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ABSTRACT

Bacteria use a variety of mechanisms to control transcription in response to environmental cues
or growth conditions. Activation or repression of transcription is often carried out by proteins,
called transcription factors, that interact with DNA or RNA polymerase (RNAP) or both, and
can change the preference of RNAP for target promoters. Additionally, DNA is tightly
compacted and organized inside cells. In bacteria, nucleoid-associated proteins (NAPs) play
critical roles in shaping and compacting the chromosome by bending, wrapping and bridging the
DNA. The binding of these proteins can also profoundly affect gene expression regulation.

In this work, I have characterized two DNA-binding proteins from the bacterium Caulobacter
crescentus; one transcription factor, GcrA, and one NAP, CnpA. First, I found that GcrA, an
essential cell-cycle regulator in Caulobacter, activates transcription by a new mechanism. Unlike
most transcription factors that bind to promoters independently of RNAP, GcrA constitutively
associates with RNAP via an interaction with Domain 2 of Y70, the primary sigma factor. I
showed that GcrA recognizes a subset of methylation sites and can promote binding of RNAP
and increase the rate of open complex formation at promoters harboring such sites.
Understanding the mechanism by which GcrA activates transcription enabled the identification
of its direct regulon and provided important insights into its essential cell-cycle function. For my
second project, I identified a new nucleoid-associated protein (NAP), CnpA, in Caulobacter, via
mass-spectrometry analysis of its nucleoid content. I showed that CnpA associates with AT-rich
DNA but unlike other NAPs, likely does not repress transcription at these loci. We propose a
model in which CnpA impacts global supercoiling levels. In sum, these two projects have
contributed to expanding our views of how gene expression and chromosome organization are
regulated in bacteria.

Thesis Supervisor: Michael T. Laub
Title: Professor of Biology
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I. Introduction

One of the most fundamental questions in biology is: how are genes turned on and off

to achieve the correct gene expression program required by the cell? For example, how

do distinct cell types express different genes despite the fact that they all encode the

same genetic information? How does a bacterial cell respond to a change in

environmental conditions by turning on genes that help it adapt to this new condition?

The first experiments on gene expression and regulation were performed in the 1950s

and by the end of that decade, the idea that DNA carried the genetic information

dictating the amino acid sequences of proteins and that RNA was an intermediate in

this process had been formulated although not fully demonstrated. Between 1959 and

1960, four laboratories independently reported the isolation of an enzyme capable of

DNA-dependent RNA synthesis; they had discovered RNA polymerase (Hurwitz,

2005). A year later, Francois Jacob and Jacques Monod released their seminal paper on

gene regulation (Jacob and Monod, 1961). Based on experiments with the lactose

system (lac operon) and lambda phage genes they arrived at the conclusion that a

transcriptional repressor acting in cis could explain the regulation of these systems. This

was the first model of gene regulation.

These early studies by Hurwitz, Jacob, Monod and others on RNA polymerase and

factors affecting gene expression paved the way to our understanding of how genes are

transcribed and how gene expression is regulated. More than 55 years later, we have

made tremendous progress towards answering this fundamental question both at the

molecular and genome-wide levels. The development of techniques such as microarrays
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and RNA-seq to assess global gene expression, ChIP-seq to probe the genome-wide

binding profile of DNA binding proteins in combination with x-ray crystallography

and biochemical characterization have been instrumental in providing a clearer picture

of how transcription factors and other DNA binding proteins carry out their functions.

Additionally, it has become increasingly clear that the DNA is compacted and

organized inside cells and that this organization plays critical roles in gene regulation

and other DNA processes.

In my thesis work, I have focused on bacterial gene regulation and chromosome

organization with the characterization of two essential DNA-binding proteins from the

bacterium Caulobacter crescentus, one transcription factor and one DNA-organizing or

nucleoid-associated protein. In this chapter I review what we currently know about the

mechanisms of transcription initiation in bacteria as well as the roles of nucleoid-

associated proteins in chromosome organization and their effects on DNA-dependent

processes. Chapter 2 features my work on GcrA, an essential transcription factor in

Caulobacter, which identified a new mechanism of transcription regulation in bacteria.

In chapter 3, I present the identification and characterization of a new nucleoid-

associated protein specific to alpha-proteobacteria. Finally, in chapter 4, I outline future

research directions for these two projects.
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II. Components of the bacterial transcription machinery

Core RNA Polymerase and sigma factors

All cellular organisms use a complex multi-subunit machine, the DNA-dependent RNA

polymerase (RNAP) enzyme, to perform transcription of DNA into RNA. The bacterial

core RNAP is a -400 kDa complex of five subunits 13'a2w (some bacteria have a fused

Pp' subunit (Lane and Darst, 2010)). Core RNAP adopts a crab-claw shape with an

internal channel measuring 27A in diameter, large enough to accommodate double

stranded DNA (Zhang et al., 1999). The two large subunits P and P' form the pincers of

the claw and contain, at the back of the channel, the catalytic active site formed by three

conserved aspartic residues chelating an essential Mg2+ ion. The two a subunits do not

directly participate in catalysis but have structural and regulatory roles, mediated by

their N- and C-terminal domains, respectively. Their N-terminal domains (aNTDs)

dimerize and mediate assembly of the P, P' and o subunits, the latter serving as a

chaperone for the P' subunit (Ghosh et al., 2001). The C-terminal domains (aCTDs) of

the a subunits can interact with DNA at promoters containing an UP-element, an AT-

rich sequence upstream of the -35 element (Ross et al., 1993), and with transcriptional

activators. Although core RNAP is fully competent for RNA synthesis, it can only

initiate transcription non-specifically from DNA ends or nicked DNA. Transcription

initiation at promoters requires a dissociable sigma subunit (sigma factor) that

associates with core RNAP to form RNAP holoenzyme.
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The sigma subunit performs multiple functions during transcription initiation: (i)

recognizes and binds promoter sequences, (ii) initiates DNA strand separation to form

the transcription bubble, (iii) interacts with transcriptional activators, (iv) influences

promoter clearance and early elongation steps. Bacteria typically encode one essential

primary sigma factor, such as a" in Escherichia coli, that recognizes the majority of

promoters and initiates most of the housekeeping transcription in exponential growth

conditions. However, in response to environmental stress conditions such as heat shock

or cell envelope stress, bacteria utilize alternative sigma factors with different promoter

specificities. This allows the cell to efficiently redirect RNAP to a distinct set of

promoters (reviewed in (Osterberg et al., 2011)). Most bacteria have multiple sigma

factors and their number is generally thought to correlate with the lifestyle of the

bacterium: the more stresses encountered, the more sigma factors it needs. For

example, Mycoplasma genitalium, an obligate intracellular pathogen that experiences a

relatively constant environment, has only one sigma factor, whereas bacteria exposed to

fluctuating environments have many, such as the soil bacterium Streptomyces coelicolor,

which encodes 63 sigma factors (Ghosh et al., 2010).

