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ABSTRACT

For cells and organisms to survive, they must maintain protein homeostasis in
varied and often harsh environments. Cells utilize proteases and chaperones to
maintain their proteomes. In bacteria, most cytosolic proteolysis is performed by
self-compartmentalized AAA+ proteases, which convert the chemical energy of ATP
binding and hydrolysis into mechanical work to unfold and translocate substrates
into an internal degradation chamber. Substrates are targeted to AAA+ proteases by
degradation tags (degrons). In E. coli, the Lon protease is responsible for the
degradation of numerous regulatory proteins, including the cell-division inhibitor
SulA, but also recognizes and degrades the majority of misfolded proteins. How Lon
recognizes and prioritizes such a vast array of substrates is poorly understood.
Active Lon is a homohexamer in which each subunit contains an N domain, a AAA+
module that mediates ATP binding and hydrolysis, and a peptidase domain. Degron
binding allosterically regulates Lon activity and can shift Lon into conformations
with higher or lower protease activity, but the mechanistic basis of this regulation is
unknown. The low-protease conformation of Lon may serve as a chaperone.

In Chapter 2, I describe the development and characterization of fluorescent model
substrates that Lon degrades in vitro and in vivo. In Chapter 3, I describe
collaborative experiments that show that Lon equilibrates between a hexamer and a
dodecamer. Based on biochemical analysis and a low-resolution EM dodecamer
structure, Lon appears to shift its substrate profile by changing oligomeric states
and contacts between N domains appear to stabilize the dodecamer.

In Chapters 4 and 5, 1 identify a binding site for the sul20 degron (isolated from
SulA) in the Lon N domain and demonstrate that substrate binding to this site
allosterically regulates protease and ATPase activity. I also show that the E240K
mutation in the N domain alters Lon activity and stabilizes dodecamers. Finally, I
provide evidence that E. coli Lon can act as a chaperone in vivo. These experiments
demonstrate that the N domain integrates substrate binding, oligomerization, and
regulation of the catalytic activities of Lon.

Thesis Supervisor: Robert T. Sauer
Title: Salvador E. Luria Professor of Biology
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Chapter 1

Chaperones, Proteases, and Proteotoxic Stress: The Role

of Lon in Protein Homeostasis
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Protein Quality Control: The Role of Chaperones

Proteostasis

Proteins are essential for almost every cellular process, from cell division to

apoptosis. Even the relatively simple bacteria, Escherichia coli, contains over 4000

different proteins and over 1 million total copies of these different proteins in a

volume of ~10-15 L (Moran et al. 2010). In this crowded environment, the exposure

of hydrophobic residues upon protein misfolding can quickly lead to protein

aggregation and cell death (Maisonneuve et al. 2008). In addition to the formation

of amorphous aggregates, protein unfolding can also lead to the formation of highly

ordered amyloid fibrils with a characteristic cross-3 structure (Sawaya et al. 2007).

Amyloid formation is associated with a number of neurodegenerative diseases in

humans, including Parkinson's, Huntington's, Alzheimer's, Creutzfeldt-Jakob, and

familial amyloid polyneuropathy, for which few, if any, treatment options are

available (Aguzzi and O'Connor 2010). The mechanism of cell death by protein

aggregates and amyloids remains unclear, but it is likely caused by a combination of

a toxic gain of function of the aggregates/amyloids and sequestration of otherwise

viable proteins, resulting in a loss of function (Olzscha et al. 2011; Winklhofer et al.

2008). The proteases and chaperones of the protein quality control network

(PQCN) are tasked with preventing these deleterious events by maintaining protein

homeostasis (proteostasis) in the varied, and sometimes harsh, cellular

environments that challenge the integrity of the proteome (Gottesman et al. 1997)

(Figure 1.1). The proteome is highly dynamic, with constant synthesis, degradation,
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and modification of proteins, all of which present unique challenges to the protein

quality control network.

Proteolysis

AAA+
Proteases

*

Amorphous Aggregate

DnaK/J

DnaK/)

sHSPs

CJpB

Amyloid Fibrils

DnaK/J

CIpS

Figure 1.1. Schematic of protein quality control network in prokaryotes
Nascent proteins are engaged by the chaperone trigger factor, which maintains
polypeptides in a soluble, unfolded state until translation is complete. Once
translated, nascent proteins either fold spontaneously or with the assistance of
chaperones. When a protein in no longer needed in the cell, it is removed by
proteolysis. Mature proteins are subject to several forms of cellular stress, leading
to protein unfolding and the formation of aggregates or amyloid fibrils. The sHSPs
bind to unfolded proteins to maintain them in a soluble form and limit aggregation.
ClpB, in conjunction with DnaK/J can resolubilize proteins that have formed
amorphous aggregates or amyloid fibrils. Unfolded proteins are either degraded by
proteolysis or refolded with the assistance of chaperones such as GroEL/ES, DnaK/J.
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As a protein emerges from the exit tunnel of the ribosome, it is largely

unfolded (Bhushan et al. 2010). Any contacts necessary for proper folding that are

distant in the primary structure of a protein are unable to form until both portions

of the polypeptide have been translated. Nascent proteins must therefore be

maintained in a soluble, but unfolded, state until translation is complete to ensure

proper formation of tertiary structure. Eukaryotes use a number of different

chaperones to maintain the solubility of nascent polypeptides, but in prokaryotes,

this task is primarily carried out by trigger factor, a ribosome associated chaperone

(Pechmann et al. 2013).

As cells experience different environments or developmental stages, those

that can best adjust their proteomes maintain a selective advantage. The proteome

can be altered by transcriptional, translational, post-translational modifications, or

proteolytic methods. Proteolytic regulation has the distinct advantages of being

rapid and irreversible, making it the regulatory mechanism of choice for cellular

processes that require directionality, such as the cell cycle (King et al. 1996). The

destructive nature of proteolysis requires strict regulation, as uncontrolled

proteolysis is lethal. Methods for proteolytic regulation are discussed more

thoroughly in the next subsection.

A fully folded, mature protein is subject to a myriad of cellular stresses such

as oxidation, UV-induced cross-linking, osmotic stress, and heat shock, all of which

can cause protein misfolding and subsequent aggregation (Csermely and Yahara

2003). Although many members of the PQCN are constitutively expressed, cellular

stresses frequently lead to increased expression of many PQCN proteins. In bacteria,
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for example, many members of the PQCN are up regulated by the G32 transcription

factor following heat shock (Grossman et al. 1987). Irreversibly damaged proteins

are often removed via proteolysis, whereas chaperones play a variety of roles such

as preventing aggregation, sequestering misfolded proteins, disassembling

aggregates, or assisting with protein refolding. This chapter provides a general

overview of bacterial proteostasis, introducing the major cytosolic proteases and

chaperones in E. coli, with a particular focus on the role of the Lon protease.

Holdases

One of the simplest mechanisms of chaperone action is utilized by the

holdases, which prevent protein aggregation by binding misfolded proteins in an

ATP-independent manner (Sun and MacRae 2005). Holdases play a prominent role

in preventing formation of aggregates that scatter light in the lens of the human eye,

thereby limiting cataract formation (Pande et al. 2001). The two most prominent

holdases in E. coli are the small heat-shock proteins (sHSPs), IbpA and IbpB. The

hallmark of sHSPs is a central ax-crystalline domain flanked by unstructured N- and

C-terminal tails that play roles in client binding and oligomerization (Sun and

MacRae 2005). The basic subunit for both IbpA and IbpB is a homo-dimer, which

can form large, heterologous oligomers that contain upwards of 32 subunits

(Narberhaus 2002).

The mechanisms by which these chaperones function is still a matter of

debate, as IbpB has been shown to be sufficient to prevent aggregation of the model

substrate malate dehydrogenase, whereas IbpA, but not IbpB, is sufficient to prevent
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aggregation of luciferase (Veinger et al. 1998; Ratajczak et al. 2009). Both IbpA and

IbpB appear necessary for robust suppression of aggregation in vivo and interaction

with other chaperones (Ratajczak et al. 2009). Likewise, the role of Ibp

oligomerization in maintaining chaperones in a refolding competent state is poorly

understood (Jiao et al. 2005). Interestingly, both IbpA and IbpB were found to be

substrates of the Lon protease, suggesting a potential collaboration between these

different arms of the protein quality control network (Bissonnette et al. 2010).

Refolding chaperones: Hsp60, Hsp 70, and Hsp90

Although the holdases are effective at preventing protein aggregation, they

are unable to catalyze protein refolding. E. coli contains two major chaperone

systems; GroEL/ES (Hsp60/10) and DnaK/J (Hsp70/40), which promote protein

refolding in an ATP-dependent manner. Prokaryotes also contain the Hsp90

chaperone, but, unlike its eukaryotic counterpart, prokaryotic Hsp90 is not essential

and has only one confirmed binding partner in E. coli (Genest et al. 2012). As such,

this section will focus on the well characterized Hsp60 and Hsp70 systems.

The GroEL chaperonin (Hsp60) works with GroES (Hsp10) to assist in

refolding relatively small client proteins (< 60 kDa) by encapsulating them within a

folding cage. The GroEL/ES system does not directly refold proteins, but rather

provides an environment where off-pathway events, such as aggregation, are

eliminated (Horwich et al. 2009). Indeed, many clients of this chaperonin are

stabilized by long-range interactions and populate kinetically trapped folding

intermediates (Vabulas et al. 2010). GroEL is a tetradecamer comprised of two
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heptameric rings (cis and trans) stacked end to end. Each ring contains a large,

central cavity, which is reversibly capped by the GroES heptamer. The cis and trans-

rings interconvert in an alternating format, such that only one GroES heptamer is

bound to GroEL at a time (Figure 1.2).

GroES 2

GroEL-*A

t
3

4

Figure 1.2 Mechanism of GroEL/ES chaperonin
In the initial stage of the reaction cycle, an unfolded client protein binds to the cis-
ring of GroEL, causing dissociation of ADP from the trans-ring. GroES binding to the
cis-ring encapsulates the client protein and causes a conformational change in
GroEL, leading to formation of the folding chamber. ATP hydrolysis by the cis -ring
allows GroES and the folded client protein to be released. ATP binding to the trans -
ring allows for a new client protein to bind to the trans -ring and the cycle to begin
again. Figure adapted from Lund 2009.

1

Al

cis-Ring

trans-Ring
)
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Misfolded client proteins bind GroEL via exposed hydrophobic patches on

the cis-ring (Fenton et al. 1994). Encapsulation of the client by GroES leads to large

conformational changes in GroEL such that the folding cage is now lined with highly

hydrophilic residues that create a favorable refolding environment (Clare et al.

2012). After the cis-ring hydrolyzes ATP (-10-15 seconds), GroES dissociates and

allows the client protein to leave the folding cage. If the client protein fails to refold

properly, it can rebind and repeat the cycle.

The DnaK chaperone (Hsp70) promotes protein folding by transiently

binding hydrophobic segments of client proteins, thereby shielding them from bulk

solvent and preventing aggregation (Vabulas et al. 2010; Sharma et al. 2010). Upon

release, client proteins can bury their hydrophobic sequences by achieving a mature

fold, or they can rebind to DnaK and repeat the process. DnaK contains two

domains, an N-terminal ATPase domain and a C-terminal peptide-binding domain

that recognizes hydrophobic sequences that are normally buried in the core of

folded proteins. In the ATP-bound state, substrates bind DnaK with a low affinity

and exchange rapidly, whereas the ADP-bound state has high substrate affinity and

displays slow exchange (Hartl et al. 2011). The DnaJ (Hsp40) co-chaperone targets

misfolded proteins to DnaK and enhances the rate of ATP hydrolysis, leading to the

stable ADP-bound state, whereas the GrpE co-chaperone promotes the exchange of

ADP for ATP, which triggers substrate release (Laufen et al. 1999) (Figure 1.3).

Eukaryotes posses numerous DnaK/J homologs, each with specialized functions,

thereby increasing the interaction of the chaperone network (Sahi et al. 2013).
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Figure 1.3

HsD70

Pi

NEF

4D @t
Chaperonin

/Hsp90

Figure 1.3 Mechanism of DnaK/J chaperone
Hsp40 (DnaJ) delivers client proteins to ATP-bound DnaK. DnaJ stimulates ATP
hydrolysis by DnaK, switching the chaperone from a state with low substrate-
binding affinity to one with high substrate-binding affinity. DnaK binds to
hydrophobic segments of client proteins, protecting them from aggregation. GrpE
serves as a nucleotide exchange factor (NEF) to stimulate the release of ADP and the
client protein, which can subsequently refold to its native state or interact with
other chaperones. Figure taken from Hartl and Hayer-Hartl 2009.

Disaggregases

When proteins aggregate, the ClpB disassembly chaperone (Hsp104 in yeast),

in combination with the DnaK/J chaperone system, is capable of disassembling and

resolubilizing these aggregates. ClpB is a hexameric, barrel shaped AAA+ unfoldase

(ATPase Associated with various cellular Activities) that contains two ATPase

domains connected by a coiled-coil middle domain (Desantis and Shorter 2011).

ClpB undergoes ATP-dependent conformational changes that drive translocation of
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client-proteins through a narrow central pore. This process can free individual

polypeptide chains and destabilize the remaining aggregates. ClpB alone is a

relatively poor disassembly chaperone, but activity is greatly enhanced by the

DnaK/J system, which interacts with ClpB via the middle-domain (Rosenzweig et al.

2013). Order of addition experiments suggest that DnaK/J act upstream of ClpB,

possibly by re-ordering the aggregates to expose segments of client proteins for

translocation through the ClpB pore (Winkler et al. 2012).

Mechanisms for Regulating Proteolysis

Chaperones alone are insufficient for full maintenance of the proteome.

Protein degradation is also required for removal of irreversibly damaged proteins.

Due to its destructive and irreversible nature, proteolysis requires strict regulation,

as uncontrolled proteolysis is lethal. Indeed, small molecules that lead to

constitutive activation of the bacterial ClpP protease are being investigated as

potential antibiotics (Leung et al. 2011).

Localization

Like all enzymatic reactions, proteolysis requires interaction between the

protease and substrate. As such, this second-order (or higher) reaction is

concentration dependent. Changes in the concentration of the protease or substrate

within a defined environment (localization) can be used to regulate the rate of

proteolysis. For example, CIpXP degrades the cell cycle regulator CtrA in

Caulobacter crescentus only when both proteins co-localize to the pole (Iniesta et al.
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2006). Alternatively, proteases may have sub-optimal activity in certain

environments. For example, the general proteases of the lysosome (cathepsins)

exhibit optimal activity within the acidic environment of the lysosome, which also

destabilizes native protein structures, aiding degradation (Muller et al. 2012).

Cleavage-site specificity

Within a designated environment, proteolysis is sometimes regulated by

strict specificity for the polypeptide cleavage-site. Some proteases have little to no

specificity for cleavage-site selection (i.e., Lon), others have strict, but relatively

general requirements (trypsin cleaves after lysine and arginine), and still others

show exquisite specificity (the Tobacco Etch Virus protease will only recognize the

following sequence ENLYFQG/S, with cleavage between glycine and serine)

(Dougherty et al. 1988).

Oligomerization

Some proteases change oligomeric states to alter substrate specificity

(discussed for Lon in Chapter 3) or to enhance substrate binding. For example, the

periplasmic protease DegP converts from an inactive hexamer to a proteolytically

active oligomer with 12, 18, 24, or 30 subunits (Krojer et al. 2010; Kim et al. 2011).

Although proteolytically competent DegP mutants have been isolated that are

unable to form large oligomers, cage assembly does appear to provide a selective

advantage by increasing substrate-binding affinity and providing a protective effect
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against rogue proteolysis (Kim and Sauer 2012) (Seokhee Kim, personal

communication).

Allostery

Allosteric regulation of proteolytic activity is exemplified by the periplasmic

protease DegS, which makes the initial cleavage in the trans-membrane protein

RseA to initiate the (YE stress-response pathway. DegS is a trimeric protease that

contains a trypsin-like protease domain and a PDZ domain. Both the DegS protease

and the RseA substrate are membrane anchored and exist in close proximity, but the

PDZ domain inhibits degradation activity by maintaining the protease domain in an

inactive conformation (Sohn et al. 2007). When periplasmic proteostasis is

compromised, outer-membrane proteins accumulate in the periplasm and bind to

the PDZ domain of DegS, relieving inhibition, and allowing for rapid proteolysis of

RseA (Sohn et al. 2007; 2009).

AAA+ Proteases

Most proteolysis within the bacterial cytoplasm and most non-lysosomal

degradation in the eukaryotic cytosol is carried out by AAA+ proteases, which have

little cleavage-site specificity. These proteases form barrel-shaped homo-oligomers

with the proteolytic active site sequestered within a central degradation chamber.

The degradation chamber is capped by a ring-shaped hexamer that recognizes,

unfolds, and translocates substrates into the chamber through a narrow central

pore (Figure 1.4A).
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Figure 1.4 Overview of AAA+ proteases
(A) AAA+ proteases sequester the proteolytic active site within a degradation
chamber formed by homo-oligomerization. The AAA+ unfoldase sits on top of the
degradation chamber, and recognizes, unfolds, and translocates substrates through
a pore in the center of the unfoldase and into the chamber. Figure taken from Baker
and Sauer 2006. (B) Domain organization of AAA+ proteases in bacteria. FtsH and
Lon have one polypeptide, whereas HslUV, ClpXP, and ClpAP have the unfoldase and
protease in separate polypeptides. Figure adapted from Sauer and Baker 2011. (C)
Structure of a single AAA+ module from ClpX (3HWS.pdb). The large and small
AAA+ domains are different shades of green. The Walker A and B motifs are colored
blue and red respectively and ADP is shown in CPK format.

The AAA+ module

The AAA+ family is a highly conserved family of proteins that convert the

energy of ATP hydrolysis into mechanical work, often resulting in a change in

substrate conformation. AAA+ enzymes are widely utilized in biology, playing a role

in DNA replication (helicases), protein chaperones (ClpB), disassembly of protein

complexes (NSF) or protein/DNA complexes (ClpX), and protein degradation (HslU)
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(Enemark and Joshua-Tor 2008; Hanson and Whiteheart 2005; Sauer and Baker

2011). The AAA+ family is defined by a 200-250 residue ATP-binding module with a

ai/jf subdomain followed by an ax-helical subdomain (Hanson and Whiteheart 2005;

Wendler et al. 2011) (Figure 1.4C). There are several motifs within these

subdomains, the most prominent of which are the Walker A and Walker B, which are

essential for nucleotide binding and hydrolysis, respectively (Walker et al. 1982).

AAA+ proteases in E. coli

E. coli utilizes a total of five AAA+ proteases, three with separate protease

and ATPase modules (ClpXP, ClpAP, HsIUV) and two with both modules found in a

single polypeptide (FtsH, and Lon) (Figure 1.4B). The only essential AAA+ protease

in E. coli is FtsH, which is membrane bound and responsible for degradation of

misfolded membrane proteins and some cytoplasmic substrates (Bieniossek et al.

2006). Of the cytosolic proteases, ClpX and ClpA both bind to the same self-

compartmentalized peptidase, ClpP. Because ClpP is a tetradecamer composed of

two heptameric rings, there is a symmetry mismatch between a ClpP ring and its

partner hexameric AAA+ ring (Alexopoulos et al. 2012). HslUV has no symmetry

mismatch as the HslV protease is a dodecamer, composed of two hexameric rings

(Sousa et al. 2002). Symmetry is also not an issue for Lon, the most widespread

ATP-dependent protease, as both the protease and ATPase domains are contained in

a single polypeptide, which assembles into a hexamer (Rotanova et al. 2006). The

architecture of AAA+ proteases prevents uncontrolled proteolysis, but requires

additional steps to allow for the proper substrates to access the degradation
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chamber. Several different methods have evolved to regulate access to these self-

compartmentalizing proteases.

Degrons

Substrates are targeted to AAA+ proteases by degradation tags (degrons).

These degrons can be as simple as a single amino acid or as complex as post-

translational attachment of several additional proteins. The N-end rule pathway has

the simplest degron, consisting of a single hydrophobic amino acid (Leu, Phe, Tyr,

Trp for prokaryotes) at the N-terminus of a substrate (Dougan et al. 2012). Because

all proteins initially contain methionine as the N-terminal residue, which is not

removed if the second residue is Leu, Phe, Tyr, or Trp, these degrons are often

cryptic and only exposed after an initial endoproteolytic cleavage event (Mogk et al.

2007). In prokaryotes, N-end rule substrates are degraded by the CIpAP protease,

whereas in eukaryotes they are degraded by the ubiquitin proteasome system

(Dougan et al. 2012).

Degrons can also consist of several consecutive amino acids, as exemplified

by the ssrA tag. When ribosomes translate truncated mRNA molecules, they

translate to the end of the message and stall. To degrade aberrant translation

products and free the stalled ribosomes, the tmRNA molecule enters the A-site of

the ribosome and provides a template for the addition of the ssrA-tag sequence

(AANDENYALAA-C0 2) to the nascent polypeptide (Moore and Sauer 2007). Once

released, the ssrA-tagged polypeptide is recognized by ClpXP and ClpAP and

degraded (Moore and Sauer 2005). Degrons can also be part of the endogenous
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sequence of a protein. For example, attaching the first 13 residues of the Arc

repressor to a model substrate is sufficient to target it for degradation by the HslUV

protease (Burton et al. 2005).

In eukaryotes, most proteolysis is carried out by the ubiquitin-proteasome

system. Proteins are targeted to the 26S proteasome for degradation by covalent

attachment of polyubiquitin chains, but also require a long, unstructured region

which is engaged by the AAA+ Rpt unfolding ring of the 19S regulatory particle

(Inobe et al. 2011). Ubiquitin is a 76 amino-acid protein that is covalently attached

to substrates via lysine residues. This post-translational modification is mediated

by the E3 ubiquitin ligase, which in turn receives the activated ubiquitin from the El

and E2 ubiquitin ligases. A typical mammalian genome contains 2, -40, and >400

El, E2, and E3 ligases, respectively, which allows for selective ubiquitination of

thousands of different proteins (Randow and Lehner 2009).

Adaptors

AAA+ proteases typically degrade many different substrates, and often

recognize several different degrons. Adaptors proteins can help prioritize the

degradation of certain substrates to better adjust to cellular demands. For example,

the SspB adaptor acts to tether ssrA-tagged substrates (and some additional

substrates) to ClpXP, increasing affinity >10-fold (Wah et al. 2002). SspB binds to

the N domain of ClpX and to the N-terminal part of the ssrA degron (AANDENY),

leaving the last three residues of the ssrA tag (LAA-C0 2) free to bind in the CIpX axial

pore (Flynn et al. 2001; Martin et al. 2008a). Unlike ClpX, ClpA recognizes features
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of the ssrA degron that overlap with the SspB-binding site, and binding of SspB to

the ssrA degron therefore enhances degradation by ClpXP while inhibiting

degradation by ClpAP (Flynn et al. 2001). Adaptors can also enhance proteolysis by

mechanisms other than tethering. For example, the CIpS adaptor protein enhances

degradation of N-end rule substrates by ClpAP. However, ClpS truncation mutants

are capable of binding ClpA and N-end rule substrates, but show no enhancement of

degradation, suggesting a more active role in substrate delivery (Hou et al. 2008;

Roman-Hernandez et al. 2011).

Toolsfor biochemical study

GFP has proven to be an invaluable model substrate for AAA+ proteases such

as ClpXP. GFP fluorescence arises from a p-hydroxybenzylideneimidazolidinone

chromophore formed by cyclization and oxidation of residues 65-67 (Heim et al.

1994). This chromophore is protected from bulk solvent by the 1-barrel structure

of the protein, which consists of 11 (3-strands and several a-helices (Orm6 et al.

1996) (Figure 1.5A). Protein unfolding exposes the chromophore to bulk solvent,

which quenches fluorescence, making GFP a useful tool for dissecting the

mechanism of protein unfolding and degradation.

For mechanistic studies, GFP is often targeted for degradation by the addition

of a degron to the C-terminal 11th p-strand. Removal of the 11t" 1-strand of GFP

does not expose the chromophore to bulk solvent, but still has a fluorescent

fingerprint. This phenomenon arises because the phenol moiety of the

chromophore can exist in either a protonated or an unprotonated state, each with
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unique fluorescent properties. The unprotonated phenol moiety is excited by 467

nm light and emits 511 nm fluorescence (hereafter called 467 nm fluorescence).

