I I I I I I I I I I I I F

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

I I I

4.5

F1 (ppm) I
Figure V.8. 2-D 1H- H GQCOSY NMR spectrum. Selected chemical shift range shown to
emphasize signals from the CarH photolysis product. Signals around 5.25 ppm arise from
contaminating Tris.
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Figure V.9. 2-D 'H- 3C HSQC NMR spectrum. Selected chemical shift range shown to
emphasize signals from the CarH photolysis product.
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Figure V.10. 2-D 'H-13C gHMBC NMR spectrum. Selected chemical shift range shown to
emphasize signals from the CarH photolysis product.
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Figure V.11. Involvement of CarH AdoCbl binding site in photolysis product formation. (a)
View of CarH binding site for 5'-deoxyadenosyl group from structure of AdoCbl-bound CarH
(see Chapter IV). AdoCbl and selected protein residues are shown in stick representation.
AdoCbl is shown with cobalamin carbons in pink and 5'-deoxyadenosyl group carbons in cyan.
Cobalt is shown as a purple sphere. CarH involved in interactions with the 5'-deoxyadenosyl
group are shown with carbons in yellow and Ce's as spheres. The His serving as the lower axial
ligand to the cobalt is shown with carbons in green. Hydrogen bonds are indicated by black
dashed lines and C4' of the 5'-deoxyadenosyl group is labeled. (b) WT CarH and E141Q CarH
form the same photolysis product. Shown are A 260 traces from LC of either WT CarH (red trace)
or E141Q CarH (cyan trace) after photolysis under aerobic conditions. The photolysis products
of WT CarH and E141 Q CarH have the same retention time, the same molecular weight, and the
same fragmentation pattern in the mass spectrometer (not shown).
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Chapter VI: An old cofactor in a new light

VI.A. Summary
In the preceding chapters, we report the structural characterization of two adenosylcobalamin-
dependent proteins, providing insight into chaperone-mediated adenosylcobalamin delivery,
adenosylcobalamin-mediated enzyme catalysis, and the use of adenosylcobalamin as a light
sensor in light-dependent gene regulation. Together, these results have expanded our
understanding of how nature handles and protects adenosylcobalamin, a complex and ancient
metallocofactor, and how adenosylcobalamin in turn provides unique biological functions. In this
chapter, we reconcile our structural data with available biochemical data and identify open
questions in adenosylcobalamin biochemistry.

In Chapter II and Chapter III we report crystal structures of a natural fusion protein, termed
IcmF, of an adenosylcobalamin-dependent enzyme and its G-protein metallochaperone.
Collectively, these structures provided the first visualization of a G-protein metallochaperone
associated with its target protein and revealed how acyl-coenzyme A substrates are bound in the
enzyme active site. Here, we discuss how the conformational flexibility engendered by the G-
protein:enzyme association could be relevant for adenosylcobalamin delivery and propose
specific roles for the G-protein in the delivery process. We then proceed to analyze how
adenosylcobalamin-dependent catalysis occurs in the active site of IcmF, compare the
observations to those made in other adenosylcobalamin-dependent enzymes, and discuss the
general scope of adenosylcobalamin-dependent reactions. Finally, we turn to a newly discovered
role of adenosylcobalamin in living systems. Guided by the structural and biochemical data
described in Chapter IV and Chapter V, we explore how adenosylcobalamin functions as a
light sensor in light-dependent gene regulation and discuss the functional repurposing of both
this ancient cofactor and various protein modules. Comparison of the photochemistry of CarH-
bound AdoCbl to that of free AdoCbl suggests specific roles for the protein in safeguarding the
photochemistry, preventing release of a reactive radical, and sequestering the precious cobalamin
after photolysis. The broad evolutionary distribution of the CarH light-sensing domains suggests
that the use of AdoCbl for light sensing is widespread in bacterial physiology, regulating
processes from carotenoid production to photosynthesis. Altogether, these studies provide
fundamental new insight into adenosylcobalamin biochemistry.
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VI.B. G-protein metallochaperones in adenosylcobalamin delivery and beyond

How a G-prolein metallochaperone associates with its target enzyme

Adenosylcobalamin (AdoCbl, coenzyme B12 ) is essential for humans and other organisms

because it allows for difficult radical-based chemical reactions- 2 . This need, however, poses

significant challenges: AdoCbl is reactive, prone to side reactions, and very rare. Synthesized

only by a subset of bacteria, AdoCbl must be taken up by all other AdoCbl-dependent organisms

and is present at low intracellular concentrations. Organisms use metallochaperones for AdoCbl

to achieve uptake and specific delivery to cellular targets while preventing dilution in the cellular

3-4milieu and toxicity . This strategy is ubiquitous in nature: metallochaperones accompany many

proteins to guide metal cofactor delivery, and mutations to these metallochaperones cause severe

diseases 5-6. AdoCbl delivery to many AdoCbl-dependent enzymes requires specialized G-protein

metallochaperones 7 , paralogs of which are involved in the assembly of hydrogenase 8 -9 and

ureaselo. Thus, these chaperones have relevance both to human disease and to biotechnological

applications such as biofuel production. How they mediate delivery of metal cofactors such as

AdoCbl, however, was not well established, in particular due to the absence of structural

information on their associations with target proteins.

In Chapter 11, we describe crystal structures of IcmF, a natural fusion protein of the

AdoCbl-dependent enzyme isobutyryl-coenzyme A (CoA) mutase and its corresponding G-

protein metallochaperone Meal". The fortuitous fusion of isobutyryl-CoA mutase to its G-

protein chaperone in IcmF allowed us to determine crystal structures without the complications

arising from crystallization of protein complexes, providing the first visualization of a G-protein

metallochaperone associated with a target enzyme (Figure VI. 1) and allowing us to predict

structures of other G-protein:target enzyme complexes. The deployment of such G-protein
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chaperones for AdoCbl-dependent carbon skeleton isomerases in particulardis widespread.

Initially characterized as chaperones for bacterial methylmalonyl-CoA mutase (MCM)1 2, these

G-protein chaperones are also found, for example, associated with eukaryotic MCM1 3 and with

2-hydroxyisobutyryl-CoA mutase'4 . It remains to be determined if other carbon skeleton

isomerases are also accompanied by cognate (or possibly promiscuous) G-protein

metallochaperones. Given the similarity in sequence and structure (see Chapter II), we predict

that the complex of MCM with its corresponding G-protein chaperone MeaB' 2 has the same

architecture as IcmF, allowing for a comparison of findings from the IcmF structures to the

extensive biochemical data on the MeaB:MCM complex.

The IcmF crystal structures reveal the juxtaposition of the G-protein and mutase active

sites: the G-protein active site is positioned directly at the protein:protein interface, contacting

both the mutase cobalamin-binding domain and the triose phosphate isomerase (TIM) barrel

substrate-binding domain (Figure VI. 1). Formation of this interface leads to ordering of the G-

protein switch I region, which is known to undergo conformational changes during cycles of

GTP binding and hydrolysis' 5 and which was disordered in previous structures of the related G-

protein metallochaperone MeaB alone16. In addition, the bound guanine nucleotide also

directly contributes to interface formation between the G-protein and the mutase substrate-

binding domain. These observations explain previous reports of increased nucleotide affinity and

GTPase activity of MeaB upon binding to MCM'9 . A network of hydrogen bonds connects the

site of G-protein attachment to the AdoCbl-binding site, including a long a-helix that spans the

width of the TIM barrel and forms a hydrogen bond with the guanine nucleotide on one side and

the AdoCbl dimethylbenzimidazole base on the other side. These interactions create a pathway

for bidirectional signaling over a distance of 30 A between the active sites (measured from the
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AdoCbl cobalt to the GDP p-phosphate, 17 A between the closest atoms), which allows for

modulation of GTPase activity in response to the cofactor state and for transmission of

conformational changes resulting from GTP binding and hydrolysis. Thus, this signaling

pathway allows the G-protein to sense the cofactor loading state of the mutase, which is critical

for it to properly execute its functions.

Toward visualization ofAdoCbl delivery

The first structure of an AdoCbl-dependent carbon skeleton isomerase, reported almost 20 years

ago20 , revealed that the precious AdoCbl cofactor is bound at the interface of two domains,

sequestered in a buried active site. Although the rationale for this architecture is clear - the

reactive free radical intermediates of catalysis are protected from oxidative interception - a long-

standing question has been how the AdoCbl cofactor is inserted into this buried active site . Our

IcmF structures in the presence and absence of AdoCbl now suggest a specific role for the G-

protein chaperone in AdoCbl delivery: the G-protein allows the two mutase domains to partially

dissociate from each other, exposing the AdoCbl-binding site for cofactor insertion. It is

tempting to speculate that by attaching to both domains, the G-protein chaperone prevents

complete dissociation of the mutase domains, instead keeping them at arm's length for rapid re-

association after AdoCbl delivery, resembling a molecular hinge.

AdoCbl delivery in vivo additionally involves the ATP:cob(I)alamin adenosyltransferases

21that synthesize AdoCbl from cob(II)alamin, ATP, and a low-potential electron

Adenosyltransferases from different organisms belong to the PduO, CobA, and EutT subfamilies

We note that although many AdoCbl-dependent enzymes such as MCM and IcmF can bind free AdoCbl in vitro,
this "reconstitution" is not comparable to the process in vivo, where AdoCbl is thought to be delivered directly from
the ATP:cob(I)alamin adenosyltransferase that synthesizes AdoCbl (ref. 22) and association with the G-protein
chaperone MeaB (or MMAA in humans) alters how MCM binds to cobalamin cofactors, as demonstrated by
previous biochemical studies (ref. 7).
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that are unrelated in sequence and structure. The PduO-type adenosyltransferases, found in

humans and many bacteria, are most extensively characterized and kinetic and thermodynamic

analyses have demonstrated that these enzymes not only synthesize AdoCbl, but also deliver it

directly to acceptor proteins such as MCM2 2 and IcmF23 , mediated by the corresponding G-

protein chaperone. These adenosyltransferases are trimers that operate in a rotary mechanism:

only two of the three active sites are occupied with AdoCbl at a given time and ATP binding to

the third site leads to transfer of AdoCbl from one of the other sites into the active site of an

acceptor protein 24. The G-protein metallochaperone accompanying the acceptor protein has a

strong effect on the delivery process: GTP hydrolysis is required to achieve delivery, as indicated

by lack of delivery in the presence of non-hydrolyzable GTP analogs 7. These studies suggest that

the adenosyltransferase directly interacts with the G-protein:mutase complex to achieve delivery,

preventing dilution or degradation of the precious AdoCbl cofactor after its synthesis, but the

structural basis for delivery has remained unclear.

Spectroscopic studies and crystal structures of PduO-type adenosyltransferases have

revealed an intriguing conformation of AdoCbl in the active site: AdoCbl is present in the "base-

off' conformation without a ligand on the cobalamin lower face 2-27 (Figure VI.2). In this

conformation, the reduction potential of the cobalamin is increased2 8, allowing for reduction of

the cob(II)alamin cobalt to the +1 oxidation state. The generated cob(I)alamin can then perform

nucleophilic attack on the C5' of ATP to form the AdoCbl Co-C bond. In addition to facilitating

catalysis, this "base-off' conformation is likely important for AdoCbl transfer to target proteins

such as MCM and related mutases, which bind AdoCbl in the "base-off/His-on" mode with a His

side chain of the protein coordinating the cobalt on the AdoCbl lower face. In the "base-off'

conformation found in adenosyltransferases, this coordination site is vacant, leaving the
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cobalamin predisposed for attachment of the His side chain. Mutation of the His in MCM

substantially impairs delivery of AdoCbl from the adenosyltransferase, suggesting that

attachment of the His is critical for transfer 22. In PduO-type adenosyltransferase crystal

structures, however, the cobalamin lower face is covered by the C-terminal region of a

neighboring protomer of the adenosyltransferase trimer27 . It is tempting to speculate that binding

of the acceptor protein causes a conformational change that exposes the cobalamin lower face

and allows the His side chain of the acceptor protein to attach (Figure VI.2).

Our crystal structures suggest a role of the G-protein metallochaperone in facilitating

AdoCbl delivery: in the structure of IcmF without AdoCbl, we observe that the AdoCbl-binding

His (His39, see Chapter II) has become solvent-exposed as part of the conformational change

that occurs in the absence of cofactor, which could facilitate binding to adenosyltransferase-

bound AdoCbl. An additional role of the G-protein could be to mediate more extensive contacts

with the adenosyltransferase, either via direct protein:protein interactions or mediated by the y-

phosphate of GTP, which would be solvent exposed (see Chapter II.D). A full molecular

understanding of the AdoCbl delivery process will require visualization of the full "delivery

complex," containing the mutase enzyme, the G-protein metallochaperone, and the

adenosyltransferase. Although this task appears daunting because each member of this three-

protein complex binds small molecules that affect complex formation - the mutase enzyme binds

cobalamin and substrates, the G-protein binds guanine nucleotides, and the adenosyltransferase

binds cobalamin and adenine nucleotides - the structure determination of the G-protein:mutase

complex provides a starting point for optimization of conditions for complex formation and for

introduction of specific point mutants to stabilize such a complex.
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The roles of GTP binding and hydrolysis

The G-protein exerts its function through cycles of GTP binding and GTP hydrolysis, but how

these cycles affect the conformation of the G-protein and its interactions with the mutase is still

unclear. Previous studies on MeaB:MCM have demonstrated that GTP hydrolysis is required for

AdoCbl delivery from adenosyltransferase, whereas GTP binding is required for ejection of

inactivated cofactor 7. A plausible hypothesis arising from these data and our structures,

therefore, is that GTP binding favors the "open" conformation that we observe in the absence of

AdoCbl, preparing the mutase for delivery of AdoCbl or ejection of inactivated cofactor,

whereas GTP hydrolysis results in collapse to the catalytically competent "closed" conformation

following cofactor delivery. Certainly, these two conformations are in equilibrium: we observe

both conformations in the same crystal structure, with each of the two conformations stabilized

by different crystal lattice contacts (see Chapter II). This equilibrium is affected, for example,

by the presence of AdoCbl, as indicated by the transition of the "open" conformation into the

"closed" conformation upon incubation of pre-grown crystals with AdoCbl. Here, we can

speculate that interactions between the AdoCbl and the mutase substrate-binding domain

stabilize the catalytically active "closed" conformation.

Ultimately, additional structural snapshots of this complex will be required to improve

our understanding of G-protein metallochaperone function. Our attempts to determine a structure

of IcmF bound to non-hydrolyzable GTP analogs thus far have failed because these analogs

induce aggregation of IcmF and prevent crystallization. Incubating pre-grown IcmF crystals with

such analogs, similar to the studies described in Chapter II and Chapter III, could provide a

means to visualize these states. In addition, complementary techniques such as fluorescence

resonance energy transfer using IcmF or MeaB:MCM with site-specifically incorporated
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fluorophores, hydrogen-deuterium exchange mass spectrometry, or limited proteolysis could be

used to characterize how GTP binding affects the conformational dynamics of the G-protein and

the mutase domains.

G-protein metallochaperones for nickel delivery

The crystal structures of IcmF provide the first visualization of a G-protein metallochaperone

with a target protein. Three members of this metallochaperone class in addition to MeaB/Meal

are characterized and are involved the maturation of other metalloproteins: HypB is required for

nickel delivery to [Ni,Fe]-hydrogenase8 , UreG is required for nickel delivery to urease10, and

CooC is thought to mediate nickel delivery to carbon monoxide dehydrogenase 29 and has

ATPase activity instead of GTPase activity3 0 but is otherwise poorly characterized. Structures are

now available for all of these G-protein metallochaperones 3 1-33, revealing that they share high

structural homology to MeaB and the IcmF G-protein domain (Figure VI.3, see also Chapter

11). In particular, all of these G-protein metallochaperones position their bound nucleotide as

well as their switch I region on the protein surface, where these elements would be available to

mediate protein:protein interactions as observed in IcmF. Thus, it is tempting to speculate that

these G-proteins use similar mechanisms to dock to their target proteins.

Strikingly, despite their structural similarity, the biochemical properties of these G-

protein metallochaperones are quite disparate. Whereas MeaB and related G-proteins for

AdoCbl-dependent enzymes mediate delivery of a large metallocofactor without directly binding

it, HypB, UreG, and CooC are all involved in binding and delivering a single metal ion, Ni2.

Whether or not these latter metallochaperones fulfill functions beyond delivery, like MeaB does,

is not known. Previous studies have suggested that HypB and UreG undergo nucleotide-
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dependent dimerization 3 1-32 , a commonly used mechanism for G-protein activation 34, and bind

Ni2+ at their dimer interfaces, although the exact role of dimerization is still under debate. The

current model for these G-protein metallochaperones is that they associate with their target

proteins when bound to both Ni2+ and GTP, assisted by other protein factors, and that GTP

hydrolysis triggers Ni2 + transfer and dissociation 35~38. Molecular insight into the nickel delivery

process, however, is lacking due to the absence of structures that depict how these nickel-

delivering G-protein chaperones interact with their target proteins. In this regard, our IcmF

structures provide a framework for systematic site-directed mutagenesis and structural modeling,

which could be powerful tools to probe the G-protein chaperone:target enzyme association and

improve our understanding of G-protein chaperone-mediated nickel delivery.

VI.C. Structural insight into catalysis and substrate specificity of acyl-CoA mutases

Toward a better understanding ofAdoCbl-dependent catalysis

The challenging radical-based chemistry catalyzed by AdoCbl-dependent enzymes requires

exquisite control over the timing of Co-C bond homolysis and the positioning of substrates in the

active site. Failure of this control results in suicide inactivation of the enzymes due to oxidative

interception of the free radical intermediates. These challenges have made the rational

engineering of AdoCbl-dependent enzymes difficult, even though they hold significant

biotechnological potential. In particular, AdoCbl-dependent enzymes known as acyl-CoA

mutases alter the degree of branching in acyl chains of acyl-CoA thioesters, which has

applications ranging from remediation of hydrocarbon pollution to synthesis of branched-chain

biofuels.
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To investigate how substrate specificity is determined in these acyl-CoA mutases and to

improve our understanding of AdoCbl-dependent catalysis, we determined crystal structures of

IcmF in complex with four different acyl-CoA substrates, described in Chapter III. These

structures reveal the positioning of the substrates in the active site and provide insight into the

substrate specificity of acyl-CoA mutases. Comparison of our structures of substrate-bound IcmF

to those of substrate-bound MCM 20,39 reveals a highly conserved mode of substrate binding that

involves the phosphopantetheine moiety threading through the core of the TIM barrel substrate-

binding domain. This mode of binding positions the substrate acyl groups directly adjacent to the

5'-deoxyadenosyl group in the active site, prone for hydrogen atom abstraction, while at the same

time sealing the access tunnel to the active site, thereby helping protect the catalytic

intermediates from quenching.

Given the high sequence similarity between acyl-CoA mutases and the high structural

similarity between the two structurally characterized acyl-CoA mutases, IcmF and MCM, we

predict that all acyl-CoA mutases share the same overall structure and substrate binding mode.

Within this structural framework, ideally tailored active sites allow acyl-CoA mutases to

specifically recognize their corresponding substrates, discriminating against the chemically very

similar substrates of other acyl-CoA mutases (see Chapter III). In particular, we find that

substrate binding specificity is determined by the identity of a few amino acid residues in the

active site. For example, MCM binds carboxylate-bearing substrates using electrostatic

interactions and hydrogen bonds from an Arg and a Tyr in the active site, whereas in IcmF, these

two residues are replaced by Phe and Gln, providing a hydrophobic binding pocket and allowing

for binding of aliphatic substrates. Bioinformatic analyses suggest that each group of acyl-CoA

mutases contains such a set of specificity-determining residues. Although previous attempts to
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alter the activity of acyl-CoA mutases have failed 4'40 , suggesting that other factors such as

second-sphere interactions are critically important for substrate specificity and catalysis, we

expect that this new insight into substrate specificity of acyl-CoA mutases will be valuable for

future engineering efforts.

In the active site, our structures suggest that the 5'-deoxyadenosyl group undergoes

pseudorotation of the ribose ring from the C2'-endo conformation to the C3'-endo conformation

upon substrate binding, which moves the radical-bearing C5' from its position over the

cobalamin cobalt toward the substrate, where it can initiate catalysis. Although our structures are

only of moderate resolution, a similar trajectory of the 5'-deoxyadenosyl radical has previously

been observed crystallographically for glutamate mutase41 and is supported by biochemical and

computational studies 42 , indicating that it is relevant for catalysis. In IcmF and glutamate mutase,

the C3 '-endo conformation generated upon Co-C bond homolysis is stabilized by hydrogen

bonds from the ribose hydroxyl groups to a conserved Glu side chain (Glu905 in IcmF).

Mutation of this Glu in glutamate mutase, ornithine 4,5-aminomutase, or MCM resulted in

decreased catalytic activity42 -43, suggesting that its contribution to stabilization of the C3'-endo

conformation is critical in these mutases as well. Direct structural evidence for a role of ribose

pseudorotation in MCM and ornithine 4,5-aminomutase, however, is lacking. In particular,

comparison of the substrate-free and substrate-bound states is complicated by additional large-

scale conformational changes that occur upon substrate binding in these enzymes 20,44-4 5. Further

structural and biochemical characterization will be required to determine whether or not other

AdoCbl-dependent carbon skeleton isomerases and aminomutases also employ the substrate

binding-induced ribose pseudorotation to move the C5' toward the substrate.
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It is certainly tempting to speculate that the ribose pseudorotation is conserved, because it

suggests an elegant mechanism by which AdoCbl-dependent enzymes can afford at least part of

the remarkable 1012 -fold acceleration of Co-C bond homolysis, a long-standing question in the

field46 . In particular, substrate binding could trigger changes in the active site that stabilize the

C3 '-endo conformation, destabilize the C2'-endo conformation, or both. This effect could be

achieved by altering individual hydrogen bonds47, modulating active site electrostatics 48,

affecting active site dynamics, or a combination of these mechanisms.