Most sigma factors are members of the a" family, which has been divided into four

phylogenetic groups based on gene structure and function (Paget and Helmann, 2003).

Group 1 comprises the essential primary sigma factors closely related to E. coli al".

These sigma factors are composed of four conserved domains (G1.1, a2, G3 and 04)

connected by flexible linkers (Fig. 1.1). Group 2 sigmas have a similar gene architecture

but are not essential for growth and include E. coli al, the general stress response and
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stationary phase sigma factor. Goup 3 sigmas are more distantly related to group 1 and

lack domain 1.1. The heat shock sigma factor, G32, is a member of this group. Group 4 or

Extra Cytoplasmic Function sigma factors (ECFs) are the largest and the most divergent

and diverse group of sigma factors; at least 43 phylogenetically distinct ECF subgroups

have been identified (Staron et al., 2009). ECF sigma factors consist only of domains 02

and Gi and are usually bound by an anti-sigma factor in absence of activating stress.

Examples of this group of sigma factors include E. coli (Y, activated by envelope stress,

E. coli c" activated in response to iron starvation and a"" that regulates the general

stress response in alpha-proteobacteria (Francez-Charlot et al., 2015).

070 Extended -10 motif

-10 -35
Discriminator element element

N Nonconserved region C

1.1 1.2 2.1 2.2 2.3 2.4 3.0 3.1 3.2 4.1 4.2

01.1 -'03 04

C72

Figure 1.1: Schematics of Group 1 sigma factors.

Schematic representation of al" is shown. Each region is depicted with a different color
and each domain (m., 02, 03 and 04) containing these regions is labeled below. The

promoter elements bound by the different domains of 7") are indicated above.

Structural, biochemical and genetic analysis have shed light on the specific functions of

each of the Y"' domains. All domains except a, participate in recognition of specific

DNA elements at promoters: c7 1 recognizes the -35 motif, 03 the extended -10 element
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and 02 the -10 element and discriminator element. The N-terminal domain of &Y", O.,, is

autoinhibitory and prevents the binding of free sigma to DNA (Dombroski et al., 1993).

a,., is highly negatively charged, mimicking DNA, and was shown through cross-

linking experiments to interact with o4 when not in complex with RNAP, thereby

preventing DNA interaction (Schwartz et al., 2008). Although a full-length structure of

free sigma has not been solved, FRET/LRET analyses indicate that free sigma adopts a

compact conformation in solution and undergoes a major conformational change, to a

much more spread-out conformation, when bound to core RNAP (Callaci et al., 1999).

X-ray crystallography analysis of RNAP holoenzyme revealed that the interaction with

core RNAP orients and positions the DNA binding determinants of sigma with the

correct spacing for binding to promoter elements. Sigma makes extensive contact with

core RNAP, their interface being more than 8,200 A 2 (Murakami et al., 2002). All

domains of sigma are involved in contacting core RNAP. Most of the interface is

mediated by residues in sigma regions 2.1 and 2.2 and the clamp helices (also called the

P' coiled-coil). The second largest contact is mediated by 04 interactions with a part of P

called the p-flap. Other contacts involve a region 3.2, a 33 amino acid linker connecting

03 to 04, that threads through the RNA exit channel formed by portions of P and P'

Finally, a. is present in the active site channel and is displaced by DNA during open

complex formation (Bae et al., 2013). Some group 1 sigmas also contain a region termed

the non-conserved region (UNCR) between 01.2 and 02.1. The ONCR is the most variable

sequence in a'o-like proteins and varies considerably in length, being 247 residues long

in E. coli and only 72 residues in Thermus aquaticus. The ONCR interacts with an N-

terminal region of P' and this interaction facilitates promoter escape and reduces early
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elongation pausing (Leibman and Hochschild, 2007). E. coli engineered such that a"

lacks the UNCR has severe growth defects (Leibman and Hochschild, 2007), highlighting

the importance of this non-conserved region for transcription in vivo.

The second family of sigma factors, the a" family has only one member and shares no

sequence homology or promoter specificity with the 70 family of sigma factors. Y1

proteins are widely distributed in bacteria, found in 60% of bacterial genomes, and are

involved in regulating genes with roles in nitrogen metabolism, cellular appendages

such as stalk formation in C. crescentus, and other stresses (Biondi et al., 2006;

Wigneshweraraj et al., 2008). all initiates transcription by a completely different

mechanism than 0 proteins, requiring an enhancer binding protein and ATP

hydrolysis to drive open complex formation.

III. Mechanism of transcription initiation in bacteria

Transcription initiation in bacteria is a multi-step process that starts with the

recognition and binding of conserved DNA elements within a promoter by RNAP

holoenzyme (Fig. 1.2). This closed complex (RPc) state is then followed by a series of

conformational changes (isomerization) in which RNAP loads DNA into the main

channel and mediates opening of the two DNA strands to form the open complex

(RPo). Once the stable RPo is formed, RNA catalysis begins and when the nascent RNA

reaches 8 to 15 nucleotides, RNAP is displaced from the promoter and transitions into

transcription elongation. In this section, I will focus on the mechanism of transcription
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initiation by all RNAP holoenzyme. Most of the biochemical and kinetics studies on

transcription initiation were performed with E. coli RNAP whereas structural insights

mostly come from T. aquaticus/T. thermophilus RNAPs as well as from very recent

structures of E. coli RNAP. The high level of sequence conservation usually makes it

possible to compare structural data with biochemical studies across bacterial species.

ka

KB ki

R (RNAP) k, k2
+ . RPC RPI * RPO

P (Promoter) k 1 k -2 k -3

Figure 1.2: Kinetic steps of transcription initiation.

KB is the binding constant of RNAP to promoter DNA to form the closed complex
(RPc). ki is the aggregate forward rate constant of isomerization that results in the
formation of the open complex (RPo). ka is the composite association rate constant
where ka=KB*ki.

Recognition and binding of promoters

Bacterial promoters are composed of conserved recognition elements upstream of the

transcription start site. These elements include the UP element, the -35 element, the

extended -10 motif, the -10 element, the discriminator, and the core recognition

element (Fig. 1.3). The first three sequences are recognized as double stranded DNA

whereas RNAP interacts with the last three as single stranded DNA.
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Discriminator
-10 .CRE

UP element -35 TGn 11-NMNNNAG|
_11 -7-6 -4 2 Non-template

Noemplate

-60 ! 4O -35 _30 L7N e plt

Figure 1.3: Promoter elements.