When the phenol moiety is in the neutral form, absorption of 400 nm light also leads

to fluorescence at 511 nm (hereafter referred to as 400 nm fluorescence), but

requires excited state proton transfer to remove a proton from the chromophore

and transfer it to the Glu222 side chain on the 11th strand (Stoner-Ma et al. 2006;

Kent et al. 2008) (Figure 1.5B). Removal of only the 11th strand of GFP eliminates

the terminal proton acceptor (Glu222), but does not expose the chromophore, thus

eliminating 400 nm, but not 467 nm fluorescence (Figure 1.5C). Using different

changes in 400 and 467 nm fluorescence, ClpX mediated unfolding of GFP-ssrA has

been shown to be a multi-step process, with the first step involving removal of the

ssrA-tagged 11th P-strand from the (-barrel core of GFP (Martin et al. 2008b; Nager

et al. 2011).
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Figure 1.5 GFP as a tool for studying AAA+ proteases
(A) Crystal structure of enhanced GFP (1S6Z.pdb). The chromophore is shown in
CPK format. (B) When excited with 400 nm light, GFP transfers a proton from the
neutral chromophore onto glutamate 222, which is on the C-terminal 11th p-strand
(red), by excited state proton transfer (ESPT). The anionic chromophore is then
capable of emitting light at 511 nm. Figure adapted from Nager et al. 2011. (C)
When the 11th p-strand of GFP is removed from the p-barrel core of GFP by a AAA+
protease, glutamate 222 is no longer able to serve as the terminal proton acceptor
for ESPT and fluorescence from 400 nm excitation is lost.

Another useful property of GFP is the ability to create circular permutations

that change the location of the N and C termini, while maintaining the overall fold

and fluorescence of the protein. Because AAA+ mediated unfolding depends upon

A C

ift
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the stability of structural motifs immediately adjacent to the degron, rather than

global stability, changing the p-strand to which the degron is attached leads to

different degradation properties (Baird et al. 1999; Nager et al. 2011). In Chapter 2,

this feature is utilized to generate novel fluorescent substrates for the Lon protease.

Structure, Function, and Physiology of the Lon Protease

Physiological roles

Mutations in the Ion gene were initially identified in bacteria in the 1960s as

causing two distinct phenotypes, the formation of muccoid colonies and enhanced

sensitivity to UV light (Markovitz 1964; Adler and Hardigree 1964). These

phenotypes arise from increased cellular concentrations of two Lon substrates, RcsA

and SulA, respectively. The RcsA transcription factor positively regulates

expression of genes involved in the production of capsular polysaccharides,

overproduction of which leads to the muccoid phenotype (Torres-Cabassa and

Gottesman 1987). The cell-division inhibitor SulA is up-regulated after DNA damage

as part of the SOS-response and inhibits cell division until the damage is repaired

(Gottesman et al. 1981; Mizusawa and Gottesman 1983). Over the past 50 years,

additional roles for the Lon protease have been identified in numerous biological

processes in prokaryotes and eukaryotes.

One of the primary roles of Lon is to degrade misfolded or damaged proteins

within cells, making it a member of the proteostasis network. Indeed, when E. coli

are treated the amino-acid analog canavanine, which causes protein misfolding,

there is a 50% decline in ATP-dependent protease activity in Ion-defective strains
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compared to wild-type strains (Chung and Goldberg 1981). Like many chaperones,

Lon is thought to recognize misfolded proteins by binding exposed hydrophobic

sequences that are normally buried in the native structure (Gur and Sauer 2008).

Lon interacts with other members of the proteostasis network that also bind

misfolded proteins. For example, the small heat shock proteins IbpA and IbpB are

degraded by Lon (Bissonnette et al. 2010). Although Lon is not essential in E. coli

under normal growth conditions, it becomes essential when other components of

the protein quality control network are compromised (Tomoyasu et al. 2001).

Another phenotype associated with a Ion knockout is decreased formation of

bacterial persisters, which are relatively impervious to antibiotics and

environmental insults and make up a tiny, slowly growing subpopulation within a

culture of genetically identical, exponentially growing bacteria (Gerdes and

Maisonneuve 2012). Bacterial persistence arises from genetically encoded

toxin/antitoxin pairs such as RelE/B, YafO/N, YgiT/I, YoeB/YefM, and HipA/B

(Christensen-Dalsgaard et al. 2010; Cherny et al. 2007; Nomura et al. 2004;

Christensen et al. 2004). The uninhibited toxins inhibit cell growth but do not

promote cell death, using a variety of family-specific mechanisms such as inhibition

of translation, replication, or cell-wall synthesis, giving rise to the persister

phenotype (Gerdes and Maisonneuve 2012). The labile antitoxin is typically a

substrate for the Lon protease, but is also expressed at much higher levels than the

respective toxin. Under normal conditions, all toxins are bound to and inhibited by

their respective anti-toxins. Stochastic variation in the expression levels of the toxin,

antitoxin, and Lon lead to a small fraction of cells with uninhibited toxins that inhibit
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cell growth and give rise to persister cells (Figure 1.6A). Deletion of Lon leads to

increased concentrations of antitoxins and a lower percentage of cells with

uninhibited toxins, thereby reducing the number of persister cells within a

population (Maisonneuve et al. 2011) (Figure 1.6B).

A Wild-type Cells

Exponential Growth
Inhibited cell growth

Persister cells

ALon Cells
B

Exponential Growth Exponential Growth

Figure 1.6 The role of Lon in persister-cell formation
(A) In wild-type cells, most toxin-proteins are associated with an antitoxin protein
and are therefore inert. There is an excess of free antitoxin proteins, which are
degraded by the Lon protease. Stochastic variation in expression of Lon and
antitoxin can lead to cells with free toxins, which in turn inhibit cell growth and
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generate persister cells. (B) In cells where the Lon protease is deleted, antitoxins
are not degraded, leading to a large excess of antitoxins to toxins. All toxins in a cell
are bound antitoxin and persister-cell formation is reduced.

Lon appears to be the only DNA-binding AAA+ protease in E. coli (Gur 2013)

(Charette et al. 1984). Although the significance of this DNA-binding activity is

unknown, it is interesting that Lon degrades numerous DNA-binding proteins. In

addition to degrading anti-toxins, which bind to DNA to regulate their own synthesis,

Lon also degrades transcription factors regulating the multiple antibiotic-resistance

pathway (MarA), capsular-polysaccharide synthesis (RcsA), acid-resistance genes

(GadE), and the superoxide response (SoxS), giving Ion knockouts a variety of

phenotypic defects (Duval et al. 2009; Heuveling et al. 2008; Griffith et al. 2004;

Torres-Cabassa and Gottesman 1987). A number of nucleoid-associated proteins

are also Lon substrates, including HU, TrfA, and StpA, as well as the translesion

polymerase subunit UmuD (Liao et al. 2010; Kubik et al. 2011; Johansson and Uhlin

1999; Gonzalez et al. 1998).

Although Lon is not normally essential in E. coli, it plays a vital role in many

other bacteria. In C crescentus, Lon activity is necessary for rapid progression through

the cell cycle, as it degrades the regulatory proteins CerM and SciP (Wright et al. 1996;

Gora et al. 2013). Lon mutants have been shown to lead to reduced virulence in the

pathogenic bacteria Salmonella tvphimurium, Pseudomonas aeruginosa, and Brucella

abortus (Robertson et al. 2000; Ingmer and Brandsted 2009; Breidenstein et al. 2012b;

2012a).

In eukaryotes, Lon is found in the mitochondrial matrix and in peroxisomes.
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Mitochondrial Lon (mtLon) degrades the DNA-binding protein TFAM, which

regulates mtDNA copy number (Lu et al. 2012; Matsushima et al. 2010). Like its

prokaryotic homolog, mtLon is also the primary protease responsible for clearance

of oxidized and misfolded proteins within mitochondria (Venkatesh et al. 2011; Lee

and Suzuki 2008). Interestingly, overexpression of mtLon in yeast leads to a nearly

two-fold increase in organismal lifespan, whereas an RNAi knockdown of mtLon is

particularly toxic to lymphoma cells (Luce and Osiewacz 2009; Bernstein et al.

2012). Cancer cells are subject to increased oxidative and proteotoxic stress, and

therefore are heavily reliant on stress-response proteins, such as Lon (Luo et al. 2009).

Understanding how Lon recognizes misfolded and/or damaged proteins could provide a

new target for anti-cancer drugs.

Structural organization

There are two established families of the Lon protease: LonA and LonB. The

cytosolic LonA family is found in bacteria and eukaryotes, whereas the membrane

anchored LonB family is found predominantly in archaea (Rotanova et al. 2006).

The LonA family contains a large N domain, an ATPase domain, and a C-terminal

peptidase domain, whereas the LonB family lacks the N domain but has two

transmembrane segments inserted between the Walker A and Walker B motifs of

the ATPase domain (Figure 1.7A). LonA and LonB families contain different

consensus sequences for the proteolytic active sites and the Walker A and B motifs

(Rotanova et al. 2004). Many genomes also contain isolated domains with strong

homology to the N domain or peptidase domain of Lon. Recently, a protein with a
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LonB-like peptidase domain and a large N domain bearing no homology to other Lon

domains was shown to be proteolytically active (Liao et al. 2012). This newly

classified LonC family is an area of active investigation.

A

LonA Family

Walker
A B

N Doai AT~s oanPo aeDmi

Walker A

LonB Family

Walker B

ATPase Domain Protease Domain

Transmembrane

B A(

Figure 1.7 Architecture of Lon protease
(A) Domain organization of LonA and LonB families. LonA contains a large N
domain that is absent in the LonB family. LonB contains a transmembrane region
inserted between the Walker A (blue) and Walker B (red) motifs in the ATPase
domain. (B) Crystal structure of Thermococcus onnurineus Lon (3K1J.pdb). The
transmembrane regions of this LonB protein were removed for crystallization. The
ATPase domain and protease domains are colored differently for ease of
identification, and ADP molecules are shown in CPK representation.

b
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E. coli Lon was originally thought to form a tetramer, but subsequent

negative stain EM of full-length Lon and crystal structures of the isolated peptidase

domain showed that Lon exists as a hexarner or a dodecamer (see Chapter 3) (Botos

et al. 2004; Goldberg et al. 1994). The most informative structural insights come

from the recent crystal structure of the archaea Thermococcus onnurineus Lon, a

member of the LonB family, that was truncated to remove the transmembrane segment,

but otherwise formed a functional hexamer (Cha et al. 2010) (Figure 1.7B). A full-length

crystal structure of hexameric LonA has not been solved, but structures are known for

overlapping segments of Bacillus subtilis LonA, which crystallize as helical filaments

(Duman and Lowe 2010).

Lon does not contain the canonical catalytic triad found in serine proteases, but

instead utilizes a Ser/Lys catalytic dyad, with lysine acting as a general base (Botos et al.

2004). Like other Ser/Lys proteases, Lon is relatively impervious to classical serine-

protease inhibitors such as sulfonyl fluorides, chloromethyl ketones, and

fluorophosphates (Ekici et al. 2008). Crystal structures of the LonA and LonB peptidase

domains show multiple conformations of the proteolytic active site with some structures

catalytically competent and others catalytically incompetent (Botos et al. 2004; Im et al.

2004; Botos et al. 2005). These results support a model in which the proteolytic active

sites switch conformations, possibly in response to an allosteric signal (discussed further

below).
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An undefined rolefor the N domain

Unlike the peptidase and ATPase domains, the role of the Lon N domain

remains poorly understood. The N domain of E. coli Lon contains two subdomains.

The first subdomain (residues 1-117) contains three twisted P,-sheets and one a-

helix, whereas the second subdomain (residues 118-310) is predominantly a-helical

and contains two predicted coiled-coil regions, possibly separated by an extended

a-helix (Li et al. 2010) (Figure 1.8A). The first subdomain contains a similar fold to

BPP1347 (PDB=1ZBO), a protein of unknown function from Bordetella parapertussis

(Li et al. 2005).

Several crystal structures of parts of the N domain are available, but these

have failed to yield a consensus on the quaternary structure of the domain or its

location relative to the peptidase and ATPase domains. Fragments of the E. coli N

domain corresponding to residues 1-119 and 1-245 were crystallized as an octamer

and a monomer respectively (Li et al. 2005; 2010) (Figure 1.8A). Crystallization of a

fragment corresponding to residues 1-209 of B. subtilis Lon yielded an anti-parallel

domain-swapped dimer with coiled-coil interactions between the extended helices

of each monomer (Duman and Lbwe 2010) (Figure 1.8B). The anti-parallel nature

of the domain-swapped dimer is consistent with a head-to-head interaction of two N

domains rather than a planar hexameric arrangement. The significance of this

observation is discussed more extensively in Chapter 3.
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A B

Figure 1.8 Crystal structures of the N domain
(A) Crystal structure of monomeric E. coli Lon N domain, residues 1-245 (3LJC.pdb).
The two subdomains are colored different shades of green. (B) Crystal structure of
domain-swapped dimer of B. subtilis Lon N domain, residues 1-209 (3M65.pdb).
The two subunits are colored red and green to emphasize the head-to-head nature
of the interaction between subunits.

The N domain appears to be necessary but not sufficient for Lon

hexamerization as N-domain truncations in several species have resulted in altered

oligomeric states, but isolated N domain fragments do not behave as hexamers (Lee

et al. 2004b; Roudiak and Shrader 1998; Rudyak and Shrader 2000; Li et al. 2005).

The coiled-coil region in the C-terminal part of the N domain appears to undergo

ATP-dependent movements as judged by hydrogen-deuterium exchange and

limited-proteolysis experiments (Cheng et al. 2012; Vasilyeva et al. 2002). Indeed,

mutations in this region affect proteolytic and ATPase activity (Adam et al. 2012;

Cheng et al. 2012). Several groups have suggested, but not rigorously demonstrated,

that the N domain is involved in substrate binding (Ebel et al. 1999; Adam et al.

2012; Roudiak and Shrader 1998; Rudyak and Shrader 2000). The role of the N

domain in substrate binding is addressed in Chapters 4 and 5.
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Regulation of Lon Activity

As noted above, Lon degrades many different substrates. Although several

Lon degrons have been identified, the mechanism by which many substrates are

targeted for degradation remains unclear (Higashitani et al. 1997; Shah and Wolf

2006; Gur and Sauer 2008). Of particular interest is how Lon prioritizes

degradation of different substrates.

No adaptor proteins have been identified that enhance Lon protease activity

or shift substrate specificity. The only protein identified to date that regulates Lon

activity without itself being degraded is the phage protein PinA, which inhibits

protease and ATPase activity (Hilliard et al. 1998). Interestingly, interaction of Lon

with DNA or polyphosphate has been shown to alter substrate selectivity, although

the mechanism and physiological significance of these observations remains unclear

(Kubik et al. 2011; Kuroda et al. 2001; Charette et al. 1984). Whereas other AAA+

proteases, such as ClpXP, change location in a cell-cycle dependent manner, LonA

appears to be stably associated with the nucleoid throughout the cell cycle,

suggesting that localization is not a prominent regulatory mechanism (Winkler et al.

2010). Two prevailing mechanisms for controlling Lon activity involve degron

occlusion and allosteric regulation. Degron occlusion by proper protein folding or

interaction with binding partners (i.e. toxin/anti-toxin systems) has been described

above, whereas allosteric regulation is addressed below.
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Allosteric regulators

The protease and ATPase activities of Lon are subject to allosteric regulation.

Nucleotide binding has been shown to affect the conformation of the proteolytic

active site, whereas substrate binding stimulates both ATPase and peptidase activity

(Rudyak and Shrader 2000; Waxman and Goldberg 1982). Interestingly, Lon

activity is influenced by the characteristics of a particular degron. When the sul20

degron (isolated from the C-terminus of SuIA) or the 120 degron (isolated from an

internal segment of P-galactosidase buried in the native protein) were attached to

the same unfolded model substrate (CM-titin 7), different Vmax values for

degradation and ATPase activity were obtained (Gur and Sauer 2009) (Figure

1.9A&B). Surprisingly, although CM-titin12 7-sul20 was degraded significantly faster

than CM-titini2 7-P20, the later was a stronger stimulator of Lon ATPase activity,

giving rise to a 30-fold difference in the efficiency of substrate degradation (ATP

hydrolyzed per substrate degraded) (Figure 1.9C).
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Figure 1.9 Characteristics of the sul20 and p20 degrons
(A) Origin and sequence of the sul20 and p20 degrons. Because the 120 degron was
isolated from a fragment of P-galactosidase that is normally buried in the
hydrophobic core, this degron is probably representative of misfolded substrates.
(B) Vmax for proteolysis and ATPase stimulation by the unfolded model substrate,
CM-titin 2 7, with a sul20 or p20 degron on the C terminus. Data taken from Gur and
Sauer 2009. (C) Efficiency of degradation (substrates degraded per 100 ATP
hydrolyzed) for CM-titini2 7-sul20 and CM-titin1z 7-P20. Data taken from Gur and
Sauer 2009.

These results led to the proposal that Lon equilibrates between three

different states and that different degrons serve as allosteric regulators to bias the

equilibrium between these states (Gur and Sauer 2009) (Figure 1.10A). In this

model, the Lonoff state, which has no protease or ATPase activity, predominates in

the absence of substrate. Binding of the sul20 degron biases the equilibrium to the

Londeg state, which has high protease, but low ATPase activity. Binding of the 1320
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degron biases the equilibrium towards a chaperone-like state (Lonon) with high

ATPase activity, but little to no protease activity. Because there is an equilibrium

between all three states, even under saturating concentrations of a p20-tagged

substrate, a small population of Lon is in the Londeg state, which gives rise to slow

degradation of these substrates.
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Figure 1.10 Model for degron-mediated allosteric regulation of Lon
(A) Three-state allosteric model for Lon. The Lonoff state (top) has no protease or
ATPase activity. Binding of the sul20 degron shifts the equilibrium towards the
Londeg state with low ATPase activity and high protease activity. Binding of the P20-
degron biases the equilibrium towards the Lono0 state, which has high ATPase
activity, but little to no protease activity. Figure adapted from Gur and Sauer 2009.
(B) Model for Lon chaperone activity. When Lon encounters misfolded proteins
(P20 degron), the proteolytic active site is malformed and inactive. Lon uses ATP
hydrolysis to remodel misfolded proteins and release them back into solution
without degradation, where they can subsequently refold. When Lon encounters
the su120 degron, the proteolytic active site is allosterically activated to allow for
robust degradation of regulatory proteins that need to be removed quickly, such as
the cell-division inhibitor SulA.

Lon as a chaperone

The allosteric model suggests that Lon is geared for the rapid removal of

proteins that can be detrimental to growth (i.e. the cell-division inhibitor SulA) but

may also act as a chaperone, possibly remodeling misfolded proteins without

degradation. Although counterintuitive, an enzyme serving as both a protease and a

chaperone is an often-repeated theme in biology. The periplasmic protease DegP is

capable of increasing cell viability during extreme heat shock even when it is

proteolytically inactive (Clausen etal. 2011). The AAA+ unfoldase ClpX remodels

substrates in a ClpP-independent manner (Burton et al. 2001). Likewise, the

membrane-bound FtsH protease has been shown to assist in the assembly of protein

complexes within the plasma membrane and during protein export (Suzuki et al.

1997).

There are many hints in the literature that Lon can act as a chaperone.

Variants of Borrelia burgdorferi and Brevibacillus thermoruber Lon with Ser to Ala

active-site mutations in the peptidase domain have been shown to reduce insulin
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aggregation in vitro (Coleman et al. 2009; Lee et al. 2004a). Overproduction of

proteolytically inactive mtLon in Saccharomyces cerevisiae leads to increased

assembly of the FoF1 ATPase and cytochrome C oxidase complex, rescuing

respiration-dependent growth (Rep et al. 1996).

Lon could function as a chaperone by many mechanisms. The interaction of

Lon with misfolded proteins could lead to a holdase-like function that suppresses

protein aggregation. Alternatively, Lon could act like the GroEL/ES system,

translocating substrates into a chamber, where protein folding can occur. Indeed, it

has been proposed that proteolytically inactive Lon sequesters substrates within the

protease chamber (Van Melderen and Gottesman 1999). Finally, Lon could use its

unfoldase activity to remodel misfolded proteins in a manner analogous to ClpX or

ClpB.

Thesis Overview

I have introduced the main components of the protein quality control

network, proteases and chaperones, with a focus on the physiological role and

allosteric regulation of Lon, including the potential of Lon to act as a chaperone as

well as a protease. In the following chapters, I describe experiments that explore

how Lon activity is regulated, with a focus on the role of the N domain. In Chapter 2,

I describe the generation and characterization of GFP variants that are model

substrates for Lon. Chapter 3 describes collaborative experiments that show that

Lon hexamers equilibrate with dodecamers. The dodecamer is stabilized by

interactions between N domains and displays altered substrate profiles. In Chapter
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4, 1 describe the identification of the sul20-binding site within the N domain and

subsequent characterization of this site in allosteric regulation of Lon activity.

Chapter 4 also provides in vivo evidence for Lon chaperone activity. In Chapter 5, 1

characterize a mutant that was thought to inhibit substrate binding, but I instead

show that it leads to altered oligomeric states and reduced protease and ATPase

activity. Finally, in Chapter 6, I suggest future directions for investigating Lon

activity.
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Chapter 2

Engineering fluorescent protein substrates for the AAA+

Lon protease

This work was originally published as Matthew L.Wohlever, Andrew R. Nager, Tania
A. Baker, and Robert T. Sauer. 2013 PEDS 26: 299-305.

M.L.W. did all experiments and wrote initial manuscript. A.R.N. cloned constructs
and aided in experimental design.
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Abstract

AAA+ proteases, such as E. coli Lon, recognize protein substrates by binding

to specific peptide degrons and then unfold and translocate the protein into an

internal degradation chamber for proteolysis. For some AAA+ proteases, attaching

specific degrons to the N- or C-terminus of GFP generates useful substrates, whose

unfolding and degradation can be monitored by loss of fluorescence, but Lon fails to

degrade appropriately tagged GFP variants at a significant rate. Here, we

demonstrate that Lon catalyzes robust unfolding and degradation of circularly

permuted variants of GFP with a 120 degron appended to the N terminus or a sul20

degron appended to the C terminus. Lon degradation of non-permuted GFP-sul20 is

very slow, in part because the enzyme cannot efficiently extract the degron-

proximal C-terminal b strand to initiate denaturation. The circularly permuted GFP

substrates described here allow convenient high-throughput assays of the kinetics

of Lon degradation in vitro and also permit assays of Lon proteolysis in vivo.
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Introduction

AAA+ proteases are molecular machines that convert the chemical energy of

ATP binding and hydrolysis into mechanical work that is used to unfold and

translocate a protein substrate through the axial pore of a hexameric ring and into a

sequestered chamber for degradation (Baker and Sauer 2006; Sauer and Baker

2011). Architecturally, the Lon hexamer is one of the simplest AAA+ proteases, as

its family-specific N-terminal domain, its AAA+ ATPase module, and its peptidase

domain are all connected in a single polypeptide chain. In bacteria, archaea, and

endosymbiotic organelles, Lon plays important roles in protein quality control by

degrading misfolded or damaged proteins and' also degrades native proteins that

are no longer needed or must be removed for regulatory purposes (Torres-Cabassa

and Gottesman 1987; Gonzalez et al. 1998; Striebel et al. 2009). Lon is also a

promising therapeutic target, because it is required for the virulence of several

pathogenic bacteria, and inhibition of the human mitochondrial enzyme causes

apoptosis of lymphoma cells (Robertson et al. 2000; Ingmer and Brandsted 2009;

Yang et al. 2011; Bernstein et al. 2012).

Like all AAA+ proteases, Lon recognizes protein substrates via degrons or

degradation tags, which can be as simple as specific sequences at the N or C

terminus (Sauer and Baker 2011). Several degrons for Escherichia coli Lon have

been identified, including a 20 amino-acid sequence within b-galactosidase (called

p20), which becomes accessible to Lon only in the unfolded protein, and a sequence

from the C-terminus of the cell-division inhibitor SulA (called sul20) (Higashitani et

al. 1997; Gonzalez et al. 1998; Gur and Sauer 2008). Attachment of the sul20 and
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p20 sequences to model substrates leads to their degradation by E. coli Lon.

Interestingly, proteins bearing a C-terminal su120 degron are degraded with a

higher maximal velocity than otherwise identical substrates tagged with a C-

terminal (320 degron, suggesting that degron identity regulates Lon activity in some

fashion (Gur and Sauer 2009). The (20 sequence also functions as an N-terminal or

internal degradation tag for Lon. Although, it is not known how Lon binds the sul20

or (20 degrons, studies with other AAA+ proteases have shown that some degrons

bind in the axial pore of the hexameric ring, where they are engaged by the

translocation machinery of the enzyme. Subsequent translocation of the

degradation tag creates a pulling force when the attached native protein cannot

enter the narrow axial channel, eventually leading to unfolding of the protein

substrate. Because unfolding is an inherently mechanical process, its rate depends

both on the pulling force that the enzyme can exert and on the stability of the local

protein structure adjacent to the degradation tag (Lee et al. 2001; Kenniston et al.