Notably, AdoCbl-dependent eliminases appear to employ a different conformational

change to move the radical: here, the 5'-deoxyadenosyl group is proposed to undergo rotation

about the N-glycosidic bond49 51, which affords a larger movement of the C5', consistent with the

larger distance between the cobalamin and the substrate in these eliminases observed by EPR

spectroscopy . Thus, these eliminases not only bind AdoCbl differently (carbon skeleton

isomerases and aminomutases bind "base-off/His-on", whereas eliminases bind "base-on"), they

also appear to use a different mechanism to move the 5'-deoxyadenosyl radical toward its

destination. These considerations highlight how AdoCbl chemistry appears to be achieved by

distinct mechanisms in these classes of AdoCbl-dependent enzymes, which is remarkable given

the exquisite level of control required for this difficult radical-based chemistry.

Expanding the scope ofAdoCbl-dependent reactions

Cobalamin chemistry is considered to be ancient 4 . Its total synthesis can be achieved using

compounds presumably abundant on primordial Earths-s, its corrin ring is more reduced than its

heme counterpart, indicating its evolution before the advent of oxygen, and the cobalamin-

dependent chemistry of methionine synthase is critical to generate S-adenosylmethionine, which
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was likely of fundamental importance before oxygen became available+. The scope of reactions

catalyzed by AdoCbl-dependent enzymes, however, is limited relative to those of other radical

enzymes. In fact, several eukaryotic organisms, including all higher plants and fungi, do not use

cobalamin at all in their metabolism. We can only speculate about the factors that drove

evolution to dispose of AdoCbl-dependent chemistry in some organisms, which could include

the high biosynthetic price of AdoCbl-dependent chemistry and the difficulties in acquiring and

handling AdoCbl.

Nevertheless, our results suggest that the scope of AdoCbl-dependent reactions might be

larger than originally anticipated. Guided by our structures of substrate-bound IcmF and

bioinformatic analyses, we identify several groups of thus far uncharacterized AdoCbl-dependent

enzymes, including a group of enzymes that could accept substrates bearing aromatic

substituents (see Chapter III). Notably, all of these identified groups are found in bacterial

species that are known to perform anaerobic degradation of unactivated hydrocarbon compounds

and each proposed reaction has a distinct biochemical logic: to ultimately bring a methylene

carbon into the P-position of a thioester, allowing for subsequent p-oxidation and thiolytic

cleavage5 7-61. This role is reminiscent to those of glutamate mutase, lysine 5,6-aminomutase, and

diol dehydratase, for example, in bacterial fermentation, in which mutase action repositions

functional groups on metabolites to allow for entry into primary metabolism 62. Further

characterization of bacterial degradation pathways for unactivated hydrocarbon compounds

complemented by genomic analyses may reveal additional physiological functions for one of

nature's most fascinating metallocofactors.

A cobalamin-independent methionine synthase, MetE, is known, but requires zinc as a cofactor. In the reducing
environment of primordial earth, sulfide was abundant, severely limiting the availability of zinc due to the low
solubility of zinc sulfide. MetE likely only evolved after oxygenation of the oceans increased zinc availability.

255



VI.D. Adenosylcobalamin in light-dependent gene regulation

Functional repurposing ofAdoCbl for light-dependent gene regulation

The recent report that AdoCbl is used as a light sensor by the CarH-type light-dependent

transcription factors revealed a new biological function for AdoCbl 63. In its best-known function

as an enzyme cofactor 64-65, controlled homolytic cleavage of the covalent Co-C bond enables

access to a 5'-deoxyadenosyl radical, which can initiate challenging radical-based chemistry. In

these enzymes, photolysis of AdoCbl is an unwanted side reaction, leading to unproductive

cleavage of the Co-C bond and enzyme inactivation. Protective mechanisms are in place to

prevent unproductive generation of the 5'-deoxyadenosyl radical. In its function as a light sensor

for the light-dependent transcription factor CarH, photolysis of the AdoCbl Co-C bond is instead

turned into a critical feature that ultimately allows for a light-dependent gene expression switch

and a change in physiology. Notably, characterized organisms with CarH employ this mode of

light sensing to initiate a protective response against the detrimental effects of sunlight,

representing an elegant response to light exposure.

To explore the mechanism of this new mode of light- and AdoCbl-dependent gene

regulation and to elucidate the structural basis for the use of AdoCbl as a light sensor, we

performed a detailed structural and biochemical characterization of CarH, described in Chapter

IV. Crystal structures of Thermus thermophilus CarH (TtCarH) bound to AdoCbl, both free and

bound to DNA, combined with detailed in vitro DNA binding and in vivo genetic experiments

reveal how intact AdoCbl in the dark mediates formation of a TtCarH tetramer. The unique

architecture of this tetramer allows it to engage a repeat DNA sequence and block transcription

by sterically occluding the promoter -35 element. An additional crystal structure of TtCarH after

light exposure visualizes how loss of the AdoCbl 5'-deoxyadenosyl group upon Co-C bond

256



photolysis triggers a large-scale conformational change of a four-helix bundle, which results in

tetramer disassembly, dissocation from DNA, and transcription activation. Together, these

structures reveal how the light sensitivity of AdoCbl is harnessed to drive a light-dependent

switch in gene expression, providing fundamental insight into the functional repurposing of

AdoCbl from an enzyme cofactor to a light sensor.

The use of AdoCbl and other cobalamin species in gene regulation itself is not new:

cobalamins are well-known binding partners of riboswitches, RNA-based genetic elements that

regulate gene expression in all kingdoms of life 66. Frequently located in 5'-leader regions of

mRNAs, these riboswitches undergo conformational changes upon binding of a small molecule

ligand to their ligand-binding domains, which then modulates mRNA stability and translation

without requiring accessory proteins66 . In fact, the first riboswitches to be described were

cobalamin-responsive6 7 , inhibiting cobalamin uptake genes in the presence of cobalamin by a

feedback repression mechanism. Additional cobalamin riboswitches are now known that regulate

cobalamin biosynthesis 68-70, cobalt acquisition and metabolism6 9' 71, cobalamin-dependent

enzymes 72 or their cobalamin-independent alternatives69,73-74, as well as non-coding mRNAs 75 77,

underscoring their global importance in regulating cobalamin metabolism. Further

characterization of cobalamin riboswitches revealed the existence of two classes that distinguish

between AdoCbl and aquocobalamin 8 . Crystal structures of these two cobalamin riboswitches

have revealed that the interaction between the riboswitch and the cobalamin relies almost

exclusively on shape complementarity, with few direct hydrogen bonds 8 79 . Thus, cobalamin

riboswitches are RNA sensors for the presence of cobalamin, designed to bind a specific form

and to then regulate expression of cobalamin-associated metabolic pathways. The partnering of

AdoCbl and CarH to effect light-dependent gene regulation is intriguingly distinct: CarH is a
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transcription factor that tightly binds AdoCbl and reads its chemical state, allowing it to sense

light. This light sensor ability is then used to regulate a cobalamin-independent physiological

process, here biosynthesis of carotenoids, following the theme of AdoCbl repurposing. Thus,

nature has evolved multiple independent methods to use AdoCbl in gene expression.

The use of AdoCbl as a light sensor by CarH, however, appeared paradoxical at first: the

best-known function of CarH is to induce biosynthesis of carotenoids upon light exposure, which

then protect the cell from light-induced radical damage; yet, AdoCbl photolysis also yields a

reactive radical, the 5'-deoxyadenosyl radical, which could trigger exactly this type of damage.

In Chapter V, we address this apparent paradox using spectroscopy and small-molecule liquid

chromatography, demonstrating that CarH alters the photochemistry of AdoCbl to prevent

release of this radical. Thus, the main function of AdoCbl in enzyme catalysis, reversible

generation of the 5'-deoxyadenosyl radical, is suppressed in CarH, further extending the

functional repurposing of AdoCbl.

It is instructive to examine the evolutionary origin of the individual components of the

CarH-type light-dependent transcription factors: the light-sensing domain, consisting of a four-

helix bundle and a classic Rossmann-fold Cbl-binding domain8 0, resembles the Cbl-binding

module of methionine synthase MetH, but has been completely repurposed. Instead of binding

MeCbl in MetH, it binds AdoCbl in CarH, enabled by specific amino acid replacements. In

addition, the function of the four-helix bundle changed from protecting the cofactor from

photolysis in methionine synthase 81 to sensing cofactor photolysis in CarH, and the function of

the Cbl-binding module changed from transferring methyl groups in primary metabolism in

MetH to mediating light-dependent oligomerization in CarH. Furthermore, CarH achieves

transcriptional repression by repurposing winged-helix DNA-binding domains derived from the
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MerR class of transcription factors, which are transcriptional activators 2 . Whereas MerR

transcription factors bind to (pseudo-)palindromic sequences and significantly distort the DNA83

the CarH DNA-binding domains are positioned on DNA in a parallel orientation, binding to a

sequence of repeats without noticeable DNA distortion. Finally, concomitant with the

repurposing of AdoCbl from an enzyme cofactor to a light sensor, the chemistry of AdoCbl is

also altered from reversible generation of the 5'-deoxyadenosyl radical for radical-based

chemistry to complete suppression of radical generation. The complete functional repurposing of

this old cofactor combined with the repurposing of multiple different protein modules in this

light-dependent transcription factor is truly remarkable.

AdoCbl photolysis: a radical cage and a cobalamin trap

In our studies of the photochemistry of CarH, we found that the protein safeguards the use of

AdoCbl as a light sensor by suppressing release of the reactive 5'-deoxyadenosyl radical into

solution. Instead, CarH mediates formation of 4',5'-anhydroadenosine, which is likely harmless

to the cell, although its exact metabolic fate is unknown. Chemically, 4',5'-anhydroadenosine is

oxidized compared to the 5'-deoxyadenosyl radical and formation requires loss of a proton and

an electron, or a hydrogen atom. Although the binding site for the 5'-deoxyadenosyl group

features potential proton acceptors, we were not able to obtain evidence for their involvement in

this decomposition. Furthermore, the only potential electron acceptor, the cobalamin, ends up as

cob(II)alamin upon photolysis under anaerobic conditions, indicating that it is not the terminal

electron acceptor in this reaction (see Chapter V). Our combined data suggest that generation of

4',5'-anhydroadenosine occurs via a protein-mediated organometallic P-H-elimination that would

ultimately yield H2 as the second product. Such a P-H-elimination reaction has excellent
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precedent in organometallic chemistry 84-85 and has even been observed as a decomposition

pathway of the 5'-deoxyadenosyl radical generated from thermolysis of AdoCb 86.

This decomposition pathway requires the protein to exert a strong cage effect, preventing

escape of the 5'-deoxyadenosyl radical and instead allowing for the elimination reaction to take

place, potentially even accelerating it. Indeed, TtCarH appears to increase the rate of photolysis

of AdoCbl compared to that of free AdoCbl, as indicated by the rate of UV/Vis spectral changes

(data not shown), suggesting that it could also accelerate the elimination reaction. The putative

role of CarH as a radical cage for the 5'-deoxyadenosyl radical is intriguing, providing support

for an idea that was first proposed over 20 years ago8 6 . To further substantiate this hypothesis,

the role of the protein as well as the cobalamin photochemistry need to be probed in more detail,

for example by ultrafast time-resolved spectroscopy to identify the individual cobalamin states as

photolysis proceeds.

Finally, AdoCbl is a biologically expensive molecule that is difficult to biosynthesize and

acquire (see below). We find that photolysis of TtCarH-bound AdoCbl under aerobic conditions

yields bis-His ligated cobalamin, with cobalamin in the +3 oxidation state, likely resulting from

oxidation of cob(II)alamin by molecular oxygen. This CarH:cobalamin complex is extremely

stable, surviving denaturing conditions as well as LC-MS (S. Padmanabhan, private

communication) and resisting exchange for free AdoCbl even over the time course of days.

Whether or not such a tight complex is also formed under anaerobic conditions, where the

cobalamin would likely be five-coordinate without the additional His ligand, remains to be

determined. We speculate that this tight binding serves to prevent release of the precious

cobalamin into the cytosol, where it could undergo side reactions. Instead, this mechanism could

allow for more controlled recycling of the cobalamin, possibly aided by a chaperone or by a
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specialized adenosyltransferase that regenerates AdoCbl. Thus, we hypothesize that CarH

functions both as a radical cage, mediating decomposition of the 5'-deoxyadenosyl radical to

prevent radical-induced damage, and as a cobalamin trap, tightly sequestering the cobalamin to

secure the precious cofactor.

Oligomerization and DNA binding of CarHfrom different organisms

Our structural and biochemical characterization of TtCarH also allows us to predict properties of

CarH homologs in other organisms. The in vivo characterization of corresponding mutants in

CarH from M xanthus (MxCarH) reported in Chapter IV already established that many

functionally important residues are conserved between these organisms, including residues

involved in binding AdoCbl and DNA and residues that mediate formation of the head-to-tail

dimer interface. The major unresolved issue concerns the oligomeric state of these proteins:

Whereas our data support that TtCarH is tetrameric in solution and that this tetramer architecture

is critical for DNA binding, complementary biochemical characterization of MxCarH has been

hampered by insolubility of the protein when expressed heterologously63 . Experiments designed

to probe the architecture in vivo yielded inconclusive results, with a mild effect of mutations at

the predicted dimer-dimer interface but not complete loss of function (see Chapter IV). Whether

or not MxCarH as well as CarH's from other organisms bind to DNA as tetramers or as dimers,

possibly with cooperative stabilization of two DNA-bound dimers, remains to be determined.

Nonetheless, MxCarH and TtCarH function similarly overall, suggesting that our structural and

functional findings will translate to CarH from other organisms.

The structures of TtCarH bound to DNA establish that TtCarH binds to DNA using 3

DNA-binding domains, each of which recognizes a repeat sequence. Binding specificity is
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achieved by contacts between the recognition helix of each DNA-binding domain and a DNA

hexanucleotide with the consensus sequence T(T/A/G)(T/G)ACA (see Chapter IV). There does

not appear to be a binding site for the fourth DNA-binding domain of the TtCarH tetramer in the

operator sequence, and in vitro, binding of three DNA-binding domains is sufficient for DNA

binding, as indicated by high affinity binding to probes as short as 30 bp. Although it seems

"wasteful" for TtCarH to not use its fourth DNA-binding domain, it is possible that this

phenomenon arises from the requirement for tetramerization, which allows for TtCarH to

cooperatively bind the repeat DNA sequence. Nonetheless, we currently cannot rule out that all

four DNA-binding domains could contribute to DNA binding in vivo. Further characterization,

for example by hydroxyl radical footprinting, will be required to precisely map the TtCarH

DNA-binding site and establish the role of the fourth TtCarH DNA-binding domain.

It is furthermore interesting to compare the sequences of CarH operators from different

organisms. In M xanthus, for example, three hexanucleotides of similar sequence (TAGACA/

TTGACA/TGGACG) are found in the same 11-bp spacing around the -35 element of the

promoter regulated by MxCarH. Similarly, these repeated hexanucleotides also appear to be

conserved in promoters of carotenoid biosynthetic gene clusters in other CarH-encoding

organisms such as Bacillus megaterium. Although biochemical characterization of a paralog of

MxCarH, CarA (see below), suggested that CarA does not directly bind to these hexanucleotide

repeats but instead binds to inverted repeats also present in the operator 87, this binding has not

been structurally visualized and it is also unclear if MxCarH and CarA bind in the same fashion.

Given the conservation of the hexanucleotide repeats in different organisms, it is certainly

tempting to speculate that all CarH's employ the binding mode observed for TtCarH to achieve

transcriptional repression.
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CarH as a light sensor: from light-induced carotenogenesis to biotechnological applications

A survey of deposited genome sequences reveals that proteins with the domain architecture of

CarH (and CarA, see below) are encoded in hundreds of phylogenetically distinct bacteria,

including non-phototrophic gram-negative (Proteobacteria, Deinococci) and gram-positive

bacteria (Firmicutes) as well as photosynthetic bacteria (Chloroflexi). Like TtCarH and MxCarH,

these CarH's have a three-domain architecture with an N-terminal MerR-like DNA-binding

domain, followed by a helix bundle and a C-terminal Rossmann-fold domain, and conserve

many of the functionally important residues (Figure VI.4), indicating that they, too, represent

light- and AdoCbl-dependent transcriptional repressors.

Closer examination of the genomic context of CarH for three example cases is

instructive. In M xanthus and many other bacteria, CarH is encoded within or near a cluster of

carotenoid biosynthetic genes, indicating that in these organisms, as in M xanthus, CarH

regulates expression of these operons and activates carotenoid biosynthesis upon light exposure

(Figure VI.5a). In Deinococci such as T thermophilus and Deinococcus maricopensis, the

genomic context as well as genetic and biochemical studies8 8 indicate that CarH (also named

LitR in these organisms) regulates expression of at least three genes from a divergent promoter

(Figure VI.5b): phytoene synthase (crtB), which is involved in carotenoid biosynthesis 89-90, DNA

photolyase, a protein designed to repair mutagenic thymidine dimer DNA lesions that result from

light exposure 91 , as well as a second transcription factor, a cAMP receptor protein/fumarate and

nitrate reduction regulator (CRP/FNR)-type transcription factor92 . Thus, in these organisms, it

appears that CarH mediates a multi-layered protective response to light, involving both

carotenoid biosynthesis and expression of DNA repair proteins, with the additional possibility

that the CRP/FNR-type transcription factor then regulates an even larger set of genes. Finally,
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some Chloroflexi such as Roseiflexus castenholzii appear to encode two copies of CarH in

distinct genomic contexts. A first copy is associated with a carotenoid biosynthetic operon

(Figure VI.5a), whereas a second copy is found adjacent to photosynthetic genes such as a

bifunctional photosynthetic reaction center and bacteriochlorophyll synthetase (Figure VI.5c).

This observation raises the intriguing possibility that CarH sychronizes the expression of

photosynthetic genes to light exposure, a sensible mechanism that prevents unnecessary

production of photosynthetic proteins and is common in plants. Thus, CarH-like transcription

factors appear to fulfill different functions in diverse bacteria, and an in-depth analysis of the

distribution of CarH as well as their genomic contexts will likely allow for many revelations.

Notably, the genomic survey further reveals that the CarH light-sensing domains,

consisting of the four-helix bundle and the Rossmann-fold Cbl-binding domain, are also found

without the MerR-type DNA-binding domains. Instead, some organisms encode what appears to

be a "stand-alone" light-sensing domain without an effector domain, whereas other organisms

encode variants in which the light-sensing domain is fused to other effector domains such as

histidine kinases. We speculate that in these cases, the light-sensing domains alter protein

function through light-dependent protein:protein interactions, allowing for association in the dark

and triggering dissocation upon light exposure. Histidine kinases, for example, frequently need

to dimerize for activity93, and thus fusion to the light-sensing domain could render their activity

light-dependent. Similarly, in the stand-alone modules, the light-sensing domains could mediate

light-dependent protein:protein interactions. Likely, the true versatility of the CarH light-sensing

domain as well as its role for bacterial physiology remain to be explored.

The ability to exert light-dependent control over gene expression and protein oligomeric

state has substantial potential for biotechnology, making CarH an attractive target for
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engineering purposes guided by the insight obtained from our structural characterization. For

example, CarH could be deployed in optogenetics applications by fusing a gene of interest to an

operator optimized for CarH binding, thus allowing for precise temporal and spatial control over

activation of gene expression. In this regard, the direct gene regulation mechanism of CarH

would be beneficial to achieve a fast response without requiring an intermediate signaling

cascade. In addition, the dimeric variants of TtCarH identified in our work (Gi 60Q TtCarH and

G192Q TtCarH), could allow for precise control over oligomeric state and function of target

proteins. For example, the activity of proteins of interest that require dimerization for activity

could be modulated by fusing them to the dimeric CarH light-sensing domains (Figure VI.6).

The functional repertoire could be even further expanded by generating CarH variants that form

heterodimers, for example by introducing specific mutations at the head-to-tail dimer interface,

which would allow for specific targeting of inhibitory or activating domains to a protein of

interest (Figure VI.6).

Parallel mechanisms of light-induced carotenogenesis highlight the evolution of CarH light

sensing

CarH was initially discovered as a paralog of another transcription factor in M xanthus, termed

CarA, that also regulates carotenoid biosynthesis in response to light8 7'94-97. Encoded in the same

operon, CarA and CarH are related in sequence and both repress expression of the carotenoid

biosynthetic genes in the dark by binding to the same operator region9 8 . Their mechanisms of

derepression, however, are distinct. Whereas CarH directly senses light using AdoCbl and

undergoes a conformational change upon light exposure, dissociating it from DNA (see Chapter

IV)63, CarA itself is not light-sensitive, but is derepressed by a more complicated mechanism. In
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brief, M xanthus has a second pathway for light-dependent gene regulation that results in

expression of CarS 99-100, an anti-repressor for CarA. CarS directly binds to the CarA DNA-

binding domain, sequesters the recognition helix, and thereby dissociates CarA from

DNA9597'11. Despite this difference in mechanism, CarA and CarH share a clear evolutionary

relationship with identical domain architectures (Figure VI.4). In fact, CarA is capable of binding

certain forms of cobalamin such as cyanocobalamin and contains the conserved His ligand for

binding cobalamin in the "base-off/His-on" mode, but CarA does not bind AdoCbl and does not

require cobalamin for light-dependent gene regulation. Thus, M xanthus appears to possess two

redundant transcription factors that regulate carotenoid biosynthesis.

The major differences between these mechanisms of transcription regulation are two-

fold. First, whereas derepression of CarA requires a series of protein:protein interactions and de

novo synthesis of CarS and is therefore relatively slow, derepression of CarH should follow

immediately after light exposure, because cleavage of the AdoCbl Co-C bond and the subsequent

conformational changes are rapid, occurring on the order of milliseconds to seconds in vitro.