Promoter DNA is represented as double black line with the template and non-template
strands indicated. Promoter elements recognized by RNAP are boxed. Orange indicates
recognition by Y"", purple by the caCTDs and green by the P subunit. Consensus
sequences and positions relative to transcription start site are shown.

UP element

Some promoters contain an AT-rich region upstream of the -35 element called the UP

element that is centered either at -41 (proximal UP element) or -52 (distal UP element).

The UP element is bound in a sequence-specific manner by the aCTD, a 9 kDa domain

that contains two helix-hairpin-helix motifs and interacts with the DNA minor groove

(Benoff et al., 2002; Jeon et al., 1995). The binding of aCTDs to UP elements mostly

affects formation of RPc and to a smaller extent the isomerization step, for example,

increasing ka (Fig. 1.2) by 30-fold at the E. coli rRNA promoter, rrnB P1 (Rao et al.,

1994). At promoters lacking UP elements, the ctCTD also interacts with DNA but non-

specifically. Kinetic analysis using mutants lacking the QCTD or DNA upstream of the -

35 element revealed that, at these promoters, the binding of ctCTD mostly affects the

isomerization step, at least four-fold (Ross and Gourse, 2005). It remains unclear

mechanistically how the binding of ctCTD can affect the isomerization step, but it has
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been suggested to affect the loading of DNA into the main channel of RNAP (Davis et

al., 2005).

-35 element

The -35 hexamer, with consensus sequence TTGACA, extends from -35 to -30. It is

recognized by a helix-turn-helix (HTH) motif in region 4.2 that interacts with the DNA

major groove (Campbell et al., 2002). This interaction induces a 360 bend in the DNA

that facilitates binding of the ctCTD to upstream DNA.

Extended -10 motif

The extended -10 sequence, -"TGn ", interacts with residues of 3 via the DNA major

groove (Sanderson et al., 2003). Analysis of more than 500 E. coli promoters showed

that this element is present in at least 20% of promoters (Mitchell et al., 2003). The

presence of this element can compensate for a poor or missing -35 element as with the

galP1 promoter (Chan and Busby, 1989; Ponnambalam et al., 1986). This promoter has

no match to a -35 element, but a consensus matching extended -10 motif and an

imperfect -10 element. Transcription at galPi is also dependent on the transcription

factor CRP. However, by perfecting the -10 element galPi transcription becomes

independent of CRP but -'TGn'3 is still required whereas the -35 element is not.

Additionally, introducing a consensus matching -35 element renders the -"TGn-3

dispensable (Chan and Busby, 1989). Usually, promoters need to harbor at least one of

the double-stranded motifs (-35 element or extended -10 motif) for transcription

initiation as it is thought to correctly position RNAP for interaction with the -10

element during strand separation.
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-10 element

The -10 element is a hexameric sequence -'TATAAT-7 (on the non-template strand)

recognized by 02.3in a single stranded manner, except for base T-12 that interacts with

02.4in double-stranded form. All 6 residues of the -10 element make contact with y, but

only two bases are recognized sequence specifically: A-n and T-7. The recognition of the

-10 element and the separation of the two DNA strands is coupled. RNAP unstacks,

flips and captures A-, into a deep pocket, formed by aromatic residues that can only

accommodate an adenine base (Feklistov and Darst, 2011; Zhang et al., 2012). This first

single-stranded binding event propagates strand separation downstream past the

transcription start site to +2, the transcription bubble being about 13 nucleotides of

unwound DNA. Similarly, T-7 is also flipped out and inserted into a hydrophobic

pocket. Binding of 02 to the non-template strand of the -10 element induces a 900 bend

in the DNA which orients the downstream DNA to be loaded in the main channel.

Discriminator

The discriminator element is a GC rich sequence immediately downstream of the - 10

element (from -6 to -3) and is also recognized as single stranded DNA. Region a.2

mediates unstacking and capturing of a G at position -6 that is inserted into a protein

pocket (Zhang et al., 2012). The discriminator element influences the stability of the

open complex. It is important for the stringent response control of rRNA promoters

that harbor a disfavored C at -7 (corresponding to -5 at most promoters) making the

complex short-lived and therefore susceptible to destabilization by DksA and (p)ppGpp

(Haugen et al., 2008).
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Core recognition element

The core recognition element (CRE) was identified recently based on structural data of

the RPo in complex with DNA (Zhang et al., 2012). It corresponds to nucleotides -4 to

+2 of the non-template strand and is contacted by core RNAP through the P subunit. A

guanine base at +2 is strongly favored as it is flipped out and inserted in a protein

pocket in a sequence specific manner, in a manner similar to how cT interacts with A-,

T7 and G-6 . RNAP-CRE interactions have been implicated in stabilization of the

transcription bubble (Zhang et al., 2012) and in transcription start site (TSS)

determination (Vvedenskaya et al., 2016). Vvedenskaya and colleagues looked in a

high-throughput manner for TSS selection using a library of nucleotides spanning

positions 4 to 10 downstream of the -10 element at an E. coli a'consensus matching

promoter. They found that RNAP-CRE interactions favor TSS selection at sequences

with a G at position +2 (Vvedenskaya et al., 2016). RNAP-CRE interactions have also

been shown to counteract pausing during transcription elongation by stabilizing RNAP

in the posttranslocated state (Vvedenskaya et al., 2014).

In general, promoters do not contain a perfect consensus-matching set of all the

elements described above; rather they are made of an imperfect mix of them. Indeed,

imperfect promoters allow regulation of transcription initiation either by transcription

factors, small molecules such as the stringent response alarmone (p)ppGpp or the

concentration of initiating nucleotide.
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Open complex formation

Formation of the initial closed complex RPc through binding of the -35 element and/or

the extended -10 motif (footprint going from -55 to -5 at the XPR promoter) triggers

large-scale conformational changes of both RNAP and the DNA (Fig. 1.4). At least two

short-lived intermediates are thought to form between RPc and a fully formed RPo

(three in the case of the XPR promoter) (Saecker et al., 2011). Because of the instability

of these intermediates it has not been possible to capture them by crystallography or

cross-linking approaches. Kinetic studies using hydroxyl radical and potassium

permanganate footprints of the first intermediate (I,) at the XPR promoter revealed that

upstream DNA (up to -81) is wrapped around the outside of RNAP (Davis et al., 2007).