2003; 2004).

Green fluorescent protein (GFP) has been an extremely valuable substrate

for studies of many AAA+ proteases, as the fluorescent chromophore formed by

cyclization and oxidation of residues 65-67 is protected from solvent quenching by

the (3-barrel structure of the native protein (Heim et al. 1994; Ormo et al. 1996).

Enzymatic unfolding and degradation exposes the chromophore to solvent,

quenching its fluorescence. Unfortunately, Lon degrades C- and N-terminally tagged

variants of GFP extremely slowly (Choy et al. 2007; Gur and Sauer 2008; Gur et al.

2012), which has hindered mechanistic studies in vitro and in vivo. Here, we
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demonstrate that Lon can unfold and degrade circularly permuted variants of GFP

with appropriate degrons at either the N or C terminus. These substrates allow

rapid, high-throughput kinetic analysis of Lon degradation in vitro and can also be

used to monitor Lon degradation in vivo. We also show that Lon cannot efficiently

extract the degron tagged C-terminal strand from the P barrel of non permuted GFP,

a substrate that resists Lon degradation.

Materials and Methods

Protein cloning, expression, and purification

Variants of superfolder GFP (P6delacq et al. 2006) were cloned into a

pCOLADuet-1 plasmid vector with an N-terminal MGSH 6SLEVLFQGPGS tag that

included a PreScission protease site (Nager et al. 2011). For circular permutations,

the normal N and C-termini of GFP were connected by a GGTGGS linker (Reeder et al.

2010). The sul20 degron (ASSHATRQLSGLKIHSNLYH) was added to the C-terminus

of superfolder GFP variants and the p20 degron (QLRSLNGEWRFAWFPAPEAV) was

inserted after residues MG in the N-terminal tag by PCR cloning. The variant with

the thrombin-cleavage site contained the sequence GGTEGSLVPRGSGESGGS

(thrombin site in bold; flanking sequences introduced to limit steric hindrance)

inserted between NEK 235 and 236RDH, where the residue numbers refer to the

sequence of superfolder GFP-sul20. The underlined residues in the

GNILGHKLEYNLEASSHAT sequence of cp6-sul2O were deleted in the cp6-A8-sul2O

variant.
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E. coli Lon was expressed from a pBAD33 overexpression vector as described

(Gur and Sauer 2009). Briefly, cells were grown at 370 C until OD600 -1, induced

with 0.2% arabinose at 37 'C for 3.5 h, harvested, and resuspended in buffer A (100

mM potassium phosphate [pH 6.5], 1 mM DTT, 1 mM EDTA, and 10% glycerol). After

lysis by sonication, insoluble material was removed by high-speed centrifugation,

and 2 pL of benzonase (250 U/ptL, Sigma) was added to the supernatant, which was

incubated on ice for 20 min. The lysate was mixed with P11 phosphocellulose resin

(Whatman) equilibrated in buffer A, and the resin was washed twice with buffer A

and twice with an otherwise identical buffer containing 200 mM potassium

phosphate [pH 6.5]. Lon was eluted from the P11 resin with buffer B (400 mM

potassium phosphate [pH 6.5], 1 mM DTT, 1 mM EDTA, and 10% glycerol), and then

chromatographed on a S300 size-exclusion column equilibrated in 50 mM HEPES

[pH 7.5], 2 M NaCl, and 1 mM DTT. The peak fractions of Lon from this column were

>95% pure as assayed by SDS-PAGE and were buffer exchanged into storage buffer

(50 mM HEPES [pH 7.5], 150 mM NaCl, 10 pM EDTA, 1 mM DTT, 10% glycerol) and

frozen at -80 'C.

Superfolder GFP variants were expressed and purified largely as described

(Nager et al. 2011). Cells harboring overexpression plasmids were grown at 37' C

to OD600 -1, induced with 0.5 mM IPTG at room temperature for 3.5 h, harvested by

centrifugation, and lysed by sonication. After an initial step of Ni++-NTA (Qiagen)

affinity chromatography, material was bound to a MonoQ column (GE Healthcare)

equilibrated in 25 mM Tris [pH 8.0], 25 mM NaCl, 1 mM DTT, and 10 ptM EDTA, and

eluted using a linear gradient in the same buffer to 500 mM NaCl over 20 column
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volumes. The peak fractions of degron-tagged superfolder GFP variants were >90%

pure as assayed by SDS-PAGE and were buffer exchanged into 50 mM HEPES [pH

7.5], 150 mM NaCl, 10 [tM EDTA, 1 mM DTT, and 10% glycerol and frozen at -80 'C.

Biochemical assays

Unless noted, biochemical assays were performed at 37 'C in 25 mM Tris [pH 8.0],

100 mM KCl, 10 mM MgCl2. ATPase assays, monitored by absorbance at 340 nm,

also contained 5 mM DTT, 2 mM ATP, 1 mM NADH, lactate dehydrogenase (10

U/mL) an ATP-regeneration system- 20 mM phosphoenolpyruvate (Sigma) and 10

U/ mL of rabbit muscle pyruvate kinase (Sigma) - and MgCl2, which had been

warmed to 37 'C, was added last to initiate the reaction (Norby 1988). Degradation

assays contained supplemental 1 mM DTT, 2 mM ATP, and an ATP-regeneration

system, in addition to E. coli Lon and protein substrates. For degradation reactions

assayed by fluorescence, reaction mixtures without ATP were incubated in 96-well

flat bottom, area plates (Corning) until there was no change in GFP fluorescence

caused by thermal equilibration (-15 min), and degradation was initiated by

addition of ATP. For degradation assays monitored by SDS PAGE, 10 ptL aliquots

were taken at the specified time points and quenched by addition of 3.3 [tL of 8%

SDS, 250 mM Tris pH 6.8, 40% glycerol, 160 mM DTT, and 0.05% bromophenol blue.

To monitor Lon-mediated tail clipping, cp6-sul2O (50 pM) was incubated

with Lon (1 ptM hexamer) for 2 h at 37 'C, the sample was loaded onto a nickel spin

column (Qiagen), and the column was washed with 50 mM HEPES [pH 7.5], 150 mM

NaCl, 20 mM imidazole, 10 piM EDTA, 1 mM DTT, and 10% glycerol and then eluted
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with a similar buffer containing 250 mM imidazole. The eluted material from this

experiment and purified substrate proteins were submitted for LC-MS analysis

using a QSTAR Elite quadrupole-time-of-flight mass spectrometer. Approximately 3

picomoles of sample were loaded onto a reversed phase protein trap, and the

sample was desalted on-line and eluted isocratically. Deconvolution of the

electrospray data to generate molecular weight spectra was performed with the

BioAnalyst software included with the QSTAR Elite data system.

To prepare the split GFP-sul20 substrate, treatment of the sample with 10

U/mL of thrombin (GE Healthcare) for 2 h at 370 C in storage buffer resulted in

-95% cleavage as assayed by SDS-PAGE, and the split substrate was immediately

used for Lon extraction/degradation assays. For the SDS-PAGE assay of degradation,

quenched time points were electrophoresed on a 4-20% gradient gel, which was

subsequently stained with Coomassie blue. For strand-extraction assays monitored

by fluorescence, reactions were performed in a fluorescent plate reader as

described above.

Degradation in vivo

The lon- E. coli strain ER2566 (New England Biolabs) was transformed with a

pCOLAduet vector encoding cp6-sul2O under transcriptional control of a T7

promoter and/or with pBAD33 encoding wild-type Lon under transcriptional

control of the araC promoter. Cells containing one or both plasmids were grown in

M9 minimal media with appropriate antibiotics (10 pg/mL chloramphenicol and/or

50 ptg/mL kanamycin) at 37 'C until OD600 -0.3, 1 mM IPTG was added to induce
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cp6-sul2O, and the temperature was dropped to 300 C to allow for more efficient

chromophore maturation. After 2 h of CP6-sul20 expression, Lon expression was

induced by adding arabinose to a final concentration of 0.2%. At this time, 100 piL of

culture was transferred to a corning 96-well area flat bottom plate in a

SpectraMax MS plate reader and fluorescence (467 nm excitation; 511 nm emission)

was measured at 370 C with shaking of the plate between measurements. Assays

were performed in triplicate.

For FACS analysis, E. coli strains W3110 (lon+) and W3110 lon::kan (lon-)

were transformed with pCOLAduet encoding cp6-sul20, and grown at 37 'C. At

OD600 -0.3, 1 mM IPTG was added to induce cp6-sul20 expression and the

temperature was lowered to 300 C to facilitate more efficient chromophore

maturation. After 90 min, a 100 ptL aliquot of cells was taken, pelleted in a

microcentrifuge, and then resuspended in 70% cold ethanol to fix the cells. Samples

were stored at -20' C until FACS analysis, and then pelleted, resuspended in

phosphate buffered saline (Boston Bioproducts) at a final concentration of 107

cells/mL, and subjected to FACS on a BD FACScan instrument. Data were collected

as phycoerythrin fluorescence versus GFP fluorescence to eliminate auto-

fluorescence. ER2566 cells without GFP were used as a negative control to

determine the lower limit for the GFP-positive gate.

Results

Lon degrades circularly permuted GFP substrates
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For all of the studies presented here, substrates were variants of superfolder

GFP, some of which were circularly permuted to place b-strand 6 (cp6) or b-strand 7

(cp7) at the C-terminal end of the 11-stranded b barrel (Figure 2.1A). Each variant

had an N-terminal His6 tag and either a p20 degron preceding the His6 sequence, a

p20 degron at the C terminus, or a sul20 degron at the C-terminus of the protein.

Because prior studies showed that circular permutation of superfolder GFP

enhanced degradation by ClpXP (Nager et al. 2011), we sought to determine if

circular permutation would also facilitate degradation of GFP by E. coli Lon.

We constructed and purified nine substrates: P20-GFP, P20-cp6, 320-cp7,

GFP-1320, cp6-P20, cp7-[320, GFP-sul20, cp6-sul2O, and cp7-sul2O. As assayed by loss

of native fluorescence, 0.3 ptM Lon catalyzed robust degradation of 10 IM

concentrations of p20-cp6, P20-cp7, cp6-sul2O, cp7-sul20 and slow degradation of

the same concentrations of cp6-P20 and cp7-P20 (Figure 2.1B). Under the same

assay conditions, we observed no change in the fluorescence of 120-GFP, GFP-(320,

or GFP-sul20 (not shown), indicating that these non-permuted proteins are

extremely poor substrates for Lon degradation. For the four best substrates, Lon

degradation of p20-cp6 and P20-cp7 proceeded to a greater extent than degradation

of cp6-sul2O and cp7-sul2O, which effectively ceased with -30% of the initial

fluorescence remaining. An SDS-PAGE assay also showed incomplete degradation of

cp6-sul2O (Figure 2.1C), which was not improved by adding additional ATP,

additional Lon, or overnight incubation (not shown). We return to the issue of

incomplete degradation below.
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Figure 2.1 Design and characterization of GFP circular permutations
(A) Cartoon representation of the order of secondary structure elements in
superfolder GFP and the circularly permuted cp6 and cp7 variants. The N terminus
(N) and C terminus (C) of each protein is marked. (B) Proteolysis of degron-tagged
variants of the cp6 and cp7 substrates (10 pM) by Lon6 (0.3 pM) was monitored by
changes in fluorescence (excitation 467 nm; emission 511 nm). Fluorescence values
were normalized by dividing by the time-zero fluorescence. (C) SDS-PAGE assay of
degradation of cp6-sul2O (20 pM) by Lon6 (0.6 pM). Following electrophoresis, the
gel was stained with Coomassie Blue. (D) Substrate dependence of Lon6 (0.15 IM)
degradation of the cp6-sul2O, cp7-sul20, b20-cp6, and b20-cp7 proteins. The solid
lines are fits to the Hill form of the Michaelis-Menten equation (rate =
Vmnax/(1+(KM/[S])"). Values are shown as means ± SEM (N = 3). (E) Dependence on
the concentration of substrate proteins of the rate of hydrolysis of ATP (2 mM) by
Lon6 (0.15 [M). The solid lines are fits to a Hill equation, rate = basal +
amp/(1+(KM/[S])n), where Vnax = basal + amp. Values are shown as means ± SEM (N
>3).

To determine steady-state kinetic parameters for Lon degradation of the four

substrates that were degraded most rapidly, we determined initial rates as a

function of the concentration of the p20-cp6, p20-cp7, cp6-sul2O, or cp7-sul2O
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substrates and fit them to the Hill form of the Michaelis-Menten equation (Figure

2.1D). KM, Vmax, and n (the Hill constant) values for each substrate are listed in Table

1. In terms of Vnax values, the substrate rank from highest to lowest was cp6-sul2O >

B20-cp6 > j20-cp7 > cp7-sul2O with an -5-fold difference between the fastest (-3.6

min-' Lon6-1) and slowest (-0.70 min-' Lon6-1) rates. For the substrates with C-

terminal degrons, the GuHCl concentrations required for 50% unfolding were -1.6

M for cp6-GFP-sul2O, -1.8 M for cp7-GFP-sul2O, and -3.8 M for GFP-su120 (not

shown). Thus, the least stable substrates are most susceptible to Lon degradation.

The Km's for cp6 or cp7 substrates with the same degron varied, in some cases by as

much as 4.5-fold (Table 2.1), indicating that factors in addition to simple degron

binding by Lon determine this kinetic parameter.

We also varied the concentration of each GFP variant and determined the

effects on the steady-state rate of ATP hydrolysis by Lon (Figure 2.1E, Table 2.1).

For the j20-cp6 substrate, the concentration at which half-maximal ATPase

stimulation was observed was substantially lower than the Km for degradation, as

previously observed for some other Lon substrates (Gur and Sauer 2009). The

energetic efficiency of Lon degradation of the circularly permuted substrates at

saturating concentrations varied, with degradation of cp6-sul2O and P20-cp6

requiring hydrolysis of an average of -60 ATPs, P20-cp7 requiring -110 ATPs, and

cp7-sul2O requiring -190 ATPs (Table 2.1). Because the energetic cost of

translocation of the sul20-tagged substrates should be similar to each other, the -3-

fold higher energetic cost of degrading cp7-sul2O compared to cp6-sul2O is likely to

reflect an increased energetic cost of Lon unfolding. There was no clear correlation
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between maximum ATPase stimulation and degron identity, unlike the situation

observed previously for unfolded substrates (Gur and Sauer 2009), but this result

could simply reflect a more complicated dependence on a combination of degron

identity and other features of our substrates.

substrate proteolysis proteolysis proteolysis ATPase ATPase ATPase ATP

V. apparent Hill VmN apparent Hill per
(rmin Km constant (miin- KM constant substrate
Lon6 I) (p M) Lon6 ) (piM)

cp6-sul2O 3.6 ±0.2 13 ±2 1.2 ±0.1 217 16 9.3 ±1.3 1.2 ±0.1 60

[120-cp6 2.3 ±0.3 21 ±6 1.2 ±0.2 143 5 2.6 ±0.2 1.7 ±0.1 62

cp7-sul20 0.70 ±0.03 2.8 ±0.3 1.6 ±0.3 130 22 5.2 ±2.4 0.9 ±0.2 186

1120-cp7 1.2 ±0.1 8 ±1 1.6 ±0.3 130 14 4.8 ±1.0 1.3 ±0.2 108

cp6-A8- 3.3 ±0.1 13 ±1 1.4 ±0.1 215 50 6.0 ±3.0 1.1 ±0.3 65sul2O

Table 2.1 Steady-state kinetic parameters for protein degradation
and ATP hydrolysis by E. coli Lon
The error is that of non-linear-least-squares fitting. ATP per substrate was
calculated by dividing V,,,,,, for ATP hydrolysis by V... for protein
degradation.

Tail clipping during Lon proteolysis prevents processive degradation of some

molecules

The C-terminal residues of the sul20 degron are known to be important

determinants of Lon recognition and degradation (Ishii and Amano 2001; Gur and

Sauer 2009). It is possible, therefore, that proteolytic clipping of the sul20 degron

accounts for the -30% of CP6-sul2O and cp7-sul20 proteins that are not degraded.
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In principle, tail clipping could occur during purification or during the degradation

assay in a Lon-dependent manner. Electrospray mass spectrometry of the purified

substrates showed 10-15% quantities of tail-clipped species for the cp7-sul2O

substrate but effectively no tail-clipped species for the cp6-sul2O substrate (Figure

2.2A). To test if tail clipping of cp6-sul2O occurred during Lon degradation, we

allowed degradation of this substrate to proceed for 2 h and purified the

undegraded His6-tagged substrate by Ni++-NTA chromatography (Figure 2.21B).

Electrospray mass spectrometry revealed relatively little remaining full-length

substrate but a mixture of species with masses expected for removal of 2, 3, or 11 C-

terminal amino acids (Figure 2.2C). Thus, it appears that Lon-dependent clipping of

these residues in some substrates precludes further efficient degradation.

Tail clipping of the cp6-sul2O substrate by Lon supports a model in which the

sul20 degron is the first part of this substrate that is translocated into the

degradation chamber, proteolytic removal of 2 to 11 residues then occurs, and the

clipped substrate is subsequently released rather than processively degraded.

Release of partially degraded substrates has been observed when AAA+ proteases,

including Lon, encounter a domain that is difficult to unfold in multi-domain

substrates (Kenniston et al. 2005; Lee et al. 2001). For the cp6-sul2O substrate, the

intact 1-barrel of GFP could resist unfolding and result in release of some partially

degraded substrates. In an attempt to minimize clipping and partial degradation, we

deleted 8 residues preceding the sul20 degron to generate cp6-A8-sul2O, reasoning

that degradation might be more processive if a shorter linker between the degron

and the p-barrel core necessitated core denaturation before the degron reached the
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peptidase active sites. Indeed, Lon degraded cp6-A8-sul2O to -90% completion and

cp6-sul2O to -70% completion under single-turnover conditions of enzyme excess

(Figure 2.2D). In this experiment, cp6-A8-sul2O degradation was also -2-fold faster

than cp6-sul2O degradation (Figure 2.2D), but the steady-state Vmax and Km kinetic

parameters for Lon degradation of cp6-A8-sul2O and cp6-sul2O were similar (Table

2.1). These results suggest that unfolding of cp6-A8-sul2O by Lon may not be the

rate-limiting step under steady-state conditions.
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Figure 2.2 Degron clipping prevents complete degradation of
fluorescent substrates
(A) Deconvoluted electrospray ionization mass spectra of the purified cp6-sul2O
(top) and cp7-sul2O (bottom) proteins. Full-length cp6-sul2O with a mature
chromophore but lacking the N-terminal methionine (residue 2-287m) has an
expected mass of 31,800.8 Da. Prior to chromophore maturation (2-287'), the
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expected mass is 20 Da higher. Full-length cp7-sul2O with a mature chromophore
but lacking the N-terminal methionine (residues 2-291m) has an expected mass of
32,274.3 Da. Small amounts of proteins missing two (AYH) or three residues (ALYH)
from the C-terminal end of the sul20 degron were observed in the cp7-sul20 but not
the cp6-sul2O preparation. (B) The cp6-sul2O protein (50 [M), which contains an N-
terminal His6 tag, was incubated with Lon 6 (1 piM) for 2 h at 37 'C and then purified
by Ni++-affinity chromatography. (C) Electrospray ionization mass spectrometry of
cp6-sul2O after 2 h of Lon degradation and Ni++-affinity purification revealed
substantial tail clipping that removes two (AYH), three (ALLYH), or eleven
(ASGLKIHSNLYH) C-terminal residues from the sul20 degron. (D) Degradation of
cp6-sul20 or cp6-A8-sul 20 (0.5 piM each) by Lon6 (2 pM) at 370 C. Degradation was
monitored by loss of 511 nm fluorescence after excitation at 467 nm. Fluorescence
was normalized to an initial value of 1.

Inefficient Lon extraction of the degron-tagged C-terminal [-strand of GFP-sul2O

Why is GFP-su120 degraded so slowly by Lon? This protein stimulated ATP

hydrolysis by Lon (Kapp -7 pM; not shown), whereas untagged GFP did not,

indicating that Lon recognizes the sul20 degron in GFP-sul20. Previous studies

demonstrated that ClpXP degrades superfolder GFP-ssrA in a two-step reaction in

which the degron-tagged C-terminal P-strand is initially extracted and the resulting

10-stranded native intermediate (GFP'1 0) is subsequently unfolded and degraded

(Martin et al. 2008; Nager et al. 2011). In principle, Lon degradation of GFP-sul2O

might be very slow because the extraction and/or global unfolding step is inefficient.

To test for potential effects on the extraction step, we inserted a thrombin site in the

loop between strands 10 and 11 of GFP-sul2O and produced a split substrate by

thrombin cleavage (Figure 2.3A). We then incubated the split substrate (5 pM) with

Lon (0.3 pM) and observed slow degradation of the sul20-tagged C-terminal

fragment but no degradation of the untagged N-terminal fragment over the course

of 30 min as monitored by SDS-PAGE (Figure 2.31B). This result suggests that Lon



73

extraction of the sul20-tagged fragment from the split substrate is inefficient.

However, the C-terminal fragment did not run as a sharp band precluding

quantification. As a more rigorous test of Lon's ability to extract the sul20-tagged C-

terminal fragment, we exploited the fact that native GFP'- 10 has the same

fluorescence as GFP when excited at 467 nm but no fluorescence when excited at

400 nm, because excitation at the lower wavelength requires excited state transfer

of a proton from the chromophore to Glu 2 2 2 in the 11th b-strand (Stoner-Ma et al.

2006; Kent et al. 2008). When thrombin-split GFP-sul20 (0.5 pLM) was incubated

with excess Lon (2 pM), an approximate 20% reduction in 400-nm fluorescence

with little change in 467-nm fluorescence was detected over 30 min (Figure 2.3C).

Thus, Lon extracts only a small fraction of the C-terminal fragments in the

population of substrates. However the slow rate at which Lon extracted the degron-

tagged C-terminal strand was substantially faster then the rate of degradation of the

GFP-sul20 substrate, suggesting that inefficient strand extraction and slow global

unfolding of the GFP 1-10 intermediate combine to account for the resistance of GFP-

sul20 to Lon degradation.
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Figure 2.3 Extraction of 11th p-strand of GFP-sul2O is inefficient
(A) Cartoon showing the thrombin-cleavage site inserted between b-strands 10 and
11 of GFP-sul20 and the generation of the split substrate by thrombin cleavage. (B)
The thrombin-split GFP-sul20 protein (5 lM) was incubated with Lon6 (0.3 lM) and
the reaction was monitored by SDS-PAGE, followed by staining with Coomassie Blue.
(C) The thrombin-split GFP-sul20 protein (0.5 pM) was incubated with Lon6 (2 [M)
and the reaction was monitored by changes in fluorescence at 511 nm after
excitation at 400 nm (extraction/degradation of 1-strand 11) or 467 nm (global
unfolding/degradation).

Fluorescence detection of Lon degradation in vivo

Changes in cellular fluorescence linked directly to Lon degradation would

provide a potentially powerful way to monitor proteolysis in vivo. To test for

intracellular degradation, we expressed plasmid-borne cp6-sul2O from an IPTG-

inducible promoter in an E. coli strain that lacks a functional chromosomal Ion gene
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(ER2566), and after -2 h induced expression of plasmid-borne Lon from an

arabinose-inducible promoter. Cellular fluorescence began to decrease -15 min

after Lon induction and, after 60 min, approached the level in an experiment in

which cp6-sul2O expression was not induced (Figure 2.4A). By contrast, cellular

fluorescence was -3-fold higher when cp6-sul2O expression was induced but Lon

expression was not induced (Figure 2.4A). These results demonstrate that cp6-sul2O

fluorescence can be used as a reporter of intracellular Lon degradation.
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Figure 2.4 In vivo degradation of cp6-sul20
(A) Fluorescence of cells expressing different combinations of the cp6-sul2O GFP
variant and Lon protease. At time = 0, arabinose was added to induce expression of
Lon from a pBAD33 vector or to lon- cells containing an empty pBAD33 plasmid.
Two hours before, IPTG was added to induce expression of plasmid-borne cp6-sul20
or water was added to the un-induced control. (B) FACS analysis of lon+ W3110 cells
expressing plasmid-borne cp6-sul2O. The x-axis shows GFP fluorescence (excitation
488 nm; emission 530 ± 15 nm); the y-axis shows phycoerythrin (PE) fluorescence
(excitation 488 nm; emission 585 ± 21 nm) as an auto-fluorescence control. -0.4%
of the cells fall within the GFP-positive area. (C) FACS analysis of lon::kan W3110
cells expressing plasmid-borne cp6-sul20. -18% of the cells fall within the GFP-
positive area.