Second, whereas the mechanism of CarA is independent of cobalamin, CarH absolutely requires

cobalamin for gene regulation. Notably, T thermophilus, which can synthesize cobalamin, does

not have CarA. M xanthus, however, cannot synthesize its own cobalamin and instead relies on

uptake from the environment. Thus, a possible explanation for the apparent redundancy is that

although the CarH mechanism of light-dependent gene regulation is more efficient and operates

when M xanthus has access to cobalamin, the CarA pathway evolved to retain the ability of

light-dependent gene regulation and carotenoid production when cobalamin is scarce in the

environment. Similar considerations apply for related Myxobacteria that have lost the capacity to

synthesize cobalamin. More detailed analyses of the distribution of CarA and CarH, their co-
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occurrence with cobalamin biosynthetic capacity, and their evolutionary relationship to MetH

could reveal in more detail the fascinating evolutionary steps toward these novel light-sensing

proteins.
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VI.E. Figures

rK

Figure VI.1. Juxtaposition of G-protein and mutase active sites in IcmF. IcmF is shown in
surface representation, with Cbl-binding domain in orange, TIM barrel substrate-binding domain
in green, and G-protein domain in cyan. Selected secondary structure elements are shown to

emphasize folds. Bound GDP-Mg + (yellow carbons, Mg orange) is positioned at the interface
with the TIM barrel. The AdoCbl cofactor (Cbl carbons magenta, 5'-deoxyadenosyl group
carbons cyan, cobalt purple) is buried. A network of amino acids connects the G-protein active
site to the AdoCbl cofactor (yellow line), with selected residues shown as sticks. Bound
isobutyryl-CoA (yellow carbons) threads through the TIM barrel to access the active site.
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4
Figure VI.2. Adenosyltransferase binds cobalamin in the "base-off' form. One protomer of
PduO-type ATP:cob(I)alamin adenosyltransferase (PDB ID code 3CII) 27 is shown in surface
representation in cyan. Cobalamin (carbons pink, cobalt purple) and ATP-Mg (ATP carbons
yellow, Mg orange) are bound in the active site. Adenosyltransferase catalyzes the attachment of
the ATP C5' to the cobalamin cobalt (dashed black lines). Note that the nucleotide tail of the
cobalamin is disordered in this structure. The cobalamin lower face is covered by an adjacent
protomer in this structure (not shown). Displacement of this protomer would expose the
cobalamin lower face, possibly allowing the His side chain of a mutase (modeled in yellow) to
dock and bind the cobalt (dashed black lines).
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C d

Figure VI.3. Representative structures of G-protein metallochaperones, revealing similar overall

structures, similar modes of GDP binding, and similar positioning of switch I. The structure of

CooC has also been reported, but is not shown here. (a) Structure of the GDP-bound IcmF G-

protein domain (PDB ID code 4XC6) 0 2 , which is monomeric. The G-protein is shown in surface

and ribbon representations colored in cyan, with bound GDP shown as sticks with carbons in

yellow. The surface-exposed switch I region is highlighted in red. In complete IcmF, the mutase

domains would be facing the viewer (not shown for clarity). (b) Structure of dimeric MeaB
16 i

(PDB ID code 2QM7) , shown in the same orientation as the IcmF domain in (a). MeaB is a

dimer, with the second protomer oriented to the back in this view (not shown). Bound GDP is

shown with carbons in yellow. The switch I region is disordered and not shown. (c) Structure of

dimeric HypB (PDB ID code 2HF8)3 1, with the right protomer shown in the same orientation as

the IcmF domain in (a). Bound non-hydrolyzable GTP analog is shown with carbons in yellow.

The surface-exposed switch I region is highlighted in red. (d) Structure of dimeric UreG (PDB

ID code 4HI0) 2, with the right protomer shown in the same orientation as the IcmF domain in

(a). Bound GDP is shown with carbons in yellow. The surface-exposed switch I region is

highlighted in red.
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Figure VI.4. Sequence alignment of CarH sequences from selected organisms. Sequence identity
is shown in white font with red background, sequence similarity in red font. Colored triangles
highlight functionally important positions, colored as follows: Residues important for
CarH:DNA contacts: cyan; residues in the binding site for the 5'-deoxyadenosyl group: green;
cobalamin-coordinating His: red. CarA from M xanthus is included in the alignment as well;
note that the cobalamin-coordinating His is conserved, but residues in the binding site for the 5'-
deoxyadenosyl group are not, such as an otherwise conserved Trp. Alignment generated using
ESPript' .
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a Myxococcus xanthus,
Sorangium cellulosum,
Roseiflexus castenholzii,

b Thermus thermophilus,
Thermus aquaticus,
Deinococcus maricopensis,

c Roseiflexus castenholzi,
Roseiflexus sp. RS-1

'A 'A F

-'A-

Figure VI.5. Genomic context of CarH from various organisms in simplified representation.
General genes or operons are represented by blue arrows, carH by a pink arrow, and promoters
by thin black arrows pointing in the direction of transcription. (a) As observed in Myxococcus
xanthus, carH is frequently encoded in an larger operon of carotenoid biosynthetic genes (car
operon) and likely represses transcription of the operon in the dark. (b) In Thermus thermophilus
and other Deinococci, carH regulates expression from a divergent promoter. One operon (left)
contains phytoene synthase (phyt. syn.) and DNA photolyase, the other operon (right) contains
CarH and a CRP/FNR-type transcription factor. (c) In Roseiflexus, carH is encoded adjacent to
an operon encoding bacteriochlorophyll synthetase (Chl. syn.) as well as photosynthetic genes
(PS genes) including a multifunctional photosynthetic reaction center. carH likely regulates
expression of these genes, in analogy to the previous cases.
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a Light inactivates a protein complex
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sensing
domain
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interest
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Figure VI.6. Schematic of proposed use of CarH in mediating light-dependent protein:protein
interactions. (a) Fusion of the CarH light-sensing domain (cyan box) to a protein of interest
(green) that requires dimerization for activity could allow for light-dependent protein
inactivation, as a result of AdoCbl photolysis (red circles) and the resulting conformational
changes in the light-sensing domain that would trigger dissociation. (b) Fusion of the CarH light-
sensing domain, possibly heterodimeric variants, to a protein of interest as well as an inhibitor
could allow for light-dependent dissociation of the inhibitor and protein activation.
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Appendix I: Metal-Binding Properties of Escherichia coli YjiA, a Member of the Metal
Homeostasis-Associated COG0523 Family of GTPases

AI.A. Summary
GTPases are critical molecular switches involved in a wide range of biological functions. Recent
phylogenetic and genomic analyses of the large, mostly uncharacterized COG0523 subfamily of
GTPases revealed a link between some COG0523 proteins and metal homeostasis pathways. In
this report, we detail the bioinorganic characterization of YjiA, a representative member of the
COG0523 subgroup 9 and the only COG0523 protein to date with high resolution structural
information. We find that YjiA is capable of binding several types of transition metals with
dissociation constants in the low micromolar range and that metal binding affects both the
oligomeric structure and GTPase activity of the enzyme. Using a combination of X-ray
crystallography and site-directed mutagenesis we identify, among others, a metal-binding site
adjacent to the nucleotide-binding site in the GTPase domain that involves a conserved cysteine
and several glutamate residues. Mutations of the coordinating residues decrease the impact of
metal, suggesting that metal binding to this site is responsible for modulating the GTPase activity
of the protein. These findings point toward a regulatory function for these COG0523 GTPases
that is responsive to their metal-bound state.

Abbreviations used: CD, circular dichroism; DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid); ESI-
MS, electrospray-ionization mass spectrometry; EDTA, ethylenediaminetetraacetic acid; E. coli,
Escherichia coli; GuHCl, guanidinium hydrochloride; HPLC, high pressure liquid
chromatography; IPTG, isopropyl-p-D-thiogalactopyranoside; LMCT, ligand-to-metal charge
transfer; P-loop, phosphate-binding loop; PAR, 4-(2-pyridylazo)-resorcinol; PMSF,
phenylmethylsulfonyl fluoride; r.m.s.d., root mean squared deviation; TCEP, tris(2-
carboxyethyl)phosphine; WT, wild type.

Contributions: Andrew Sydor and Colin Douglas purified wild-type and mutant YjiA and
performed biochemical experiments and spectroscopy, under the supervision of Deborah
Zamble. Katherine Ryan and Kaitlyn Turo crystallized Zn-bound wild-type YjiA and performed
initial refinement of the crystal structure. Andrew Sydor and Deborah Zamble were involved in
interpretation and discussion of results.
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Sydor, A.M., Jost, M., Ryan, K.S., Turo, K.E., Douglas, C.D., Drennan, C.L., and Zamble, D.B.
(2013) Metal-Binding Properties of Escherichia coli YjiA, a Member of the Metal Homeostasis-
Associated COG0523 Family of GTPases, Biochemistry 52, 1788-1801.
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AI.B. Introduction

GTPases are molecular switches that contribute to a wide variety of critical cellular processes

ranging from ribosomal protein synthesis to the cell cycle. 1-3 The majority of GTPases are

members of the phosphate-binding loop (P-loop) NTPase class that share a mononucleotide-

binding fold composed of conserved nucleotide-binding motifs and a central, mostly parallel, P-

sheet surrounded by a-helices. 4 5 All P-loop NTPases contain conserved structural elements

including the P-loop (Walker A motif), the Walker B motif, and the switch I region, which are

essential for binding and hydrolysis of GTP as well as for the ensuing conformational changes

that trigger the downstream effects.2 4 The P-loop NTPases can be phylogenetically sorted into

several families based on shared structural and sequence features.4 One such family is composed

of the G3E NTPases, which possess a glutamate residue in place of the conserved aspartate in the

Walker B motif, responsible for coordinating the catalytically essential magnesium ion.4 The

G3E family features four main subfamilies, three of which (HypB, UreG, MeaB/ArgK) are based

on prototypical proteins with established roles in the assembly of metalloenzyme active sites.6

The fourth subfamily, COG0523, is a more diverse and ubiquitous group of proteins with mostly

unknown functions and a distribution across all three domains of life.4 6

A recent phylogenetic study, which suggested that the COG0523 subfamily of P-loop

GTPases can be separated into at least 15 subgroups, predicted that some members of this

subfamily function in metal metabolism. 6 For example, several subgroups were linked to zinc

homeostasis because of promoters containing the DNA recognition sequence of Zur, a zinc-

responsive transcription factor, consistent with the zinc-dependent regulation observed for

COG0523 members from several organisms.6-9 In addition, there are a few reports about

individual COG0523 proteins that support specific roles in transition metal pathways. The first
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member of this subfamily identified was Pseudomonas denitrificans CobW, a protein essential

for cobalamin biosynthesis.' 0 The function of CobW is ambiguous, but it has been suggested that

it is responsible for delivery of cobalt to the cobaltochelatase during assembly of the

metallocofactor. 11-13 Another COG0523 member is the nitrile hydratase activator protein Nha3,

which is involved in the biosynthesis of the iron-dependent nitrile hydratase in Rhodococcus sp.

N-771 and is proposed to be responsible for trafficking the proper metal to the enzyme

precursor.' 4 A third described COG0523 factor is Bacillus subtilis YciC. Originally reported as a

low-affinity zinc transporter,7 YciC has since been proposed to serve as a metallochaperone for

delivery of the metal cofactor into YciA, a back-up enzyme involved in folate biosynthesis.1 5

Both YciC in B. subtilis7 and the more recently reported YeiR from E. coli 6 help their host

bacteria survive in zinc-limited growth conditions. Furthermore, in vitro analysis of YeiR

revealed a link between metal binding and the protein's oligomerization and GTPase activities.16

Despite the large size of this subfamily and its connection with metal homeostasis, very

little is known about the biochemical properties of the COG0523 constituents. The only high-

resolution structural information on this subfamily is provided by the crystal structure of apo-

YjiA from E. coli,17 making this protein an attractive target for structure/activity analysis. To

garner further information into the metal-binding activities of the COG0523 proteins and to

better understand the possible connection with metal homeostasis, we carried out a bioinorganic

characterization of YjiA. Metal-binding studies demonstrate that YjiA can bind stoichiometric

cobalt, 2 equivalents of nickel, or 4 zinc ions in solution, and loading the protein with metal

inhibits the GTPase activity. Using X-ray crystallography and spectroscopy, we identified a

unique metal-binding site that, unlike those found in the UreG or HypB subfamilies, 1-19 is

located in a solvent-accessible pocket formed by a cysteine and two glutamate residues. This
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metal-binding site is adjacent to the nucleotide-binding site and is likely responsible for the

observed effects of metal on GTP hydrolysis by YjiA. This report furthers our understanding of

this large class of proteins, supporting a role for metal-dependent regulation, and will be useful

in dissecting the function of the uncharacterized COG0523 proteins.

AI.C. Results

YjiA binds Zn(II), Ni(II), and Co(II) with micromolar affinities.

The presence of a CXCC motif in YjiA, conserved in all COG0523 proteins,6 led to the proposal

that the protein can bind metals,' 7 but experimental evidence was lacking. Due to the homology

of YjiA to G3E NTPases known to be involved in Zn(II) (YeiR1 6 and YciC7 ), Ni(II) (UreG'8 -2 0

and HypB 1,20), or Co(II) (CobW 0 ) homeostasis, these three metals were the focus of this

investigation. To determine whether YjiA can bind these metals and, if so, how much, 120 piM

apo-YjiA was incubated with either 480 pM NiCl 2, 360 pM CoSO 4 , or 600 pM ZnSO 4 and

excess metal was removed by gel filtration chromatography. Subsequent metal analysis via a

PAR assay revealed roughly stoichiometric cobalt, 2 Ni(II), or 4 Zn(II) bound per monomer

(Table AI.1).

After incubation of YjiA with 1 equivalent of nickel or cobalt, broad charge-transfer

bands appear in the electronic absorption spectrum region of 250-400 nm (Figure AL.lA). The

difference spectra, obtained by subtracting the signal of apo-YjiA from that of the protein loaded

with 1 equivalent of Ni(II) or Co(II) (Figure Al. lA), reveal a peak maximum at 280 nm and a

broad shoulder around 340 or 350 nm for nickel and cobalt, respectively. The 280 nm and

shoulder absorptions for both metals can be attributed to Cys-S -+ Ni(II)/Co(II) ligand-to-
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metal charge transfer (LMCT)2 1-24, indicating the presence of at least one thiolate in the

coordination sphere of both metals.

The LMCTs for Ni(II) and Co(II) can be used to monitor metal binding by YjiA. A

titration of 5 pM apo-YjiA with CoSO 4 yields an apparent Kd = (2.0 0.1) x 10- M and a Hill

coefficient, n = 1.7 0.2 (Figure Al. lB). This Hill coefficient suggests cooperativity in cobalt

binding to YjiA, a surprising result given that the protein binds only one equivalent of cobalt.

This discrepancy may be explained by the ability of cobalt to induce oligomerization in the

protein (see below). The titration of YjiA with Ni(II) is more complicated due to the 2:1

Ni(II):YjiA stoichiometry since the titration may be monitoring either a single site or both Ni(II)

sites simultaneously. The electronic absorption spectrum demonstrates that at least one site is

spectroscopically active, but the mutants described below suggest that the second Ni(II) site does

not yield a discernable electronic absorption signal. The appearance of a LMCT upon the

addition of sub-stoichiometric amounts of nickel to YjiA indicates that the second site is not

significantly tighter than the spectroscopically active site. Thus, the second nickel site is either of

a similar or weaker affinity than the spectroscopically active site. If this site is much weaker,

then the nickel titration in Figure Al.1B represents only the spectroscopically active site and

yields an apparent Kd (3.9 0.3) x 10-6 M with a Hill coefficient, n = 1.2 0.2 for this one site.

If the two sites are of similar affinity, an apparent average Kd for the two sites can be calculated

from the Ni(II) titration to be (3.7 0.3) x 10-6 M, n = 1.2 0.3.

Due to the spectroscopically quiet nature of Zn(II), a metallochromic indicator, zincon,

was used to estimate the affinity of Zn(II) binding to YjiA. The Kd of zincon for Zn(II) was

determined to be 10 1 pM under our buffer conditions (data not shown), in agreement with the

reported Kd of 12.7 M. 25-26 In the absence of protein, metal loading of 140 pM zincon is
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complete upon the addition of 140 pM Zn(II) (Figure AI.2). Upon the inclusion of 10 PM YjiA,

180 pM Zn(II) is required to observe saturation of the zincon (Figure AI.2), demonstrating

competition by YjiA for Zn(II) and consistent with the measured Zn(II) stoichiometry of four

ions per monomer. Furthermore, Zn(II) binding to zincon is not observed until more than 20 VM

metal has been added, suggesting that YjiA has two Zn(II) sites with a Kd significantly tighter

than that of zincon (Kd < 10 pM), and that the remaining 2 Zn(II) sites have affinities comparable

to zincon (Kd~ 10 pM). Finally, to confirm the Zn(II) stoichiometry, ESI-MS of YjiA incubated

with excess Zn(II) was performed (Figure AI.3). The mass spectrum revealed up to 4 Zn(II) ions

bound to the protein, with two sites completely filled and two partially filled, consistent with the

affinities of the sites estimated in the competition experiment.

Ni(II), Co(I), and Zn(II) share a common site.

To determine if the binding sites of the different transition metals overlap, apo-YjiA was

incubated simultaneously with two types of metal, followed by HPLC metal analysis to identify

which metals are bound. When YjiA was incubated with both CoSO 4 and NiCl 2, 1.9 0.3 Ni(II)

and 0.15 0.01 Co(II) were detected bound to the protein, suggesting that Co(II) shares a site

with Ni(II) and that Ni(II) can outcompete Co(II) for this site. Similar experiments conducted

with ZnSO 4 and either NiCl 2 or CoSO 4 demonstrate a selectivity for Zn(II) as 3.6 0.3 Zn(II)

and 4.0 0.4 Zn(II) per YjiA were detected, respectively, with no detectable Ni(II) or Co(II).

The GTPase domain contains the common metal-binding site.

A sequence alignment of YjiA with other G3E GTPases demonstrates the presence of conserved

putative metal-binding residues between the Walker A and Walker B motifs (Figure AI.4A). In
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the COG0523 subfamily, this conserved sequence corresponds to C64XCC6 7 of YjiA.

Furthermore, examination of the published crystal structure of apo-YjiA17 revealed two nearby

glutamates, Glu37 and Glu42, which could also serve as metal-binding residues (Figure AI.4B).

To investigate the role of these glutamates as well as the CXCC motif in metal binding, we

generated the E37A,C66A,C67A and the E42A,C66A,C67A triple mutants of YjiA and

characterized their metal-binding capabilities. Upon addition of Ni(II) or Co(II) to either triple

mutant protein, the absorbance spectra lacked the LMCTs at 340 and 350 nm, respectively,

suggesting that Cys66 and/or Cys67 are the source of these signals (data not shown).

Furthermore, both triple mutants exhibited diminished Co(II) and Ni(II) binding, but the Zn(II)

stoichiometry was unchanged (Table AL.1). However, the previous observation that Zn(II)

competes with the other metals (see above), suggesting overlapping sites, led us to investigate

further the Zn(II) coordination of E37,C66A,C67A YjiA by using a zincon competition. Unlike

the WT protein, no initial plateau region was observed when the triple mutant was included in

the zincon titration, yet 180 pM Zn(II) was still required to saturate 140 pM zincon

(Figure AI.2). This result is consistent with the maintained Zn(II) stoichiometry of the mutant

protein, but indicates that the mutations have significantly weakened the affinities of two of the

metal ions, and suggests that there is at least one Zn(II)-binding site involving some combination

of E37, C66, and C67 that has a Kd < 10 pM. Unlike WT YjiA (Figure AI.3), the metallation

state of the zinc-loaded mutant protein could not be observed by mass spectrometry, due to poor

signal quality. Upon addition of zinc to the mutant protein, the decrease in signal was more than

that observed for WT, suggesting that it can not just be attributed to ion suppression, and is likely

due to changes in the charge state of the mutant protein. Altogether, these experiments indicate
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that the Ni(II)/Co(II) sites and at least one Zn(II) site contain some combination of E37, E42,

C66, and C67 as ligands.

Metal binding induces oligomerization of YiA with no major secondary structure changes.

The CD spectrum of apo-WT YjiA (Figure AI.5) is indicative of a mixed as protein, in close

agreement with the published crystal structure.' 7 Upon addition of Co(II), Zn(II), or Ni(II), minor

changes in the CD spectrum were detected, but the calculated percentage of secondary structure

content was unchanged (Figure AI.5), indicating that YjiA does not undergo any dramatic

secondary structure changes upon binding metal.

Analytical gel filtration chromatography was used to probe the oligomeric state of apo-

YjiA, as well as the metal- and nucleotide-bound species. In the apo form, the protein elutes

from the column as a monomer (Figure AI.6 and Table AI.2). The calculated molecular mass of

the monomeric apo-YjiA species from the gel filtration experiments (30.0 1.5 kDa) is smaller

than the predicted molecular weight of 35.7 kDa, suggesting a compact protein structure. Upon

the addition of 2 equivalents of Ni(II), Co(II), or Zn(II), the protein oligomerizes, forming a

small amount of dimer as well as a larger oligomeric species (Figure AI.6). The protein also

dimerizes in the presence of GDP or GTP, but to a lesser degree than with metal (Figure AI.6).

Some oligomerization was also observed upon adding metal to the E37A,C66A,C67A and

E42A,C66A,C67A mutants, although the impact on quaternary structure is diminished compared

to the WT protein (Table AI.3).
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Metal binding affects YiA GTPase activity.

YjiA was previously shown to bind GTP and based on its nucleotide recognition motif, is

predicted to possess GTP hydrolysis (GTPase) activity.1 7 In agreement with this prediction, the

apo-WT protein has low GTPase activity, with a kcat/K, = 14 9 M-' s-' (Table AI.4). To

determine whether metal binding modulates the GTPase activity, apo-YjiA was incubated with

Ni(II), Co(II), or Zn(II) prior to analysis. The addition of Co(II) slightly disrupts GTPase

activity, reducing the keat/Kni to 2.3 0.8 M-1 s-1. The presence of Ni(II) significantly diminishes

the GTPase activity of YjiA, such that substrate saturation was not observed with up to 950 jiM

GTP, indicating a significantly weaker Km versus that of the apo protein. Attempts to use higher

GTP concentrations were unsuccessful due to departure from the linear response region of the

assay (data not shown). Zn(II) also inhibits the enzyme, and in this case no activity was

detectable in the presence of 100 ptM ZnSO 4 (Table AI.4). The results of these GTPase assays

prompted experiments to examine if there was a connection between GDP binding and metal

binding to YjiA. Inclusion of 1.5 mM GDP in the protein buffer lowered the metal stoichiometry

of all three metals (Table AI.1).