Furthermore, downstream DNA up to +20 is protected indicating that the DNA has

been loaded into the active site channel but is not yet melted as assayed by

permanganate footprinting (Davis et al., 2007). To enter the active site cleft the DNA

must bend 900 at the -10 element (Saecker et al., 2002). It is unclear whether this region

of DNA is bent before base flipping as DNA bending might contribute to base

unstacking or whether base flipping triggers DNA bending and capture by the cleft (Fig.

1.4).

Formation of the second intermediate (12) is the rate-limiting step and consists in the

opening of the 13 nucleotides transcription bubble (Fig. 1.4). During this step, multiple

bases are flipped out and captured by pockets of o (see above section) and the TSS is

placed in the active site (Gries et al., 2010). Conversion of 12 to RPo requires further

rearrangements in RNAP in which a clamp, formed by the P' jaw, the P' clamp domain,
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P'S13 and PSI, is assembled onto downstream DNA from +10 to +20 to stabilize the

open complex (Fig. 1.4) (Saecker et al., 2011).

RNAP holoenzyme

RPc

11

12

RPo

01 1

02-3 tive site cleft

'04 02-3DNA

Active site cleft
02-3

1 1

clamp
02-3
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Figure 1.4: Open complex formation

27

01.1

Active sit
02-3

(: 04D-10

e cleft



Core RNAP is shown in gray and a" is shown in pink. Initial RPc complex is mediated
by binding of the -35 element and/or extended -10 by a4 and a3.0, respectively. In the
first intermediate I,, DNA is still double-stranded but has been loaded into the active
site cleft. Transition to the RPo involves opening of the DNA duplex at the -10 element
and capture of two conserved bases by two pockets in a (12). The P' clamp tightens
around the DNA to stabilize the open complex.

Promoter escape

Once the open complex is formed, RNA synthesis begins. During the catalysis of the

first 8 to 15 nucleotides, RNAP is still bound at the promoter and downstream DNA is

pulled into the main channel resulting in 'DNA scrunching' (Kapanidis et al., 2006). As

DNA compaction stress builds up, it leads to the breakage of interactions between

RNAP and promoter DNA and release of RNAP into the elongation phase.

Furthermore, as nascent RNA is formed and extrudes through the RNA exit channel, it

encounters a region 3.2. This can result in the displacement of a3.2 from the RNA exit

channel and breakage of a4 interactions with the p-flap helping in the release of a and

promoter escape (Murakami, 2002). Alternatively, the RNA chain can dissociate from

the RNA:DNA duplex in a process called 'abortive initiation' where short transcripts

usually 2 to 15 nucleotides in length are released (Hsu, 2002). This phenomenon was

first observed in vitro but was later showed to also happen in vivo (Goldman et al.,

2009) raising the possibility that these abortive transcripts serve a regulatory role.

Indeed, nanoRNAs (2-4 nts) can be used to prime transcription in vivo which can have

global effects on gene expression (Goldman et al., 2011; Vvedenskaya et al., 2012).
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The sigma subunit plays an important role in promoter escape, and at promoters with

strong promoter elements this step can be rate-limiting. A region of a, the G NCR, was

shown to enhance promoter escape by making an interaction with the N-terminal

region of P' (P' SNCRID) (Leibman and Hochschild, 2007). Leibman et al. identified

mutations in the o NCR and1' SNCRID that weaken this interaction and increase abortive

initiation and pausing. The authors proposed that the NCR- P' SNCRID interaction

distorts the contacts between 02 and the P' coiled-coil thereby promoting 02release from

the DNA. Since the a NCR and P' SNCRID interaction had no effect on open complex

stability, the authors speculate that this destabilization of 02 from the DNA only occurs

under DNA scrunching conditions.

After promoter escape, a is still retained by core RNAP via an interaction between 02

and the P' clamp helices, and a is then released stochastically from RNAP with a half-

life of 4-7s (Mooney et al., 2009; Raffaelle et al., 2005), although it can be retained

during the entire elongation phase (Harden et al., 2016). While a remains associated

with elongating RNAP it can recognize promoter-like elements in the DNA (-10 and -

35 elements) and induce transcriptional pausing. This pausing was first observed in the

context of bacteriophage X late genes promoter, in which case this promoter-proximal

pausing is essential for loading of the antiterminator protein Q (Perdue and Roberts,

2011). Promoter-proximal pausing has also been shown to take place at some E. coli

promoters, including the lacUV5 promoter (Brodolin et al., 2004; Nickels et al., 2004)

but a physiological role for this pausing is still unclear.
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IV. Regulation of transcription initiation in bacteria

In bacteria, transcription is mostly regulated at the level of initiation. As initiation is a

multi-step process, transcription factors employ a suite of strategies to affect initiation

at different steps. Transcription factors usually recognize specific DNA binding

sequences and are found at promoters that harbor these consensus-matching

sequences. However, some transcription factors do not bind DNA or bind DNA non-

specifically. Additionally, some transcription factors work solely as activators or

repressors while others can function as either, based on promoter architecture.

Transcription repressors

Specific transcription repressors

The easiest way to modify transcription at a promoter is by the use of transcription

repressors. This was the first type of transcription regulation described (Jacob and

Monod, 1961). The simplest form of repression is achieved through steric hindrance

where a repressor protein binds in or close to the promoter preventing RNAP

holoenzyme binding, as with binding of the Lac repressor to the lac promoter (Lewis et

al., 1996). Another way to repress transcription is via the inhibition of an activator

protein. For example, the Cyt-R repressor inhibits some promoters that are dependent

on the activator protein CRP (cAMP receptor protein) by binding sites next to CRP and

making contacts that prevent CRP from interacting with the aCTD (Mfller-Hill, 1998).

Another example is the small protein inhibitor SciP that binds to the Caulobacter cell-

cycle regulator and transcription factor CtrA when CtrA is at promoters and prevents

recruitment of RNAP by CtrA (Gora et al., 2010). As SciP is only present during a
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specific stage of the cell cycle, this is a mechanism to repress gene expression

temporally.