To determine if degradation of cp6-sul20 by normal cellular concentrations

of Lon could be detected, we transformed lon+ and Ion- cells with an over-expressing

plasmid, induced cp6-sul2O expression for 90 min, and then performed fluorescence
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activated cell sorting (FACS). Only -0.4% of the lon+ cells were present in the high-

fluorescence gating region (Fig. 4B), whereas -18% of the lon- cells were recovered

in this region (Fig. 4C). Thus, normal cellular Lon levels are sufficient for reliable

detection of cp6-sul2O degradation in vivo by FACS analysis.

Discussion

We have shown that E. coli Lon efficiently degrades circularly permuted

variants of superfolder GFP with specific N-terminal or C-terminal degrons. These

and related substrates should be useful for characterizing how Lon structure/

function mutations alter the steady-state kinetics of protein degradation, for

assessing the relationship between degron sequences and their activities in

promoting Lon degradation, and for performing high-throughput screens for small-

molecule inhibitors of degradation. Importantly, Lon degradation of these circularly

permuted GFP substrates is also easily monitored in vivo, facilitating screens for

cellular mutations that influence Lon degradation or GFP mutations that enhance or

suppress degradation. Fluorescent assays for Lon degradation of peptides or non-

native proteins have been reported (Rudyak and Shrader 2000; Lee and Berdis

2001; Gur and Sauer 2008; 2009), but these assays do not require substrate

unfolding by Lon, are often independent of the addition of a defined degron, and

cannot be used in vivo.

E. coli Lon degrades GFP-ssrA and GFP-b20 but at extremely slow rates (s

0.06 min-1 Lon&1) (Choy et al. 2007; Gur and Sauer 2008), precluding the use of

these substrates for many assays. Consistently, we found that Lon degrades
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superfolder variants of GFP-020, GFP-sul20, and f320-GFP very slowly. In

combination, these results suggest that Lon has a very difficult time unfolding the b

barrel of non-permuted GFP, either when pulling on the protein from the N-

terminus or the C-terminus. Indeed, we find that Lon inefficiently dislodges even the

C-terminal b strand of a split variant of superfolder GFP-su120. By contrast, Lon

degrades the circularly permuted cp6-sul2O and p320-cp6 variants of superfolder

GFP at rates -50-fold faster than the best non-permuted variants. From the

perspective of protein stability, the b barrels of cp6 and cp7 are less

thermodynamically stable than the barrel of non permuted superfolder GFP (Nager

et al. 2011). The detailed rates at which Lon degrades the circularly permuted GFP

substrates probably depend on the mechanical stabilities of degron-proximal

elements of secondary structure in these proteins (Lee et al. 2001).

The relative unfolding capabilities of Lon and other AAA+ proteases are

highly substrate specific. For example, Lon is a very weak unfoldase for some

degron-tagged substrates (Koodathingal et al. 2009) but a robust unfoldase for

others (Gur et al. 2012). Our current and recent results (Nager et al. 2011) show

that circular permutation of GFP can dramatically alter its susceptibility to

degradation by different AAA+ proteases. For example, Lon can barely degrade non-

permuted GFP but robustly degrades the cp6 variant, whereas ClpXP degrades non-

permuted GFP at a much faster rate than Lon but degrades the cp6 variant at a

slower rate. We anticipate that circularly permuted variants of GFP will also be

useful substrates for different classes of AAA+ proteases, protein-remodeling

enzymes, and protein-secretion machines.
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Lon clipping of the terminal residues of the degron in some cp6-sul2O

substrates prevents complete degradation and probably accounts for incomplete

proteolysis of cp7-sul2O as well. For such tail clipping to occur, the sul20 degron

must enter the degradation chamber but the substrate must not be committed to

processive degradation. The build-up of clipped cp6-sul2O substrates to levels

higher than the Lon hexamer concentration indicates that clipped substrates can be

released from the enzyme, probably as a consequence of an unsuccessful unfolding

attempt. Indeed, it seems likely that engaged but unclipped substrates are also

released when unfolding fails, accounting for the higher energetic cost of degrading

cp7-sul20 compared to cp6-sul2O. Previous experiments showed that the sul20

degron can also act as a tethering sequence, facilitating degradation of a substrate

by Lon, without itself being degraded (Gur et al. 2012). It will be important to

determine the location of the tethering site in the structure and to determine how

degron binding to different sites in Lon is coordinated.
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Abstract

Lon is a AAA+ protease that controls cell division in response to stress and also

degrades misfolded and damaged proteins. Subunits of Lon are known to assemble

into ring-shaped homohexamers that enclose an internal degradation chamber.

Here, we demonstrate that hexamers of E. coli Lon also interact to form a dodecamer

at physiological protein concentrations. Electron microscopy of this dodecamer

reveals a prolate structure with the protease chambers at the distal ends and a

matrix of N domains forming an equatorial hexamer-hexamer interface, with portals

of -45 A providing access to the enzyme lumen. Compared to hexamers, Lon

dodecamers are much less active in degrading large substrates but equally active in

degrading small substrates. Our results support a novel gating mechanism that

allows the repertoire of Lon substrates to be tuned by its assembly state.
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Introduction

Protein quality control is vital under stress conditions that promote protein

unfolding and aggregation. Escherichia coli Lon degrades many unfolded proteins

(Fredriksson et al. 2005; Kowit and Goldberg 1977; Shineberg and Zipser 1973) and

also degrades folded proteins, including SulA, IbpA, and IbpB (Gottesman et al.

1981; Mizusawa and Gottesman 1983; Bissonnette et al. 2010). In E. coli and many

other bacteria, Lon is up-regulated under numerous stress conditions (Goff et al.

1984; Phillips et al. 1984; Goff and Goldberg 1985; Van Melderen and Aertsen 2009).

In mitochondria, Lon helps combat oxidative stress (Bender et al. 2011; Venkatesh

et al. 2011; Ngo and Davies 2009; Ngo et al. 2011), and human mitochondrial Lon

was recently identified as a potential anti-lymphoma target (Bernstein et al. 2012).

It is widely believed that a major role of Lon in all organisms is to degrade misfolded

proteins (Kowit and Goldberg 1977; Van Melderen and Aertsen 2009; Rosen et al.

2002).

Lon subunits consist of an N domain, a central AAA+ ATPase module, and a C-

terminal peptidase domain. Although early reports suggested that Lon might be a

tetramer (Goldberg et al. 1994), it is now clear that six subunits of the E. coli enzyme

assemble into a hexamer with an internal degradation chamber accessible via an

axial pore in the AAA+ ring (Botos et al. 2004; Park et al. 2006). Lon substrates are

recognized, unfolded if necessary by ATP-dependent reactions mediated by the

AAA+ ring, and then translocated through the pore and into the peptidase chamber

for degradation (Sauer and Baker 2011).
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In many families of ATP-dependent proteases, the AAA+ unfolding/

translocation ring and the self-compartmentalized peptidase are encoded by distinct

polypeptides, which assemble into independent oligomers prior to interacting to

form the functional protease (Sauer et al. 2004; Joshi et al. 2004). For example, the

ClpXP protease consists of AAA+ ClpX hexamers, which dock with the self-

compartmentalized ClpP peptidase. This interaction suppresses the ATPase rate of

ClpX and enhances the peptidase activity of ClpP (Joshi et al. 2004). Lon activity

cannot be controlled in this way because the ATPase and protease domains are

always physically attached. Little is currently known about how Lon activity is

regulated, although mutational studies show that the AAA+ and peptidase domains

influence each other's activities (Roudiak et al. 1998; Starkova et al. 1998; van Diji et

al. 1998). In some cases, the function of the two domains also appears to be linked

via allosteric communication mediated by substrate binding (Waxman and Goldberg

1986; Gur and Sauer 2009).

Here, we demonstrate that Lon forms dodecamers that equilibrate with

hexamers at physiological concentrations. A structure determined by electron

microscopy (EM) at low resolution reveals a novel protease architecture with the

degradation chambers of each hexamer at opposite ends of a prolate ellipsoid. Near

the equator of this structure, the arrangement of N domains creates portals, which

could serve as entry sites for protein substrates. Formation of the dodecamer

suppresses proteolysis of large but not small protein substrates, suggesting that the
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dodecamer uses a gating mechanism that allows the repertoire of Lon substrates to

be tuned by its state of assembly.

Experimental Procedures

Protein purification

Wild-type E. coli Lon (Goff and Goldberg 1985) and the Lons679Avariant (Van

Melderen and Gottesman 1999) were purified as described (Gur and Sauer 2008)

with minor changes. After lysis by sonication or French press, lysates were

incubated with benzonase (Merck KGaA, Damstadt, Germany) for 1 h at 4' C.

Following elution from P11 phosphocellulose (Whatman, GE Healthcare, Piscataway,

NJ), the sample was concentrated and buffer exchanged to 2 mL either in 25 mM

HEPES-KOH (pH 7.5), 2 M NaCl, 1 mM EDTA, 0.1 mM TCEP, and 10% glycerol, or 50

mM HEPES-KOH (pH 7.5), 2 M NaCl, and 0.1 mM TCEP, passed through a 0.45 pm

filter, and purified on a HR 10/300 Superose 6 gel filtration column (GE Healthcare,

Piscataway, NJ). Fractions containing Lon at >95% purity, as judged by SDS-PAGE

and 280/260 nm absorbance, were combined, dialyzed against Lon storage buffer

(50 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM EDTA, and 0.1 mM TCEP),

concentrated, flash frozen in aliquots, and stored at -80 'C.

E. coli IbpB was purified as described (Bissonnette et al. 2010), dialyzed

against Ibp storage buffer (50 mM HEPES-KOH (pH 8), 600 mM potassium

glutamate, 20% sucrose, and 0.1 mM TCEP), flash frozen in aliquots, and stored at -
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800 C. His6-tagged titin-127 proteins with sul20 or (20 degrons were purified as

described (Gur and Sauer 2008).

SEC-MALS

Size exclusion chromatography was performed on a WTC-030SS size-

exclusion column using an Agilent HPLC. Multi-angle laser light scattering was

measured in line using a Wyatt DAWN-H ELEOS instrument; concentrations were

determined using an Optilab rEX instrument. Standard Zimm-plot analysis was

preformed with the ASTRA software 5.3.4 (Wyatt Technology Corporation, Santa

Barbara, CA). LonS679A samples (loading concentrations 24, 12, and 6 riM) were run

in 50 mM HEPES-KOH (pH 7.6), 150 mM NaCl, 20 mM MgCl2, 10% glycerol, and 0.1

mM TCEP at room temperature.

Ultracentrifugation

SV-AUC experiments for LonS679A were preformed using a Beckman

OptimaXL-I analytical ultracentrifuge (Biophysical Instrumentation Facility, MIT).

Samples were dialyzed overnight against 50 mM HEPES-KOH (pH 7.5), 150 mM NaCl,

0.01 mM EDTA, and 0.1 mM TCEP. Before loading the cells, 1 mM MgCl2 and 0.1 mM

ATPyS were added to the samples. Samples were loaded in dual-sector charcoal-

filled epon centerpieces and centrifuged at 16,000 rpm in a An50-Ti rotor at 20' C.

SEDFIT (Brown and Schuck 2006) was used to calculate the continuous distribution

of sedimentation coefficients from 1S to 60S at resolutions of 200 or 100 scans per
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concentration with a confidence level (F-ratio) of 0.95. Calculations were performed

using a density of 1.00831, a viscosity of 0.010475, and a Lon partial specific volume

of 0.7431 (SEDNTERP; J. Philo; http://www.jphilo.mailway.com).

Western blotting

E. coli W3 110 cells were grown at 30' C in M9 medium supplemented with

0.4% glucose, 100 ,M CaCI2, 2 mM MgSO4, 0.2% w/v thiamin, and 0.2% casamino

acids. At an OD600 of 0.3, cultures were split, additional medium at 540 C was added

to the heat-shock sample, and additional medium at 30' C was added to the control.

The final temperature of the heat-shock sample was 42' C. Aliquots of 1 mL were

taken at each time point from both samples, OD600 was recorded, cells were pelleted

by centrifugation, and the supernatant was removed. Pellets were stored at -20' C

until resuspended to 2.5 OD60o equivalents with 5X SDS loading dye. Resuspended

samples were heated at 99' C for 10 min while shaking, and then cooled. The

samples (10 [tL) were loaded on Mini-PROTEAN TGX 4-20% precast gels (Bio-Rad,

Hercules, CA). The gels were transferred onto filter paper using a wet-transfer

apparatus (BioRad, Hercules, CA), probed with anti-Lon polyclonal antibody

(produced by Covance Research Products) at a 1:2,000 dilution for 4 h at room

temperature, incubated with goat anti-rabbit IgG-AP conjugate (BioRad, Hercules,

CA) at a 1:10,000 dilution for 1 h at room temperature, and developed with alkaline

phosphatase dephosphorylates ECF Substrate (GE Healthcare, Piscataway, NJ). The
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blots were exposed with a blue laser and quantified with ImageQuant software (GE

Healthcare, Piscataway, NJ).

The intracellular concentration of Lon was calculated from the western blot

using purified LonS67 9A as a standard. 1.9 ± 0.36 ng of Lon was present in a sample

containing 3.55 ± 0.15 x 108 cells per OD (as determined by counting colony-forming

units under the conditions of the experiment), giving a value of 2.2 ± 0.6 x 10-16

g/cell. Errors represent ± 1 SEM (N=4) and were propagated through all

calculations. The intracellular Lon concentration was calculated using a subunit MR

of 87.5 kDa and a cell volume of 10.15 L (Ali Azam et al. 1999). The fold increase in

Lon concentration following a temperature increase from 30 to 420 C was

determined by normalizing against a nonspecific band at the bottom of the Western

to correct for any changes in cell density over the time course and dividing the

intensity of the bands from cells grown at 420 C by the intensity of the bands from

cells grown at 300 C.

Single-particle EM data collection and analysis

Wild-type Lon (24 [tM subunit equivalents in storage buffer) was incubated at

370 C with 0.1 mM ATP, and 10 mM MgCl2 for 4 min, sul20 peptide (synthesized and

purified in house) was added to a final concentration of 200 pM and incubated for 1

min, ATPyS was added to a final concentration of 5 mM, the sample was diluted

-100-fold with storage buffer without glycerol, and immediately negatively stained

with uranyl acetate (1%) on continuous carbon-film grids. Electron micrographs of

single particles were recorded with a 2Kx2K CCD camera on a TF20 electron
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microscope at 29,000x nominal magnification. A total of 4,235 oligomeric Lon

particles were then boxed into a single stack, from which the particle images were

2x-binned to 7.92 A per pixel. The dataset was subjected to "direct classification"

using PARTICLE (www.image-analysis.net/EM), which is free of alignment error or

reference bias.

For the dodecamer three-dimensional reconstruction, a set of single-particle

tomographic volumes were first collected and averaged to establish an unbiased

initial model, which served as the reference to align the class averages in single-

particle reconstruction and refinement. The model was further validated by the tilt-

pair technique (Henderson et al. 2011), utilizing 86 pairs at 30'-tilt separation, in

which the average angular deviation from the controlled tilting angle was less than

70. Data analysis (particle screening, classification, single-particle tomography,

three-dimensional reconstruction, and model validation) was performed in the

PARTICLE software package.

The 3M6A.pdb crystal structure includes the protease and ATPase domains of B.

subtilis Lon in an indefinite spiral conformation (Duman and Lowe 2010). To make a

planar hexameric model for fitting EM density, we aligned six copies of chain A from

3M6A.pdb to the protease domains in the hexameric structure of the E. coli Lon

protease domain (1RR9.pdb). To fit the six equatorial bridges, we placed two E. coli

Lon N domains (3LCJ.pdb) in each bridge with the coiled-coil regions crossing and

rotated the globular domains to fit the density.
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A TPase assays

ATP-hydrolysis rates were measured at 37 'C in a plate reader using an

NADH enzyme-linked assay (Norby 1988; Lindsley 2001) in buffer containing 4 mM

ATP, 5 mM MgCl2, 5 mM KCl, 2% DMSO, 360 mM potassium glutamate, 12% sucrose,

and 50 mM HEPES-KOH (pH 8).

Degradation assays

IbpB degradation reactions contained 60% Ibp storage buffer, 5% Lon buffer,

5 mM MgCl2, 5 mM KCl, and 2% DMSO. An ATP-regeneration system, containing a

final concentration of 4 mM ATP, 100 mg ml1 creatine kinase, and 10 mM creatine

phosphate, was added to initiate the reaction. Degradation was monitored 370 C by

the formation of radioactive peptides soluble in trichloroacetic acid as described

(Bissonnette et al. 2010; Gottesman et al. 1998). Fluorescein isothiocyanate (FITC)

casein type III (Sigma-Aldrich, St. Louis) was resuspended in Ibp storage buffer.

Degradation was monitored by the increase of fluorescence at 525 nm with

excitation at 365 nm in a plate reader at 370 C using final conditions as described for

IbpB degradation.

Degradation of titin-127 constructs was carried out at 37' C in buffer

containing 25 mM Tris-HCl (pH 8.0), 100 mM KCl, 10 mM MgCl2, 1 mM DTT, 2 mM

ATP, 20 mM phosphoenolpyruvate, and 10 U/mL pyruvate kinase. Kinetics were

determined using a mixture of 5% 35S-labeled substrate and 95% unlabeled

substrate as described (Gottesman et al. 1998).
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Results

Lon exists in multiple oligomericforms

In the process of characterizing E. coli Lon by size-exclusion chromatography

(SEC) and multi-angle laser light scattering (MALS), we observed enzyme complexes

with properties similar to those expected for hexamers (calculated MR 525 kDa) and

dodecamers (calculated MR 1050 kDa). For example, SEC-MALS of the LonS6 79 A

variant, which had an active-site mutation in the peptidase domain to prevent auto-

degradation (Van Melderen and Gottesman 1999), revealed two major species

corresponding to molecular weights of 565 ± 13 and 930 ± 5 kDa (Figure 3.1A).

Based on previous characterization of Lon as a hexamer (Botos et al. 2004; Park et al.

2006), the simplest interpretation of these results is that the larger species is a Lon

dodecamer, which may dissociate to some extent during the SEC run.

To characterize assembly further, we used sedimentation velocity analytical

ultracentrifugation (SV-AUC) at multiple concentrations of LonS679A in the presence

of 100 [M ATPyS (Figure 3.1B). Both the large (dodecamer) and smaller (hexamer)

assemblies were clearly detectable at multiple LonS67 9A concentrations, as was a

smaller species, which appeared to be a monomer. As expected, the dodecamer was

more highly populated at higher concentrations, and the hexamer and presumed

monomer populations increased at lower concentrations. The hexamer and

dodecamer were both populated at concentrations that are physiologically relevant

(see below).
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Figure 3.1 Lon assembles into dodecamers as well as hexamers
(A) Catalytically inactive Lons679^ (24 pM loading concentration) formed hexamers
(expected MR ~525 kDa) and dodecamers (expected MR ~1,050 kDa) in SEC-MALS
experiments. The variation in apparent MR over both peaks suggests that
dodecamers and hexamers are in equilibrium. Dashed lines represent an error of
5% in measurement of molecular weight. Chromatography was performed at room
temperature in 50 mM H EPES (pH 7.6), 150 mM NaCl, 20 mM MgCl2, 10% glycerol,
and 0.1 mM TCEP. (B) Concentration- dependent changes in the population of
Lons679^ dodecamers, hexamers, and monomers in SV-AUC c(szo,wV) distributions.
Traces at each concentration were offset on the y-axis for clarity. Experiments were
performed at 20' C in 50 mM HEPES-KOH (pH 7.5), 150 mM NaCl, 0.01 mM EDTA,
0.1 mM TCEP, 1 MM MgCl2, and 0.1 mM ATPyS.

To confirm that wild-type Lon also formed dodecamers, we used analytical

gel filtration (Figure 3.2), which is rapid and minimizes auto-proteolysis. In addition,

because nucleotide can affect Lon assembly, experiments were performed with

ATPyS or without nucleotide. Under the conditions tested, Lon appeared to
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chromatograph as a mixture of hexamers and dodecamers, and nucleotide had little

effect on the distribution of these species (Figure 3.2).
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Figure 3.2 Relative distributions of Lon hexamers and dodecamers were
similar under various conditions
(A) Analytical gel filtration of LonS6 79A (solid line), LonS679A with ATPyS (dashed

line), and wild-type Lon with ATPyS (dotted line) gave similar results. In all
experiments, the loading concentration of Lon was 10 mM and the column buffer
was 50 mM HEPES-KOH (pH 7.6), 150 mM NaCl, 0.01 mM EDTA, 0.1 mM TCEP, 1
mM MgCl2, with or without 100 mM ATPyS. Proteins were chromatographed at
room temperature on a Superose-6 column using an Ettan system (GE HealthCare,
Uppsala, Sweden). Protein standards (Bio-Rad, Hercules, CA) were run under the
same conditions for comparison. The arrow marks the position of the 670 kDa
standard.

Dodecamers should exist at intracellular concentrations

To investigate the potential for Lon dodecamers to form in vivo, we

determined intracellular concentrations using quantitative western blots. A dilution

series of purified Lon was analyzed on the same membrane as Lon from cells grown
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at 300 C (Figure 3.3A). The concentration of Lon in monomer equivalents ranged

from 1.7 to 3.7 p.M over four measurements and averaged 2.5 ± 0.5 p.M (SEM) for

cells grown at 300 C. Lon forms hexamers and dodecamers at these concentrations

in vitro. Following a temperature increase to 420 C, a modest increase in Lon levels

was observed by western blots (-1.2 fold; Figure 3.31B).
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Figure 3.3 Quantitative western blots of Lon levels in E. coli are
consistent with dodecamer formation
(A) Western blot following SDS-PAGE of different concentrations of purified Lon and
an E. coli lysate before heat shock. The intracellular concentration of Lon was 2.5
0.5 p.M or -1500 ± 300 Lon monomers per cell at 300 C (N=4). (B) Lon
concentrations increased slightly in cells grown after a temperature increase to at
420 C compared to cells grown at 300 C (N = 3). In all panels values are averages 1
SEM.
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EM dodecamer structure

EM images of negatively stained Lon complexes showed two major

populations (Figure 3.4A). Classification of over 4000 particles revealed that one

major species was a dodecamer with roughly six-fold symmetry (Figure 3.4B).

These dodecamers preferentially assumed a side-view orientation on the grid

(Figure 3.4B). Multiple views of hexamers were also observed. The side view of the

hexamer corresponded to roughly half of the density observed in the side view of

the dodecamer (Figure 3.4B).

A C E
Protease

-ATPase

N domains-

160A 8

Figure 3.4 Lon dodecamers and hexamers as visualized by negative-
stain EM
(A) Representative field of view of electron micrographs of single wild-type Lon
particles shows two major populations, differing by roughly two-fold in size. (B)
Representative class images of dodecamers (top and bottom left) and hexamers
(bottom right, enclosed in white box). Samples were preincubated at 370 C and
following dilution onto grids for imaging contained 0.24 ptM Lon (subunit
equivalents), 2 pM sul20 peptide, and 50 gM ATPyS. (C) Three-dimensional
reconstruction of the Lon dodecamer. In the orientation shown, the dodecamer
(displayed in surface representation) is -250 A high and -160 A wide. (D) The top
and bottom portions of the electron-density map were fit well by hexameric models
of the peptidase and ATPase domains from a crystal structure of B. subtilis Lon
(3M6A.pdb). (E) Same as panel D except the equatorial density was fit using a
dimeric model of the N domain from E. coli Lon (3LJC.pbd). The equatorial portals
between N domains are -45 A in diameter. These figures were generated with
PyMOL (version 1.2r3pre, Schr6dinger, LLC.) using mesh level 4 and surface level 3.
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Following six-fold (C6) averaging, a three-dimensional reconstruction of the

dodecamer classes revealed face-to-face hexameric rings connected by six strands of

density (Figure 3.4C). The dodecamer was -250 A long and -160 A wide and

roughly the shape of a prolate ellipsoid. We created planar hexameric models of the

ATPase and the protease domains from a crystal structure including these portions

of a B. subtilis Lon subunit ((Duman and L6we 2010), see Experimental Procedures)

and manually placed them into the density map (Figures 3.4D & E). The protease

domains fit well into the density at the distal ends, with the adjacent ATPase

domains closer to the equator. There were some clashes between the protease and

ATPase domains, but the low resolution of the structure and uncertainty about the

quality of our hexameric models precluded better fitting. The extra density near the

equator was fit as a matrix of interacting E. coli Lon N domains, arranged as

overlapping dimers through a coiled-coil region, which create bridges between the

two halves of the structure (Figure 3.4E). Strikingly, portals with diameters of -45 A

were clearly visible between the N domains. As discussed below, these portals may

exclude entry of large substrates into the lumen of the enzyme, where the

degradation machinery resides.