The GTPase activity of the apo-form of the E37A,C66A,C67A mutant is comparable to

that of the WT protein, with a kcat/K = 6 3 M-' s1 (Table AI.4), but unlike WT YjiA, the

mutant protein was not inhibited by Ni(II), and Co(II) increased the overall catalytic efficiency

of the enzyme to a kea,/K = 78 9 M-' s-1 (Table AI.4). In contrast, addition of Zn(II) to the

triple mutant still inhibited GTPase activity, even though it was added at lower concentrations

than Co(II) and Ni(II). While the E37A,C66A,C67A triple mutant has reduced affinity for all

three metals (see above), it appears that Zn(II) binds to at least some sites in YjiA with higher

affinity than Co(II) and Ni(II) do, and that this affinity remains high enough to cause inhibition
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at the concentrations used. To probe whether this inhibition of GTPase activity occurs by direct

Zn(II) binding to the active site or in an allosteric fashion by Zn(II) binding to other metal sites

on YjiA, we carried out a structural analysis of Zn(II)-bound YjiA.

Zn(II) binding induces a space group transition in YiA crystals.

We determined the crystal structure of Zn(Il)-bound WT YjiA to 2.57 A resolution after soaking

apo-WT YjiA crystals with ZnSO 4 (Figure AI.7, Table AI.5). Surprisingly, the crystals

underwent a space group transition upon soaking. Whereas unsoaked (apo) WT YjiA crystals

belong to space group C2 with one protomer in the asymmetric unit,17 the space group is P21

after soaking and has two protomers in the asymmetric unit. We also collected diffraction data on

apo E37A,C66A,C67A YjiA, which we could assign to the space group C2 as well (data not

shown). Diffraction data of both Zn(II)-soaked WT YjiA and Zn(II)-soaked E37A,C66A,C67A

YjiA, however, could be indexed either in space group P21 or in space group C2. The data

statistics are nearly identical for the two space groups and do not exclude either possibility.

When the data are processed in the space group P21, analysis of the Patterson function using

phenix.xtriage 27 reveals an off-origin peak that is 79.2 % of the origin peak for WT YjiA and

73.8% for E37A,C66A,C67A YjiA, indicating the presence of pseudo-translational symmetry.

This pseudo-translational symmetry corresponds to the crystallographic symmetry observed in

the C2 crystal lattice.

We therefore independently refined the structure in both space groups. As the data to

parameter ratio is approximately the same for both space groups (P21: 35507 unique reflections

for about 4900 protein atoms or a ratio of 7.2; C2: 16967 reflections for about 2450 protein

atoms or a ratio of 6.9), the free R-factor from refinement should be an unbiased criterion to
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assess space group assignment. For Zn(II)-soaked WT YjiA we obtained a free R-factor of 26.8

after refinement in the space group P2 1 and a free R-factor of 29.3 after refinement in the space

group C2. From these results, we concluded that data of both Zn(II)-soaked WT YjiA and Zn(II)-

soaked C66A,C67A,E37A YjiA should be assigned to the space group P21. Although the crystal

lattice also supports the assignment of the space group C2, the resulting crystallographic

symmetry would be imperfect as a result of subtle structural changes, most likely induced by

Zn(II)-binding. In particular, a Zn(II) ion would be bound on the 2-fold axis that is

crystallographic in the C2 lattice, as opposed to the P2 1 lattice. Furthermore, several loop regions

involved in Zn(II)-binding exhibit different conformations in the two protomers in the

asymmetric unit. Thus, all data indicate that Zn(II)-binding induces small changes in the crystal

lattice, reducing crystallographic symmetry but keeping the overall crystal lattice intact.

The resulting structure of Zn(II)-soaked WT YjiA refined in the space group P2 1 is very

similar to that of apo WT YjiA (PDB ID INIJ 17), with C r.m.s.d. values of 1.111 A and 0.915 A

for the two protomers of the Zn(II)-soaked structure, respectively. Furthermore, the arrangement

of molecules in the crystal lattices of Zn(II)-soaked WT YjiA and of apo WT YjiA is nearly

identical despite the different space groups (Figure AI.8). In particular, the two protomers in the

asymmetric unit of Zn(II)-soaked WT YjiA (space group P21) are related by a crystallographic

symmetry operation for apo WT YjiA (space group C2).

Unfortunately, we have not been able to generate nucleotide-bound structures of YjiA

itself. While YjiA exhibits the canonical GTPase motifs, these motifs are not well ordered in the

structure and the phosphate-binding Walker A motif in particular seems to exhibit multiple

conformations (Figure AI.9). Likely, nucleotide binding will result in a conformational change
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and depend on the presence of an effector protein, consistent with our unsuccessful attempts to

generate nucleotide-bound structures.

YjiA binds Zn(II) infour distinct sites.

Analysis of the electron density and of Zn anomalous difference Fourier maps revealed the

presence of Zn(II) ions in four distinct types of sites: a "bridging site" that is located at the

interface of the two YjiA protomers in the asymmetric unit (site B in Figure AI.7A), an "internal

site" (site C in Figure AI.7A), and two types of "surface sites" (sites D and E in Figure AI.7A).

In total, the two YjiA protomers in the asymmetric unit could bind seven Zn(II) ions: two in the

internal sites, one in the bridging site, and four in surface sites (Figure AI.7A). The asymmetric

unit, however, only contains five Zn(II) ions because all four surface sites are involved in crystal

lattice contacts and each of those bound Zn(II) ions is shared with a neighboring asymmetric unit

molecule.

The internal site is located near the GTPase active site.

The internal site is located in the N-terminal region of a YjiA protomer, with the side chains of

E37, E42, and C66 coordinating Zn(II) (Figure AI.7C). Although hard to resolve in the electron

density at this resolution, a fourth coordination site on Zn(II) could be occupied by a water

molecule, which would give rise to a tetrahedral coordination geometry. E37 and E42 are located

in a loop region that undergoes a conformational change upon Zn(II) binding to bring the side

chain of E42 within proximity of the bound Zn(II) (Figure AI.7C). Furthermore, the region

around C66 undergoes a slight shift, bringing C66 closer to the Zn(II) ion and re-arranging the

subsequent loop region significantly (Figure AI.7C).

294



It is clear that the internal Zn(IL)-binding site is in the neighborhood of the nucleotide-

binding site (Figure AI.7C), as demonstrated by a structural alignment with the GTP-analog-

bound structure of Methanocaldococcus jannaschii HypB (PDB ID 2HF82 8), which has the

highest structural homology with YjiA of the proteins in the protein data bank (Ca r.m.s.d. of 3.1

A over 209 residues, determined by DaliLite2 9). In this model, the nucleotide-associated Mg(II)

is within 5.4 A of the side chain carboxylate of E37 and within 5.3 A of the CP of E39

(Figure Al. 10), which has a disordered side chain. These observations raise the possibility that

E37 or E39 are involved in Mg(II) coordination upon nucleotide binding. Notably, E39 is the

first residue of the switch I motif of YjiA, a common NTPase motif known to undergo

conformational changes during NTPase activity, as indicated by structural and sequence

alignment (Figure AI.4A). In M jannaschii HypB, the first residue of the switch I motif, D75, is

one of the ligands to the nucleotide-associated Mg(II) (Figure Al. 10).28 In our structural

alignment, D75 of M jannaschii HypB aligns with E39 of YjiA (Figure AI.10), further

suggesting that E39 could be involved in Mg(II) coordination.

The structure of this internal site is consistent with the solution studies of metal binding

to WT and mutant YjiA. Given that mutagenesis of some of these ligands disrupts Co(II) and

Ni(II) binding, it is likely that a variation of this internal site also binds these other metals in

addition to Zn(II), with the coordination by C66 producing the LMCT absorption features

observed for the Co(II)- or Ni(II)-loaded protein. Furthermore, the observation that Zn(II) can

outcompete both Ni(II) and Co(II) for binding suggests that this site is one of the higher-affinity

sites observed in the zincon competition assay, in agreement with the weakened affinity of the

E37A,C66A,C67A mutant. As the internal site is in close proximity to the GTPase active site and

involves the GTPase switch I motif, it is conceivable that the metal-induced inhibition of GTPase
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activity is due to metal binding at this site. Taken together, these data indicate that the internal

site can be occupied by different metals with low micromolar affinity, causing subtle

conformational changes that modulate the function of YjiA.

To further probe metal binding to the internal site, we solved the crystal structure of

Zn(II)-bound E37A,C66A,C67A YjiA to 2.05 A resolution. The overall structures of WT YjiA

and E37A,C66A,C67A YjiA are nearly identical, with a C, r.m.s.d. of 0.450 A between the two

structures (Figure Al. 11). While the bridging site and the surface sites are still occupied with

Zn(II), the internal site lacks bound Zn(II) as indicated by both the electron density and the Zn

anomalous difference Fourier map (Figure All lB-E). Instead, it appears that the side chain of

F40 has moved into the space previously occupied by the side chains of C66 and E37 as well as

the Zn(II) ion (Figure AI. IIC).

The bridging site and the surface site connect YiA protomers.

As mentioned briefly above, the bridging site is located between two YjiA protomers on a non-

crystallographic two-fold symmetry axis, with Zn(II) coordinated by the side chains of E74 and

H 114 from both protomers in approximate tetrahedral geometry (Figure AI.7B). Binding to this

site likely disrupted the C2 symmetry of apo-WT YjiA crystals, as the bridging site would be

located on a crystallographic axis in the C2 lattice. Analysis of the resulting dimer interface with

the PISA server3 0 indicates that this interface alone is not as extensive as is typically observed in

physiologically relevant dimers, with an average buried surface area of 1244 A2 and a low

complex formation significance score of 0.132 (on a scale of 0 to 1 with increasing relevance to

complex formation in solution), not including the contributions from Zn(II). Thus, it seems

unlikely that apo-YjiA would be a dimer in solution, in agreement with our analytical gel
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filtration chromatography results. Zn(II) binding, however, could strengthen this interface and

thereby induce dimerization and oligomerization of YjiA.

All four surface Zn(II) sites are located at crystal contacts at the interfaces of YjiA

protomers (Figures AI.7D, AI.7E). The Zn(II) ions in these sites are coordinated by H170 and/or

E167 from one protomer and H187 from a protomer in the neighboring asymmetric unit, or vice

versa. These sites exhibit a significant amount of disorder and high crystallographic B-factors,

indicating that the Zn(II) ions are not bound at high occupancy within the crystal lattice. There

are also some differences in the exact coordination spheres of the surface sites, providing further

rationale for the asymmetry that led to the space group transition upon Zn(II) binding. Most

likely, Zn(II) binding affects the individual protomers in a slightly different manner, thus causing

breakdown of the crystallographic symmetry. It is unclear whether these sites would be occupied

by Zn(II) ions in solution or whether binding to these sites occurred adventitiously, after the

protein ligands were brought into proximity by crystallization. These sites could, however,

provide an additional explanation for the observed metal-induced oligomerization of YjiA, as

they could stabilize higher order oligomers.

AI.D. Discussion

The mechanisms through which cells ensure the proper allocation and trafficking of metal ions

are not well understood. The COG0523 subfamily of GTPases represents a large and diverse

group of proteins and, based on homology to known metallochaperones in the other G3E

subfamilies and comparative genomics analysis, it was suggested that they play a role in metal

trafficking or some other metal homeostasis process. 6'3 This study of YjiA lends credence to this

proposal. In particular, we demonstrate that YjiA can bind transition metals and provide
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biochemical and structural details about this interaction. Furthermore, the impact of metal

binding on the GTPase activity of YjiA suggests that metal ions play a regulatory function.

YjiA belongs to subgroup 9 of the COG0523 subfamily and was predicted to bind metals

via a conserved CXCC motif.' 7 As with the other members of this subgroup, YjiA does not have

an assigned function, but there is a growing body of evidence that suggests a role for YjiA in the

cellular response to carbon starvation.6,32-34 Within the genomic context, yjiA is found

downstream of yjiY, a homolog of the carbon starvation protein CstA, and yjiX, a small cytosolic

protein of unknown function.6 These three genes are transcribed as a single transcript,3 which is

believed to be under the control of one of the central regulators in the carbon catabolism

pathway, cyclic AMP receptor protein (CRP).34 Furthermore, yjiA is down-regulated by the non-

coding RNA molecule Spot 42 that participates in a feed-forward loop to help enact catabolite

repression in E coli.32 Further studies will be needed to establish what role YjiA plays in the

carbon starvation response and the function of metals in this pathway.

Here, we present a characterization of the metal-binding capabilities of YjiA. In

particular, our data identify a Zn(II)-binding site created by the side chains of E37, E42, and

C66, the latter from the predicted C64XCC67 metal-binding motif.6'"7 Solution studies of wild

type and mutant proteins suggest that Ni(II) and Co(II) also bind to at least a subset of the same

ligands, although the coordination is likely to be different. Whether or not the other conserved

cysteines in this motif have a functional role in binding metals or performing downstream effects

remains to be determined. The relative metal affinities mirror the Irving-Williams series of

small-molecule chelators for divalent metal ions,35 suggesting that the protein structure is not

enforcing strong metal selectivity. Furthermore, at this time, it is not clear which metals are

physiologically relevant for YjiA function. Many of the COG0523 subfamilies were linked to
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zinc pathways due to the presence of zinc-regulated genetic elements, 6'3 1 and deletions of B.

subtilis yciA or E. coli yjiA sensitize the bacteria to zinc-deficient conditions.7,16 However, a

similar phenotype was not observed in a AyeiR strain of E. coli and binding sites for zinc

metalloregulators were not detected in the genetic neighborhoods of subgroup 9.7'16 On the other

hand, although nickel is required in E. coli as a cofactor for several [NiFe]-hydrogenase

isoforms, 3 6 the uptake of this metal is restricted to anaerobic growth20 and there is no evidence

that expression of yjiA is similarly controlled. Finally, a requirement for cobalt ions has not been

identified in E. coli and this organism does not make its own cobalamin. 37 It is possible,

however, that the metal-binding capabilities of YjiA are only called upon to meet the challenges

of unusual growth conditions.

The internal metal-binding site is adjacent to the GTPase active site, as predicted by our

nucleotide modeling studies (Figures AI.7C, Al. 10). Most notably, the region involved in metal

binding contains the switch I motif (Figure AI.4A), raising the possibility that metal binding

restricts the conformational changes of this motif, an essential part of the GTPase cycle. In

addition, structural homology suggests that E39 and E37 are candidates for Mg(II) coordination,

and the ability to coordinate Mg(II) could be affected by the presence of metals in the internal

site. Indeed, we observe that the presence of metals affects the GTPase activity of YjiA, with

Zn(II), Co(II), and Ni(II) suppressing GTPase activity to different extents, and that GDP can

modulate metal binding. Given that the CXCC motif is conserved in the COG0523 subfamily,6 it

is likely that metal-dependent regulation of activity is also conserved. This hypothesis is

consistent with a recent study of E. coli YeiR,1 6 although in this latter case the GTP hydrolysis

was accelerated in the presence of metals. Perhaps structural differences in the GTPase domain

metal-binding sites are responsible for the variations on this theme. YjiA and YeiR are highly
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homologous and are well conserved within the GTPase domain, including the CXCC motif and

Glu42 (YjiA numbering), but Glu37 is not conserved (Figure AI.4A). Metal-responsive GTP

hydrolysis was also observed for proteins from the HypB G3E subfamily, 38-40 with the most

dramatic impact observed with Zn(II). While these proteins share structural similarity to YjiA in

their GTPase domain and also have a GTPase domain metal-binding site, there are some clear

architectural differences. The YjiA internal metal-binding site is located in a small "pocket" of

the enzyme with a solvent-exposed opening, whereas in the M jannaschii HypB structure the

metal-binding site is located on the surface of the protein (Figure Al. 12).28

The GTPase activity of YjiA is comparable to those of other G3E GTPases such as E.

coli HypB, 38,41 H pylori HypB,39 and F coli YeiR,16 none of which feature particularly high

hydrolysis rates, suggesting that their in vivo rates may be different from the rates determined in

vitro. In vitro, the isolated GTPases lack additional partner proteins and cofactors that may

stimulate GTPase activity in vivo.42 For example, the addition of SlyD, a protein involved in the

nickel-insertion stage of [NiFe]-hydrogenase biosynthesis, 18 ,2 0 enhances the GTPase activity of

E coli HypB.43 By analogy, it is possible that YjiA requires an additional factor to maximally

activate GTP hydrolysis. A possible candidate is the small cytosolic protein YjiX that is co-

transcribed with YjiA. 33'44

In addition to the internal metal site, YjiA also binds multiple Zn(II) ions at interface sites

between separate YjiA molecules, which may provide an explanation for the metal-induced

oligomerization observed by analytical gel filtration chromatography. It is also possible,

however, that rearrangements around the internal metal site could create interfaces for

oligomerization. Large-scale metal-induced rearrangements would be masked in our crystal

soaking experiments because the interfaces between YjiA molecules are already pre-formed in
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the crystal lattice. This scenario would explain how Co(II) can mediate changes in quaternary

structure, given that the solution analysis indicates that only a single Co(II) ion binds to YjiA at

the internal site. Furthermore, this model is consistent with the observation that mutation of two

of the internal site ligands diminishes oligomerization induced by Ni(II) and Zn(II). Finally,

there may be other metal sites on YjiA not identified by crystallography. A recent bioinformatics

analysis of the apo-YjiA crystal structure suggested two surface-exposed sites with potential for

metal binding, composed of H23, E27, and H29 as well as D52, D79, and D82, respectively.3'

We do not observe bound metal in either of these two sites and E27 and D52 to not appear to be

in the correct positions for metal binding. We note, however, that binding to these sites could

rely on structural rearrangements that are prohibited by the crystal lattice. Further studies will be

necessary to probe the contribution of these residues to metal binding as well as the functional

relevance of metal ions bound on the surface of YjiA.

Although characterization of the E37A,C66A,C67A mutant provides information about

the structure and impact of the internal Zn(II) site, several observations require additional

explanation. The ability of this triple mutant to bind 4 Zn(II) ions and to oligomerize in the

presence of Zn(II), albeit to a lesser degree than WT YjiA, suggests that mutation of these

residues is not sufficient to completely disrupt Zn(II) binding. This conclusion, supported by the

zincon competition illustrating a decreased affinity for Zn(II), is surprising because the crystal

structure depicts a Zn(II) coordination sphere comprised of E37, E42, C66, such that mutation of

two of these three protein ligands should be sufficient to stop metal binding. Structural

rearrangement of this site to incorporate other residues as ligands, such as the nearby E39, could

serve as a possible explanation. Such a rearrangement may not be observed in the

E37A,C66A,C67A YjiA crystal structure due to the aforementioned pre-formed interfaces in the
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crystal prior to Zn(II) binding. Possible binding to a rearranged site in the E37A,C66A,C67A

mutant may also explain the GTPase inhibition in the presence of Zn(II). An alternative

explanation for the inhibition of the GTPase activity by Zn(II) is the involvement of additional

allosteric sites, but evidence to support this latter explanation is needed.

Altogether, the results presented here provide a detailed biochemical and structural

picture of the metal-binding properties of a COG0523 GTPase. A connection between members

of this subfamily of GTPases and intracellular metal pathways is an emerging trend. This study

supports the model that metals play a role in regulating the proteins' enzymatic activities and

offers a glimpse into how this metal-mediated regulation may occur. Furthermore, as noted

earlier, subgroup 9 of the COG0523 GTPases is hypothesized to be involved in carbon starvation

and the metal-binding activities of YjiA offers a tantalizing hint about the interplay of metal

homeostasis with other cellular processes.
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AI.E. Materials and Methods

Materials.

Restriction endonucleases and T4 DNA ligase were obtained from New England Biolabs.

Primers (Table AI.6) were purchased from Sigma Genosys. All chromatography media were

from GE Healthcare. Kanamycin, tris(2-carboxyethyl)phosphine (TCEP), phenylmethylsulfonyl

fluoride (PMSF), isopropyl- 3-D-thiogalactopyranoside (IPTG) were from BioShop (Toronto,

ON). Nickel chloride, zinc sulfate, and cobalt sulfate salts (as a minimum, 99.9 % pure) were

purchased from Aldrich. All other metal stocks were atomic absorption standard solutions. All

other reagents were analytical or molecular biology grade from Sigma-Aldrich. The buffers for

all metal assays were treated with Chelex-100 (Bio-Rad) to minimize trace metal contamination.

All samples were prepared with Milli-Q water, 18.2 MQ-cm resistance (Millipore).

WT and Mutant YiA Expression Vector Construction.

The yjiA gene was amplified from genomic . coli (DH5a) DNA using primers (Table AI.6)

designed with restriction sites for NdeI (YjiA forward) and XhoI (YjiA reverse). The digested

PCR product was ligated with T4 DNA ligase into the pET24b vector (Novagen) digested with

NdeI and XhoI and dephosphorylated with calf intestinal phosphatase (New England Biolabs).

The mutations were introduced into the YjiA-pET24b vector using QuikChange PCR

mutagenesis (Stratagene) with Pfu Turbo DNA polymerase and the primers in Table AI.6. The

template was subsequently digested with DpnI. The E42A,C66A,C67A and E37A,C66A,C67A

triple mutants were constructed by using the C66A,C67A YjiA-pET24b vector as a template and

the E42A and E37A primers, respectively. For production of large amounts of the wild type

(WT) and mutant plasmids, the plasmids were transformed into XL-2 Blue F. coli (Stratagene)
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and isolated using the Fermentas GeneJET plasmid miniprep kit. All plasmids were sequenced

(ACGT, Toronto, ON) in the forward and reverse directions.

Protein Expression and Purification.

For expression of WT and mutant YjiA, the plasmids were transformed into BL21 Star (DE3) E.

coli cells (Novagen). Overnight cultures were grown and 25 mL was used to inoculate 1.5 L of

LB medium supplemented with 50 pg/mL kanamycin. The cells were grown aerobically at 37 'C

until the OD 60 0 reached 0.6, at which point they were induced with 1 mM IPTG. After incubation

at 37 'C for 5 hours, the cells were harvested by centrifugation and resuspended in 20 mM Tris

(pH 7.5) and 100 mM NaCl supplemented with 4 mM TCEP and 200 tM PMSF. For each

preparation of purified protein, a total of 9 L of cell culture was used. All subsequent steps were

performed at 4 'C or on ice. The resuspended cells were sonicated and centrifuged at 25,000 x g

for 40 minutes. The supernatant was passed through a 0.45 pm syringe filter and then loaded

onto a DEAE Sepharose anion-exchange column (GE Healthcare) equilibrated with buffer A

(20 mM Tris, pH 7.5, and 1 mM TCEP). Fractions from a NaCl gradient were screened by

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using 12.5% gels.