Global transcription repressors

Whereas the repressors presented in the examples above are specific to a given

promoter or inhibit a specific activator, bacteria and phages have also evolved ways to

repress transcription globally. These repressors usually do not bind DNA but instead

associate with RNAP directly. Upon amino acid starvation or other stresses, the small

molecule (p)ppGpp is synthesized and directly binds to two sites on RNAP, a first site at

the interface of P' and w (Ross et al., 2013; Zuo et al., 2013) and a second site at the

interface created by the binding of DksA in the secondary channel and the P' subunit

(Ross et al., 2016). (p)ppGpp and DksA work by reducing the open complex half-life at

all promoters tested in vitro and presumably in vivo too. However, in vivo transcription

is only prevented from promoters with short-lived open complexes such as the rRNA or

tRNA promoters (Barker et al., 2001; Paul et al., 2004). The idea being that longer-lived

complexes are not affected because RNAP can escape into elongation before collapse of

the open complex. The exact mechanism by which (p)ppGpp and DksA affect open

complex half-life is not fully understood; an interaction between DksA and the trigger

loop, a conserved part of the active center may play a role (Lennon et al., 2012).

(p)ppGpp and DksA can also directly activate transcription at promoters that have very

long-lived open complexes and are rate-limiting for release into elongation such as

some amino acid biosynthesis promoters (Paul et al., 2005).
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Another example of a transcription repressor acting globally is the Gp2 protein of the

bacteriophage' T7. T7 encodes its own single subunit RNAP and inhibits host RNAP

during late gene expression to avoid unregulated expression of phage genes by host

RNAP (Savalia et al., 2010). Gp2 binds in the main channel of RNAP via an interaction

with the s' jaw and 01.1 (Bae et al., 2013) and prevents the displacement of a,., from the

main channel which is required for DNA loading into the cleft, thereby inhibiting open

complex formation.

Transcription activators

Transcription activators do not change the pathway of activation, rather they favor and

enhance steps that are rate-limiting. Most transcription activators work by increasing

the binding of the initial RNAP-promoter complex (RPc) or by enhancing steps during

open complex formation. There are two main ways by which transcription factors

mediate activation. Either they directly interact with RNAP to compensate for the

defects of the promoter or they only affect promoter DNA, for example by altering

DNA conformation. Additionally, some activators, such as CRP, have been shown to

activate transcription by different mechanisms based on the promoter.

Activation by direct contact with RNAP

Transcriptional activators can make contact with many different domains of RNAP

including the ctCTD, the aNTD, G4, 02 and UNCR and the P subunit.

Transcription activators interacting with the aCTD:

1 Phages have evolved among the most ingenious ways to alter host transcription and studying their
effects on RNAP has been instrumental in uncovering mechanisms of transcription.
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One of the best-characterized modes of activation is called Class I activation, in which

the activator protein binds DNA upstream of the -35 element and recruits RNAP at the

promoter by making direct contact with the aCTD (Fig. 1.5). Activation by CRP at the

lac promoter is an example of Class I activation. CRP binds as a dimer to a 2-fold

symmetric 22 bp long site centered at -61.5 and makes direct contacts via one of its

surface exposed regions, termed activation region 1 (ARI), and one of the cLCTDs

(Benoff et al., 2002), increasing the binding of the ctCTD on DNA (and of the whole

RNAP). Transcription is stimulated by a recruitment mechanism, i.e an increase in the

binding constant KB (Malan et al., 1984). This interaction places the aCTD in contact

with CRP close to 04 enabling a functional interaction between this aCTD and Y4 (Chen

et al., 2003; Hudson et al., 2009). The other aCTD interacts non-specifically with

upstream DNA and is not required for CRP-dependent activation. Indeed, RNAP

reconstituted with one full-length a subunit and one subunit lacking the aCTD domain

is fully functional for activation from this type of CRP-dependent promoter (Lloyd et

al., 2002). The linker between the ctCTD and ctNTD is flexible and enables activators

that work by the Class I activation mechanism to bind at several locations upstream of

the -35 element. For example, when the DNA binding site for CRP is moved 11 bp

upstream to -72.5 or 22 bp upstream to -83.5, CRP-dependent transcription activation

is still functional (Straney et al., 1989).
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QCTD aCTQ (70

CRP 04
dimer

Figure 1.5: Class I activation

Green stars denote activation through ARI (activating region 1). Black line represents
the DNA strands.

Transcription activators interacting with .,:

Another mechanism of transcription activation, called Class II activation, involves an

activator binding to a site that overlaps the -35 element and making contact with 04.

One example of such a mechanism is the CRP protein at the gal promoter. At this

promoter CRP binds to a site centered at -41.5 and makes three sets of protein-protein

interactions with RNAP: (1) ARI interacts with the ctCTD, (2) AR2 interacts with the

ctNTD, (3) AR3 makes contact with 04 (Fig. 1.6). CRP activates transcription by

recruitment through the AR1-ctCTD interaction but also promotes isomerization from

RPc to the open complex through the AR2-aNTD and AR3-y 4 interactions (Niu et al.,

1996). How does a class II activator facilitate isomerization? A recent structure of the

TAP activator (a T. thermophilus homolog of CRP) in complex with T. thermophilus
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RNAP GA holoenzyme in the initiation state with a full transcription bubble (Feng et

al., 2016) has provided further evidence for a model previously proposed by others

(Dove et al., 2000). The structure revealed that the interactions mediated by AR2 and

AR3 are simply stabilizing protein-protein interactions between exposed surfaces of

TAP and RNAP and do not affect the conformation of the active center, the

transcription bubble or the clamp. This suggests that the interactions mediating

recruitment and isomerization are similar in nature but must differ in timing. That is,

the ARI-cLCTD interactions involved in recruitment occur during formation of RPc

and stabilize both RPc and RPo whereas interactions involved in isomerization occur in

the transition state from RPc to RPo and stabilize RPo.

aNTD

aCTD a

CRP 04
dimer

Figure 1.6: Class II activation

Green star denotes activation through ARL and ctCTD, red star is the AR2-ctNTD
interaction and the orange star the AR3-v1 interaction. Black line represents the DNA
strands.
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Many other transcription factors have evolved to target o4, including response

regulators such as PhoB that affect the RNAP recruitment step (Blanco et al., 2011), the

AraC family of transcription activators that stimulate both recruitment and

isomerization steps (Zhang et al., 1996), and XCI at the XPRM promoter where it only

affects the isomerization step (Li et al., 1997).

Transcription activators interacting with 02 and ONCR:

Recent studies have uncovered a new point of contact for transcriptional activators on

RNAP: 02 and the UNCR. Bao et al. first reported the identification of a transcriptional

activator from Chlamydia trachomatis, GrgA (general regulator of genes A), that

contacts the UNCR Of #F6, the primary sigma factor in that organism (Bao et al., 2012).

GrgA binds DNA non-specifically in vitro and activates a wide range of &6 -dependent

promoters in an in vitro transcription assay. The mechanism and promoter specificity

of transcription activation by GrgA in vivo are unknown.