Hexamers have higher basal ATPase activity than dodecamers

Because equilibration precluded isolation of pure hexamers or dodecamers

for functional assays, we measured rates of ATP hydrolysis over the same range of

Lon concentrations that altered the dodecamer/hexamer ratio in the SV-AUC studies.
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Figure 3.5 Relative distributions of Lon hexamers and dodecamers were
similar under various conditions
(A) The rate of ATP hydrolysis remained dependent on Lon concentration at
different concentrations of MgCl2.The maximum rate of ATP hydrolysis was
observed at 5 mM MgCI2 for high and low concentrations of Lon. (B) Changes in
MgCl2 concentration did not markedly alter the distribution of dodecamers and
hexamers of wild-type Lon (1.5 mM initial concentration) in SV-AUC c(s20,w)

distributions. Experiments were performed in 50 mM HEPES-KOH (pH 7.5), 150 mM
NaCl, 0.01 mM EDTA, 0.1 mM TCEP, and 0.1 mM ATPyS at 20 krpm, 20 C. For fitting
the c(s) distributions the confidence level (F-ratio) was set to 0.68, and for 1 mM
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MgCl2 the frictional ratio was fixed at 1.48. (C) Effect of addition of 2% DMSO on SV-
AUC c(s2o,w) distributions for wild-type Lon (1.5 mM initial concentration) in in 50
mM HEPES-KOH (pH 7.5), 150 mM NaCl, 0.01 mM EDTA, 0.1 mM TCEP, 10 mM
MgCl2 and 0.1 mM ATPyS. Other conditions were as in panel b. Calculation of buffer
density and viscosity did not take changes due to DMSO addition into account and
may explain the slight shift in s values.

In control experiments, we confirmed that hexamers and dodecamers were still

present as the major species in buffers and under conditions that mimicked our

enzyme-assay conditions (Figure 3.5). When rates of ATP hydrolysis were

normalized for the total number of Lon subunits in each reaction, basal hydrolysis

slowed substantially as the dodecamer/hexamer ratio increased (Figure 3.6 & 3.7A).
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-* _________________ I 12-mer

Figure 3.6 Lon hydrolyzes ATP more slowly at higher concentrations
Lon concentrations are calculated in subunit equivalents. As Lon concentration
increases, the dodecamer/hexamer ratio increases. Data are plotted as averages 1
SEM (N = 3). Reactions were performed at 370 C and contained 4 mM ATP, 5 mM

MgCl2, 5 mM KCl, 2% DMSO, 360 mM potassium glutamate, 12% sucrose, and 50
mM HEPES-KOH (pH 8).

The concentration dependence of the ATPase activity was fitted best by a KD of 3.3

1.5 pM for the hexamer-dodecamer interaction, a hydrolysis rate of 23 ± 3.6 subunit-

1 min-1 for the hexamer, and a hydrolysis rate of 1.8 ± 1.3 subunit-1 min-' for the
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dodecamer (Figure 3.7A). Thus, the hexamer hydrolyzes ATP -10-fold faster than

the dodecamer in the absence of protein substrates.
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Figure 3.7 The concentration dependence of Lon activity
Data was fitted using the nonlinear least-squares tool of Kaleidagraph 3.4 (Synergy
Software, Reading, PA) to the equation:
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activity = a6*[Lon]/(1 + [Lon]/KD) + a12*[Lon]/(1 + KD/[Lon])
where as and a12 are specific activities (units of subunit-1 min-') of the hexamer and
dodecamer, respectively, and KD is the equilibrium constant for dodecamer-hexamer
dissociation. (A) Left panel. Fitting the concentration dependence of ATP hydrolysis
gave a specific activity for the Lon hexamer -10-fold greater than for the Lon
dodecamer (R = 0.998). Right panel. Setting the dodecamer ATP-hydrolysis rate to
zero also gave a satisfactory fit (R = 0.997). (B) Left panel. Fitting the concentration
dependence of IbpB-degradation rates gave a specific activity for the Lon hexamer
-60-fold greater than for the Lon dodecamer (R = 0.95). The fitted a12 was
constrained between values of 0 and 0.1 subunit-1 min-'.. Right panel. Setting the
dodecamer degradation rate to zero also gave a satisfactory fit (R = 0.98). (C) Left
panel. Fits (R = 0.989) and parameters of the concentration dependence of
degradation of FITC-casein degradation. The fitted a12 was constrained between
values of 0 and 2.5 subunit-1 min-'. Right panel. Setting the dodecamer degradation
rate to zero also gave a satisfactory fit (R = 0.989). In all panels, parameters errors
are those on non-linear least squares fitting and data values are averages ± 1 SEM (N
= 3).

Dodecamers degrade "large" substrates poorly and "small" substrates well

To evaluate degradation of different substrates by the dodecamer, we

assayed proteolysis using a range of Lon concentrations. The first substrate was an

inclusion-body binding protein, specifically E. coli IbpB, which contains a native a-

crystallin domain that is recognized by Lon (Bissonnette et al. 2010). Although IbpB

monomers are relatively small (-16 kDa), they assemble into large cage-like

oligomers (Jiao et al. 2005; Shearstone and Baneyx 1999). For example, IbpB runs at

an apparent MR> 670 kDa in gel-filtration chromatography (Figure 3.8 and

(Bissonnette et al. 2010)).
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Figure 3.8 Substrates degraded poorly by Lon dodecamers form large
assemblies
(A) Most IbpB (20 mM loading concentration, pink line) and FITC-casein (50 mM
loading concentration, black line) eluted from a Superose 6 gel-filtration column (GE
HealthCare, Uppsala Sweden) as large assemblies at positions before the largest
molecular-weight standard (arrows). The column buffer was 50 mM HEPES-KOH
(pH 8), 20% sucrose, 600 mM potassium glutamate, 0.1 mM TCEP. (B) Titin-127-
sul20 (black line), titin-I27cM-sul20 (black dashed line), and p20-titin-I27cm (orange
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dashed line) eluted from a Superose 6 gel-filtration column at positions near those
expected for native or denatured monomers. P20-titin-I27 (orange line) ran smaller
than expected, possibly because of interactions with the column (on SDS-PAGE P20-
titin-127 ran at the expected size). For each titin variant, the loading concentration
was 50 ptM, and the column buffer was 50 mM HEPES-KOH (pH 7.6), 150 mM NaCl,
0.01 mM EDTA, 1 mM MgCl2. Gel filtration was performed at room temperature, and
molecular weight standards (Bio-Rad, Hercules, CA) were run under the same
conditions as samples and eluted at positions marked by arrows.

We determined initial rates of Lon degradation of 3 5S-labeled IbpB by assaying the

production of acid-soluble peptides and normalized these rates by the total

concentration of Lon subunits (Figure 3.9A). Importantly, IbpB was degraded more

slowly at higher Lon concentrations, where more dodecamer was present. Figure

3.9B shows Michaelis-Menten plots for IbpB degradation using 1.5 and 6 tM Lon. Km

was similar at both Lon concentrations, but Vnax was substantially lower at the

higher Lon concentration. Fitting the Lon-concentration dependence of IbpB

degradation gave a KD of 1.8 ± 5 ptM for the hexamer-dodecamer interaction, a

maximum degradation rate of 0.057 ± 0.058 subunit-1 min-1 for the hexamer, and a

rate of 0.00095 ± 0.021 subunit-1 min-' for the dodecamer (Fig. 3.7B). Thus, the Lon

dodecamer degrades IbpB -60 times more slowly than the hexamer.
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Figure 3.9 High concentrations of Lon degrade IbpB and FITC-casein
less efficiently
(A) Normalized initial rates of IbpB degradation (45 ptM) decreased as the Lon
concentration increased. (B) Michealis-Menten plots of normalized rates of steady-
state degradation of IbpB by 1.5 or 6 [M Lon. The lines are fits to the Michealis-
Menten equation. (C) Normalized initial rates of degradation of FITC--casein (50
pM) also decreased with increasing Lon concentration. In all panels, data are plotted
as averages ± 1 SEM (N = 3), and reactions were performed at 370 C and contained 4
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mM ATP, 5 mM MgCl2, 5 mM KCl, 2% DMSO, 360 mM potassium glutamate, 12%
sucrose, and 50 mM HEPES-KOH (pH 8).

Next, we examined degradation of FITC-conjugated 13-casein (monomer MR

-25 kDa) by different concentrations of Lon. P-casein is unstructured but can form

micelles and even as a monomer has a radius of gyration much larger than expected

for a compact structure (Figure 3.8A and (Farrell et al. 2002; Lucey et al. 2000)).

Normalized initial rates of FITC-casein degradation were determined by changes in

fluorescence, and decreased substantially as the Lon concentration and

dodecamer/hexamer ratio increased (Figure 3.9C). Fitting the Lon dependence of

degradation gave a KD of 1.3 ± 0.6 pM for the hexamer-dodecamer interaction, a

maximum degradation rate of 1.8 ± 0.4 subunit-1 min-1 for the hexamer, and a rate of

0.00001 ± 0.038 subunit-1 min-' for the dodecamer (Figure 3.7C). Thus, as with IbpB,

the Lon dodecamer degrades this substrate far more slowly than does the Lon

hexamer.

Finally, we used the appearance of acid-soluble peptides to assay Lon

degradation of 35S-labeled titin-127 proteins (MR -12 kDa) with appended N- or C-

terminal sul20 or 20 degrons (Gur and Sauer 2009; 2008). We also assayed

degradation of some titin-127 substrates following cysteine carboxymethylation,

which unfolds the protein (Kenniston et al. 2003). Notably, Lon concentration had

little effect on degron-tagged titin-127 degradation, whether substrates were native

or denatured or contained N-terminal or C-terminal degradation tags (Figure 3.10).

Moreover, in the presence of carboxymethylated titin-127-sul2O, the rate of ATP

hydrolysis by Lon showed a much smaller dependence on enzyme concentration
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(Figure 3.10C), when compared with the rate of ATP hydrolysis in the absence of a

protein substrate (Figure 3.6). We considered the possibility that binding of the

sul20 degron to Lon might result in dodecamer dissociation. However, dodecamers

were present in the EM experiments performed in the presence of sul20 peptide

(Figure 3.4), and addition of this peptide did not detectably change the

dodecamer/hexamer ratio in gel-filtration experiments (distributions were similar

to Figure 3.2). In contrast to the case with the Ibps, the model degron substrates

stimulate the rate of ATP-hydrolysis by Lon -3 to 10-fold (Figure 3.10C).

Nonetheless, the substrate-stimulated ATPase rate (normalized by Lon

concentration) was lowest at the highest Lon concentrations (6 and 12 tM) (Figure

3.10C), indicating that both degron-enzyme interactions and the hexamer-

dodecamer equilibrium influence ATP hydrolysis.

Taken together, our results support a model in which Lon hexamers and

dodecamers are both active proteases. Importantly, however, the dodecamer only

efficiently degraded the degron-tagged titin-127 substrates, which behaved as much

smaller species than the IbpB and P-casein substrates (Figure 3.8). As we discuss

below, the portals created by dodecamer assembly may provide a "gating"

mechanism that prevents larger substrates from entering the luminal chamber and

being degraded.
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Figure 3.10 Lon hexamers and dodecamers degrade degron-tagged titin-
127 substrates with similar efficiencies

(A) Degradation of native substrates with C-terminal sul2O degrons (gray), C-
terminal 1320 degrons (blue), and N-terminal 1320 degrons (orange). (B) Degradation
of denatured titin-127 substrates. Degron colors are the same as in panel A. (C) In
the presence of carboxymethylated titin-127-sul2O (40 [NM), ATPase rates decreased
only marginally at high Lon concentrations. In all panels, data are plotted as
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averages ± 1 SEM (N = 3). Reactions were performed at 370 C and contained 25 mM
Tris-HCl (pH 8.0), 100 mM KCl, 10 mM MgCl 2 , 1 mM DTT, and 2 mM ATP.

Discussion

Our results show that hexamers of E. coli Lon assemble into a dodecamer that

displays different enzymatic properties. Hexamers and dodecamers are both

populated at low [tM concentrations in vitro, and the Lon concentration in vivo is

-2.5 [M. Thus, the hexamer-dodecamer equilibrium is likely to be a physiologically

relevant factor in controlling Lon activity in cells.

Our EM structure of the Lon dodecamer reveals a face-to-face association of

hexamers in which the N domains appear to be largely responsible for stabilizing

the complex. This architecture positions the degradation chambers of each hexamer

at the distal ends of the complex and has not been observed in other AAA+ proteases.

As observed in the crystal structure of an archaeal LonB hexamer (Cha et al. 2010),

the degradation chambers in the dodecamer appear to be sequestered from bulk

solution. Thus, degradation still requires substrate unfolding/translocation by the

Lon AAA+ ring, an apparently universal feature of AAA+ proteases (Sauer and Baker

2011).

The Lon N domains have been implicated in substrate recognition (Roudiak

and Shrader 1998; Melnikov et al. 2008; Chir et al. 2009). Here we show an

additional role for the N domain in dodecamer assembly. Thus, formation of the

dodecamer may alter the substrate-recognition properties of the enzyme by

creating or occluding substrate-binding sites. Furthermore, we find that when the N
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domains interact with each other, and/or with the ATPase domain of the opposite

hexamer in the dodecamer, the rate of ATP hydrolysis by Lon can be suppressed. A

similar suppression of ATPase activity is observed when ClpX interacts ClpP (Joshi

et al. 2004). Understanding the molecular basis of the suppression of ATPase

activity upon dodecamer assembly, and the activation of ATP hydrolysis by some

Lon substrates is likely to provide important insight into the allosteric mechanisms

that are used by substrates to control Lon's enzymatic activities (Waxman and

Goldberg 1986; Gur and Sauer 2009).

A notable feature of the dodecamer is the presence of six portals, each -45 A

in diameter, spaced around the equator of the structure. The size of these portals

should prevent entry of large substrates into the lumen of the dodecamer (Figure

3.11). Indeed, we found that IbpB and P-casein substrates, which have large radii of

gyration, were degraded very slowly by Lon dodecamers when compared with

hexamers. In fact, given the confidence of data fitting, we cannot exclude the

possibility that the dodecamer cannot degrade IbpB or P-casein. By contrast, we

found that smaller degron-tagged titin-127 substrates in both folded and unfolded

states were degraded at similar rates by Lon hexamers and dodecamers. These

results support a model in which a major determinant of substrate degradation by

the Lon dodecamer is the ability of a substrate to diffuse or be pulled through the

portals to allow engagement by the degradation machinery. In principle, substrate

size, charge, hydrophobicity, stability, or the length of the disordered degron tag

could all contribute to determining whether specific substrates could enter the

lumen and be degraded by Lon dodecamers.
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Figure 3.11 Substrate gating model for Lon

Potential roles of Lon hexamers and dodecamers in intracellular protein
degradation.

At present, we can only speculate about possible biological functions for the

Lon dodecamer. One possibility is that cellular stress results in very high

concentrations of misfolded proteins that form large aggregates or bind the

IbpA/IbpB chaperones, with degradation of such substrates by Lon hexamers

swamping the enzyme's ability to degrade regulatory proteins and therefore

inhibiting the recovery from stress. These regulatory proteins include SulA (19 kDa,

C-terminal degron), which is rapidly degraded during recovery after DNA damage to

allow cell division to resume (Gottesman et al. 1981; Mizusawa and Gottesman

1983). Similarly, SoxS (13 kDa, N-terminal degron), a transcriptional activator of the

superoxide-response regulons (Shah and Wolf 2006), and UmuD (30 kDa dimer, N-

terminal degron), a subunit of the lesion-bypass DNA polymerase (Gonzalez et al.

1998) need to be degraded by Lon specifically as cells recover from stress. In this

scenario, Lon dodecamers could carry out regulatory degradation, while hexamers
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triage and perform quality-control degradation of damaged/unfolded proteins. It is

also possible, that dodecamers are more highly populated under stress conditions,

reducing the rate of IbpA/lbpB degradation and increasing their concentration to

suppress aggregation and promote refolding in cooperation with ClpB and DnaK

(Mogk et al. 2003a; 2003b). Alternatively, equatorial interfaces in Lon dodecamers,

which are absent in hexamers, might allow recognition and degradation of

additional important substrates. ATP is abundant during exponential growth but

scarce when nutrients are lacking. In principle, Lon dodecamer formation might

serve to conserve ATP, as we find that basal hydrolysis by the dodecamer is much

lower than by the hexamer. Thus, if Lon were predominantly dodecameric during

stationary-phase growth, when substrates became available they could still be

degraded to provide amino acids or for regulatory purposes but at a lower cost in

terms of overall ATP consumption. Testing these models will require the design of

Lon variants that are exclusively hexameric or dodecameric. We are pursuing higher

resolution structures of the dodecamer to guide these efforts. B. subtilis and

Mycobacterium smegmatis Lon have also been reported to form oligomers larger

than hexamers (Roudiak et al. 1998; Duman and L6we 2010; Rudyak et al. 2001).

Thus, hexamer-dodecamer equilibria may be a relatively conserved feature of this

important intracellular protease.
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Chapter 4

Roles of the N domain of the AAA+ Lon protease in

substrate recognition, allosteric regulation, and

chaperone activity
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Abstract

A wide spectrum of intracellular substrates are targeted to the AAA+ Lon

protease of E. coli by specific degrons. These sequences bind Lon and regulate rates

of ATP hydrolysis and proteolysis. Little is known about how any degron binds Lon.

Here, we show that a degron comprising the 20 C-terminal residues of the cell-

division inhibitor SulA binds to the N domain of Lon and identify N-domain

mutations that weaken this binding and alter degradation and allosteric activation

by sul20-tagged substrates but not other substrate classes. In addition, residues in

the Lon axial pore are required for efficient degradation and robust stimulation of

ATP hydrolysis by sul20-tagged substrates, as well as substrates bearing different

degrons. Experiments in vivo suggest that simple binding to the N domain of Lon is

sufficient to inactivate SulA, whereas Lon-mediated relief of proteotoxic stress

requires substrate translocation and remodeling but does not require degradation.

These results support a model in which Lon can function as a protease or as a

remodeling chaperone, with degron binding playing an important role in

partitioning substrates between these alternative fates.
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Introduction

An Escherichia coli cell contains more than 4000 different proteins, with copy

numbers ranging from a few to greater than 50,000 (Kitagawa et al. 2005; Moran et

al. 2010; Bakshi et al. 2012). Under conditions that result in protein misfolding,

about half of cytosolic protein degradation in E. coli is carried out by the AAA+ Lon

protease (Chung and Goldberg 1981). Lon appears to recognize damaged proteins

by binding to hydrophobic residues exposed as a consequence of unfolding or

misfolding. Lon also degrades native proteins, including the SulA cell-division

inhibitor (Higashitani et al. 1997; Gur and Sauer 2008). Lon-family proteases are

present in most bacteria, in archaea, and in endosymbiotic organelles (Van

Melderen and Aertsen 2009). Lon is necessary for rapid progression through the cell

cycle or for full pathogenicity in some bacteria (Wright et al. 1996; Robertson et al.

2000; Ingmer and Brondsted 2009; Breidenstein et al. 2012b; 2012a; Gora et al.

2013). Overexpression of mitochondrial Lon increases fungal lifespan, whereas

knockdown of mitochondrial Lon is toxic to lymphoma cells, which are presumably

subject to increased oxidative and proteotoxic stress (Luce and Osiewacz 2009; Luo

et al. 2009; Bernstein et al. 2012).

Like other AAA+ proteases, Lon sequesters its proteolytic active sites within

a barrel-like chamber, uses a hexameric ring and ATP hydrolysis to unfold and

translocate proteins through a narrow axial pore into this chamber, and recognizes

substrates predominantly by binding to degrons or peptide tags (Baker and Sauer

2006; Cha et al. 2010). Unlike many AAA+ proteases, however, the AAA+ ATPase

module and protease domain of Lon are part of a single polypeptide, and degron
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binding regulates Lon activity in addition to serving a recognition function. For

example, when otherwise identical proteins are tagged with either the sul20 or p320

degron, which correspond respectively to the C-terminal 20 residues of SulA and a

-galactosidase sequence buried in the native protein, the maximal rate of E. coli

Lon degradation can differ almost 10-fold (Higashitani et al. 1997; Ishii and Amano

2001; Gur and Sauer 2008; 2009). These results suggest that degron binding can

shift Lon into conformations with higher or lower protease activity. A Lon

conformation with no protease activity has been proposed to unfold misfolded

substrates by ATP-dependent translocation, allowing them a chance to refold

properly after release (Gur and Sauer 2009).

In addition to its AAA+ module and peptidase domain, E. coli Lon contains a

family specific N domain, which is necessary but not sufficient for hexamerization

(Lee et al. 2004b; Melnikov et al. 2008). Crystal structures are known for parts of

the N domain, but none are in a hexameric or dodecameric oligomeric state. (Duman

and Lowe 2010; Li et al. 2010; 2005). The N domain is thought to be involved in

substrate binding (Ebel et al. 1999; Roudiak and Shrader 1998; Rudyak and Shrader

2000; Lee et al. 2004b; Adam et al. 2012). Consistently, N-domain mutations or

truncations result in defects in Lon activity in vitro (Cheng et al. 2012), but these

results could be explained by hexamer destabilization, and substrate binding to the

N domain has not been directly demonstrated.

Here, we show that the sul20 degron binds to the Lon N domain, identify N-

domain mutations that define the binding site, and demonstrate that sul20 binding

to this site plays a role in allosteric activation of Lon protease activity. Residues in
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the axial pore of the Lon hexamer are also required for degradation of sul20- or -

tagged substrates and for robust stimulation of ATP hydrolysis by these substrates.

Experiments in vivo suggest that simple binding to Lon is sufficient to inactivate

SulA, whereas Lon-mediated relief of proteotoxic stress requires substrate

translocation and remodeling but not degradation. In combination, these results

suggest that Lon can function as a protease or as a remodeling chaperone, with

degron binding to the N domain playing an important role in how substrates

partition between these alternative fates.

Materials and Methods

Protein cloning, expression, and purification

Variants of E. coli Lon were cloned into pBAD33. For heat-shock assays, the

chloramphenicol resistance marker of pBAD33 was replaced with an ampicillin

resistance marker cloned from pSH21. E. coli ClpXAN and chimeras were cloned into

HTUA vector and contained an N-terminal His6 tag followed by a TEV protease site.

Chimera+3 7 contained Lon residues 1-307, a two residue scar (EL, resulting from

cloning into a Sac I restriction site), and ClpXAN (residues 62-424 of wild-type ClpX).

Chimera+211 contained Lon residues 1-211, a GSSG linker, the EL dipeptide, and

ClpXAN. In addition, chimera+211 contained the C39S Lon mutation and C169S ClpX

mutation to remove exposed cysteines and the ClpX T66C and P388C mutations to

form inter-subunit disulfide bonds to stabilize hexamer formation (Glynn et al.

2012). ClpP was cloned into a pET22b vector with a His6 tag on the C-terminus.

Titini2 7 variants were cloned into a pSH21 vector with an N-terminal His6 tag. b20-
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cp6-GFP and cp6-GFP-sul20 were cloned into a pCOLADuetl vector with an N-

terminal His6 tag followed by a PreScission protease site. Mutations were generated

either by QuickChange PCR (Stratagene) or by standard PCR techniques.

Lon was over-expressed with slight modifications from a method described

previously (Wohlever et al. 2013). Briefly, cells were grown at 37 'C until OD 60 0 =

1.0, induced with 0.2% arabinose at 37 'C for 3.5 h, harvested, and resuspended in

LBA [100 mM potassium phosphate (pH 6.5), 1 mM DTT, 1 mM EDTA, and 10%

glycerol] to a final volume of 20 mL. Cells were incubated with lysozyme before

sonication, and the crude cell lysate was cleared by high-speed centrifugation. The

cleared lysate was incubated on ice for 20 min with 2 iiL of benzonase (250 U/mL,

Sigma) and then bound to P11 phosphocellulose resin (Whatman) equilibrated in

LBA buffer. This resin was washed twice with LBA and once with LBA plus 100 mM

potassium phosphate (pH 6.5). Lon was eluted from the P11 resin using LBA buffer

plus 300 mM potassium phosphate (pH 6.5). The eluant was filtered to remove

phosphocellulose, polyethyleneimine (PEI) was added to a final concentration of

0.12% to precipitate nucleic acids, additional phosphocellulose was added to

remove excess PEI, and the mixture was filtered, concentrated, and

chromatographed on an S200 column (GE Healthcare) equilibrated in 50 mM HEPES

(pH 7.5), 2 M NaCl, AND 1 mM DTT. Peak fractions from this column were pooled,

buffer exchanged into storage buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 10 [tM

EDTA, 1 mM DTT, and 10% glycerol) and frozen at -80' C.