WT and mutant YjiA eluted at approximately 250 mM NaCl. Fractions containing the protein of

interest were pooled and dialyzed against buffer A. The sample was then loaded onto a HiTrapQ

anion-exchange column (GE Healthcare) equilibrated with buffer A. Once again, fractions from

a NaCI gradient were screened by SDS-PAGE and fractions containing the protein of interest

(eluted at approximately 150 mM NaCl) were pooled. Following concentration of the pooled

fractions to 1 mL using Amicon Ultra 3K MWCO centrifuge concentrators (Millipore), the

protein was loaded onto a Superdex 200 gel filtration column (GE Healthcare) equilibrated with
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25 mM HEPES, pH 7.6, 200 mM NaCl and 1 mM TCEP. Fractions containing the protein of

interest were pooled, concentrated such that the final concentration was in the range of 250 piM

to 500 tM, and stored at -80 'C. The protein concentrations were calculated by using an

extinction coefficient of 26,930 M-1 cm-1 at 280 nm for both YjiA and the YjiA mutants in

25 mM EDTA and 4 M guanidinium hydrochloride (GuHCl). Unless otherwise noted,

electronic absorption measurements were conducted on an Agilent 8453 spectrophotometer with

a 1 cm pathlength cuvette. Each protein was analyzed by electrospray-ionization mass

spectrometry (ESI-MS; Department of Chemistry, University of Toronto) and the observed

molecular weights of the proteins are listed in Table AI.7. All proteins were > 90% pure as

estimated by coomassie-stained SDS-PAGE quantified by using the public domain ImageJ

program (U.S. National Institutes of Health [http://rsb.info.nih.gov/ij/]).

Preparation of Proteins.

Reduced apo-protein was produced by incubating the protein with 10 mM EDTA and 20 mM

TCEP in a Coy anaerobic glovebox at 4 'C for 48 hours. The TCEP and EDTA were removed by

exhaustive dialysis into protein buffer (25 mM HEPES, 100 mM NaCl, pH 7.6). The absence of

any bound metal to the protein was confirmed by a 4-(2-pyridylazo)-resorcinol (PAR) assay,46 in

which the protein was denatured with 4 M GuHCl and 50 p.M PAR was added to the sample. The

absorbance at 500 nm, due to the formation of the (PAR)2Me(II) complex, was monitored and

compared to a standard curve prepared with 50 pM PAR in 4 M GuHCl and known metal

concentrations. The free thiol content of the proteins was quantified via reaction with 5,5'-

dithiobis(2-nitrobenzoic acid) (DTNB) in the presence of 6 M GuHCl and 1 mM EDTA.

$-mercaptoethanol was used as a standard and the absorbance of the 5-mercapto-2-nitrobenzoic
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acid product was measured at 412 nm. Protein samples were > 95% reduced after treatment with

TCEP.

Metal Binding and Stoichiometry.

For the difference spectra, individual samples containing 20 tM apo-YjiA in protein buffer and

either 20 pM NiCl2 or 20 pIM CoSO 4 were prepared in the glovebox and incubated overnight at

4 'C. The electronic absorption spectrum was monitored between 250 and 500 nm and corrected

by background subtraction at 600 nm. The difference spectrum for each metal was generated by

subtracting the apo-YjiA spectrum from that of the metal-loaded protein.

Metal stoichiometry experiments were conducted by incubating 120 PM WT or mutant

apo-YjiA with either 480 [tM NiCl 2, 360 IM CoSO 4, or 600 iM ZnSO 4 overnight at 4 'C in the

glovebox. Samples containing mixtures of metal were similarly prepared with 120 iM WT apo-

YjiA and either 360 jiM NiCl 2 and 360 pLM CoSO 4 ; 600 piM ZnSO 4 and 480 ptM NiCl 2; or

600 ptM ZnSO 4 and 360 jIM CoSO 4. Samples with GDP contained 1.5 mM GDP and 5 mM

MgCl 2 . Excess metal was removed by passing the protein through a PD 10 gel filtration column

(GE Healthcare) equilibrated with protein buffer in the glovebox. The protein concentration was

subsequently measured in GuHCl and EDTA, as described above, and the metal content was

determined via a PAR assay. In the case of the YjiA samples containing a mixture of metals, a

high-pressure liquid chromatography (HPLC)-based method for the detection and identification

of metal ions in solution was utilized.47 For HPLC analysis, at least 50 jig of protein was dried

by centrifugation under vacuum, reconstituted with metal-free concentrated HCl (SeaStar

Chemicals), and incubated overnight at 95 'C for protein hydrolysis. The sample was once again

dried to remove HCl and reconstituted in 80 jL of MilliQ water. This sample was injected onto a
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Dionex IonPak CS5A column, equilibrated with 7 mM pyridine-2,6-dicarboxylic acid, 66 mM

KOH, 5.6 mM K2 S0 4 , and 74 mM HCOOH, attached to a metal-free Dionex BioLC HPLC

system. The metals were detected at 500 nm following post-column mixing with PAR.

ESI-MS Measurements.

Before mass spectrometry experiments, 120 pM WT apo-YjiA was incubated with 600 tM

ZnSO4 overnight at 4 'C in the glovebox, then buffer exchanged into 10 mM ammonium acetate

(pH = 7.5) using two consecutive PD10 columns. Mass spectra were acquired on an AB/Sciex

QStarXL mass spectrometer equipped with an ion spray source in the positive mode and a hot

source-induced desolvation interface. Ions were scanned in the 1000 - 2000 m/z range with

accumulation times of one second per spectrum, with no interscan time delay. The instrument

parameters were as follows: ion source temperature 200 'C; ion source gas 50.0 psi; curtain gas

50.0 psi; ion spray voltage 5000 V; declustering potential 60.0 V; focusing potential 60.0 V;

MCP (detector) 2200 V. The spectra were deconvoluted using the Bayesian protein

reconstruction program included with the Analyst QS software (AB/Sciex) over a mass range of

30000-40000 Da, with a step mass of 1 Da.

YjiA Metal Affinities.

To determine the affinity of YjiA for Ni(II), 250 nM YjiA in protein buffer was titrated with a

nickel atomic absorption standard solution and the absorbance at 340 nm was monitored using a

10 cm pathlength cuvette and a GBC Cintra 404 spectrophotometer. The apparent Kd was

calculated by determining the fractional saturation, r, and free nickel concentration, [Ni(II)]free,

by using equations 1 and 2, respectively:
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[YjiA-Ni(II)] A 3 4 0 - Amin
2 x [YjiA]total Amax - Amin (1)

[Ni(II)]free=[Ni(II)]total - (r x 2 x [YjiA]total) (2)

where [YjiA-Ni(II)] is the concentration of protein bound to Ni(II), [YjiA]total is the total protein

concentration, A 340 is the absorbance at 340 nm for a given Ni(II) concentration, Amn is the

absorbance at 340 nm for apo-YjiA, Amax is the absorbance at 340 nm upon saturation, and

[Ni(Il)]totai is the total Ni(II) concentration added to the sample. The resulting values were plotted

as r vs [Ni(II)]free, and the data fit to the Hill Equation (3):

fre (3)
Kdn+ [N(II)] eer = Ka + [N(II)]ree ()

where n is the Hill coefficient.

To determine the affinity of YjiA for Co(II), 5 M apo-YjiA was titrated with CoSO 4 and

the absorbance at 350 nm was monitored. The Co(II) Kd was calculated in the same manner as

for Ni(II), except that the equations 1 and 2 were adjusted to solve for a single metal site instead

of two.

YjiA Zincon Zn(I) Competitions.

In order to estimate the Zn(II) Kd of YjiA, the competitor zincon was selected due to its ability to

form a 1:1 complex with Zn(II) with a reported Kd of 12.7 pLM.25-26 Stocks of zincon were

prepared in Milli-Q water. The affinity of zincon for Zn(II) was verified under our experimental

conditions by titrating 400 nM zincon in protein buffer with increasing amounts of ZnSO 4. The

absorbance at 620 nm was monitored using a 10 cm pathlength cuvette and a GBC Cintra 404

spectrophotometer. The Kd was calculated by using the same method as the Ni(II) and Co(II)-

YjiA titrations, and with n = 1. Competition experiments were prepared by incubating 10 piM
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apo-WT or E37A,C66A,C67A YjiA with 140 tM zincon and various amounts of Zn(II). The

samples were incubated overnight at 4 'C in the glovebox. The absorbance of zincon at 620 nm

was monitored using a 2 mm pathlength cuvette.

Analytical Gel Filtration Chromatography.

Samples containing 60 pM YjiA were incubated with the desired metal, GDP, or GTP at the

indicated concentrations (Tables AI.2, AI.3) overnight at 4 'C in the glovebox. For samples

containing GTP, the protein was pre-incubated with GTP for at least 2 hours at 4 'C in the

glovebox prior to injection onto the gel filtration column. All samples contained 25 mM HEPES,

pH 7.6, 100 mM NaCl, and 5 mM MgCl 2. Apo-protein and metal-containing samples were

loaded onto a Superdex 200 10/300 analytical gel filtration column (GE Healthcare), pre-

equilibrated with chelexed and filtered 25 mM HEPES, pH 7.6, 200 mM NaCl, and 5 mM

MgCl 2 . The column was calibrated with thyroglobulin (670 kDa), y-globulin (158 kDa),

ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.4 kDa) from BioRad. The

inclusion of metal in the standards did not affect their elution profiles (data not shown).

Molecular masses were determined by plotting the log molecular masses of the standards versus

the partition coefficient (Ka,), where Kay = (V - V0)/(V - V0 ); V represents the elution volume,

V, is the void volume, and Vt is the total column volume.

Circular Dichroism (CD) Spectroscopy.

WT and mutant YjiA samples were prepared for CD spectroscopy by diluting the protein in

MilliQ water to a final concentration of approximately 10-20 PM in the glovebox. For metal

titrations, ZnSO 4, CoSO 4 , or NiCl 2 was added to the diluted samples and allowed to equilibrate
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overnight at 4 'C in the glovebox. All samples were analyzed on an Olis RSM 1000

spectropolarimeter with a capped 1 mm pathlength cuvette in order to minimize exposure to the

air. Spectra were collected at 1 nm intervals over a spectral range of 200-260 nm with an

integration time of 2 seconds and 2400 grating lines per nm. The final spectra obtained are

averages of three scans. The observed ellipticity was converted into mean residue ellipticity

([O]mre; deg cm 2 dmol-) using the following formula: 48

[0me__ ( MW1) X

]mre [protein] x I x 10

where MW is the molecular weight of the protein in Da, N is the number of amino acids, 0 is the

observed ellipticity in degrees, [protein] is the concentration of protein in g/mL and I is the

pathlength. The secondary structure content was quantitated in the 200-240 nm range using the

K2D3 program.49 The CD spectra of the mutants were similar to that of the WT protein,

demonstrating that these mutations do not affect the secondary structure of the protein (data not

shown).

GTPase Assay.

GTPase activity was determined by the Malachite Green assay for free phosphate adapted from

Lanzetta et al.50 A series of 400 [tL samples containing 0.5-2 [tM WT or E37A,C66A,C67A

YjiA in protein buffer supplemented with 5 mM Mg(II) and concentrations of GTP between

5 ptM and 950 ptM were incubated at 37 'C in the glovebox for 2.5-5 hr. Controls without protein

were prepared alongside the protein samples and received the same treatment. After incubation,

100 piL of the phosphate detection reagent (2.6 mM Malachite Green, 1.5 % ammonium

molybdate, and 0.2% Tween-20) was added to each sample. The samples were then mixed by

vortexing and incubated at RT for 3 minutes, after which sodium citrate was added to a final
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concentration of 3.5%. The samples were vortexed again and incubated at RT for 30 min prior to

plating on a 96-well plate and measuring the absorbance at 630 nm with a Tecan Safire2

microplate reader. The amount of phosphate released was determined via a standard curve based

on a phosphate standard (Molecular Probes). The data were analyzed by fitting to the Michaelis-

Menten equation using OriginPro 7.5. Samples containing metal were pre-incubated with the

metal overnight prior to the assay (prepared as a stock of 10-40 piM protein with 100 pM Zn(II),

100 pM NiCl 2, or 250 M CoSO 4 for WT and 225 [tM Zn(II), 400 pM NiCl 2, or 800 pM CoSO 4

for the E37A,C66A,C67A triple mutant). These stocks were then diluted to the final protein

concentration of 0.5-2 p.M for the assay in a buffer that contained 100 p.M Zn(II), 100 p.M NiCl 2,

or 250 pM CoSO 4 for WT or 225 p.M Zn(II), 400 p.M NiCl 2, or 800 ptM CoSO 4 for the

E37A,C66A,C67A triple mutant.

Crystallization and Zn(II) soaks.

WT YjiA and E37A,C66A,C67A YjiA were crystallized at 25 'C by the hanging drop vapor

diffusion technique. For WT YjiA, 1.5 p.L of a protein solution (13.2 mg/mL in 100 mM NaCl,

25 mM HEPES, pH 7.6) were mixed with 0.3 p.L 100 mM CaCl2 and 1.5 pL of a precipitant

solution (1.55 M (NH4 ) 2 SO 4, 0.1 M HEPES, pH 6.9) on a glass cover slip. The cover slip was

sealed with grease over a reservoir containing 500 [tL of the precipitant solution. Crystals

appeared overnight and grew to maximum dimensions of about 300 x 50 x 50 ptm after 3 days.

Crystals of E37A,C66A,C67A YjiA were grown in the same fashion with the following

modifications: the precipitant solution was composed of 1.3 - 1.35 M (NH4 )2 SO4 , 0.1 M HEPES,

pH 7.5 - 7.7, the protein concentration was 12.4 mg/mL, and the protein solution contained 1

mM TCEP in addition to the other components.
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Since co-crystallization of WT YjiA with Zn(II) was unsuccessful, Zn(II)-soaked WT

YjiA crystals were generated by incubating apo-WT crystals in the precipitant solution

supplemented with 3 mM ZnSO 4 and 1 mM TCEP at 25 'C for 16 hours. The crystals were then

directly transferred to a cryogenic solution (1.5 M (NH4 ) 2 SO4 , 0.1 M HEPES, pH 6.9, 3 mM

ZnSO 4, 1 mM TCEP, 20% (v/v) glycerol), incubated for 5 seconds, and flash-frozen in liquid

nitrogen. Zn(Il)-soaked E37A,C66A,C67A YjiA crystals were generated in a similar fashion

with the following modifications: the soaking solution contained an additional 20 mM CaCl 2 to

better stabilize the crystals, the cryogenic solution consisted of 1.35 M (NH4 ) 2 SO4, 0.1 M

HEPES, pH 7.7, 20 mM CaCl2, 3 mM ZnSO 4, 1 mM TCEP, 20% (v/v) glycerol, and the crystals

were transferred into the cryogenic solution in 3 steps of increasing glycerol concentration and

incubated in that solution for 20 s.

Data collection.

All Zn(II)-soaked YjiA crystals belong to space group P21 (a z 56 A, b Z 69 A, c Z 78 A,

8; 1040) and contain two protomers in the asymmetric unit. All diffraction data were collected

at a temperature of 100 K. Diffraction data for Zn(II)-soaked WT YjiA were collected at the

Stanford Synchrotron Radiation Laboratory beamline 9-2 in Portola Valley, CA, using a

MARmosaic 325 CCD detector. An initial Zn(II)-soaked WT YjiA crystal was used for an X-ray

fluorescence scan to verify the presence of bound Zn(II). Based on the fluorescence scan, a peak

wavelength of 1.2827 A (9665.5 eV) was determined using CHOOCH. 5 1 A wavelength of

1.1808 A (10500.0 eV) was chosen for the remote data set. Remote and peak data sets were

collected on the same crystal in wedges of 30' in 1 oscillation steps. For each wedge, the

corresponding images related by a 1800 crystal rotation were collected immediately after
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completion of the wedge. An inflection data set was also collected on the same crystal, but not

used for this study. Bijvoet mates were treated as separate reflections for both the remote and the

peak data set.

Diffraction data for Zn(II)-soaked E37A,C66A,C67A YjiA were collected at the

Advanced Photon Source beamline 241D-C in Argonne, IL, using a Pilatus 6M pixel detector.

The crystal was annealed for 5 s prior to data collection.5 2 Then, a single data set was collected at

a wavelength of 0.9795 A (12658.0 eV) in I' oscillation steps. For structure solution, Bijvoet

mates were treated as symmetry-related reflections. For calculation of Zn anomalous difference

Fourier maps of Zn(II)-soaked E37A,C66A,C67A YjiA, Bijvoet mates were treated as separate

reflections.

All data were integrated using HKL2000 and scaled using Scalepack.53 The same

reflections were marked for the free set of reflections for Zn(II)-soaked WT YjiA and for Zn(II)-

soaked E37A,C66A,C67A YjiA. In addition, 5% of the reflections in the resolution ranges of

75 - 30 A and 2.57 - 2.05 A were included in the free set for the data of the triple mutant. All

data collection statistics are summarized in Table AI.5.

Structure building and refinement.

The crystal structure of Zn(II)-soaked WT YjiA was determined at 2.57 A resolution by

molecular replacement with the crystal structure of native WT YjiA without water molecules

(PDB ID 1NIJ 1) in PHASER, 54 which yielded a single solution. The output model was subjected

to 20 cycles of simulated annealing in PHENIX55 to reduce model bias. The model was adjusted

for any changes that had occurred through a cycle of model building in COOT5 6 followed by

refinement in PHENIX. Initial difference electron density maps revealed the presence of 5

313



Zn(II) ions in the asymmetric unit. Zn(II) ions and water molecules were inserted in subsequent

rounds of refinement.

The intermediate model of Zn(II)-soaked WT YjiA without water molecules or Zn(II)

was used to determine the crystal structure of Zn(II)-soaked E37A,C66A,C67A YjiA to 2.05 A

resolution. The structure was solved by rigid body refinement in PHENIX followed by

automated re-building of the structure using phenix.autobuild 57 to reduce model bias. Initial

difference electron density maps revealed the presence of all 3 mutations as well as the presence

of 3 Zn(II) ions in the asymmetric unit. Subsequently, Zn(II) ions and water molecules were

inserted and the model was adjusted to account for the mutations as well as other changes

through iterative cycles of model building in COOT5 6 and refinement in PHENIX. 55

Due to the superior quality of the Zn(II)-soaked E37A,C66A,C67A YjiA data set (Table

AI.5), the model derived from this data set was then used to finalize the structure of Zn(II)-

soaked WT YjiA. Following rigid body refinement of the mutant structure into the WT YjiA data

in PHENIX,55 additional Zn(II) ions were inserted and the structure was completed through

iterative cycles of model building in COOT5 6 and refinement in PHENIX.5 5

For both structures, the two protomers in the asymmetric unit were initially restrained by

strict non-crystallographic symmetry (NCS) parameters. In advanced stages of refinement, NCS

restraints were loosened for all residues and removed for residues involved in crystal contacts or

Zn(II)-binding. Side chains with limited electron density were truncated at the last atom with

visible electron density. Zn(II)-coordination was loosely restrained to average bond lengths

observed in previously determined structures of proteins with Zn(II) ions bound.58 The final

stages of refinement for both structures involved TLS parametrization5 9 using two TLS groups

per protomer, as determined by the TLSMD server.60 The locations of Zn(II) ions were verified
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by Zn anomalous difference Fourier maps calculated from the peak data set (WT YjiA) or the

remote data set (E37A,C66A,C67A YjiA) using the program FFT, which is part of the CCP4

program suite.61

Crystallographic refinement of both structures yielded models that possess excellent

stereochemistry and small root-mean-square deviations from ideal values for bond lengths and

bond angles. Due to the presence of pseudo-translational symmetry in the data, the

crystallographic R-factors are relatively high, but within an acceptable range. Refinement

statistics are summarized in Table AI.5. The final model of WT YjiA contains all 318 residues of

YjiA in protomer A and residues 2 - 318 in protomer B. The final model of E37A,C66A,C67A

YjiA contains all 318 residues in both protomers. The models were validated using simulated

annealing composite omit maps calculated in CNS.62 The geometries of the final models were

analyzed with Molprobity. 63 Figures were generated using Pymol. 64 The atomic coordinates for

Zn(II)-soaked WT YjiA and Zn(II)-soaked E37A,C66A,C67A YjiA have been deposited with

the Protein Data Bank (http://www.rcsb.org) with PDB accession codes 4IXM and 4IXN,

respectively.
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AI.G. Tables and Figures

Table AI.1. Stoichiometry of metal binding to WT and mutant YjiAa

YjiA Variant Ni(II) Bound Co(II) Bound Zn(II) Bound
WT 2.2 0.2 1.2 0.2 3.8 0.3

WT + GDP 1.3 0.1 0.6 0.2 3.2 0.2
E37A,C66A,C67A 0.5 0.2 0.1 0.1 3.9 0.5
E42A,C66A,C67A 1.2 0.2 0.2 0.1 4.2 0.3

a Apo-YjiA (120 [M) was incubated with either 480 pM NiCl 2, 360 pM CoSO 4 , or 600 jM
ZnSO 4 overnight at 4 'C in an anaerobic glove box. Excess metal was removed by passing the
proteins over a PD 10 gel filtration column and the bound metal was detected via a PAR assay. In
samples containing GDP, 1.5 mM GDP and 5 mM MgCl 2 were included. The data listed are
average values and standard deviations of the number of metal ions bound per protein monomer
from at least three independent experiments.
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Table AI.2. Summary of gel filtration chromatography results of WT YjiA with added metals or

nucleotides.a

Added Metal/ Calculated MW (kDa) Relative Peak Assignment
Nucleotide Areab

Apo 30 2 100 Monomer

31.2 0.4 21.5 Monomer

316 5 78.5 Oligomer
38.4 0.7 11.0 Monomer

2 eq. Zn(II) 440 40 89.0 Oligomer
36.5 0.5 14.5 Monomer
350 10 85.5 Oligomer

2 eq. GDP 29.1 0.1 91.0 Monomer
62 2 9.0 Dimer

2 eq. GTPC 28.6 0.1 92.0 Monomer
61.3 0.8 8.0 Dimer

aErrors are standard deviations of at least two replicates. The expected molecular weights are:
WT YjiA monomer: 35.7 kDa; WT YjiA dimer: 71.3 kDa; WT YjiA tetramer: 142.6 kDa. In
cases where the dimeric and oligomeric species were not well resolved they are summarized as
"oligomer".
bThe relative peak areas varied by < 4.3 % of the total peak area.
cSamples contained 400 pM GDP or GTP in running buffer.
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Table AI.3. Summary of gel filtration chromatography results of mutant YjiA with added metals

and nucleotide.a

Protein Added Metal/ Calculated MW Relative Peak Assignment
Nucleotide (kDa) Areab