Another example of interaction with GNCR is the essential Mycobacterium tuberculosis

transcriptional activator RbpA that interacts with yA, the primary sigma factor, and 0 B)

an ortholog of E. coli al. RbpA interacts with regions of 02, 01.2 and 02.1, and parts of the

UNCR. RbpA does not bind DNA on its own but is thought to associate constitutively

with RNAP holoenzyme (Hu et al., 2014). It enhances transcription by increasing the

isomerization step (Hu et al., 2014) and structural data indicate that it does so by

contacting the non-template strand upstream of the -10 element which would stabilize

RNAP-promoter contacts during isomerization (Hubin et al., 2015).
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These examples of two unrelated proteins targeting c2/UNCR suggest that more proteins

interacting with this region are likely to be discovered. The fact that the GNCR is not

conserved in sequence and structure among primary sigma factors indicate that the

mechanisms of interaction and action of transcriptional activators targeting this region

will most likely be quite diverse.

Transcription activators interacting with the P subunit:

The M. tuberculosis transcriptional activator CarD is an essential protein that associates

with RNAP holoenzyme at all active promoters in vivo (Landick et al., 2014). It interacts

with the P1 lobe of the P subunit (Srivastava et al., 2013) and stabilizes open complex

formation by preventing transcription bubble collapse (Davis et al., 2015). Interestingly,

M. tuberculosis RNAP forms very unstable open complexes at two promoters tested

compared to E. coli RNAP at the same promoters (Davis et al., 2015). This suggests that

M. tuberculosis, a slow growing bacterium, may have evolved a RNAP that initiates

transcription relatively inefficiently and therefore requires a stabilizing and enhancing

factor when high transcription is needed.

Activation by conformation change at the promoter

Some transcriptional activators don't interact with RNAP but directly affect the

conformation of the promoter DNA. The MerR family of transcription factors,

including Bacillus subtilis BmrR, regulates the expression of transporters in response to

toxic compound exposure. Promoters regulated by the MerR proteins have a non-

optimal 19 bp spacer between the -35 and -10 elements that results in these two
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promoter elements being on opposite sides of the double helix. RNAP can bind the UP

element and -35 element but the -10 element remains out of reach, preventing

isomerization. When activated, BmrR binds to the spacer and introduces a distortion

and untwisting in the DNA, bringing the -35 and -10 promoter elements into register

on the same side of the helix (Heldwein and Brennan, 2001).

The binding of nucleoid-associated proteins (NAPs) can also induce changes in the

conformation of DNA. NAPs are a class of proteins that are not related structurally or

with respect to sequence but share some common characteristics: they are typically

small (-100-200 aa), abundant and basic proteins that bind DNA in a sequence non-

specific manner by recognizing DNA shape, such as a narrow minor groove. Their

main function inside cells is to compact and organize the chromosome but most NAPs

also have profound effects on transcription regulation. NAPs can affect transcription by

introducing loops and bends in the DNA and constraining DNA supercoiling. One

example is the effect of IHF (integration host factor) at the ilvPG promoter, where

upstream binding of IHF results in transmission of negative supercoiling downstream

to the promoter, which facilitates strand opening at the -10 element (Sheridan et al.,

1998). A similar example is the regulation of the tyrT promoter by Fis (factor for

inversion stimulation). At this promoter the binding of three Fis dimers upstream of

the promoter creates a short DNA loop that constrains supercoiling and enhances

transcription (Travers and Muskhelishvili, 1998). Introduction of DNA loops by NAPs

can also favor repression. For example the binding of HU, the most conserved NAP in

bacteria, introduces a DNA bend at the gal promoter that is required for interaction
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between upstream and downstream GaiR dimers and complete transcriptional

repression (Lia et al., 2003).

Bacterial chromosomes are negatively supercoiled and supercoiling state can also

influence transcription. Several topoisomerases control the supercoiling state of the

chromosome: topo I relaxes negatively supercoiled DNA; gyrase relaxes positive

supercoils and introduces negative supercoils; and topo IV relaxes positive supercoils

and has an essential role in decatenation. Negative supercoiling is generally thought to

promote transcription by destabilizing DNA duplex and favoring strand separation

during open complex formation. However, the effects of supercoiling changes are

promoter-specific. For example, increased negative supercoiling increases transcription

initiation from the Topo I promoter (Tse-Dinh, 1985) but it reduces initiation from the

gyrA and gyrB promoters (the two subunits of gyrase) (Menzel and Gellert, 1983). This

regulation constitutes a homeostatic control to maintain an appropriate level of

supercoiling inside cells. Additionally, controlled tuning of supercoiling levels

constitutes a strategy employed by the cyanobacterium Synechococcus elongatus to

globally alter gene expression during the circadian cycle. Oscillations in gene expression

are strongly correlated with changes in superhelical status during the circadian cycle

(Vijayan et al., 2011). A causal link was established between the two; perturbing

supercoiling levels with a gyrase inhibitor results in a gene expression profile similar to

the one occurring during the circadian cycle at the corresponding supercoiling level

(Vijayan et al., 2009).
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Covalent modifications of the DNA such as methylation can also affect DNA-protein

interactions (reviewed in (Wion and Casadesd's, 2006)). In bacteria, DNA can be

methylated either on an adenine (N6-methyl-adenine) or a cytosine (C5-methyl-

cytosine and N4-methyl-cytosine). Methylation is carried out either by methylases that

are part of restriction-modification systems involved in recognizing foreign DNA

invasion, such as phage DNA, and orphan methylases, such as the Dam methylase in E.

coli and CcrM in Caulobacter, that usually have regulatory roles. DNA methylation

alters DNA curvature and recognition by DNA binding proteins and often affects

transcription initiation by promoting or inhibiting binding of an activator/repressor

protein (Wion and Casadesd's, 2006). This regulation is usually tied to the passage of the

replication fork that results in a period of hemi-methylated DNA until DNA is

remethylated. For example methylation of the tral promoter on the Salmonella enterica

virulence plasmid prevents binding of the activator Lrp. Passage of the replication fork

results in an hemi-methylated promoter permitting binding of Lrp at the one of the

hemi-methylated promoters (hemi-methylated on non-template strand) and

transcription activation (Camacho and Casadesdis, 2005).

V. Roles and functions of NAPs

Chromosomal DNA has to be compacted about 1000-fold to fit inside the cell. DNA

compaction is achieved by the combination of three factors: (i) DNA supercoiling, (ii)

transcription and (iii) NAP binding. NAPs are a diverse class of proteins that contribute

to genome organization. As mentioned in section IV, they are usually small and bind
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DNA with little or no sequence specificity. A common property of NAPs is their ability

to induce structural deformations to the DNA such as bending, wrapping and bridging

(Fig. 1.7). Below, I provide a short description of the best-characterized and major

NAPs in E. coli including HU, IHF, H-NS, Fis and SeqA and their roles in chromosome

biology.