ClpP, cp6-GFP-sul2O, b20-cp6-GFP, and titini2 7 variants were expressed,

purified, and carboxymethylated (if applicable) as described (Glynn et al. 2012; Gur
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and Sauer 2009; Wohlever et al. 2013). For 35S-labeling, cells were grown in a rich

defined medium lacking methionine (TekNova) until OD 6 0 0 = 0.6, and 3sg.

methionine (Perkin-Elmer) was added after 20 min of induction with 1 mM IPTG.

35S-labeled proteins were purified through the Ni-NTA step and then mixed at a 1:19

ratio with purified unlabeled substrate.

Cells expressing ClpXAN and chimeras were grown until OD 6 0 0 = 1.0, induced

with 1 mM IPTG for 3.5 h at room temperature, harvested, resuspended in lysis

buffer [25 mM HEPES (pH 7.5), 400 mM NaCl, 100 mM KCl, 20 mM imidazole, 10%

glycerol, and 10 mM 2-mercaptoethanol] to a total volume of 20 mL, and lysed by

incubation with lysozyme and sonication. Following lysis, 2 tL of benzonase (250

U/mL, Sigma) and PMSF (final concentration 1 mM) were added, the lysate was

cleared by high-speed centrifugation, and the supernatant was bound to Ni-NTA

resin equilibrated in lysis buffer. The resin was washed with 30 mL of lysis buffer

and eluted with lysis buffer plus 250 mM imidazole. For ClpXAN and chimera+30 7, the

eluant was chromatographed on S300 column (GE Healthcare) equilibrated in 50

mM Tris (pH 8.0), 300 mM KCl, 1 mM DTT, and 10% glycerol. Appropriate fractions

were pooled, concentrated, and frozen at -80' C. After elution of chimera+21 1 from

the Ni-NTA resin, the protein was buffer exchanged into low-salt buffer [25 mM

HEPES (pH 7.5), 50 mM KCl, 5 mM MgCl2, 1 mM DTT, 10% glycerol], incubated with

1 tM TEV protease for 90 min at room temperature to remove the His6 tag,

chromatographed on an S300 column as described above, and treated with copper

phenanthroline to catalyze disulfide-bond formation between subunits as described

(Glynn et al. 2012). The disulfide-bonded chimera+211 was purified on a Superose 6
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column, concentrated, and frozen at -80' C as described above, except in a buffer

lacking DTT.

Peptides

Peptides were synthesized in house, purified by reverse-phase HPLC, and the

expected masses were verified by mass spectrometry. The F-f20-Q peptide

(sequence Z-QLRSLNGEWRFAWFPAPEAV-nY-A, where Z is a para-aminobenzoic

acid fluorophore and nY is a nitrotyrosine quencher) was dissolved in

dimethylsulfoxide and concentration was determined by absorbance (E381= 2200 M~

1 cm-1). The su120 peptide (sequence ASSHATRQLSGLKIHSNLYH) was dissolved in

50 mM HEPES (pH 7.5) and concentration was measured by absorbance (E280 =

1490). The sul20 peptide with an N-terminal fluorescein was dissolved in 25 mM

Tris (pH 8.0) and concentration was determined by absorbance (E495 = 83,397 M-1

cm-1).

Biochemical assays

Unless noted, biochemical assays were performed in 25 mM Tris (pH 8.0),

100 mM KCl, 10 mM MgCl2, at 37 'C using enzyme concentrations calculated for

hexamer equivalents. Kinetic and anisotropy assays were performed in a

SpectraMax M5 plate reader using 384-well clear plates (Corning) for absorbance

assays and 96-well flat bottom 1/2-area plates (Corning) for fluorescence assays.

ATPase assays contained supplemental 5 mM DTT, 2 mM ATP, lactate

dehydrogenase (10 U/mL), and an ATP regeneration system [rabbit muscle
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pyruvate kinase (Sigma, 10 U/mL), 20 mM phosphoenolpyruvate (Sigma)]. The rate

of ATP hydrolysis was measured by monitoring changes in absorbance at 340 nm,

and reactions were initiated by the addition of MgCl2 that had been pre-warmed to

37 'C. Degradation assays contained supplemental 1 mM DTT, an ATP regeneration

system, and 2 mM ATP, which was used to initiate the reaction. Fluorescent

substrates were incubated in plate reader until the fluorescence was constant prior

to initiation of degradation. For degradation assays monitored by SDS-PAGE, 10 tL

aliquots were taken at specified time points and mixed with 3.3 UL of 4X loading

buffer [8% SDS, 250 mM Tris (pH 6.8), 40% glycerol, 160 mM DTT, and

bromophenol blue]. The rate of degradation of 35S-labeled titini2 7-sul20 variants was

determined by measuring the amount of soluble radioactive products following

precipitation with ice-cold trichloroacetic acid (Gottesman et al. 1998). The binding

of fluorescent sul20 peptide to the proteolytically inactive LonS679A variant was

measured in the presence of 1 mM ATPyS to prevent translocation; fluorescence

anisotropy values were corrected for G-factor and scattering and fitted to a

hyperbolic equation to determine a KD value.

Cross-linking and mass spectrometry

Reactions were performed in the dark until the photo-activation step. The

sul20 peptide (1 mM in 50 mM HEPES (pH 7.5), 150 mM NaCl, 10 iM EDTA, 10%

glycerol) was incubated with 1 mM Sulfo-SBED (Pierce) for 30 min at room

temperature, precipitated material was removed by centrifugation, and unreacted

crosslinker was removed by dialysis using a 2 kDa MWCO membrane. The
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crosslinker-modified sul20 peptide (200 aM) was incubated with 10 ptM LonS679A

hexamer, 1 mM ATPyS, and 1 mM MgC2 at room temperature for 5 min. Crosslinking

was initiated by UV irradiation (365 nm) with a handheld lamp at a distance of 2 cm

for 15 min. To reduce the disulfide bond linking the sul20 peptide to the crosslinker

and Lon, 100 mM 2-mercaptoethanol was added and the reaction was incubated at

room temperature for 1 h. Free sul20 peptide was removed by two consecutive

microbio spin columns (BioRad). Labeling of Lon was verified by western blotting

with an anti-biotin antibody. The modified Lon protein was digested with

sequencing grade trypsin (Roche) using a 1:100 enzyme:substrate ratio at 37 'C for

14 h, and cleavage was quenched with 1 mM TLCK. Biotinylated peptides were

enriched by passage over a Monomeric Avidin Resin (Pierce) and were eluted from

this column with 100 mM glycine buffer (pH 2.8). Samples were analyzed by

nanospray LC-MS using a QSTAR Elite quadrupole-time-of-flight mass spectrometer.

Samples were loaded onto a reverse phase protein trap, which was desalted on-line

and eluted isocratically. Deconvolution of the electrospray data to generate

molecular-weight spectra was performed with the BioAnalyst software included

with the QSTAR Elite data system.

Biological assays

For in vivo degradation of SulA, W3110 lon::KanR cells were transformed with

pBAD33 vectors containing wild-type Lon, Lon 3 3 -35 , or the empty pBAD33 vector

and grown in LB until a final OD 60 0 = 0.9 - 1.3. Cultures were diluted into fresh LB to

give a final OD 6 0 0 = 0.25. 10 [tL of 10x serial dilutions were spotted on LB plates
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containing 25 tg/mL Kanamycin and 10 g/mL chloramphenicol. Plates were

exposed to 254 nm UV light from a handheld lamp at a distance of 5 cm for 10

seconds, and then incubated in the dark at 370 C overnight.

For proteotoxic stress assays, strain BB7357 (clpXP-lon::CmR, PA1-lacO-1 dnaKJ

lacIq) (Tomoyasu et al. 2001) were transformed with ampicillin resistant pBAD33

vectors containing wild-type Lon, Lon 33-3 , LonE24OK, Lons67 9 ^, or the empty vector

control. Cultures were grown in LB with 1 mM IPTG at 30' C until late-log phase,

diluted to a final OD600 = 0.1, and serially diluted 5-fold in LB. Cultures were then

spotted onto LB plates with 25 [pM IPTG, 25 1Ag/mL Kanamycin, 10 [tg/mL

Chloramphenicol, and 100 tg/mL Ampicillin and grown at 30' C or 42' C.

For western blots, wild-type W3110 cells or W3110 lon::KanR cells with

pBAD33 plasmids with Lon variants were grown at 37' C in LB until OD 6 00 = 0.3, at

which point 200 [tL aliquots were taken, pelleted, decanted, and stored at -20' C.

Frozen pellets were resuspended in a final volume of 40 uL of 4x SDS PAGE Loading

Buffer, boiled at 100' C for 10 min. and then 6 uL were loaded onto a 4% - 20%

polyacrylamide gradient gel. The gels were transferred onto filter paper using a

semi-wet transfer apparatus (Bio-Rad), probed with anti-Lon polyclonal antibody

(produced by Covance Research Products) at a 1:2,000 dilution for 1.5 h at room

temperature, incubated with ECL anti-rabbit IgG-HRP conjugate (Amersham

Biosciences) for 1 h, and developed with ECL Plus Western Blotting Detection

System (Amersham Biosciences).
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Results

The Lon N domain binds the sul20 degron

We sought to test if the sul20 degron binds to a site in the N domain of E. coli

Lon. However, N-domain fragments do not form stable hexamers (Lee et al. 2004b;

Li et al. 2010), raising potential problems if substrate binding requires

hexamerization or if interactions with hydrophobic surfaces normally buried in

subunit-subunit interfaces create spurious non-specific binding. To circumvent

these problems, we fused the Lon N domain to E. coli ClpXAN, a AAA+ enzyme that

forms stable ring hexamers (Figure 4.1A). Chimera+307 contained the entire Lon N

domain (residues 1-307) fused to ClpXAN, whereas chimera+211 contained the first

211 N-domain residues (Figure 4.1B). Both Lon-N-ClpXAN chimeras were highly

soluble, hydrolyzed ATP, associated with the ClpP peptidase (the normal proteolytic

partner of ClpX), and degraded an ssrA-tagged ClpXP substrate (Figure 4.2).
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Figure 4.1 Identification of a sul20-binding site in the Lon N domain
(A) Domain organization of E. coli Lon, chimera+211 and chimera+307. The two coiled-
coil regions in the N domain are labeled as CC1 and CC2. Chimera+307 contains a two
residue cloning-scar between the N domain and ClpXAN whereas a short GSSG linker
and a two residue cloning scar connects residues 1-211 of Lon to ClpXAN in
chimera+211. (B) Location of key residues in the N domain (3LJC.pdb). Residues 14-
15 and 33-38 form a binding pocket for the sul20 degron in close proximity to
residues 100-113, which was modified by cross-linking. (C) Binding of fluorescein-
labeled sul20 peptide (200 nM, excitation 494 nm, emission 521 nm) to Lons 67 9A,

chimera+211, chimera+307, and ClpXAN was assayed by changes in anisotropy. Error
bars are standard error of the mean, n > 2. All values were baseline corrected by
subtracting the anisotropy at 0 [M hexamer. Solid lines are fits to the equation
Anisotropy = (AMax * [hexamer]) / (KD + [hexamer]). (D) Binding of fluorescein-
labeled sul20 peptide to variants of Lon with different alanine-scan mutations.
Binding conditions and baseline correction were the same as in Figure 4.1C. For
clarity, error bars are only shown for the three mutants with defects in sul20
binding.

As assayed by changes in fluorescence anisotropy, chimera+307 , chimera+2 11,

and wild-type Lon bound to a fluorescently labeled sul20 peptide with KD's of -2-5

piM, whereas ClpXAN alone did not bind this peptide (Figure 4.1C). The binding of

chimera+211 to the fluorescent peptide was inhibited by increasing concentrations of

an unlabeled sul20 peptide but was not inhibited by an unrelated peptide (Figure

4.2D). Thus, the sul20 peptide binds specifically to a site contained within the first

211 residues of the N domain of E. coli Lon.
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Figure 4.2 Characterization of chimera proteins
(A) Oxidation of disulfide bonds with copper phenanthroline leads to formation of
covalent linear (open) or covalently closed hexamers of chimera+211, as assayed by
non-reducing SDS-PAGE. (B) Left panel: gel degradation assay of CM-titin' 27-ssrA (10
p.M) by chimera+307 (1 riM) or ClpXAN (1 [tM) with ClpP (1.5 p.M) at 300 C. Right
panel: gel degradation assay of CM-titin12 7-ssrA (10 1iM) by chimera+211 (0.5 XM)

with ClpP (1 jiM) at 30' C. Note that this is a reducing gel, so even though
chimera+211 is oxidized during the assay, it runs as a monomer. Assays were
performed in PD Buffer [25 mM HEPES (pH 7.5), 100 mM KCI, 5 mM MgCl2, 10%
glycerol at 30' C. Reactions were initiated by the addition of substrate, and the 0
min time point was taken immediately after addition of substrate. (C) Basal ATPase
activity of ClpXAN and Chimera+307 at 370 C. Values are averages ± SD (n = 3). (D)
Unlabeled sul20 peptide but not ssrA peptide competes for binding of fluorescein-
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labeled sul20 peptide (200 nM) to LonS679A (6 tM; top panel) or chimera+211 (6 riM;
bottom panel) as assayed by fluorescence anisotropy (excitation 494 nm, emission
521 nm). Data were normalized so that anisotropy at 0 tM competitor peptide was
equal to 1 and anisotropy with 0 [tM hexamer (Lon or chimera. 211 ) and 160 [tM
competitor peptide was equal to 0. Assays were performed with 1 mM ATPyS at 370
C. (E) Chromatography of LonS67 9A (8 [IM) or chimera+307 (8 tM) on a Superose-6
gel-filtration column. In the presence of 100 tM polyphosphate (Sigma, n = 45), Lon
chromatographs as a hexamer. Chimera+307 chromatographed at a position smaller
than expected for a dodecamer (calculated MW of dodecamer = 900 kDa), under
conditions where Lon runs predominantly as a dodecamer, indicating that the N
domain is not sufficient for stable dodecamer formation. Samples were dialyzed
against FPLC Buffer [50 mM HEPES (pH 7.5), 150 mM NaCl, 10 tM EDTA, 10%
glycerol] for 30 min and 1 mM MgCl2 and 1 mM ATPyS were added immediately
before loading onto the column (25 tL injection). For this experiment, chimera+307

contained disulfide stabilized hexamers, identical to those used for chimera+211. Data
were normalized so that maximum absorbance was equal to 1. Arrow indicates the
position for the 670 kDa standard (BioRad).

Mapping the sui20 binding site

We attached a UV-activatable crosslinker that contained a biotin and

cleavable disulfide to the a- and/or e-amino groups of a sul20 "bait" peptide.

Following incubation of the bait peptide with Lon, we activated crosslinking by UV

irradiation, reduced the disulfide to remove the sul20 portion of the crosslinked

moiety, cleaved with trypsin, and enriched for biotinylated peptides. Mass

spectrometry identified a single biotinylated Lon peptide (residues 100-113)

(Figure 4.3), suggesting that the sul20 binding site was within 14 A (the linker

length between the "bait" peptide and the crosslinker) of this peptide in the

structure of N domain. Next, we performed alanine-scanning mutagenesis of

solvent-exposed residues within 14 A of residues 100-113 in the crystal structure of

a N-domain fragment (3LJC.pdb). We mutated blocks of two or three residues,

purified the mutant proteins, and assayed for defects in sul20-peptide binding by
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fluorescence anisotropy. Mutating residues 14-15, 33-35, or 36-38 to alanines

resulted in significant loss of binding (Figure 4.1D). All of these residues were close

in the 3LJC crystal structure, suggesting that all of the mutations affect the same

binding site (Figure 4.1B). We focused further studies on the R33A/E34A/K35A

mutant (henceforth called Lon 33-35), which had the largest and most reproducible

defect in sul20 binding.

2003.06

2010.97

2002. C 2030.87

2000.-4. 201 84 2 712 2029.

1995 2000 2005 2010 2015 2020 2025 2030

Figure 4.3 Mass spectrometry of biotin-labeled Lon peptide
Mass spectrometry identified one Lon peptide with a mass (2020.79 Da) very close
to the mass expected for residues 100-113 plus the biotin label (2022.93 Da).

Degradation by Lon3 3 -3 5 in vitro

To test the importance of residues 33-35 for Lon degradation in vitro, we

assayed proteolysis of variants of titin 27-sul2O and titin12 7-P20 that had been

unfolded by carboxymethylation (CM) of cysteines normally buried in the

hydrophobic core (Kenniston et al. 2003). As assayed by SDS-PAGE, wild-type Lon

degraded both substrates, whereas Lon 33-35 degraded CM-titin'2 7-p20 at a rate

similar to the wild-type enzyme but degraded CM-titinI2 7-sul2O slowly (Figure 4.4).

We found that Lon 33-35 also degraded $20-cp6-GFP, a stable native substrate

(Wohlever et al. 2013), and FITC-casein, another unfolded substrate, with Km and

Vmax values similar to those of wild-type Lon (Figure 4.4B & C). Thus, the
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R33A/E34A/K35A mutations do not affect degradation of $20-tagged substrates or

FITC casein but appear to cause a selective defect in degradation of a sul20-tagged

substrate.
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Figure 4.4 Degradation of model substrates by Lon and Lon 33 -35

(A) SDS PAGE assay of the degradation of CM-titin 27-sul2O (10 [iM, top panel) or
CM-titin 27-520 (10 iiM, bottom panel) by wild-type Lon (0.3 [tM) or Lon 3 3-35 (0.3
pM). (B) Substrate dependence of degradation of P20-cp6-GFP assayed by changes
in fluorescence (excitation 467 nm; emission 511 nm). Values are means t SEM (n a
2). Wild-type Lon data was taken from (Wohlever et al. 2013). (C) Substrate
dependence of degradation of FITC-Casein Type II (Sigma) assayed by changes in
fluorescence (excitation 490 nm; emission 525 nm). Values are means : SEM (n = 3).
(D) Substrate dependence of degradation of 35S-labeled CM-titin 27-sul2O assayed by
acid-soluble radioactivity. Values are means± SEM (n = 3). (E) Substrate
dependence of degradation of 35S-labeled titin 27-sul20 assayed by acid-soluble
radioactivity. Values are means ± SEM (n = 3). (F) Substrate dependence of
degradation of cp6-GFP-sul2O assayed by changes in fluorescence (excitation 467
nm; emission 511 nm). Values are means± SEM (n a 2). Wild-type Lon data was
taken from (Wohlever et al. 2013). In panels B-F, solid lines are fits to the Hill form
of the Michaelis-Menton equation V = VMax / (1+ (KM /[S] ) n). All assays were
performed at 370 C using 0.3 pM Lon or Lon 3 3 -35 .
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Proteolysis ATPase

Substrate Lon Vmax Aaaorst- flilo 4m Arent Hill ATP per
Variant fmilyl, Rrh (gx)olstt',mn gfj Constant substrate

Lon,,) us1
FITC- WT 4.4± 0.4 16 4 1.2 0.1 nd nd nd nd
casein 33-35 7 ±2 31 23 0.9 ±2 nd nd nd nd

cp6-AGFP- WT* 3; 6- 0, 9 3 tel 2 . f 02 .1 -i117 16 9,:3+ - 3 1, Z:0 66
sin12U 33-35 0.15 ±x 0 1 10 2 *4 13 3$$ iMO.8> 760

p20-cp6- WT* 2.3 0.3 21 6 1.2 0.2 143 ±5 2.6±0.2 1.7 0.1 62
GFP 33-35 1.6 0.1 14 1 1.7 0.2 nd nd nd nd

CM- WT 5.5 0'O1 18* 4t_ f74z 7 1.16-02, -09--- . 22
titiliz 33-55 nd ed 2 50 So:- -nd

$020 Y398A hd nd r 28- 2 t.4 &A i ±'' nd,
CM- WT 17.1 0.7 12 1 1.4 0.2 200 ±20 0.6 0.1 1.3 0.4 12

titin27 - 33-35 10.5 0.4 70 5 1.4 0.1 270 70 13 10 0.7 0.2 36
sul20 Y398A nd nd nd 23 ± 1 2.3 0.5 3 1.8 nd

Table 4.1 Steady-state kinetic parameters
The error is that of non-linear-least-squares fitting. ATP per substrate was
calculated by dividing Vmax for ATP hydrolysis by Vmax for proteolysis. * Data taken
from Wohlever et al. 2013. nd = not determined

To assess how the 33-35 mutations alter degradation of sul20-tagged

proteins, we determined steady-state kinetics for Lon and Lon 3 3 -35 degradation

(Figure 4.4 D-F; Table 1) of unfolded CM-titin 2 7-sul20 and two native substrates

(titin12 7-sul20 and cp6-GFP-sul20). In each case, the 33-35 mutations resulted in

increases in Km (ranging from -1.5 to -5 fold), decreases in Vmax (ranging from -2

to -20 fold), and decreases in the second-order degradation rate constant (Vnax/KM;

ranging from -6 to -30 fold). For both the native and unfolded titin 27-sul20

proteins, the 33-35 mutations decreased Vmax by -2 fold, suggesting a general defect

in degradation, perhaps translocation or proteolytic cleavage, rather than in

substrate unfolding. For degradation of cp6-GFP-sul2O, however, the 33-35

mutations decreased Vmax -20 fold, indicating a strong defect in unfolding of this

native substrate. Although the detailed effects of the 33-35 mutations on

degradation of sul20-tagged proteins vary for different substrates, binding of the
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sul20 degron to the wild-type N domain of Lon is clearly required for efficient

proteolysis of these substrates.

An allosteric rolefor the sul20-binding site in the N domain

The effects of the 33-35 mutations on Km can be rationalized if binding of the

sul20 degron to the wild-type N domain allows direct handoff to the translocation

machinery in the axial pore or passively increases the local substrate concentration

near the pore. However, the effects of the 33-35 mutations on Vmax require allosteric

linkage between binding of sul20 degrons to the wild-type N domain and the

enzymatic machinery required for translocation, unfolding, and/or degradation. To

test for possible effects that depend on the rate of ATP hydrolysis, we assayed

ATPase activity by Lon or Lon 3 3-3s as a function of the concentration of sul20-tagged

substrates. Saturating concentrations of cp6-GFP-sul20 stimulated ATP hydrolysis

to 3-fold lower levels for Lon 33 -35 than for wild-type Lon (Figure 4.5A). This decrease

almost certainly contributes to the poor degradation of cp6-GFP-sul2O by Lon 33 -3s

compared to Lon. By contrast, saturating concentrations of CM-titin12 7-sul20

resulted in similar rates of ATP hydrolysis for Lon 3 3 -3s and wild-type Lon (Figure

4.5B). Thus, slow ATP hydrolysis is not responsible for the -2-fold reduction in Vax

for CM-titin 27-sul20 degradation by Lon 33-35 compared to Lon.
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Figure 4.5 Substrate dependence of ATPase stimulation
Stimulation of ATP hydrolysis by Lon or variants (0.15 M) by (A) cp6-GFP-sul2O,
(B) CM-titin'2 7-sul2O, and (C) CM-titin12 7-(P20. Values are means t SEM (n a 3). Solid
lines are fits to the Hill Equation rate = basal + amp/(1 + (Km/[S])") where VMax =
basal + amp.

Similar concentrations of cp6-GFP-sul2O half-maximally stimulated ATP

hydrolysis and degradation by wild-type Lon. By contrast, for Lon 3 3 -35 , -10-fold

higher concentrations of cp6-GFP-sul2O were required for half-maximal stimulation

of degradation compared to ATP hydrolysis (Figure 4.6A). This offset, which

suggests that many ATP-hydrolysis events lead to outcomes other than degradation,

could also contribute to the very low Vm, for Lon 3 3 -35 degradation of cp6-GFP-sul20.

CM-titin 12 7 -sul2O half stimulated ATP hydrolysis at -10-fold lower concentration

than degradation both for wild-type Lon and Lon 3 3 -35 (Figure 4.6B), but there was a

marked increase in the number of ATP hydrolysis events required for substrate

degradation for Lon 3 3 -3s compared to wild-type Lon (Figure 4.6C), again suggesting

a disruption in coordination of ATP hydrolysis and degradation. Thus, in addition to

effects on substrate binding, the 33-35 mutations can affect Vm, for substrate-

stimulated ATP hydrolysis and/or the coordination between ATP hydrolysis and

degradation, but in a manner that depends upon the detailed properties of the

sul20-tagged substrate.



137

A Wild-type Lon Lon 33-35  C

3.6- 200 100
0,16 -1000-

1= . ATPase- U 0 * 0
Aa ATPase 0 o

ATas e.o o Lon"
1.8 -10 0.08 . 50 100.EU 00

Degradation Degradation WTe 0
Z*gadto ra U 0

0 Og

0 0 0 0 10
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100 1000

[cp6-GFP-suI2O) ( M) (cp6-GFP-suI2O] (IAM) [CM-titin"-su20] ([tM)

B Wild-type Lon Lon33-3s D
18 0 225 10

0 240

0 C 0.09.

150 a:WT
ATPase 10160 W

000
9.5- 00 o

C0,06

Degradation 80 0n

0 003.