Apo 29.2 0.2 100 Monomer
29.2 0.8 92.5 Monomer

E37A,C66A,C67A 2 eq. Ni(II) 63 2 7.5 Dimer
YjiA 29.6 0.2 31.0 Monomer

2 eq. Zn(1I) 590 20 69.0 Oligomer

2 eq. Co(II) 27.7 0.6 100 Monomer

29.7 0.4 94.0 Monomer

Apo 66 1 6.0 Dimer

2 eq. Ni() 29.48 0.02 29.5 Monomer
E42A,C66A,C67A 2 600 50 70.5 Oligomer

YjiA 29.5 0.1 90.0 Monomer
2 eq. Zn(II) 66.4 0.2 10.0 Dimer

29.22 0.03 70.0 Monomer
2 eq. Co(II) 286 7 30.0 Oligomer

aErrors are standard deviations of at least two replicates. The expected molecular weights are:
E37A,C66A,C67A and E42A,C66A,C67A YjiA monomer: 35.5 kDa; E37A,C66A,C67A and
E42A,C66A,C67A YjiA dimer: 71.1 kDa; E37A,C66A,C67A and E42A,C66A,C67A YjiA
tetramer: 142.2 kDa. In cases where the dimeric and oligomeric species were not well resolved
they are summarized as "oligomer".
bThe relative peak areas varied by < 4.3 % of the total peak area.
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Table AI.4. Kinetics of GTP hydrolysis by WT and E37A,C66A,C67A YjiA.a

YjiA Variant Metal Bound kcat (sI) Km (M) kcat/Km (M' s-)

Apo (6 2) x 10~4  (5 3) x 10-5 149

WT Co(II) (5 2) x 10-4  (2.3 0.7) x 10. 4  2.3 0.8

Ni(II) WHb
Zn(II) NHc

Apo (5 1) x 10-4  (1.0 0.7) x 10.4  6 3

E37A,C66A, Co(II) (1.1 0.1) x 10-3  (1.7 0.1) x 10-5 78 9

C67A
Ni(II) (6 1) x 10-4  (3+ 1) x 10. 4  2 1

Zn(II) NHc
a All GTPase assays were conducted with 0.5 - 2 ptM WT or E37A,C66A,C67A YjiA in protein
buffer supplemented with 5 mM MgCl 2. Samples containing metal were preincubated with either
zinc, cobalt, or nickel overnight at 4 'C in an anaerobic glove box. The amount of released
phosphate was detected using a modified Malachite Green assay. The data listed are average
values from at least three independent experiments.
b WH, weak hydrolysis (see main text for details).
c NH, no measurable hydrolysis.
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Table AI.5. Crystallographic data collection and refinement statistics.
Zn(II)-soaked WT YjiAa Zn(II)-soaked

E37A,C66A,C67A YjiA
Data collection
Space group
Unit cell parameters

a, b, c (A)
c, P, y ()

Resolution (A) b

Unique reflections b
Rsym (%)b
<J> / G(<I>) b
Completeness (%) b
Multiplicity b

Wavelength (A)

Refinement
Resolution range (A)
Rcryst/Rfree

No. of non-hydrogen atoms
protein
Zn
sulfate
water

Average isotropic B-factors (A 2)
protein
Zn (internal sites)
Zn (bridging site)
Zn (surface sites)
sulfate
water

r.m.s.d. bond lengths (A)
r.m.s.d.c bond angles (0)
Ramachandran statistics (%
residues)

Favored
Allowed
Disallowed

P21

56.30, 68.87, 77.83
90, 104.09, 90

30.0 - 2.57 (2.61 - 2.57)
35529 (1535)

7.9 (41.2)
18.3 (3.3)

97.0 (84.6)
3.8 (3.6)
1.1808

30.0 - 2.57
0.220/0.262

4821
5
10
43

71.7
92.0
70.2
89.5
111.0
58.3

0.002
0.56

96.2
3.9
0.0

Rotamer outliers (%) 1.2
a For this data set, Bijvoet pairs were treated as separate reflections
b Values in parentheses indicate highest resolution bin
C r.m.s.d. is root mean squared deviation

P21

56.07, 68.44, 77.70
90, 104.23, 90

75.3 - 2.05 (2.09 - 2.05)
35715 (1784)

8.5 (59.0)
18.6 (2.9)

98.5 (98.8)
6.5 (5.7)
0.9795

75.3 -2.05
0.203/0.238

4895
3
10

256

43.8

36.9
74.0
65.3
42.0

0.008
0.73

97.5
2.5
0.0
1.0
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Table AI.6. PCR primers used for cloning and mutagenesis.a

Primer Name Primer Sequence

YjiA forward "GGAGACCATATGAACCCGATTGCAGTTAC 3

YjiA reverse "GCCCATCTCGAGTTACTTCCTCAACCC"

YjiA C66A,C67A forward 5 CTGACCAACGGCTGCATCgctgctTCGCGCTCCAACGAGC'

YjiA C66A,C67A reverse 5 GCTCGTTGGAGCGCGAtgctgcGATGCAGCCGTTGGTCAG 3'

YjiA E42A forward "GATTGAAAACGAATTCGGCccAGTCTCTGTTGATGATC 3'

YjiA E42A reverse 5GATCATCAACAGAGACTggGCCGAATTCGTTTTCAATC

YjiA E37A forward 5CAAGATTGCCGTGATTGcAAACGAATTCGGCGAAG

YjiA E37A reverse 5'CTTCGCCGAATTCGTTTgCAATCACGGCAATCTTG 3

a Restriction enzyme sites are shown in bold. Mutations are shown in lowercase. The
E42A,C66A,C67A and E37A,C66A,C67A mutants were constructed using the C66A,C67A
YjiA-pEt24b vector as a template and the E42A and E37A primers, respectively.
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Table AI.7. Calculated and observed molecular masses (MM) for WT YjiA and mutants, as determined

by ESI-MS.

Protein Calculated MM (Da) Observed MM (Da)

WT YjiA 35659.6 35660.0

YjiA C66A,C67A 35595.5 35596.0

YjiA E37A,C66A,C67A 35537.5 35538.0

YjiA E42A,C66A,C67A 35537.5 35538.0
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Figure AI.1. Cobalt and nickel binding to WT YjiA. (A) The difference spectra of 20 tM YjiA
incubated with 20 pM NiCl 2 (solid line) or 20 pM CoSO 4 (dotted line) display ligand-to-metal
charge transfer (LMCT) signals in the region of 250-400 nm. The extinction coefficient was
calculated based on the protein concentration. (B) In order to determine the affinity of apo-WT
YjiA for Ni(II), the metal was titrated into a sample of 250 nM YjiA and the increase in
absorption at 340 nm was used to calculate the fractional saturation of the protein (circles). Data
such as those shown were fit to the Hill Equation to yield an apparent Kd of (3.7 0.3) x 10-6 M,
n = 1.2 0.3 (solid line) (see text). Likewise, Co(II) binding to 5 [LM YjiA can be monitored at
350 nm (squares) and fit to yield an apparent Kd of (2.0 0.1) x 10-5 M, n = 1.7 0.2 (dashed
line).
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Figure AI.2. Zinc binding to YjiA. Upon binding Zn(II), the maximum absorption of zincon
shifts from 488 nm to 620 nm. It takes 140 pM ZnSO 4 to saturate 140 pM zincon (circles),
consistent with a 1:1 stoichiometry. In a competition between 140 p.M zincon and 10 jM apo-
YjiA (squares), the spectrum of zincon does not change until after the addition of 20 pM ZnSO 4 ,
suggesting that there are two Zn(II) sites on YjiA that can outcompete zincon. It takes an
additional 160 pM ZnSO 4 to saturate the 620 nm signal, suggesting that there are two additional
sites in YjiA capable of competing with zincon for Zn(II). In the case of the E37A,C66A,C67A
mutant (triangles), the initial plateau region is not observed, but 180 pM ZnSO 4 is still required
to saturate zincon, suggesting that the mutant YjiA can still bind 4 Zn(II) ions but with weaker
affinities than WT protein.
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Figure AI.3. Electrospray ionization mass spectra of WT YjiA. Observed mass spectra (top

spectrum) and reconstructed masses (bottom spectrum) of WT YjiA after incubating with 5
equivalents of metal. WT YjiA is observed binding two (35786 Da), three (35849 Da) and four

(35912 Da) zinc ions. Also observed are the sodiated (+22 Da) and potassiated (+28 Da) peaks

for each species.
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Figure AI.4. Structure of WT YjiA and location of the metal-binding site in the primary
structure of the GTPase domain. (A) Sequence alignment of the GTPase domain regions between
the Walker A and Walker B motifs of representative G3E GTPases generated by the COBALT
sequence alignment program (available online at http://www.ncbi.nlm.nih.gov/tools/cobalt/). 65

Located between the Walker A and B motifs is the metal-binding site conserved in COG0523
GTPases. The two glutamates mutated in this study are highlighted by orange boxes. The species
from which the protein sequences were derived and the starting sequence position (in brackets)
are as follows: YjiA- Escherichia coli (11); YeiR- E. coli (9); CobW- Pseudomonas denitrificans
(18); YciC- Bacillus subtilis (11); Nha3- Rhodococcus sp. N-771 (13); UreG- Klebsiella
aerogenes (14); EcHypB- E. coli (111); HpHyB- Helicobacter pylori (53). (B) The structure of
apo-YjiA (PDB 1NIJ), previously published,' features two domains. The N-terminal GTPase
domain possesses a typical G3E GTPase fold with a central P-sheet core surrounded by a-
helices. Located on one of the central P-strands is the conserved C64 XCC6 7 motif. Glu37 and
Glu42 are near this motif (inset).
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Figure AI.5. Circular dichroism spectra of WT YjiA and two YjiA triple mutants. (Left Graph)
The circular dichroism spectrum of 20 ptM apo-WT YjiA (red squares) possesses the general
characteristics consistent with a mixed as protein, in agreement with the published crystal
structure of YjiA.1 7 Analysis of the spectrum using the K2D3 program 49 indicates the presence of
22% a-helix and 26% P-sheet. Upon the addition of 100 pM NiCl 2 (green circles), 100 ptM
ZnSO4 (blue triangles), or 200 M CoSO 4 (orange diamonds), an increase in negative ellipticity
near 208 nm is observed, suggesting a conformational change in the protein. However, K2D3
analysis did not indicate a major change in the overall content of a-helix and P-sheet (for +
Ni(II), 23% a-helix, 25.0% P-sheet; for + Zn(II), 22% a-helix, 25.0% P-sheet; for + Co(II), 21%
a-helix, 26.0% P-sheet). (Right Graph) CD Spectra of WT YjiA (red squares) compared to
E37AC66AC66A YjiA (blue triangles) and E42A,C66A,C67A YjiA (green circles).
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Figure AI.6. Effect of metal on the quaternary structure of YjiA. In the absence of metal, 60 [tM
YjiA elutes at a volume corresponding to a monomer (solid black line). The addition of 2
equivalents of NiCl 2 (solid red line), CoSO 4 (dashed black line), or ZnSO 4 (solid blue line)
results in the formation of dimeric and oligomeric species. Incubation of YjiA with 2 equivalents
of GDP (dashed red line) or GTP (dashed blue line) followed by chromatography with 400 ptM
nucleotide in the running buffer, resulted in only a small portion of dimeric protein. The
chromatographic traces (monitored at 280 nm) are representative datasets from experiments with
a Superdex 200 10/300 analytical column equilibrated with 25 mM HEPES, pH 7.6, 200 mM
NaCl, and 5 mM MgCl 2. The ticks at the top of the graph denote the elution volumes of the
protein standards. From left to right, the identity of the standards and their respective molecular
masses are as follows: thyroglobulin (670 kDa), y-globulin (158 kDa), ovalbumin (44 kDa),
myoglobin (17 kDa), and vitamin B 12 (1.4 kDa).
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A
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E

Figure AI.7. Crystal structure of Zn(II)-bound WT YjiA. (A) Overall structure of the two YjiA
protomers in the asymmetric unit (yellow and green ribbons). Symmetry-related molecules
involved in Zn(II) binding are shown as gray ribbons. Four types of Zn(Il)-binding sites are
observed in the structure: a bridging site (labeled B), an internal site (labeled C), and two types
of surface sites (labeled D and E). Bound Zn(II) ions are shown as purple spheres and
coordinating residues are shown as sticks. A Zn anomalous difference Fourier map is contoured
around bound Zn(II) ions at 5 c. (B) Close-up view of the bridging Zn(II)-binding site, located
on a two-fold axis between the two protomers in the asymmetric unit. Zn(II) is coordinated by
E74 and H 114 from both protomers. (C) Close-up view of the internal Zn(II)-binding site. The
side chains of E37, E42, and C66 (green carbons) coordinate the Zn(II), with an open
coordination sphere probably occupied by a water molecule. The structure of apo-WT YjiA
(PDB ID 2NIJ' 7) is superimposed and shown with magenta carbons. The region around the
Zn(II)-binding site undergoes conformational changes upon Zn(II) binding, as indicated by the
arrows. The Zn(II)-binding site is also located in close proximity to the nucleotide binding site,
as demonstrated by modeling studies with a GTP-analog-bound HypB structure (PDB ID
2HF8 28, GTPyS shown with cyan carbons and Mg(II) shown as an orange sphere). (D) and (E)
Close-up views of the two types of surface sites, located at crystal contacts between YjiA
protomers in the asymmetric unit and crystallographically related molecules. Zn(II) is
coordinated by the side chains of E167 and/or H170 from one molecule and H 187 from the other
molecule.
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Figure AI.8. Comparison of crystal packing of apo-WT YjiA (blue, PDB ID 1NIJ 17) and Zn(II)-
soaked WT YjiA (asymmetric unit in yellow and green, remaining protomers in gray). The
crystal packing of the two structures are almost identical.
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Figure AI.9. The Walker A motif (P-loop) adopts multiple conformations in YjiA. Two distinct
conformations (yellow and green carbons) are observed in the structures of both Zn(Il)-soaked
WT YjiA and of Zn(II)-soaked E37A,C66A,C67A YjiA. One of the conformations (yellow)
resembles the conformation observed in apo WT YjiA (pink carbons, PDB ID INIJ 17). The
Walker A motif is also in proximity to the metal-binding site with bound Zn(II) (purple sphere).
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E37

Figure AI.10. E37 or E39 of YjiA could coordinate nucleotide-associated Mg(II). GTP-analog-
bound HypB (cyan carbons, PDB ID 2HF828) is superimposed onto the structure of Zn(II)-bound
WT YjiA (green carbons). Bound GTP7S is shown with cyan carbons and GTPyS-associated
Mg(II) is shown as an orange sphere. D75 of HypB is involved in Mg(IL)-coordination. Both E37
and E39 of YjiA are within proximity of the modeled Mg(II), as indicated by the purple dashed
lines, raising the possibility that these residues are involved in Mg(II) coordination in YjiA.
Notably, E37 is also involved in binding Zn(II) (purple sphere). E39 was truncated to the Cp
atom due to lack of electron density for the side chain.
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Figure AI.11. Crystal structure of Zn(Il)-soaked E37A,C66A,C67A YjiA. (A) Overall structure
of the two E37A,C66A,C67A YjiA protomers in the asymmetric unit, colored in pink and orange
ribbons. The crystal structure of Zn(II)-soaked WT YjiA is superimposed (coloring as in Figure
AI.7A). (B) Close-up view of the bridging Zn(Il)-binding site. This site is still occupied with
Zn(II) (purple sphere), as indicated by the Zn anomalous difference Fourier map contoured at 5 Y
(yellow mesh). Zn(II)-coordinating residues are labeled. (C) Comparison of the internal sites of
Zn(II)-soaked WT YjiA (green carbons) and Zn(II)-soaked E37A,C66A,C67A YjiA (pink
carbons). For the triple mutant, F40 occupies the space left open by the mutations and the lack of
Zn(II). A 2F0-Fe simulated annealing composite omit map (blue mesh) is contoured around F40
at 1.0 a. The side chain of E42 is truncated to the Cp in E37A,C66A,C67A YjiA due to lack of
electron density. (D, E) Close-up view of the surface Zn(II)-binding sites. Crystallographically
related YjiA molecules are shown with gray carbons. Map and coloring as in (B).
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Figure AI.12. Comparison of the metal-binding sites of YjiA and HypB. (A) The internal metal-
binding site of YjiA is located in a solvent-accessible pocket of the protein beneath the surface of
the protein. YjiA protomers in the asymmetric unit are shown in surface representation in green
and yellow, with ribbons shown underneath. Bound Zn(II) in the internal site is shown as a
purple sphere, additional Zn(II) ions are shown as gray spheres. The inset shows a close-up view
of the internal Zn(II)-binding site. (B) Superimposition of a YjiA protomer and a HypB dimer
(PDB ID 2HF8 28), shown in the same orientation as in panel (A). HypB is colored in cyan and
gray and HypB-bound Zn(II) ions are shown as orange spheres. Although YjiA and HypB share
structural homology in the GTPase domain, the Zn(II)-binding sites of HypB are located on the
protein surface and do not resemble the internal Zn(II)-binding site in YjiA. (C) The HypB
Zn(II)-binding sites are located directly on the surface of the protein. HypB is colored and
oriented as in panel (B).
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Appendix II: Flavin-induced oligomerization in Escherichia coli adaptive response protein
AidB

AII.A. Summary
The process known as "adaptive response" allows Escherichia coli to respond to low doses of
DNA methylating agents by upregulating the expression of four proteins. While the role of three
of these proteins in mitigating DNA damage is well understood, the function of AidB is less
clear. Although AidB is a flavoprotein, no catalytic role has been established for the bound
cofactor. Here we investigate the possibility that flavin plays a structural role in the assembly of
the AidB tetramer. We report the generation and biophysical characterization of deflavinated
AidB and of an AidB mutant that has greatly reduced affinity for flavin adenine dinucleotide
(FAD). Using fluorescence quenching and analytical ultracentrifugation, we find that apo AidB
has a high affinity for FAD, as indicated by an apparent dissociation constant of
402.1 35.1 nM, and that binding of sub-stoichiometric amounts of FAD triggers a transition in
the AidB oligomeric state. In particular, deflavinated AidB is dimeric, whereas the addition of
FAD yields a tetramer. We further investigate the dimerization and tetramerization interfaces of
AidB by solving a 2.8 A resolution crystal structure in the space group P3 2 that contains three
intact tetramers in the asymmetric unit. Taken together, our findings provide strong evidence that
FAD plays a structural role in the formation of tetrameric AidB.

Abbreviations used: N-methyl-N'-nitro-N-nitrosoguanidine, MNNG; flavin adenine dinucleotide,
FAD; acyl-coenzyme A dehydrogenase, ACAD; isovaleryl-coenzyme A dehydrogenase, IVD;
dissociation constant, Kd; f-mercaptoethanol, p-ME; ethylenediaminetetraacetic acid, EDTA;
Hill coefficient, h; non-crystallographic symmetry, NCS; circular dichroism, CD; analytical
ultracentrifugation, AUC; sedimentation coefficient normalized to 20 'C and water, s20,w; root-
mean-square deviation, r.m.s.d.; medium-chain acyl-coenzyme A dehydrogenase, MCAD.

Contributions: Michael Hamill prepared and characterized deflavinated AidB and performed
analytical ultracentrifugation under aerobic conditions under the supervision of Sean Elliott.
Cintyu Wong crystallized AidB in the P32 space group and performed initial refinement of the
crystal structure. Michael Hamill and Sean Elliott were involved in interpretation and discussion
of results.

A manuscript similar to this chapter has been published as:
Hamill, M.J.*, Jost, M.*, Wong, C., Elliott, S.J., and Drennan, C.L. (2011) Flavin-induced
oligomerization in Escherichia coli adaptive response protein AidB, Biochemistry 50, 10159-69.
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AII.B. Introduction

Exposure of Escherichia coli cells to low doses of DNA methylating agents initiates a response

that mitigates the mutagenic and cytotoxic effects of DNA methylation 1-3. This process, known

as the adaptive response, involves the upregulation of four proteins: Ada, AlkA, AlkB, and

AidB '4. Ada is a DNA methyltransferase that irreversibly transfers a methyl group from the

DNA phosphodiester backbone to its Cys-38 side chain or from 04-methyl-T and 0 6 -methyl-G

lesions to its Cys-321 side chain5 -6. Upon methylation at Cys-38, Ada becomes a transcription

factor and activates the transcription of its own encoding gene and the other adaptive response

genes 7-8 . AlkA is a DNA glycosylase that repairs a variety of lesions, including 3-methyl-A,

through a base excision mechanism9-1. The third member of the adaptive response, AlkB, is an

a-ketoglutarate- and Fe(II)-dependent dioxygenase that repairs 1-methyl-A and 3-methyl-C

lesions by an oxidative demethylation mechanism'"". While the roles of Ada, AlkA, and AlkB

in the adaptive response are well established, AidB is still enigmatic.

Although reported to diminish the mutagenic effect of the methylating agent N-methyl-

N'-nitro-N-nitrosoguanidine (MNNG) 16, an exact AidB phenotype has been difficult to establish.