HU IHF Fis H-NS

Figure 1.7: NAPs induce structural deformations to the DNA

HU, IHF and Fis introduce bends in the DNA (PDBs:1P78,1IHF,3JRA respectively). H-
NS can bridge DNA.

HU is a widely conserved, small (18 kDa) protein dimer formed of two subunits HUc.

and HUP (based on growth rate, HU forms homo- or heterodimers) (Ali Azam et al.,

1999). HU is composed of a helix-turn-helix domain involved in dimerization and two

antiparallel s-sheets that interact with the DNA minor groove in a sequence non-

specific manner. HU binding introduces a bend in the DNA through the intercalation

of conserved proline residues in the minor groove (Swinger et al., 2003). HU has also

been suggested to assemble in octameric structures forming spiral filaments with left-
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handed rotations capable of wrapping negatively supercoiled DNA (Guo and Adhya,

2007) which could explain how HU constrains negative supercoiling in vivo by

introducing toroidal supercoils. Indeed, a HU deletion mutant in E. coli has decreased

supercoiling and accumulates suppressor mutations in gyrase (Malik et al., 1996).

Additionally, a HUa variant with higher DNA binding affinity increases compaction

and supercoiling levels (Kar et al., 2005). ChIP-seq of HU in E. coli revealed that it has

very limited DNA binding specificity and is estimated to coat -10% of the chromosome

(Prieto et al., 2012). Hi-C studies of HU in C. crescentus found that HU mediates short-

range interactions, supporting a role in DNA compaction (Le et al., 2013).

IHF is related to HU in sequence and binds DNA by a similar mechanism (Rice et al.,

1996; Swinger et al., 2003), except that it recognizes an AT-rich consensus sequence

((A/T)ATCAANNNTT(G/A)) and introduces a much sharper (160'-180') bend into

the DNA. IHF binds DNA as a dimer and does not form higher oligomeric structures.

IHF regulates transcription, affecting more than 100 genes in E. coli (Arfin et al., 2000),

and DNA replication initiation. IHF is required for replication initiation synchrony and

binding of IHF at the origin of replication is thought to introduce bending that favors

binding of the replication initiator protein DnaA to its weaker affinity sites (reviewed in

(Mott and Berger, 2007)).

H-NS (Histone-like nucleoid structuring protein) is a small (15.5 KDa) and abundant

protein (2x10 4 copies per cell in E. coli) (Azam and Ishihama, 1999) found only in a

subset of proteobacteria. H-NS is composed of a N-terminal oligomerization domain

and a C-terminal DNA-minor-groove binding domain. H-NS binds AT-rich sequences
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(Kahramanoglou et al., 2011) and can oligomerize on DNA, forming either linear

filaments or bridged filaments (Dame et al., 2000). H-NS can constrain supercoiling

and increases on DNA compaction. Indeed, overexpression of H-NS is lethal and

results in very condensed nucleoids (Spurio et al., 1992). H-NS represses transcription

by preventing binding of RNAP at promoters and is sometimes referred to as the

'sentinel' of the genome as it silences transcription from foreign DNA and horizontally

acquired genes (usually more AT-rich) (Lucchini et al., 2006; Navarre et al., 2006). H-

NS suppresses pervasive and non-coding antisense transcription and helps in Rho-

dependent transcription termination (Kotlajich et al., 2015; Peters et al., 2012). Other

proteins not related in sequence or structure, such as Rok in B. subtilis and Lsr2 in M.

tuberculosis, similarly bind AT-rich sequences and may be functional analogs of H-NS

(Gordon et al., 2010; Smits and Grossman, 2010). Lsr2 can complement some

phenotypes of an hns mutant in E. coli (Gordon et al., 2008). Interestingly, even though

their structures are quite different, H-NS and Lsr2 bind DNA by a similar mechanism:

they insert a protein loop with conserved sequence Q/RGR into the DNA minor groove

(Gordon et al., 2010; 2011).

Fis is only found in enteric bacteria and is one of the most highly expressed genes in

exponentially growing E. coli cells (Ali Azam et al., 1999). Fis is a 22 kDa homodimeric

protein that binds the DNA major groove through a helix-turn-helix domain and

introduces a 50'-90' bend into the DNA. Fis binds DNA not based on sequence per se,

but instead recognizes narrow minor grooves (mostly AT-rich sequences) (Stella et al.,

2010). Fis can constrain negative supercoils (Auner et al., 2003) and also affect
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supercoiling indirectly by regulating the expression of gyrase (Schneider et al., 1999).

Fis has important roles in transcription regulation, including rRNA transcription, and

DNA replication initiation. Fis binds a single site in the origin of replication and

prevents IHF binding as well as DnaA binding to three origin sites (Mott and Berger,

2007).

SeqA is a small (18 kDa) protein specific to y-proteobacteria that recognizes the hemi-

methylated GATC sequence (N-methyl-adenine). SeqA was first identified as the

protein sequestering the origin of replication to prevent over-initiation (reviewed in

(Waldminghaus and Skarstad, 2010)). It is composed of two domains, a N-terminal

domain mediating dimerization and multimerization, connected by a flexible linker to a

DNA-binding domain at the C-terminus. SeqA binds as a dimer to a pair of hemi-

methylated GATCs. A fiber of dimers can form with additional interactions mediated

through the N-terminal multimerization domain (Guarne et al., 2005). Binding of this

multimeric SeqA fiber to DNA affects DNA topology by restraining negative supercoils

(Odsbu et al., 2005). Apart from a role in replication initiation, SeqA is involved in

replication elongation and sister chromosome cohesion and segregation (Joshi et al.,

2013; Rotman et al., 2014). SeqA trails the replication fork, binding to newly replicated

hemi-methylated DNA. It forms structures (likely similar to multimerized fibers)

spanning 100 kb that do not co-localize with the replication fork but are located 200 nm

on average behind it (Helgesen et al., 2015). These structures hold the two newly

replicated sister chromosomes together and are thought to play an important role for

replication fork stabilization and removal by TopoIV of precatenanes, originating from
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migration of positive supercoiling behind the fork (Helgesen et al., 2015; Joshi et al.,

2013; Kleckner et al., 2014). SeqA promotes activity of Topo IV by a direct interaction

but it is still unclear if this interaction plays a role at these SeqA structures (Kang et al.,

2003).