0 0 0 0

0.1 1 10 100 0.1 1 10 100 0 1'2 24

[CM-titin 127-sul201 ([LM) [CM-titin"27-sul20] (ptM) [titin'-su120] (RM)

Figure 4.6 The 33-35 mutation alters coupling of ATPase and protease
activity
For panels (A) and (B), ATPase and protease data were taken from Figures 4.4 and
4.5 and solid lines are fits as described in each of those figure legends. (A) For wild-
type Lon (left panel), the K1/ 2 values for degradation of and ATPase stimulation by
cp6-GFP-sul2O are similar, whereas for Lon 3 3-35 (right panel) the K1/ 2 for ATPase
stimulation is -10-fold tighter than the K1 / 2 for degradation. (B) For wild-type Lon
(left Panel) and Lon 3 3-35 (right Panel) the K1/ 2 for ATPase stimulation by CM-titin'27-
sul20 is -10-fold tighter than the K1/ 2 for degradation of this substrate. (C) Lon 33-35

requires more ATP hydrolysis events to degrade CM-titin 27-sul2O than wild-type
Lon. Y-axis plots non-basal ATPase rate (ATPase rate - basal rate) divided by the
rate of substrate degradation. A higher value reflects a lower efficiency of substrate
degradation, as measured by ATP molecules hydrolyzed per substrate degraded. (D)
Degradation of F-p20-Q peptide (2 M) by wild-type Lon (0.15 [M) or Lon 3 3 -35 (0.15

M) was assayed by changes in fluorescence (excitation 320 nm; emission 422 nm)
in the presence of increasing concentrations of titini2 7-sul20. Data are averages
(n=5). Solid lines are fits to the equation rate = C*a*(1 + a + p)/(L + (1 + a + P)2).
Where C is a scaling factor, ai = [F-p20-Q]/KM, P = [titin12 7-sul2O]/Ko.s, and L is a
conformational equilibrium constant (Segel 1993).

To test for an effect of the 33-35 mutations on activation of substrate

degradation in trans, we monitored cleavage of a F-P20-Q peptide (cleavage
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separates a fluorophore and quencher and increases fluorescence) by Lon 33 -35 and

wild-type Lon in the presence of increasing concentrations of titini2 7-sul20 (Figure

4.6D). As expected from previous studies (Gur and Sauer 2009), low concentrations

of titin'2 7-sul2O activated cleavage of F-120-Q by wild-type Lon, whereas higher

concentrations resulted in decreased cleavage. By contrast, titini2 7-sul2O activated

Lon 3 3-35 cleavage of F-(320-Q to a much smaller extent, strongly supporting a role for

sul20 binding to the N domain in allosteric activation.

Effects of an axial pore-loop mutation

Although the 33-35 mutations weaken or eliminate binding of the su120

degron to the N domain, sul20-tagged substrates can still stimulate ATP hydrolysis

and be degraded by Lon 33-35 (Figure 4.4 & 4.5). Based on previous results (Wohlever

et al. 2013), we suspected that these activities might be mediated by sul20 binding

in the axial pore. To test this model, we mutated a highly conserved tyrosine in the

axial pore to alanine (Y398A) (Figure 4.7A). In other AAA+ proteases, this tyrosine is

required for translocation, and the Tyr->Ala mutation abrogates proteolytic activity

and alters ATPase rates (Park et al. 2005; Martin et al. 2008). As expected, LonY398A

had no detectable proteolytic activity against an unfolded substrate (Figure 4.7B),

confirming an important role for Tyr 398 in substrate translocation and degradation

by Lon. When CM-titini2 7-sul20 or CM-titin 2 7-620 were titrated against LonY3 98 A,

maximal stimulation of ATPase activity was reduced more than 10-fold compared to

wild-type Lon (Figure 4.5B & C). This decrease in maximal ATPase stimulation was

not caused by altered binding of the sul20 degron to the N domain, as a sul20
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peptide bound LonY3 9 8A with the same affinity as wild-type Lon (Figure 4.7C). These

results suggest that the loops that line the axial pore of wild-type Lon play

important roles in substrate stimulation of ATP hydrolysis regardless of degron

identity.
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Figure 4.7 The role of the axial-pore loop in Lon activity
(A) Cartoon showing sequence conservation of axial-pore loops in AAA+ proteases
from E. coli. The arrow points to Y398 in Lon. (B) SDS-PAGE assay shows that
LonY398A (0.6 [tM) did not degrade the unfolded substrates CM-titin 2 7-sul2O (10 rM)
or CM-titin127-p20 (10 tM). (C) Binding of fluorescein-labeled sul20 peptide (200
nM) to LonS67 9A or LonY39 8A assayed by fluorescence anisotropy (excitation 494 nm,
emission 521 nm). Data were baseline corrected to have no anisotropy at 0 tM Lon.
Values are averages ± SEM(n>2).

Cellular phenotypes

To characterize activity in vivo, we cloned different Lon variants into low-

copy plasmids and assayed different phenotypes in E. coli strains lacking the

chromosomal Ion gene. Inactivation of SulA by Lon is required for resumption of

robust growth following repair of UV-induced DNA damage (Gottesman et al. 1981).

However, Van Melderen and Gottesman (1999) found that overexpression of

proteolytically inactive LonS679A rescues growth, indicating that SulA degradation is
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not necessary for its inactivation. In our assays, strains expressing wild-type Lon or

LonE24OK grew similarly after UV irradiation, whereas cells with an empty vector or

cells expressing Lon 33 35 grew very poorly (Figure 4.8A). Thus, the 33-35 mutations

in the N domain of Lon are sufficient to prevent SulA inactivation in vivo. Lon

variants bearing a single mutation in the proteolytic active site (S679A) or with this

mutation and a mutation in the axial-pore tyrosine (Y389A) grew well following UV

irradiation (Figure 4.8A). Western blots revealed that the different Lon variants

were expressed at similar levels, which were only slightly higher than the level of

Lon expressed from its normal chromosomal locus (Figure 4.8B). Taken together,

these results suggest that Lon can inhibit SulA by simple binding, with no need for

ATP-dependent remodeling or translocation into the proteolytic chamber.

We also tested the ability of different Lon variants to support growth of cells

subjected to proteotoxic stress by high temperature, the absence of the ClpXP

protease, and low levels of the DnaJ and DnaK chaperones (Tomoyasu et al. 2001).

In this background at 42' C, Lon 3 3-35 and LonS679A supported growth less well than

wild-type Lon but better than cells with the empty vector (Figure 4.8C). The partial

rescue by proteolytically inactive LonS679Aindicates that activities other than

degradation contribute to control of proteotoxic stress. The LonY398A/S679A double

mutant showed no rescue, suggesting that translocation of substrates through the

axial pore is required to suppress proteotoxic stress. When the 33-35 mutations in

the N domain were combined with the S679A active-site mutation, the resulting

variant supported growth as well as wild-type Lon (Figure 4.8C). This surprising

result suggests that the 33-35 and S679A mutations act in a synergistic fashion,
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possibly by independently stabilizing a Lon conformation that reduces proteotoxic

stress in a translocation-dependent remodeling reaction.
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Figure 4.8 Activity of Lon variants in vivo
(A) Inactivation of SulA in vivo. Following UV-induced activation of the SOS-response,
W3110 lon::KanR cells with pBAD33 plasmids encoding wild-type Lon, LonS67 9A, or
LonY398A/S679A were able to rescue growth, whereas a plasmid encoding Lon 3 3 -35 or
the empty pBAD33 vector could not. (B) Western blot assay of intracellular levels of
chromosomal Lon and Lon variants expressed from pBAD33. (C) Rescue of cells
from proteotoxic stress caused by deletion of clpXP-Ion, reduced expression of
DnaK/J, and growth at 420 C. Plasmids expressing Lon 33 -35 and LonS679A provided
partial rescue of growth under conditions of proteotoxic stress (right panel),
whereas plasmids expressing wild-type Lon and Lon 33-35 /s679A provided full rescue
of growth. The empty pBAD33 plasmid and the plasmid expressing the LonY398A/S679A

double mutant had the lowest level of rescue from proteotoxic stress.
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Discussion

The biochemical and mutational experiments described here provide

evidence that the N domain of E. coli Lon participates in substrate binding as well as

in regulating the rate of substrate proteolysis. A set of spatially adjacent residues in

the N domain is required for tight binding and efficient degradation of sul20-tagged

substrates, including the SulA inhibitor of cell division. For example, the

R33A/E34A/K35A mutations in the N domain weaken binding to a sul20 peptide,

increase Km and reduce Vmax for degradation of sul20-tagged substrates, and prevent

Lon relief of SuIA inhibition of cell division following UV-induced DNA damage. The

location of this site is consistent with crosslinking results and studies with a

Lon/ClpX chimera. Notably, Lon 3 3-35 degrades several model substrates with non-

sul20 degrons with steady-state kinetics similar to those of wild-type Lon. Thus, the

site defined by the R33A/E34A/K35A mutations is only required for the binding

and/or degradation of a subset of Lon substrates, including sul20-tagged substrates.

The R33A/E34A/K35A mutations also prevent efficient trans activation of

cleavage of a (320 peptide by a sul20-tagged protein, and alter stimulation of ATP

hydrolysis by sul20-tagged substrates. These results support a model in which

binding of the sul20 degron to the site defined by the R33A/E34A/K35A mutations

causes allosteric changes in Lon conformation that stimulate ATP hydrolysis and

proteolysis (Figure 4.9). Although SulA is restricted to y proteobacteria, Lon

residues 33-35 are highly conserved across a, P, and y proteobacteria as well as in
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Gram-positive bacteria (Figure 4.10), suggesting that this site also serves to bind

substrates with sul20-related degrons.

N Domain

ATPase Domain

Protease Domain

Figure 4.9 Model for degron-mediated regulation of Lon chaperone
activity
Lon equilibrates between a chaperone state (left) and a protease state (right).
Binding of degrons, such as sul20, to the N-domain binding site defined by the 33-35
mutations drives the equilibrium to the right, resulting in higher levels of
degradation. Misfolded substrates that do not interact with this site, such as p20-
tagged proteins, do not drive the equilibrium toward the right, resulting in lower
levels of degradation and higher rates of unfolding and release, potentially allowing
these substrates to refold properly.
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Figure 4.10 Conservation of residues forming the N-domain binding site
for sul20
Conservation of Lon residues 14-15 and 33-38. E. coli Lon was blasted (NCBI BlastP)
against each bacterial subdivision and the top 500 non-redundant sequences were
aligned using ClustalW. Results of the sequence alignment were loaded into
Weblogo (weblogo.berkeley.edu). Numbering refers to E. coli Lon.

It is likely that substrates interact with multiple sites on Lon. Indeed, the

sul20 degron of some cp6-GFP-sul2O substrates are proteolytically clipped by Lon

without global degradation, implying that the sul20 tag is the first part of these

molecules to pass through the axial pore and enter the degradation chamber

(Wohlever et al. 2013). However, the sul20 degron also binds to the N domain of

Lon. The sul20 degron may initially bind to the N domain and subsequently be

144
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transferred to the axial pore in a hand-off reaction. Alternatively, the sul20 degrons

of some substrate molecules may bind to the N domain and allosterically activate

proteolysis of other substrates whose degrons are engaged by the pore. Indeed, the

latter model is supported by transactivation experiments reported here and

previously (Gur and Sauer 2009). We also find that the Y398A mutation, which

truncates a highly conserved aromatic side chain in the axial-pore loop, prevents

degradation of unfolded substrates bearing the sul20 or 120 degrons and

dramatically reduces the maximal level of stimulation of ATP hydrolysis by these

substrates. Nevertheless, LonY398A binds a sul20 peptide with wild-type affinity,

indicating that this mutation does not impair binding of this degron to the N domain.

These results are consistent with independent binding of sul20 degrons on different

substrate molecules to the N domain and to the axial pore. Studies with other AAA+

proteases show that mutations corresponding to Y398A prevent or greatly slow the

rate of substrate translocation (Martin et al. 2008). Thus, both allosteric activation

via degron binding to the N domain and interaction of a translocating segment of

polypeptide with the axial-pore loops appear to be required for normal coordination

of substrate binding, ATP hydrolysis, and translocation by Lon.

SulA can be inactivated by Lon without degradation. Indeed, Van Melderen

and Gottesman (1999) found that overproduction of proteolytically inactive LonS6 79A

allowed resumption of cell growth after UV irradiation, whereas overproduction of a

Lon variant with a mutation in the Walker-A motif did not. Because the Walker-A

motif is required for ATP binding and hydrolysis, they suggested that Lon

inactivates SulA by unfolding and translocating it into the chamber. Our results
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confirm that LonS679A inactivates SulA in vivo. However, we find that LonY398^, which

is defective in translocation and unfolding, also inactivates SulA in vivo. Thus, simple

binding of the sul20 degron of SulA to the N domain of Lon appears to be sufficient

to prevent inhibition of cell division. SuIA binding to Lon may be ATP dependent,

explaining why the Walker-A mutant fails to rescue cell growth.

There are hints in the literature that Lon may have chaperone-like activity

(Rep et al. 1996; Lee et al. 2004a; Coleman et al. 2009). For some client proteins,

binding to the N domain of Lon may suffice to prevent aggregation or help direct

folding. However, based on the finding that certain degrons stabilize a Lon state

with high ATPase activity but little or no protease activity, Gur and Sauer (2009)

proposed that Lon could exist in a conformation in which misfolded substrates were

unfolded and released, giving them a chance to fold properly. In support of this

model, we find that the protease-defective LonS679A variant partially suppresses

proteotoxic stress in vivo, whereas the protease-defective and translocation-

defective LonY398A/S679A variant does not. Surprisingly, a variant containing both the

33-35 and S679A mutations is as active as wild-type Lon in suppressing proteotoxic

stress, suggesting that it may have enhanced chaperone function and that binding of

client proteins to the N-domain site altered by the 33-35 mutations is not required

for this activity.

The family-specific N domains of the ClpX and ClpA AAA+ unfoldases serve as

binding platforms for some substrates and adaptor proteins but can be deleted

without compromising hexamer formation or robust degradation of certain

substrates by ClpXP and ClpAP (Sauer and Baker 2011). By contrast, although the N
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domain of Lon also participates in substrate binding, it is far more highly integrated

into overall enzyme architecture and function, including hexamer formation and

allosteric control of ATP hydrolysis and protease activity. Understanding in

structural terms how the N domain accomplishes these tasks is an important future

challenge and goal.
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Chapter 5

The E240K mutation in the Lon N domain stabilizes

dodecamers and alters degradation of model substrates
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Abstract

E. coli Lon, a AAA+ protease, recognizes and degrades many different

substrates, including regulatory proteins such as RcsA and SulA. In Chapter 4, a

binding site was identified in the Lon N domain that interacts with a subset of

substrates, including SulA, but how Lon recognizes the rest of its substrate

repertoire is unknown. The E240K mutation in Lon was isolated more than a decade

ago and was proposed to disrupt the binding site for RcsA. However,

characterization of the E240K mutant in vitro suggests that the effects of this

mutation are more complex than simple disruption of a binding site. For example,

LonE240K exists almost exclusively as a dodecamer, whereas wild-type Lon

equilibrates between hexamers and dodecamers. LonE24OK appears to possess

chaperone function similar wild-type Lon in vivo but displays degradation defects in

vitro that do not correlate simply with substrate stability, degron identity, or

dodecamer formation. Because residue 240 undergoes nucleotide-dependent

conformational changes, this region may be important for coupling substrate

binding in the N domain with allosteric activation of Lon protease and ATPase

activity.
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Introduction

AAA+ proteases play important biological roles in bacteria, eukaryotes, and

archaea (Hanson and Whiteheart 2005; Baker and Sauer 2006; Sauer and Baker

2011). Inhibition of the AAA+ Lon protease reduces virulence in several pathogenic

bacteria and is highly toxic to lymphoma cells, whereas overexpression of Lon

improves lifespan of some fungi but kills Escherichia coli (Goldberg et al. 1994;

Robertson et al. 2000; Ingmer and Brondsted 2009; Luce and Osiewacz 2009;

Breidenstein et al. 2012; Bernstein et al. 2012). Like most AAA+ proteases, Lon

recognizes substrates by binding to specific amino-acid sequences called degrons or

degradation tags (Baker and Sauer 2006; Sauer and Baker 2011). In E. coli, Lon

degrades many native regulatory proteins, including the RcsA transcription factor

and the SulA inhibitor of cell division, and also degrades the majority of misfolded

proteins, including -galactosidase (Gottesman and Zipser 1978; Chung and

Goldberg 1981; Torres-Cabassa and Gottesman 1987). The RcsA degron is unknown,

whereas the degrons for SulA (called sul20) and B-galactosidase (called 1320) have

been identified (Higashitani et al. 1997; Gur and Sauer 2008). The binding of the

sul20 degron appears to stabilize a Lon conformation with high protease activity,

whereas the binding of the p20 degron appears to stabilize a conformation that may

function as a chaperone, possibly by unfolding misfolded substrates and allowing

them to refold properly (Gur and Sauer 2009).

E. coli Lon is active as a homohexamer. Each subunit of 784 amino acids

contains an N domain (-300 residues), a AAA+ module (-275 residues) consisting

of large and small domains, and a peptidase domain (-200 residues) (Rotanova et al.
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2006; Botos et al. 2004). The active sites for peptide-bond cleavage are sequestered

within a chamber formed by the peptidase domains (Cha et al. 2010). Access to this

chamber is regulated by the hexameric AAA+ ring of Lon, which couples ATP

hydrolysis to conformational changes that unfold and translocate substrates

through a narrow axial pore and into the chamber. As shown in Chapter 4, the N

domain binds the sul20 degron and also coordinates the catalytic activities of the

AAA+ domains and peptidase domains. The N domain is also required for stable

hexamer formation (Lee et al. 2004; Melnikov et al. 2008). As discussed in Chapter 3,

wild-type hexamers and dodecamers are in equilibrium at physiological Lon

concentrations (-2-4 pM subunit equivalents), with the dodecamer degrading

certain substrates (e.g., sul20-tagged CM-titin12 7 or titini2 7) as well as the hexamer

but degrading other substrates (e.g., FITC-casein) at substantially reduced rates.

Although crystal structures are known for most parts of Lon, structures of the full-

length hexamer or dodecamer have not been solved and it is not known how the N

domain stabilizes hexamers or dodecamers or regulates the activities of the Lon

catalytic domains (Li et al. 2005; 2010; Duman and L6we 2010).

The E240K mutation in the N domain was isolated in a genetic screen for Lon

variants that could degrade SuIA but not RcsA (Ebel et al. 1999), suggesting that the

region around residue 240, which forms a coiled-coil, may serve as an RcsA binding

site. However, experiments using hydrogen-deuterium exchange and limited

proteolysis also show that the region flanking residue 240 undergoes nucleotide-

dependent changes in conformation (Vasilyeva et al. 2002; Cheng et al. 2012), and

thus the effects of the E240K mutant could be indirect. Here, we characterize the
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biochemical properties of the LonE240K mutant. Notably, this mutation stabilizes the

Lon dodecamer, results in severe defects in the proteolysis of a subset of model

sul20-tagged and s20-tagged substrates, but suppresses proteotoxic stress in vivo as

well as wild-type Lon.

Materials and Methods

Variants of E. coli Lon were cloned into pBAD33. For proteotoxic-stress

assays, the chloramphenicol resistance marker of pBAD33 was replaced with an

ampicillin resistance marker cloned from pSH21. Titin 2 7 variants were cloned into a

pSH21 vector with an N-terminal His6 tag. f20-cp6-GFP and cp6-GFP-sul2O were

cloned into a pCOLADuetl vector with an N-terminal His6 tag followed by a

PreScission protease site. Mutations were generated either by QuickChange PCR

(Stratagene) or by standard PCR techniques.

Lon variants, cp6-GFP-sul2O, titini2 7-sul20 20-cp6-GFP, and titin 2 7 variants

were expressed, purified, and carboxymethylated (if applicable) as described (Gur

and Sauer 2009; Wohlever et al. 2013) (Chapter 4). Assays for degradation, ATP

hydrolysis, and binding of the sul20 peptide were performed as described in

Chapter 4.

Prior to ultracentrifugation, LonE240K was dialyzed overnight against 50 mM

HEPES (pH 7.5), 150 mM NaCl, 10 [tM EDTA, and 100 [tM TCEP. Immediately before

loading samples into dual-sector charcoal-filled epon centerpieces, 1 mM MgCl2 and

100 tM ATPyS were added. Sedimentation-velocity analysis was performed at

16,000 rpm and 20 C in a Beckman OptimaXL-1 analytical ultracentrifuge



156

(Biophysical Instrumentation Facility, MIT) using an An60-Ti rotor. SEDFIT (Brown

and Schuck 2006) was used to calculate the continuous distribution of

sedimentation coefficients from 0 to 60 S at a resolution of 200 scans per

concentration with a confidence level of 0.95. Calculations were performed using a

Lon partial specific volume of 0.7431 mL/g (SEDNTERP; J. Philo;

http://www.jphilo.mailway.com), a density of 1.00831 g/mL, and a viscosity of

0.010475 poise (Chapter 3).

For the mucoidy assay, W3110 lon::KanR cells were transformed with

pBAD33 vectors containing Lon variants. Liquid cultures were grown in LB broth

until early-log phase, diluted 1000x in LB broth, and then spread onto minimal

media plates containing 0.4% glycerol (Davis and Mingioli 1950), 25 Vg/mL

kanamycin, and 10 Vg/mL chloramphenicol. Cells were grown at 30 *C for 48 h.

Western blots and the proteotoxic stress assay were performed as described in

Chapter 4.

Results

LonE240Kforms a stable dodecamer

We expressed and purified LonE240K and performed sedimentation-velocity

ultracentrifugation to characterize its oligomeric state. Strikingly, the LonE240K

protein sedimented almost exclusively at -21S, the dodecamer value, at

concentrations in hexamer equivalents ranging from 0.5 to 3 pIM (Figure 5.1A). The

wild-type dodecamer degrades FITC-casein poorly compared to the hexamer, and

thus the enzyme-normalized rate of degradation decreases at higher Lon
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concentrations where the fraction of dodecamer increases (Chapter 3). By contrast,

for LonE240K, the enzyme-normalized degradation rate of FITC-casein remained

relatively constant over a 20-fold range of LonE240K concentration (Figure 5.1B).

Under conditions where wild-type Lon is largely hexameric, it degraded FITC-casein

with a Vmax of 4.4 min-' enz-1 and a KM of 16 p.M (Figure 5.1C). Under conditions

where LonE240K is largely dodecameric, it degraded FITC-casein with roughly similar

values of Vmax and KM (Figure 5.1C; Table 5.1). Although the enzymatic properties of

the LonE240K dodecamer are clearly different than the wild-type dodecamer, the

E240K mutation does not appear to interfere with recognition of the FITC-casein

substrate. We also found that LonE240K bound to a fluorescent sul20 peptide with

wild-type affinity (Figure 5.1D), indicating that the binding site for this degron is not

occluded in the dodecamer.
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Figure 5.1 LonE240K forms a dodecamer that degrades FITC-casein well
(A) Sedimentation velocity analytical ultracentrifugation of LonE240K. Traces were
normalized to have a maximum C(s) equal to 1 and were offset on the y-axis for
clarity. For comparison, Lon 3 3-3s, which forms both hexamers and dodecamers, is
also shown. All concentrations listed are in hexamer equivalents. Experiments were
performed at 20' C and 16,000 rpm in 50 mM HEPES (pH 7.5), 150 mM NaCl, 0.01
mM EDTA, 0.1 mM TCEP, 1 mM MgCl2, and 0.1 mM ATPyS. (B) Specific activity of
FITC-Casein (Sigma, 50 [M) degradation was assayed a different concentrations of
LonE240K by changes in fluorescence (excitation 490 nm; emission 525 nm). Values
are means t SEM (n 2 3). (C) Substrate dependence of degradation of FITC-Casein by
Lon or LonE240K (0.3 M each). Values are means t SEM (n = 3). The line is fit to the
Hill form of the Michaelis-Menten equation V = VMax / (1+ (Km/[S]) 1n). (D) Binding of
fluorescein-labeled sul20 peptide (200 nM) by Lon or LonE240K was assayed by
changes in fluorescence anisotropy (excitation 494 nm; emission 521 nm). Values
are means ± SEM (n 2 2). All values are baseline corrected to have no anisotropy at 0
pxM hexamer. Lines are fits to the equation Anisotropy = (Amax * [hexamer]) / (KM +
[hexamer]).