While in vitro studies clearly show protection of DNA from methylating agents such as

MNNG1 7, cells with an inactivated aidB gene do not show the expected increase in methylation

sensitivity 218. Recently it has been suggested that localization of AidB and its protective function

to specific regions of the genome could obscure the AidB phenotype, although more work is

needed to fully resolve this issue 7 . Our understanding of how AidB exerts its protective function

is also in its infancy. AidB is known to be a flavin adenine dinucleotide (FAD)-containing

protein' 9 that shares sequence homology with members of the acyl-coenzyme A dehydrogenase

(ACAD) flavoenzyme family and exhibits low levels of isovaleryl-coenzyme A dehydrogenase
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(IVD) activity16. However, this activity is 1000-fold lower than that of other known ACADs,

indicating that it does not represent the biological function of AidB' 9 . The concomitant discovery

that AidB can bind double stranded DNA non-specifically with low micromolar dissociation

constants 9-20 led to a functional model in which AidB screens DNA and directly repairs

methylated bases by a dehydrogenation reaction' 9 . Although this structural and biochemical

support for the presence of DNA-binding domains on AidB' 9 2 0 , the AidB structure also shows

that the four FAD binding sites per tetramer are far from these DNA-binding regions, raising

doubt that AidB directly repairs DNA2 0

In a previous crystallographic study, AidB was crystallized in the presence of DNA

oligonucleotides, and although these DNA molecules were not observed in the crystal structure,

the assembly of AidB molecules in the crystal lattice created 25 A pores lined by the DNA-

binding regions of AidB 20. Based on this structure, a model was put forward in which AidB

sheaths DNA from destructive modification by completely sequestering it in these pores, with a

potential secondary role for the FAD cofactor in detoxifying damaging agents via an unknown

20mechanism . It was later shown that AidB can bind to certain DNA sequences with enhanced

affinity during normal cell growth, including the upstream sequence of its own promoter, and

that AidB plays a protective role even when its DNA-binding regions are deleted, suggesting that

the purpose of the DNA-binding ability of AidB is to localize detoxification activity rather than

to protect DNA by providing a sheath21. Again, the exact nature of this putative detoxification

reaction is unknown, with a recent study ruling out the obvious candidate of MNNG as a

substrate.

As outlined above, numerous models have been proposed for the role of AidB in the

adaptive response. At the heart of this mystery is the role of the bound FAD. Is AidB an enzyme
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that uses the FAD as a cofactor for detoxification or DNA repair, or is AidB a DNA-binding

protein for which the FAD plays a structural role, or could FAD play both a catalytic and a

structural role in a multifaceted AidB protein? To address this question, we investigate for the

first time the binding properties of FAD to AidB. Using a combination of techniques, we find

that FAD binds tightly and cooperatively to AidB, inducing a change in the oligomeric state of

the protein from dimer to tetramer.

AII.C. Results

Preparation and spectroscopic analysis of deflavinated AidB

To investigate the role of the bound flavin cofactor, we generated deflavinated AidB (apo AidB)

both by a chemical method using KBr (apo wtAidB) and by creating a flavin-binding deficient

triple mutant (T185V/S191R/R324D) of AidB (apo mtAidB). Whereas deflavination by typical

treatments, such as dialysis and chromatography 23, was unsuccessful with AidB, dilution of fresh

wtAidB into a buffer containing KBr, a chaotropic agent that competes with the flavin for the

phosphate binding site, quantitatively yielded apo wtAidB. To generate a mutant form of AidB

with greatly reduced FAD affinity, we inserted the mutations T185V, S191R, and R324D into

the sequence of wtAidB. All three of these residues are directly involved in FAD binding (Figure

AIL.i). During the size exclusion chromatography step of the protein purification procedure, the

resulting triple mutant mtAidB eluted as two species. A minor species of smaller retention time

exhibited a bright yellow color, indicative of bound FAD, while the major species was colorless

and appeared to be deflavinated. Since we did not overexpress our mutant protein in an aidB

knockout strain, the minor species most likely represents endogenous AidB while the major

species is our overexpressed mutant protein.
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To assure deflavination of all samples used in these experiments, we analyzed both apo

wtAidB and apo mtAidB by UV-Vis spectroscopy. The characteristic FAD absorption features

were not observed in either apo wtAidB or apo mtAidB, indicating that no or very little FAD was

present in either sample (Figure AI.2A). We then performed circular dichroism (CD)

spectroscopy on holo wtAidB, apo wtAidB, and apo mtAidB to assess whether the deflavinated

protein was properly folded. The CD spectra of apo wtAidB and apo mtAidB were almost

identical to that of holo wtAidB, with no deviations above background (Figure AII.2B). Upon

stoichiometric reconstitution of apo wtAidB with FAD, the absorption features were restored and

the CD spectrum remained unchanged. Therefore, we concluded that we achieved deflavination

without major structural perturbations and we used these deflavinated species for further

analyses.

wtAidB binds FAD tightly and cooperatively

To investigate the interaction of FAD with wtAidB, we measured the dissociation constant (Kd)

by fluorescence quenching (Figure AII.3). FAD has a fluorescence emission band centered at

520 nm when it is excited at 350 nm. Upon binding to wtAidB, the fluorescence emission of

FAD at 520 nm is quenched by a factor of 3.1. Binding data were fit to a Hill equation (Equation

All.1) to account for cooperative binding. Since cooperativity implies multiple and unequal

binding equilibrium states, the resulting Kd is a rough estimation of the average dissociation

constant. We calculate an apparent Kd of 402.1 i 35.1 nM with a Hill coefficient (h) that is

greater than 1 (1.73 0.21), consistent with tight and cooperative binding of FAD to wtAidB.
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The oligomeric state ofAidB is flavin-dependent

We performed sedimentation velocity analytical ultracentrifugation (AUC) experiments to

determine the oligomeric state of AidB under different conditions. Sedimentation velocity data

were fit to a continuous distribution c(s) Lamm equation model using Sedfit2 , yielding the

experimental sedimentation coefficient distribution. All sedimentation coefficients, which are

dependent on the mass and shape of the protein, were normalized to 20'C in water (s20,). We

also used the program Hydropro25 to determine theoretical S2O,w values for different oligomers of

AidB based on our crystal structure (see below). The calculated s20,, value for the putative AidB

tetramer was 11.5 S. In contrast, the S20,, values for possible dimer combinations ranged between

6.4 S and 7.0 S and the S20,' value for an AidB monomer was 4.2 S. These values were compared

to experimentally determined s20, values, allowing us to assign oligomeric states to the different

AidB samples.

First, we collected AUC data on holo wtAidB, apo wtAidB, and apo mtAidB to assess the

influence of the FAD cofactor on the oligomeric state. For holo wtAidB, we obtained an

experimental S20, value of 11.5 S (Figure AII.4A), indicative of a tetramer structure and in

19-20agreement with previously reported results- . Trace amounts of smaller species (* in Figure

AII.4A) likely represent a small amount of misfolded, denatured, or monomeric protein. In

contrast, the major species of apo wtAidB exhibited an S20, value of 7.0 S, indicating that apo

wtAidB is a dimer (Figure AII.4B). Small amounts of a tetrameric species are observed in the

sample, but the ratio of dimer to tetramer did not change with a 2.7-fold increase in protein

concentration. For apo mtAidB, we obtained an s20, value of 7.1 S for the dominant species

(Figure AI.4C), in close agreement with the value obtained for apo wtAidB. Thus, both
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deflavinated AidB species are dimeric in solution, indicating that AidB undergoes a change in

the oligomerization state, from a tetramer to a dimer, upon removal of the FAD cofactor.

Using a stepwise reconstitution protocol of apo wtAidB with free FAD, we then tested

whether the observed changes in oligomerization state are reversible. FAD was added to apo

wtAidB at molar ratios of 0.25, 0.5, and 1.0 with respect to the concentration of the AidB

monomer. The samples were then subjected to AUC with simultaneous monitoring of the

absorbance at both 280 and 385 nm (Figures AII.4D-F). Sedimentation coefficients of the

various forms of AidB were calculated from the absorbance at 280 nm (Figures AII.4D-F, upper

traces), while the absorbance at 385 nm was used to identify FAD-containing AidB (Figures

AII.4D-F, lower traces). Upon reconstitution of apo wtAidB with 0.25 equivalents of FAD, we

observed a species with an S20,v value of 11.5 S in the AUC experiment, accounting for 47% of

the total AidB (Figure AII.4D). A second species exhibited an s20, value of 7.0 S, accounting for

the remaining AidB. Absorbance at 385 nm was only observed in the species with an S20,w value

of 11.5 S. Thus, 47% of the AidB in solution had formed a tetramer and all FAD was bound to

this tetrameric species, while no FAD was bound to a dimeric species that was also present in

solution. When we increased the amount of FAD to 0.5 equivalents relative to the concentration

of AidB monomer, 77% of AidB was present in a tetrameric state. Again, FAD was only

observed in those tetramers (Figure AII.4E). Finally, reconstitution using one equivalent of FAD

relative to AidB monomer resulted in 95% tetramer formation, a value similar to that observed

for holo wtAidB (Figure AIl.4F). All in all, these results suggest the presence of an FAD-

dependent equilibrium between the dimeric and the tetrameric states of AidB in which binding of

FAD induces a transition to the tetramer.
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We also examined whether the oxidation state of the flavin cofactor had an effect on the

oligomeric state of wtAidB. We generated wtAidB in complex with its reduced flavin cofactor by

chemical reduction of holo wtAidB with a 2-fold molar excess of sodium dithionite in an

oxygen-free environment. Reduced wtAidB exhibited an s20,,, value of 11.2 S (Figure AII.4G),

indicating that reduced wtAidB is a tetramer. We confirmed that the flavin cofactor remains in

the reduced state during the time course of an AUC experiment by collecting UV-Vis spectra in

an oxygen-free environment after the experiment, which indicated the absence of oxidized flavin

cofactor in the sample (data not shown). Furthermore, we monitored the absorbances at 280 nm,

350 nm, and 385 nm in a separate anaerobic AUC experiment. All three traces exhibited the

same profile: the absorbances at 350 nm and 385 nm remained the same over the time course of

the experiment, indicating that there was no change in the oxidation state of the cofactor (data

not shown). Thus, while removal of the flavin cofactor has a significant impact on the

oligomerization state of wtAidB, holo wtAidB is a tetramer regardless of the oxidation state of

the flavin cofactor.

Interaction between DNA and apo AidB

To estimate the effect of deflavination on the DNA-binding capability of wtAidB, we measured

the affinity of holo wtAidB, apo wtAidB, and apo mtAidB for DNA by fluorescence anisotropy.

In our binding studies, a specific F coli DNA fragment

(5'-GAAAATTATTTTAAATTTCCTCTTGTCA-3') was chosen because AidB offers enhanced

protection from damage to this DNA sequence' 7 . We first determined the Kd of this

oligonucleotide and holo wtAidB to be 2.2 0.1 ptM under conditions similar to those used

previously (data not shown)20. This interaction is approximately 2-fold stronger than the
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interaction between holo wtAidB and a fluorescein-tagged random 25-mer of DNA used in

previous experiments (Kd = 4.3 0.1 tM) 20. We also measured the effect of ionic strength on

AidB-DNA affinity by lowering the NaCl concentration from 300 mM to 100 mM. As expected,

tighter binding (Kd = 463 48 nM) between holo wtAidB and DNA is observed at the lower salt

concentration (Figure AII.5). Under these low salt conditions, both forms of apo AidB have

similar, though non-identical DNA affinities compared to each other and to holo wtAidB. The Kd

for the interaction of apo mtAidB and DNA is 763 66 nM, and the Kd for the interaction of apo

wtAidB and DNA is 548 20 nM (Figure AII.5). Thus, although there is a significant change to

the oligomerization state upon deflavination of AidB, we find the effect on DNA-binding to be

negligible.

P32 crystal structure ofAidB

To investigate the molecular basis of the FAD-dependent changes in the AidB oligomerization

state, we determined the crystal structure of holo wtAidB in the space group P3 2 to 2.8 A

resolution (Figures AII.6). Unlike the previous 1222 structure 2 0, this crystal form has three

tetramers of AidB in the asymmetric unit as opposed to a single monomer. The P3 2 structure was

solved by molecular replacement using the 1222 crystal structure20. Protomers from the two

crystal structures superimpose with a root-mean-square deviation (r.m.s.d.) of 0.34 A over 538

Ca-atoms, indicating that the structures of wtAidB protomers are unchanged. Also, the wtAidB

tetramer from the P32 structure and the AidB tetramer generated by symmetry from the 1222

structure superpose well, with a r.m.s.d. of 0.40 A over 2152 Ca-atoms. However, there are

profound differences in the crystal packing arrangement of these tetramers (Figures AII.6A, B).

The previous structure contains a crystal lattice in which four AidB tetramers form another
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higher order oligomer, with the AidB DNA-binding regions lining a central pore with a 25 A

diameter (Figure AII.6A). In the P32 crystal structure, the three tetramers in the asymmetric unit

are arranged in a triangular shape with the DNA-binding domains pointing outwards and no

obvious pore (Figure AII.6B). Even when considering symmetry-related molecules in the P3 2

crystal lattice, the resulting arrangement does not reveal a central pore with which AidB could

sequester DNA (Figure AII.7). Thus, although the tetramer of AidB is conserved in both crystal

forms, the assembly of those tetramers into higher order oligomers is not.

Structural basis for flavin-dependent oligomerization

In the P32 crystal structure, each protomer of an AidB tetramer interacts with each of the other

protomers. Thus, there are three different types of dimers that could be formed upon

deflavination: "up-and-down" (AB or CD dimers), "side-by-side" (AC or BD dimers), and

"diagonal" (AD or BC dimers) (Figure AII.8). To investigate which of the three possible dimers

of AidB is present after deflavination, we calculated theoretical S20,,, values for each of the

dimers from our crystal structure and compared these values to the results from our AUC

experiments. We obtained theoretical s 20,. values of 7.0 S, 6.6 S, and 6.4 S for the AB dimer, the

AC dimer, and the AD dimer, respectively. These values reflect their differences in shape, as the

AB dimer would be more globular, while the AC and the AD dimers would be more elongated

(Figure AII.8). Our observed S20,w values for apo wtAidB and apo mtAidB are 7.1 S and 7.0 S,

respectively, consistent with the value calculated for the AB dimer of 7.0 S.

In the P32 crystal structure, the AB dimer is held together by an extensive interface,

burying a combined area of over 6500 A2 from solvent (Figure AII.8A). The dimer interface

features 33 hydrogen bonds and 24 salt bridges. In contrast, the AC and AD dimer interfaces
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only have solvent-buried areas of 1782 A2 and 1319 A2 , respectively (Figures AII.8B,C),

providing additional rationale for the presence of an AB dimer in solution. The FAD of each

protomer is bound at the AB dimer interface, with both protomers contributing to the binding of

FAD (Figure AII.9A). FAD is bound by twelve hydrogen bonds from one protomer, while the

second protomer adds another two hydrogen bonds and two salt bridges to binding of the

pyrophosphate moiety and the adenine ring (Figure AII.9A). In contrast, FAD makes no direct

contacts across the AC or AD interfaces.

The AidB tetramer, as observed in both crystal structures, is a dimer of dimers with three

two-fold symmetry axes (Figures AII.6C,D). The combined buried surface area between the AB

and the CD dimers is 5700 A2 and we refer to this interface as the "tetramer interface". With 37

hydrogen bonds and 10 salt bridges at this interface, the size of the buried surface area (7.3% of

the total surface area) and the number of specific stabilizing interactions are small compared to

the overall size of the putative assembly. When the tetramer interface is treated as a single

interface between two polypeptide chains, the complexation significance score determined by the

PISA server for interface analysis 26 is extremely low, 0.086 on a scale of 0 (lowest significance)

to 1 (highest significance). Furthermore, the free enthalpy of formation is calculated to be

12.3 kcal/mol for this interface, rendering interface formation energetically unfavorable. These

analyses would suggest that the interface is not significant for complex formation and is instead

an artifact of crystal packing. Nonetheless, our AUC data provide conclusive evidence that holo

wtAidB is indeed a tetramer in solution.

As described previously 20, tetramer formation is mainly mediated by the N-termini and

the L1'2' loops (residues 69 - 80) of each protomer (Figures AII.6D, AII.9B). As the tetrameric

assembly is symmetric, each set of interactions is present four times at the interface. The Li'2'
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loop of each protomer protrudes into the opposite dimer interface, generating an overall structure

that resembles two gears interlocking (Figure AII.6D). The residues of the four loops contribute

the majority of interactions as well as 31% of the buried surface area towards formation of the

tetramer (Figure AII.9B). In addition, four chloride ions are present at these interfaces in the P3 2

structure, one for each Ll'2' loop. Each of these chloride ions is located between Arg-71 of one

chain and Arg-256 of the other, thereby stabilizing these two adjacent positive charges (Figure

AII.9C). The Ll'2' loops have no direct interactions with the FAD cofactors. However, Ala-74,

Gln-75, Gly-76, and Arg-77 are positioned within 13 A of the FAD cofactor and a network of

hydrogen bonds connects these residues to the pyrophosphate moiety and the isoalloxazine ring

system of the cofactor (Figure AII.9B).

AI.D. Discussion

1 17,19-21The function of AidB in the adaptive response has been a subject of debate''- . With no

catalytic activity reported outside of the residual IVD activity, it remains unclear if the role of

AidB in the adaptive response involves the use of the bound flavin in catalysis. The flavoprotein

literature reports several cases in which flavins play structural roles and are not directly involved

in catalysis2 7. Glyoxylate carbo-ligases, for example, do not appear to use their flavins to

catalyze redox chemistry, but instead display flavin-dependent transitions in oligomerization

state 28-29. For both Pseudomonas oxalaticus and E. coli glyoxylate carbo-ligases, deflavination

28-29leads to oligomer disassembly and subsequent inactivation . With this precedent in the

literature, here we investigate the possibility that FAD serves a structural role in AidB.

With the first crystal structure of AidB showing FAD bound at the AB and the CD dimer

interfaces2 0 , it was tempting to propose that FAD might play a structural role in the dimerization.
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To test this idea, deflavinated AidB (apo AidB) was generated to measure the FAD dissocation

constant and to investigate whether AidB is monomeric or even unfolded without flavin. Using

CD spectroscopy, we found that removal of flavin does not unfold the protein (Figure AII.2B),

and by fluorescence quenching, we measured an apparent Kd for FAD of 402.1 35.1 nM and a

Hill coefficient (h) of 1.73 0.21, consistent with each FAD making extensive interactions with

two AidB protomers. With the knowledge that FAD binds tightly and cooperatively to AidB,

along with crystal structures showing FAD engaged in numerous interactions at the AB dimer

interface, AUC experiments were carried out to determine if AidB is monomeric in the absence

of flavin. Surprisingly, we found that both apo wtAidB and apo mtAidB exhibit a dimeric state

instead of the expected monomeric state, while holo wtAidB is a tetramer.

Since the AB interface is most directly affected by FAD binding (Figures AII.8, AII.9A),

we considered whether the dimeric structure of apo AidB could be represented by AC or AD

dimers, such that FAD binding would yield tetramers by bringing the A protomer of AC together

with the B protomer of BD to yield ABCD tetramers. To determine which protomers create the

apo AidB dimers, we calculated s20 ., values from the crystal structure and compared them to the

experimental S20,, values for apo wtAidB and apo mtAidB. The excellent agreement between the

calculated value for the AB dimer (S20,,, of 7.0 S) with experiment (S20, of 7.0 S and 7.1 S)

provides strong evidence that deflavinated AidB has the form of an AB dimer. Thus, even

though the flavin cofactor appears to contribute stabilizing interactions to the AB dimer, our data

indicate that the AB dimer interface is present even in the absence of bound flavin cofactor. In

contrast, the AC and AD interfaces are disintegrated upon deflavination despite not being

directly involved in flavin binding. Although an unexpected result if one considers only direct

FAD-protein interactions, this result makes sense from the perspective of total buried surface
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area. When a contact area is small, as is the case for the AC and AD interfaces (1782 A2 and

1319 A2, respectively), even a few changes in hydrogen bonds or packing interactions can make

a dramatic difference in interface stability, whereas when the interface is extensive, such as the

case with the AB dimer (6500 A2), hydrogen bonds and packing interactions can be lost without

impacting stability.

With a rationale at hand for why AidB is an AB dimer in the absence of FAD, we then

considered how FAD binding generates AidB tetramers when the cofactor does not appear to be

directly involved in creating the tetramer interface. To more carefully evaluate the tetramer

interface, it was important to obtain a crystal structure in which more than one protomer was

present in the asymmetric unit. In the P3 2 structure presented here, the asymmetric unit contains

three copies of the tetramer interface, none of which are restrained by crystallographic

symmetry. With independent tetramers to analyze, we find that binding of flavin to dimers of

AidB could order residues that create an intricate network of hydrogen bonds, thereby exerting a

long-range stabilization on the tetramer interface (Figure AII.9B). Importantly, the Li'2' loops

(residues 69 - 80) that protrude across the tetramer interface (Figure AII.6D) and make the

majority of contacts at the interface, are involved in this hydrogen-bonding network. With so

little buried surface area at the tetramer interface, the loss or disruption of these interactions due

to the absence of FAD must be enough to shift the balance from tetramer to dimer, while the AB

interface is strong enough to exist without FAD. Formation of the tetramer interface could also

be dependent on the ionic strength, as four chloride molecules are present at the interface, again

contacting the Li'2' loop (Figure AII.9C). AidB remains a tetramer at NaCl concentrations as

low as 100 mM (data not shown), but the instability of the protein precluded experiments at

lower salt concentrations.
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Notably, although AidB shares sequence homology and structural similarity with

members of the ACAD family such as IVD and medium-chain acyl-CoA dehydrogenase

(MCAD) 16,30-31 , the AidB L 1'2' loop and the DNA-binding region are not conserved in any other

members of the ACAD family. Presumably, as a result of these differences, the structures of IVD

and MCAD reveal a completely different tetrameric arrangement compared to the one observed

for AidB (Figure All. 10). The DNA-binding domain prevents AidB from forming the IVD-type

tetramer, while the lack of the L l'2' loop in IVD would restrict the formation of an AidB-like

tetramer in that protein. Thus, AidB could have diverged from the ACAD family by the addition

of this DNA-binding domain, allowing it to perform its function in the adaptive response, while

the addition of the Ll'2' P-hairpin loop would still allow for tetramer formation. With so few

alterations in the secondary structure between the ACAD family and AidB, the adaptation of the

L 1'2' loop suggests that tetramerization is important to the function of AidB.

We also found that the transition from a tetrameric state to a dimeric state is fully

reversible and does not depend on the flavin oxidation state, as reconstitution of apo wtAidB by

oxidized FAD restores the tetrameric state and reduced holo wtAidB is a tetramer. Notably,

incorporation of free FAD into apo wtAidB is a highly cooperative process as indicated by both

AUC and fluorescence quenching studies. During stepwise reconstitution experiments,

regardless of the amount of FAD used, all FAD-containing AidB molecules are tetramers.

Although we cannot predict the exact mechanism of tetramerization, all of these results support a

model in which binding of sub-stoichiometric amounts of FAD promotes tetramer formation for

wtAidB. Thus, while the individual structures of AidB protomers are likely to be retained during

deflavination, we observe a reversible and flavin-dependent change in the oligomeric state,
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indicating that flavin, regardless of oxidation state, does play a structural role in the creation of

the AidB tetramer.

Despite the switch in oligomeric state upon deflavination, the in vitro DNA-binding

capability of apo AidB was not significantly affected, with a less than 2-fold effect compared to

holo AidB. These results also suggest that tetramerization is not essential for the interaction of

AidB with double stranded DNA. In agreement with these findings, it was recently reported that

a truncated version of AidB that contains only the DNA-binding domain, and thus is unlikely to

21be tetrameric, retains the capability of binding DNA in vitro . In vivo, however, tetramerization

could allow AidB to bind DNA at multiple locations simultaneously.

Interestingly, the higher order AidB oligomer observed in the 1222 crystal structure and

proposed to sequester and thereby protect DNA 20, is not present in the P32 crystal form nor do

we observe any higher order AidB oligomers in our solution studies. The distinct architecture of

the crystal lattice could be due to the absence of DNA in our crystallization conditions; however,

20no electron density for DNA was observed in the previously reported structure . More likely,

AidB can crystallize in multiple lattice systems, as is frequently observed for other proteins (for

examples, see refs. 32 or 3 and 34), with these two AidB crystal structures representing two of the

possible lattice systems. Although an AidB "mega complex" exists at least in the 1222 crystal

lattice, a role for this complex in sequestering DNA is not supported by our studies. With respect

to the idea of protection by DNA sequestration in general, recent data from the Volkert

laboratory oppose this model' 7. Their data show that deletion of AidB's DNA-binding domain

does not result in the loss of AidB's protective function; the protective ability is independent of

DNA-binding' 7 . Protection in the absence of DNA-binding is also inconsistent with AidB

serving as a DNA repair protein. Although our studies clearly show FAD-dependent
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oligomerization of AidB, they do not address whether FAD also has a catalytic function.

However, the picture of AidB that is emerging invokes a role for the DNA-binding domain in

localization of AidB to specific genes, while the protective function appears to reside elsewhere

17,2on the protein ,21 Whether this protective function resides with FAD or whether FAD was

retained in the evolutionary process solely for its ability to stabilize the AidB tetramer remains to

be determined.
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AII.E. Materials and Methods

Cloning and site-directed mutagenesis

The AidB gene was amplified from E coli strain AB 1157 using a protocol reported previously 9.

The amplified gene was subcloned into a pET28a vector (Novagen) that had been digested with

NcoI and HindIl. The resulting tag-free construct, pET28a-wtAidB, was transformed into E. coli

BL21(DE3) cells for expression. An AidB triple mutant (T185V/S191R/R324D, mtAidB) was

generated from the wild type AidB-pET28a clone using the QuikChange T M Site-Directed

Mutagenesis Kit (Stratagene) and the primers listed in Table All. 1.

Overexpression and purification

4 x 1 L Luria Bertani medium containing 50 tg/mL kanamycin was inoculated with a starter

culture of E coli BL21(DE3) transformed with pET28a-wtAidB. Cells were grown at 37 'C to

an optical density of 0.5 at 600 nm, at which point the cells were induced with 1 mM isopropyl

P -D- 1 -thiogalactopyranoside. The cultures were then transferred to 21 'C for overnight growth.

Cells were harvested by centrifugation at 10,000 g for 10 min and the resulting cell pellets were

resuspended in AidB buffer (50 mM Tris, pH 7.8, 1 mM ethylenediaminetetraacetic acid

(EDTA), 300 mM NaCl, 10% (v/v) glycerol, 5 mM P-mercaptoethanol (P-ME)) and lysed by

sonication. Cell debris was separated from the soluble supernatant by centrifugation at 35,000 g

for 30 min at 4'C. The cell lysate was treated with ammonium sulfate at final concentrations of

30% (w/v) and 45% (w/v) in a step-wise fashion. After each addition, the solution was stirred

gently for 1 hr at room temperature to reach equilibrium. Precipitated protein was removed by

centrifugation at 6,000 g for 30 min at 4 'C. The protein that precipitated after the addition of

45% (w/v) ammonium sulfate was separated from the supernatant and dissolved in 10 mL of
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AidB buffer. This solution, containing crude wtAidB, was loaded onto a low substitution phenyl

sepharose column (GE Healthcare) pre-equilibrated with AidB buffer and the column was

washed with 10 column volumes of AidB buffer. wtAidB was eluted with AidB buffer

supplemented with 0.4% (w/v) deoxycholate. Fractions containing wtAidB, as judged by color

and SDS-PAGE, were merged, concentrated to 5 mL, and loaded onto a HiPrep 26/60 Sephacryl

S200 size exclusion column (Amersham Bioscience) pre-equilibrated with AidB buffer. Protein

was eluted with 1.5 column volumes of AidB buffer. Fractions containing pure wtAidB, as

judged by SDS-PAGE, were merged and used for experiments within two days (here, "fresh"

AidB is protein that is less than two days old). mtAidB was overexpressed and purified in the

same fashion as wtAidB. Reduced wtAidB was generated by incubating a solution of 1 mg/mL

wtAidB in AidB buffer with a 2-fold molar excess of sodium dithionite in an oxygen-free

environment (Coy Scientific chamber under 95% Ar/5% H2 ).

Deflavination

1OmL of wtAidB eluted from the Sephacryl S200 size exclusion column were diluted to a final

volume of 50 mL with deflavination buffer (250 mM sodium phosphate, pH 7.5, 3 M KBr, 1 mM

EDTA, 10% (v/v) glycerol, 5 mM P-ME). The mixture was incubated at 4 *C for 4 days,

concentrated to 5 mL, and applied to a PD- 10 desalting column (GE Healthcare) pre-equilibrated

with deflavination buffer to remove free FAD. The amount of residual FAD was determined

photometrically by the absorbance at 450 nm (6450 = 11,300 Mcm-' (ref. '9)) and the

deflavination process was repeated if necessary. The final apo wtAidB sample was buffer

exchanged to AidB buffer using a PD- 10 column. UV-Vis spectra of apo wtAidB were collected

on a Cary 50 Bio spectrophotometer (Varian).
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Circular dichroism spectroscopy

Circular dichroism spectra were collected on an Aviv 62 DS Circular Dichroism Spectrometer at

25 'C using a 0.1 cm optical path length cell. Protein concentrations were 1.2 mg/mL in a buffer

containing 200 mM potassium phosphate, pH 7.5, 1 mM EDTA, 10% (v/v) glycerol, 5 mM P-

ME. Ellipticity was recorded from 200-240 nm in steps of 1 nm with a 20 s averaging time and a

1.5 nm band width. At least three scans were averaged for each sample. Mean residue ellipticity,

0 in degxcm 2/dmol, was calculated from the equation: 0= MR W x Oobs/(10 x d x c), where Oobs is

the observed ellipticity measured in degrees, MR W is the mean residue molecular weight

(112.0 Da), c is the protein concentration in g/ml and d is the optical path length of the cell in

35cm

Fluorescence quenching

The affinity of apo wtAidB for free FAD was determined by monitoring the extent of

fluorescence quenching36 at 20 'C, using a SpectraMax M2 microplate reader (Molecular

Devices). Fluorescence emission of FAD was detected at 520 nm with excitation at 350 nm.

Fresh apo wtAidB (200 nM - 5 [tM) and 1 [tM FAD, each in AidB buffer, were mixed by

shaking for 2 min. Fluorescence was recorded over time until equilibrium was reached. The

change in fluorescence intensity as a function of binding of apo wtAidB to FAD was fit to the

Hill equation (Equation All. 1), which accounts for cooperative binding:

(Al )AF [AidBr
AFmax K| I+ [AidBf,
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where AF is the change in FAD fluorescence at 520 nm at each AidB concentration, AFmax is the

change in fluorescence at 520 nm at saturating wtAidB concentration, Kd is the dissociation

constant, h is the Hill coefficient, and [AidB] is the concentration of wtAidB.

Analytical ultracentrifugation

Sedimentation velocity experiments were performed using a Beckman Coulter Optima XL-I

analytical ultracentrifuge equipped with a Beckman An60Ti rotor and an XL-A monochromator.

Absorbance data were collected at 280 nm, 350 nm, or 385 nm, 20'C, and 30,000 rpm until

sedimentation was complete. All experiments were performed with at least two different protein

samples. The protein concentrations for the different samples were 9.0 pM and 9.6 p.M for holo

wtAidB, 6.1 pM and 16.7 pM for apo wtAidB, 7.0 p.M and 8.5 pM for apo mtAidB, 6.8 pM and

16.7 pM for reconstituted wtAidB, and 7.4 p.M and 7.4 pM for reduced wtAidB. All protein

samples were freshly prepared in AidB buffer. For reduced wtAidB, the protein solution and the

analytical ultracentrifugation cells were handled in an oxygen-free environment (Coy Scientific

chamber under 95% Ar/5% H2) until the cells were sealed from air. Stoichiometric reconstitution

experiments were performed by incubating apo wtAidB with free FAD at 4 'C for 16 hours. For

the following sedimentation velocity experiments, the FAD absorbance at 385 nm was

simultaneously monitored along with the absorbance at 280 nm. The density and viscosity of the

buffer solution at 20 'C were calculated by the program Sednterp, which uses formulae based on

a database of known values3 7. Hydropro was used to calculate theoretical AidB hydrodynamic

properties3 8 , based on a hydrodynamic model created from our AidB crystal structure. The

distribution of sedimentation coefficients was calculated by fitting sedimentation velocity data

using the program Sedfit24 . For this analysis, the continuous distribution c(s) Lamm equation
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24model was used, which accounts for protein diffusion . All Sedfit sedimentation coefficients

results were confirmed by additional g*(s) analysis using the program DCDT+ (ref. 2).

Fluorescence anisotropy

Fluorescence anisotropy was performed using a SpectraMax M5 microplate reader (Molecular

Devices) as described previously 20. The oligonucleotide consisted of a 28-mer of DNA that is

known to bind to AidB (UP element plus the -35 box of the rrnB P1 promoter) and contained a

fluorescein label at the 5'-end: 5'-fluorescein-GAAAATTATTTTAAATTTCCTCTTGTCA-3'

and 5'-TGACAAGAGGAAATTTAAAATAATTTTC-3' (ref. 17. Polarized fluorescence was

monitored using excitation and emission wavelengths of 495 nm and 538 nm, respectively.

Samples of 50 nM fluorescein-labeled DNA in AidB buffer were mixed with 0 - 20 pM of holo

or apo wtAidB or apo mtAidB, in agreement with conditions used previously2 0 . Anisotropy was

measured after equilibrium was reached. Binding curves were fit to a two-state binding model to

determine Kd as follows:

( 4 [AidB](AII.2) r = (r. - ro 1 + r.,
Kd +[AidB])

where ro is the anisotropy of labeled DNA, rnax is the anisotropy at saturating concentrations of

AidB, Kd is the dissociation constant, and [AidB] is the concentration of AidB.

Crystallization and data collection ofAidB in P32 crystal form

wtAidB was crystallized at 25 'C by the hanging drop vapor diffusion technique. 1 ptL of a

protein solution (10 mg/mL wtAidB in 10 mM Tris, pH 7.8, 100 mM NaCl, 10% (v/v) glycerol,

2 mM -ME) was mixed with 1 ptL of a precipitant solution (100 mM HEPES, pH 7.5, 20% (v/v)
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ethanol, 200 mM MgCl 2) on a cover slip and sealed over 0.5 mL of precipitant solution. Trigonal

crystals with dimensions of about 0.3 mm x 0.2 mm x 0.1 mm appeared within 2 weeks. Crystals

were flash-frozen in liquid nitrogen without the use of additional cryoprotectants.

All crystals belonged to the space group P32. Data were collected to 2.8 A resolution at

the Advanced Photon Source (Argonne, IL) on beamline 241D-C using an ADSC Q315 detector.

All data were collected at a temperature of 100 K. Data were reduced in Denzo and scaled using

Scalepack 39. Data collection statistics are summarized in Table AII.2.

Determination and refinement of P32 crystal structure ofAidB

The structure of wtAidB was solved by molecular replacement in Phaser40 using data to 2.8 A

resolution. The search model was the published structure of wtAidB (PDB ID code 3DJL 20)

without any cofactor or water atoms. The best rotational and translational solution had a

correlation coefficient of 26.9 with 12 wtAidB protomers per asymmetric unit, corresponding to

3 tetramer units related by non-crystallographic symmetry (NCS). The resulting model was

subjected to rigid body refinement followed by simulated annealing refinement in CNS 41-42

After the first round of refinement, Rcryst and Rfree were 31.9% and 31.5%, respectively.

Cofactors, ions, and a modest number of water molecules were added to the model at 2.8 A

resolution followed by iterative rounds of model building in Coot43 and refinement in Phenix44 .

NCS restraints were applied across the six wtAidB dimers in the asymmetric unit to reduce the

number of variables in refinement as opposed to applying NCS restraints across wtAidB

tetramers. Residues involved in crystal lattice contacts were excluded from NCS restraints. The

final cycles of refinement included TLS parametrization using one TLS group per tetramer 5 . In

all chains, either residues 2 - 540 or residues 1 - 540 were observed out of a total of 541
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residues. In addition, each chain contained one molecule of FAD, one chloride ion, and a

disulfide bridge between Cys28 and Cys540. The model was validated using simulated annealing

composite omit maps calculated in CNS4 1-42. The final structure was refined to 2.8 A resolution

with Rcryst/Rfree-values of 20.4% and 22.9%, respectively. The resulting model exhibited excellent

stereochemistry and small root-mean-square deviations from ideal values for bond lengths and

bond angles. 0.1% of the residues are in disallowed regions of the Ramachandran plot. For most

of the outliers, the backbone is involved in FAD binding, possibly providing stabilization for less

favorable backbone conformations. Refinement statistics for the final model are summarized in

Table AII.3. The geometry of the final model was analyzed using MolProbity 46. Figures were

generated in PyMOL47.
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AII.G. Tables and Figures

Table AII.1. Primer pairs used to generate the triple mutant of AidB (m/AidB).

Mutation Primer pair used

T185V- forward:

S191R 5'-GGCATGGGAATGGTGGAAAAGCAGGGCGGTAGGGATGTTATGAGC-3'

reverse:

5'-GCTCATAACATCCCTACCGCCCTGCTTTTCCACCATTCCCATGCC-3'

R324D forward: 5'-TATCATGCACATCAAGACCATGTTTTTGGTAAT-3'

reverse: 5'-ATTACCAAAAACATGGTCTTGATGTGCATGATA-3'
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Table AII.2. Crystallographic data collection statistics.

holo wtAidB

Beamline APS 241D-C

Wavelength (A) 1.0000

Detector Q315 ADSC

Space group P32

Unit cell parameters (A) a = b = 179.29, c = 204.24

Resolution (A)a 50.0 - 2.80 (2.90 - 2.80)

No. of unique reflectionsa 174735 (17687)

Rsym (%)a,b 9.5 (45.7)

Completeness (%)a 96.2 (97.4)

Multiplicitya 6.1 (5.1)

<,>/<G(,)>a 14.1 (3.3)

Wilson B-Factor (A 2) 45.3

aNumbers for the highest resolution shell are shown in parentheses.

bRsym = ( LijLhkI I I(hkl) - <I(hk)> I ) / ZhkI<I(hkl)>, where I(hkl) is the intensity of the ith

measured reflection, and <I(hkl)> is the mean intensity for the reflection with the Miller index

(hkl).
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Table AII.3. Crystallographic refinement statistics.

holo wtAidB

Resolution range (A) 46.2 - 2.8

Rcryst a 0.204

Rfreea 0.229

No. of non-hydrogen atoms

protein 49649

FAD 636

chloride 12

water 297

Average isotropic B-Factors (A2)

protein main chain/side chain 47.3/48.6

FAD 45.6

chloride 50.9

water 28.6

r.m.s.d.b for bond lengths (A) 0.005

r.m.s.d.b for bond angles () 0.83

Ramachandran statistics (% residues)

favored 98.1

allowed 1.8

disallowed 0.1

aRcryst ( jhkI I IFobs(hkl) I - I Fcal(hkl) I ) /

using 5% of reflections omitted from refinement.
br.m.s.d. = root-mean-square deviation.

0

jhkI I Fobs(hkl) I ; Rfree is calculated identically,
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R324 R324~

Figure AII.1. Wall-eyed stereo view of the flavin-binding site of holo wtAidB and the residues
mutated to generate the flavin-binding deficient mtAidB. The two protomers contributing to
flavin binding are shown in orange and yellow ribbons. Mutated residues are shown in sticks,
with carbon atoms colored according to their protomer. Interactions between these residues and
the FAD cofactor are indicated by dashed black lines.
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Figure AII.2. Spectroscopic properties of holo wtAidB, apo wtAidB, and apo mtAidB. (A)
UV/Vis spectra of holo wtAidB (solid line), apo wtAidB (dotted line), and apo mtAidB (dashed
line). (B) CD spectra of holo wtAidB (solid line), apo wtAidB (dotted line) and apo mtAidB
(dashed line).
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Figure AII.3. Quenching of FAD fluorescence upon binding to apo wtAidB. Plotted is the ratio
between the change in FAD fluorescence at each wtAidB concentration (AF) and the change in
fluorescence at saturating wtAidB concentrations (AFmnax) versus the concentration of wtAidB.
The data were fit to the Hill equation (equation AIl.1). Data points and error bars represent the
average of three experiments.
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Figure AII.4. Sedimentation coefficient distributions for different AidB samples, showing the
effect of FAD on AidB oligomeric state. (A) holo wtAidB, (B) apo wtAidB, (C) apo mtAidB, (D)
apo wtAidB reconstituted with 0.25 equivalents of free FAD, (E) apo wtAidB reconstituted with
0.5 equivalents of free FAD, (F) apo wtAidB reconstituted with 1.0 equivalents of free FAD, and
(G) reduced holo wtAidB. For panels D-F, the distribution in the upper panel is calculated from
280 nm absorbance and the distribution in the lower panel is calculated from the FAD
absorbance at 385 nm. Minor species observed (marked with *) are likely the result of misfolded,
denatured, or monomeric protein.
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Figure AII.5. Interaction between a fluorescein-labeled DNA 28-mer and holo wtAidB (0), apo
wtAidB (0), and apo mtAidB (0). Ar is the change in fluorescence anisotropy observed upon
addition of AidB. Dotted lines are the curve fits according to equation AII.2. Data points and
error bars represent the average of three experiments.

375



A

B D
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L1'2'loop

1'2'loop

Figure AII.6. Crystal structures of holo wtAidB. (A) Higher order oligomer of AidB observed in
the 1222 crystal structure2 0 , with the central AidB tetramer colored by protomer as described
below. (B) The three AidB tetramers in the asymmetric unit of the P32 crystal structure, with the
bottom AidB tetramer colored by protomer. (C) Tetramer of holo wtAidB with protomers labeled
A-D. (D) Tetramer of holo wtAidB, rotated by 450 with respect to panel C. Ribbons are
transparent to emphasize the bound FAD molecules and the Li'2' loops of each protomer
(thicker ribbons, marked by arrows). General coloring scheme: Protomers in a tetramer are
colored in yellow (A), orange (B), cyan (C), and blue (D). Additional tetramers are shown in
pink. The putative DNA-binding regions of AidB are highlighted in purple and magenta. Bound
FAD molecules are shown in the ball-and-stick representation with carbon atoms in green.
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Figure AII.7. Ca-traces of holo wtAidB molecules in the P32 crystal lattice. One tetramer of
AidB is colored by protomer in yellow, orange, cyan, and blue. The other tetramers are shown in
pink. The putative DNA-binding regions are highlighted in purple and magenta. Bound FAD
molecules are shown in the ball-and-stick representation with carbon atoms in green.
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Figure AII.8. Dimer interfaces within holo wtAidB. (A) AB dimer, (B) AC dimer, and (C) AD
dimer of wtAidB in ribbon depiction. Protomers A, B, C, and D of AidB are shown in yellow,
orange, blue, and cyan, respectively, with the DNA-binding regions in magenta and purple.
Bound FAD molecules are shown in ball-and-stick representation with carbon atoms in green.
Calculated S20,, values are indicated for each dimer.
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Figure AII.9. Involvement of FAD and chloride at interfaces of holo wtAidB. (A) Wall-eyed
stereo view of the bound FAD cofactor at the AB dimer interface of AidB, with coloring as in
Figure AII.6. Residues interacting directly with the FAD are shown as sticks, colored according
to their corresponding protomer. Hydrogen-bonding and ionic interactions between the FAD
cofactor and its corresponding protomer are indicated by black dashes, while interactions
between the cofactor and the opposite protomer are indicated by thick purple dashes. Residues of
the opposite protomer are labeled with their protomer in parentheses. Side chains not involved in
specific contacts are truncated for clarity. (B) Wall-eyed stereo view of the tetramer interface and
the nearby FAD cofactor, with coloring as in Figure AII.6. Residues involved in interactions at
the interface are shown as sticks, colored and labeled according to their corresponding protomer.
Water molecules are shown as red spheres. Hydrogen-bonding and ionic interactions are shown
as black dashed lines. (C) Wall-eyed stereo view of chloride ions bound at the tetramer interface,
with coloring as in Figure AII.6. Chloride ions are shown as purple spheres. Interactions between
chloride ions and protein atoms are shown as black dashed lines. Residues are labeled with their
corresponding protomer in parentheses.
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Figure AII.10. Superimposition of holo wtAidB with IVD (PDB code 1IVH ) and MCAD
(PDB code 3MDD3 1). The AB dimer of AidB, shown in yellow and orange, superposes well with
dimers of IVD (r.m.s.d. 1.68 A over 314 Ca-atoms) and MCAD (r.m.s.d. 1.70 A over 303 Ca-
atoms), shown as solid gray and solid green ribbons, respectively. The tetramer of AidB exhibits
a different architecture than the tetramers of IVD and MCAD. In AidB, the putative DNA-
binding domain, colored in magenta and purple, prevents the formation of the tetramer observed
in IVD and MCAD. The position of the second dimer of AidB, shown in blue and cyan, does not
correlate with the position of the second dimer for IVD (transparent gray) and MCAD
(transparent green).
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