LonE240K has selective defects in degrading model substrates

We purified RcsA (207 residues) for biochemical experiments, but it ran in

the excluded volume of a gel-filtration column, suggesting that it forms soluble

aggregates. Unfortunately, this protein was not degraded by wild-type Lon (not

shown). It is possible that aggregation prevents recognition by Lon, or that another

cellular protein is required for degradation of RcsA by Lon.

To determine if the E240K mutation affects degradation of other model

substrates, we tested degradation of CM-titin127-sul20, CM-titin127-P20, cp6-GFP-

sul20, and P20-cp6-GFP (Figures 5.2A-D). The unfolded CM-titin12 7 substrates were

degraded with Vmax values roughly half of the wild-type values and with Km's similar

to or higher than the wild-type KM (Figures 5.2A & B; Table 5.1). Thus, LonE240K

displays minor defects in degrading unfolded CM-titin12 7 substrates. By contrast, the

native cp6-GFP substrates were degraded by LonE2 4 0K with Vmax values reduced by
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10-fold or more relative to wild-type Lon and with Km's about twice the wild-type

values (Figures 5.2C & D; Table 5.1). Clearly, LonE2 40K can degrade unfolded

substrates, like CM-titini2 7 and FITC casein, almost as well as wild-type Lon but

displays severe defects in degrading the native GFP substrates. These defects are

independent of the degron tag. The very low rate of degradation of cp6-GFP-sul2O

by LonE240K is not a property shared by the wild-type dodecamer, as enzyme-

normalized rates of cp6-GFP-sul2O degradation by wild-type Lon were relatively

constant over concentrations where the dodecamer/hexamer ratio increased

substantially (Figure 5.2E).
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Figure 5.2 Substrate dependence of proteolysis
Substrate dependence of degradation of (A) CM-titin12 7-suI2O, (B) CM-titin'27-P20,
(C) cp6-GFP-sul2O, and (D) fP20-cp6-GFP by wild-type Lon and LonE240K (0.3 p.M
each). Values are means ±t SEM (n ?- 2) and lines are fit to the Hill form of the
Michaelis-Menten equation, V = VMax / (1+ (Km/[S])n). (E) Wild-type Lon degraded
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cp6-GFP-sul2O (20 [M) with a relatively constant specific activity at concentrations
spanning the hexamer-dodecamer equilibrium constant as assayed by changes in
fluorescence (excitation 467 nm; emission 525 nm). Values are means ± SEM (n = 3).
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Table 5.1 Steady-state kinetic parameters for LonE240K

Errors are for non-linear-least-squares fitting. ATP per substrate was calculated by
dividing Vmax for ATP hydrolysis by Vmnax for proteolysis. * Data taken from Wohlever
et al. 2013. nd = not determined

Does the E240K mutation cause a global defect in Lon's ability to unfold

proteins? To test this possibility, we assayed Lon and LonE240K degradation of a set

of sul20-tagged variants of native titinI27 with different thermodynamic and kinetic

stabilities (Figure 5.3). LonE240K degraded titin 27-sul2O, the most stable variant, -2-

fold more slowly than wild-type Lon, a value similar to its defect in degradation of

unfolded CM-titin 2 7-sul2O. Surprisingly, however, LonE240K showed larger defects

relative to wild-type Lon in degrading the Y9P, V13P, and V15P titin127-sul2O

variants. Because the native structures of these substrates are less stable than the
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structure of titin 27-sul2O (Kenniston et al. 2003), LonE240K appears to have greater

difficultly in unfolding certain substrates in a way that does not correlate simply

with their thermodynamic or kinetic stabilities.

20-

c U Wild-type
o LonE240K
-o

a10-00

0-
WT V15P Y9P V13P CM

Titin'27-sul20 variant

Figure 5.3 Degradation of titini27-sul2O stability variants
Vmax values for degradation of titini27-sul2O stability variants by wild-type Lon and
LonE240K. The substrates are arranged in decreasing order of stability, with the most
stable substrate (wild-type titini2 7-sul20) on the left. Rates of degradation, based on
formation of acid-soluble fragments of 3sS-labeled substrate, were averaged for each
concentration of substrate for three independent experiments and fit to the Hill
form of the Michaelis-Menten equation, V= Vmax / (1+(Km/[S])"). Errors are the
uncertainty of Vmax from non-linear-least-squares fitting.

Substrate-stimulated A TP hydrolysis by LonE240K

We measured stimulation of LonE240K ATP hydrolysis by CM-titin12 7-sul20 or

CM-titini2 7-P20 and observed near wild-type levels of ATP hydrolysis at saturating

substrate, although saturation required substantially higher substrate

concentrations in comparison to wild-type Lon (Figures 5.4A & B; Table 5.1). By

contrast, the maximal level of cp6-GFP-sul2O or f20-GFP-cp6 stimulation of ATP

hydrolysis by LonE240K was reduced markedly in comparison with wild-type Lon
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(Figures 5.4C & D; Table 5.1). This very low level of ATPase stimulation by native

GFP substrate could be the reason for their very slow degradation, or the slow rate

of degradation could be responsible for the low level of ATPase stimulation. In

combination, our results show that the E240K mutation impairs degradation and

substrate stimulation of ATPase activity in a manner that depends on the detailed

properties of the substrate.

A B
240

- 120
- C

-IF

WT

LonE
24

0K

0 20
[cM-titin'121-sul20] (pM)

200

0
2.--- 100

-E

40 20

[cM-titin'12-P20] (ptM)

40

WT

D 160

.~C
>.0

0~- 80

-

LonE240K

[cp6-GFP-sul2O] ([tM)
0 12 24

[P20-cp6-GFPI (RM)

Figure 5.4 Substrate dependence of ATPase activity
ATPase stimulation of Lon or LonE240K (0.15 M each) by (A) CM-titin127-sul20, (B)
CM-titin127-P20, (C) cp6-GFP-sul2O, and (D) 320-cp6-GFP. Values shown are means t
SEM (n 3). Solid lines are fits to the Hill equation, rate = basal + amp/(1 +
(Km/[S])"). Vmax = basal + amp.
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Activity of LonE240K in vivo

We cloned Lon, LonE240K, and proteolytically inactive LonS679A into low-copy

plasmids, transformed E. coli strains harboring a deletion of the chromosomal Ion

gene, and tested for a phenotype that depends upon RcsA-activated transcription of

enzymes that synthesize capsular polysaccharide (Gottesman et al. 1985; Van

Melderen and Gottesman 1999). Cells without Lon secrete excess polysaccharide

and are mucoid. As expected, strains expressing wild-type Lon formed non-mucoid

colonies, whereas cells expressing LonE2 4 0K, or harboring an empty vector were

mucoid (Figure 5.5A). Cells expressing LonS67 9A were also mucoid, suggesting that

active RcsA degradation is needed to maintain low RcsA levels. Van Melderen and

Gottesman (1999) found that expression of LonS679A from a high-copy plasmid was

sufficient to keep RcsA levels low, suggesting that simple binding to RcsA can

prevent transcriptional activation. It is likely that our assay requires RcsA

degradation because the intracellular levels of LonS6 79A, expressed from a low-copy

plasmid, are not high enough to bind a sufficient quantity of RcsA.
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Figure 5.5 Activity of LonE240K in givo

(A) Mucoidy assay to monitor the degradation of RcsA. W3110 lon::KanR Cells were
transformed with pBAD33 vectors expressing wild-type Lon, LonE240K, LonS679A, or

with the empty vector. Failure to degrade RcsA leads to overproduction of capsular
polysaccharides and formation of large colonies. (B) Rescue of cells from
proteotoxic stress caused by deletion of clpXP-lon, reduced expression of DnaK/J,
and growth at 420 C. Plasmids with wild-type Lon or LonE240K rescued growth
equally well. (C) Western blot assay of expression levels of chromosomal Lon and
Lon variants on pBAD33 plasmid.

We next tested if LonE240K Could support the growth of cells subjected to

proteotoxic stress by a lack of the ClpXP protease, low levels of the DnaK and DnaJ

chaperones, and growth at 42 0C (Tomoyasu et al. 2001). Importantly, LonE240K

supported growth as well as wild-type Lon, whereas cells with the empty vector

died (Figure 5.5 B). Western blotting showed that wild-type Lon and LonE240K were
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expressed at similar levels, slightly higher than the level of Lon expressed from its

normal chromosomal locus (Figure 5.5C).

Discussion

LonE240K was originally isolated in a genetic screen as a variant that failed to

degrade RcsA but did degrade SulA (Ebel et al. 1999). Although this phenotype is

consistent with an RcsA-binding defect, our results suggest that the failure of

LonE240K to degrade RcsA could be substantially more complicated. For example, we

find that LonE240K degrades native cp6-GFP-sul2O and I20-cp6-GFP very slowly

under conditions of substrate saturation but degrades the unfolded substrates FITC-

casein, CM-titin12 7-P20, and CM-titin127-sul20 with kinetic parameters similar to or

only slightly slower than wild-type Lon. The E240K mutation did not cause a general

defect in substrate unfolding as the Vmax for degradation of native titin127-sul2O and

unfolded CM- titini2 7-sul2O were both -50% of the wild-type values.

The ability of substrates to stimulate ATP hydrolysis by LonE240K also differs

in comparison with wild-type Lon. For example, LonE240K has wild-type levels of ATP

hydrolysis when stimulated by CM-titin127-sul20 and CM-titin12 7-P20, but -10-fold

higher substrate concentrations are required for maximal stimulation. However, the

maximal levels of cp6-GFP-sul2O or p20-GFP-cp6 stimulation of ATP hydrolysis by

LonE240K are much lower than those for wild-type Lon These results suggest that the

detailed properties of different substrate play important roles in determining how

they interact with and control proteolysis by wild-type and mutant Lon enzymes.

Such properties could include the geometric relationship between the position of
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the primary degron and other regions of the substrate that might interact with

different Lon sites, including the axial pore. The E240K mutation falls within a

coiled-coil region of the N domain (residues 232-250) that lies between the binding

site for the su120 degron and the ATPase domain (Li et al. 2010) (Chapter 4) and

undergoes nucleotide-dependent changes in conformation (Cheng et al. 2012). Thus,

the E240K mutation may alter allosteric communication between substrate-binding

sites in the N domain and the sites in the AAA+ module of Lon that bind and

hydrolyze ATP to power translocation and unfolding.

Unexpectedly, we found that LonE240K exists almost exclusively as a

dodecamer at concentrations where wild-type Lon forms hexamers and dodecamers.

However, the wild-type Lon dodecamer degrades FITC-casein poorly, whereas

LonE240K degrades this substrate well. These results suggest that Lon dodecamers,

like hexamers, can exist in multiple conformational states, with the distinct

properties of LonE240K arising from an alteration in this conformational ensemble.

Structural studies of the LonE240K dodecamer could provide insight into regulation of

Lon activity. Despite the catalytic defects observed for some substrates in vitro,

LonE240K suppresses proteotoxic stress as well as wild-type Lon. As shown in

Chapter 4, substrate translocation but not degradation is required for this

phenotype, supporting a role for Lon as a chaperone. We assume that LonE240K also

forms a stable dodecamer in vivo. Thus, dodecamers can apparently function both as

a protease and as a chaperone.
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Chapter 6

Perspectives and Future Directions
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Introduction

In this thesis, I have developed folded fluorescent substrates for Lon,

described collaborative experiments that show that Lon equilibrates between a

hexamer and a dodecamer with altered substrate profiles for each oligomer,

identified a substrate-binding site within the N domain that allosterically regulates

Lon activity, and provided evidence that E. coli Lon may function as a chaperone in

vivo. Lon activity is probably regulated in multiple ways. In Chapter 3, my co-

authors and I proposed that Lon alters its substrate profile by changing oligomeric

states. In Chapters 4 & 5, 1 proposed that substrate binding to the N domain shifts

Lon between states with differential protease and chaperone activities. Here, I

describe experiments and/or tools that could be used to test these models and

further our understanding of the role of Lon in proteostasis. For many of these

experiments I have gathered materials and/or shown proof of principle.

Study of chaperone mechanism in vitro

One of my most interesting results is the observation that proteolytically

inactive LonS679A rescues Alon cells from heat shock and proteotoxic stress,

supporting a model in which Lon can function as a chaperone as well as a protease.

The next question is how does Lon act as a chaperone? As outlined in Chapter 1,

chaperones can function as holdases, unfoldases, or refolding enzymes. Because Lon

contains a AAA+ unfoldase domain and a functional pore loop appears necessary for

chaperone function, an obvious place to begin is by examining the ability of Lon to

serve as an unfolding chaperone, similar to ClpB.



172

Because the protease and ATPase domains are contained within a single

polypeptide, assaying Lon-mediated substrate unfolding that is independent of

degradation requires use of proteolytically inactive variants, having a misfolded

substrate that can be shown to unfold and refold faster than it is degraded, or having

a native substrate that can be shown to unfold at a faster rate than it is degraded. In

terms of the second possibility, a truncated version of Photinus pyralis luciferase

that has undergone several freeze-thaw cycles is misfolded and inactive but does

not aggregate (Sharma et al. 2010). When unfolded, either by a chemical denaturant

or by DnaK/J, and allowed to refold in solution, this luciferase variant regains

bioluminescence. Because this assay measures an increase in bioluminescence from

background, it is much more sensitive than assays that measure loss of a signal.

Moreover, any unfolding event that is paired with degradation will not give a signal,

allowing for easy separation of these two catalytic activities. I have obtained and

cloned this luciferase substrate with either a sul20 or P20 degron, but I have not yet

characterized these substrates. Based on our model, Lon assumes a chaperone-like

conformation upon allosteric activation by the j20 degron. However, the

hydrophobic f20 degron may alter the folding properties of the luciferase substrate,

so an orthogonal approach should also be used.

In terms of the third possibility, one could use the well-characterized

substrate titin 7 -f20 and measure the rate of modification of the two buried

cysteine residues by a thiol-reactive fluorophore, such as fluorescein-maleimide.

SDS-PAGE could be used to separate proteolytic fragments with modified cysteines

from fluorescent, full-length titin, thus distinguishing between chaperone and
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protease activity. If full-length titin-27- 320 were modified by maleimide faster in the

presence than absence of Lon, then this result would provide evidence for Lon-

mediated unfolding that is uncoupled from degradation.

Identification of p 20 binding site

The identification of the sul20-binding site in the Lon N domain provided a

powerful tool for examining regulation of Lon activity. Because the Pj20 degron leads

to different allosteric regulation, identification of the P.20 binding sites would allow

for further exploration of degron-mediated regulation. An obvious starting point for

this endeavor would be to repeat the cross-linking experiments described in

Chapter 4. However, this approach would likely be quite challenging given the

hydrophobic nature of the $20 degron. Indeed, attaching the sulfo-SBED cross-

linker to any protein dramatically reduces solubility.

An orthogonal approach would be to use a genetic screen to select for

mutants that are capable of degrading sul20-tagged substrates, but not p20-tagged

substrates. DHFRII-f320 and trimethoprim can be used to select for Lon variants that

are unable to degrade 120-tagged substrates. Trimethoprim is an inhibitor of the

essential enzyme dihydrofolate reductase (DHFR), but the variant DHFRII is

resistant to trimethoprim. Growing cells in the presence of trimethoprim makes

DHFRII essential. Attaching the (320 degron to DHFRII will select for Lon variants

that are unable to recognize and degrade the p20-tagged substrate.

A mutant of phenylalanine-tRNA synthetase (PheS) with the sul20 degron

could be used to counter-select against Lon mutants that have general proteolytic
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defects not specific to binding of the 320 degron (truncations, protease dead

mutants, etc.). The reduced substrate specificity of PheS allows misincorporation of

the amino acid analog p-chlorophenylalanine, which, when added to the selection

media, leads to cell death. The only way for cells to survive is for PheS-sul20 to be

degraded. To verify the efficacy of this screen, it can be set up in reverse (DHFR-

sul20, PheS-f20) with Lon 3 3-35 as a control. All components necessary for this screen

have been cloned, but they have not yet been tested or optimized.

Although unlikely, it is possible that there is no defined allosteric binding site

for the 120 degron, and instead this degron only binds to the pore. It will be

exceedingly difficult to rigorously show that there is no P20-binding site outside of

the pore loops, but this possibility should be considered. Alternatively, the @320-

binding site may not be essential for degradation of the p20-tagged substrates,

which would also cause this genetic selection to fail. Despite these challenges,

identification of the 20-binding site should be a high priority, as it will allow for

detailed mechanistic and physiological studies of Lon.

Structural studies and development of tools for mechanistic investigations

A major hindrance to mechanistic studies on Lon is the lack of a high-

resolution structure of the full-length enzyme. There are many possible reasons why

Lon has failed to crystallize, but one likely culprit is oligomeric heterogeneity. The

LonE24OK mutant appears to exist exclusively as a dodecamer, rather than

equilibrating between a hexamer and a dodecamer like wild-type Lon. This reduced

oligomeric heterogeneity may allow for crystallization of the full-length enzyme. An
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alternative approach is to use cryo-electron microscopy (cryo-EM) to obtain a high-

resolution structure. Indeed, initial cryo-EM results (Figure 5.1) suggest that this is a

promising approach. Surprisingly, cryo-EM results with wild-type Lon suggest that

dodecameric Lon exists in multiple conformations, including a "lock-washer"

conformation in addition to a closed hexameric ring (Ellen Vieux and James Chen,

personal communication). The significance of multiple conformations of the

dodecamer is an interesting area of further investigation, which may be aided by the

LonE240K mutant.

Figure 5.1 Cryo-EM images of LonE240K
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Initial cryo-EM images for LonE240K (0.2 mg/mL) with ATPyS (200 pM) and sul20
peptide (4 [M). Arrows distinguish apparent Lon dodecamers from ice
contaminants. Experiment done in collaboration with James Z. Chen.

Obtaining a high-resolution structure of full-length Lon will open the door for

the development of new tools for dissecting structure-function relationships for the

Lon hexamer and dodecamer. Mutants could be designed that prevent dodecamer

formation, thereby allowing more rigorous testing of the substrate-gating model

proposed in Chapter 3. Currently, the only way to only way to obtain hexameric Lon

is to add polyphosphate (Figure 5.2), which has pleiotropic effects on Lon activity.
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0.06-

Lon

90.04-

0.02-
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5 10 15 20 25
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Figure 5.2 Polyphosphate changes Lon oligomerization
Sedimentation Velocity Analytical Ultracentrifugation with 250 nM LonS679A

(hexamer equivalents) with or without 100 uM polyphosphate (n = 35, Sigma). The
peak at 21 S corresponds to a dodecamer while the peak around 15 S corresponds to
a hexamer. 100 [tM Polyphosphate appears to shift Lon exclusively into a hexameric
conformation. Experiment was performed at 200 C at 17,000 RPM in 50 mM Hepes
(pH 7.5), 150 mM NaCl, 0.01 mM EDTA, 1 mM MgCl2, and 0.1 mM ATPyS.
Experiment was performed and analyzed as described in chapter 3. Experiment
done in collaboration with Ellen F. Vieux.

Another tool that could be developed based on a high-resolution structure

would be to introduce inter-subunit disulfide bonds to covalently link adjacent
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subunits. If multiple cysteine pairs that form disulfides are possible, then this would

allow for the insertion of mutants into specific subunits in the Lon

hexamer/dodecamer (Figure 5.3A). Alternatively, inter-subunit disulfide bonds

could be designed to trap Lon in the lock-washer conformation, allowing the

function of this conformation to be more rigorously investigated.

A

N domain

WT ATPase Domain

Peptidase Domain

Mutated ATPase Domain

B

S1u
Subunit Mixing

fCM-en Suj20]

C

K DI
DuldeBonds

Cysteine

No Cys, C353V
200.

150

0
U M- 4U Jm

ICM-Ibi -020

Figure 5.3 Cysteines in Lon
(A) Diagram showing how two different sets of designed disulfides can be mixed
together to generate a covalently linked Lon hexamer with a mutation in the ATPase
domains of alternating subunits. (B) Lon with all native cysteines except C353
mutated to serine (C353 only, 0.3 [M) behaves indistinguishably from wild-type Lon
(0.3 [M) in degradation of CM-titini27-sul20. Values shown are mean ± SEM (na2).
Solid lines are fits to the Hill form of the Michaelis-Menton equation V = VMax / (1+
(Km/[S])"). Assays were performed as described in Chapter 4. (C) Lon with all
native cysteines mutated to serine except and C353 mutated to valine (no Cys,
C353V) retains ATPase activity, which can be stimulated by CM-titin127-P20. Assays
were performed as described in Chapter 4.

I have developed a cysteine free Lon variant that retains protease and

ATPase activity. Lon contains six native cysteine residues, five of which (C39, C552,
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C617, C685, C691) can be mutated to serine with no effect on activity (Figure 5.3B).

C353 is predominantly buried, close to the ATP binding site, and is highly conserved.

Because it is buried, C353 is not highly reactive. However, if experiments require no

cross-reactivity, C353 can be mutated to valine and still retain activity (Figure 5.3C)

Proteomic approaches

As outlined in the Introduction, the Lon protease has many physiological

substrates, but a complete list of substrates is still lacking. Proteomic approaches

have been used to identify a comprehensive list of substrates for other proteases,

such as ClpXP (Flynn et al. 2003). In these experiments, the protease-active site

mutant is used to create a substrate trap; where substrates are translocated into the

degradation chamber but not degraded. Pull downs and subsequent mass

spectrometry allow for identification of substrates. Elizabeth Oakes, a former

postdoc in Tania Baker's lab, attempted a similar approach with Lon (personal

communication). Over 550 potential substrates were identified, but these data were

never published due to some challenges with reproducibility.

The development of fluorescent Lon substrates that work in vivo (Chapter 2)

allows for an orthogonal approach to substrate identification. I have done initial

proof of principle experiments that demonstrate that co-expression of a known Lon

substrate with cp6-GFP-sul2O protects the fluorescent substrate from degradation,

presumably via competition for binding to Lon (Figure 5.4A). Importantly, co-

expression of a model substrate that is not a Lon substrate does not protect cp6-

GFP-sul20 from degradation (Figure 5.4B). Furthermore, I have shown that this
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effect can be observed with fluorescent activated cell sorting (FACS), providing a

ready means to separate fluorescent and non-fluorescent cells. If a library with most

or all E. coli open-reading frames was transformed into cells containing cp6-GFP-

sul20, then FACS and deep sequencing could be used to enrich for and identify Lon

substrates on a proteomic level (Figure 5.4C).
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Figure 5.4 In vivo competition for cp6-GFP-sul2O degradation
(A) Diagram showing experimental set up for competition assays in vivo. Alon cells
contain three separate plasmids. cp6-GFP-sul2O and titin127 variants are under
control of the T7 promoter, whereas Lon is under control of an arabinose-inducible
promoter. cp6-GFP-sul2O and titin 27 variants are induced with IPTG for 2 h prior to
induction of Lon expression with arabinose. (B) Co-expression of a known Lon
substrate, titin 27-sul2O, competes with cp6-GFP-sul2O for Lon-mediated
degradation, causing the cells to remain fluorescent. Co-expression of a titin127,
which is not degraded by Lon, leads to a loss of fluorescence. T = 0 time point
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corresponds to induction of Lon expression with arabinose. Overall experimental
setup is similar to that described in chapter 2. Fluorescence was measured in a
fluorescent plate reader with excitation at 467 nm and emission at 511 nm. Cells
used for this experiment are ER2566, which are lon deficient. (C) Diagram showing
how competition for Lon degradation in vivo can be used to identify Lon substrates.
Similar experimental setup to figure 5.4A, except instead of expression of known
Lon substrates, the E. coli ORFome is expressed from the second IPTG-inducible
plasmid.

Rather than attempting to identify all possible Lon substrates, another

approach would be to identify substrates that interact with the N domain sul20

binding site (including residues 33-35) as identified in Chapter 4. The in vivo

experiments in Chapter 4 suggest that substrates other than SulA interact with this

site in the N domain. Comparative enrichment experiments using the wild-type or

Lon 33-35 trap variants could provide a list of substrates that interact with this

binding site. Alternatively, if the competition assay in vivo is optimized with 120-

cp6-GFP as the fluorescent substrate, instead of cp6-GFP-sul2O, then a comparative

analysis with wild-type and Lon 33-35 could also provide a list of substrates that

interact with this site. The information gleaned from these experiments could

provide insights into how Lon prioritizes unfolding and/or degradation of its many

substrates. Provided that structural or other studies lead to the generation of Lon

variants that are exclusively dodecameric, like LonE240K, these strategies could also

be used to investigate the substrate profiles of the hexamer and dodecamer and

provide a more rigorous test of the substrate-gating model presented in Chapter 3.
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