As noted in section IV, NAPs affect transcription activation and repression but their

effects extend far beyond transcription regulation. NAPs are involved in almost all

aspects of chromosome biology, including chromosome organization and regulation of

supercoiling levels, replication initiation and elongation, chromosome segregation,

recombination and DNA repair, and transcription elongation and termination.

Notably, most NAPs are not conserved across bacteria phyla and most of the studies

were performed on E. coli NAPs. Therefore, a complete picture of the diversity of NAPs

in bacteria is clearly missing. Future discoveries and characterizations of NAPs promise

to uncover new mechanisms by which NAPs affect fundamental processes taking place

on DNA.

VI. Caulobacter crescentus as a model system

Regulation of cell cycle gene expression in Caulobacter

Caulobacter is a fantastic and well-established model system to study the bacterial cell

cycle and the regulation of gene expression during this process. Caulobacter is

genetically tractable, easily synchronizable and its cell cycle proceeds through

morphologically distinct stages, reminiscent of the eukaryotic cell cycle, having separate
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G1, S and G2/M phases. Caulobacter divides asymmetrically; each division yields a

sessile, replication-competent 'stalked' cell and a motile, replication-incompetent

'swarmer' cell, which will, after a set period of time, differentiate into a stalked cell (Fig

1.8).

Temporal regulation of gene expression is critical for proper cell cycle progression and

a nearly a third of all Caulobacter genes is cell cycle regulated (Fang et al., 2013; Laub et

al., 2000). One essential transcription factor contributing to this regulation is CtrA, a

two-component response regulator that directly regulates the expression of nearly 100

genes involved in cell cycle progression and morphogenesis (Laub et al., 2002). GcrA, a

highly conserved protein in alpha-proteobacteria, has been proposed to positively

regulate the transcription of ctrA (Holtzendorff et al., 2004). GcrA levels oscillate out of

phase with CtrA: GcrA is absent in swarmer cells and is expressed at the swarmer-to-

stalked transition when CtrA is degraded (Collier et al., 2006; Holtzendorff et al., 2004).

The mechanism by which GcrA activates gene expression as well as its direct regulon

and cell-cycle function are unknown. The replication initiator DnaA has also been

shown to act as transcription factor in Caulobacter linking replication initiation with

the activation of at least 13 genes, including gcrA (Hottes et al., 2005). Additional

transcription factors are likely part of this cell cycle regulation and a role for

chromosome organization or NAPs has not been excluded.

Chromosome organization and NAPs in Caulobacter

Caulobacter is also an established model system to study chromosome organization and

dynamics. Caulobacter initiates replication only once per cell cycle, in contrast to E. coli
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that undergoes overlapping rounds of replication, facilitating the tracking of individual

chromosome loci. The chromosome is arranged in a typical configuration inside cells:

the origin of replication is anchored at one pole (swarmer pole) and the terminus is

close to the other pole. Upon replication initiation one origin is segregated to the

opposite pole, which results in an ori-ter-ori arrangement of the chromosome (Fig. 1.8)

o ori
o ter

Figure 1.8: Caulobacter cell cycle and chromosome configuration

The Caulobacter cell cycle starts in the swarmer stage (left most cell). The swarmer cell
then differentiates into a stalked cell and initiates DNA replication (two origins are now
present in the cell). During DNA replication the chromosome is arranged as ori-ter-ori,
with one origin at each pole. Each division is asymmetric yielding a swarmer and a
stalked cell.

Several factors have been implicated in organizing the Caulobacter chromosome

including the SMC (Structural maintenance of chromosome) protein and HU but

deletions of these factors have no obvious growth or cell cycle phenotypes, indicating

that additional players remain to be identified (Le et al., 2013). Indeed, Caulobacter

lacks the E. coli specific NAPs including H-NS, Fis and SeqA.
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VII. Research Summary

The subsequent chapters describe the characterization of two essential DNA-binding

proteins from Caulobacter that profoundly affect the transcription regulation of the cell.

In chapter 2, I describe my work on GcrA, an essential cell-cycle regulator that activates

transcription by a new mechanism. GcrA does not bind promoters independently of

RNAP but instead constitutively associates with RNAP via an interaction with G2. I

show that GcrA preferentially binds to a subset of GANTC methylation sites in

Caulobacter and can promote binding of RNAP and stimulates the rate of isomerization

at promoters that harbor such methylation sites. I also identify the direct GcrA regulon

and provide insights into GcrA's essential cell-cycle functions. Namely, I show that

GcrA ensures the coupling of DNA replication and cell division. In chapter 3, I focus on

the roles of NAPs in transcription regulation. I report the identification of a new NAP,

CnpA that is specific to alpha-proteobacteria. I show that CnpA associates with AT-rich

DNA but is likely not an H-NS functional analog as it does not repress transcription of

these regions. Instead, we propose a model in which CnpA impacts global supercoiling

levels. In chapter 4, I discuss potential future directions and experimental approaches

for these two projects.
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Chapter 2

The bacterial cell-cycle regulator GcrA is a ao co-factor that

drives gene expression from a subset of methylated promoters

This work was published as Haakonsen, DL, Yuan, AH, Laub, MT, 2015. Genes Dev 29: 2272-2286.
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Summary

Cell cycle progression in most organisms requires tightly regulated programs of gene expression.

The transcription factors involved typically stimulate gene expression by binding specific DNA

sequences in promoters and recruiting RNA polymerase. Here, we find that the essential cell

cycle regulator GcrA in Caulobacter crescentus activates the transcription of target genes in a

fundamentally different manner. GcrA forms a stable complex with RNA polymerase and

localizes to almost all active U
70-dependent promoters in vivo, but activates transcription

primarily at promoters harboring certain DNA methylation sites. Whereas most transcription

factors that contact a70 interact with domain 4, GcrA interfaces with domain 2, the region that

binds the -10 element during strand separation. Using kinetic analyses and a reconstituted in

vitro transcription assay, we demonstrate that GcrA can stabilize RNA polymerase binding and

directly stimulate open complex formation to activate transcription. Guided by these studies, we

identify a regulon of -200 genes, providing new insight into the essential functions of GcrA.

Collectively, our work reveals a new mechanism for transcriptional regulation, and we discuss

the potential benefits of activating transcription by promoting RNA polymerase isomerization

rather than exclusively recruitment.
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Introduction

Tightly regulated programs of transcription underlie countless cellular and developmental

processes throughout biology. In bacteria, transcription is performed by the multi-subunit DNA-

dependent RNA polymerase (RNAP). The RNAP core enzyme (composed of a2f 'W subunits) is

capable of RNA synthesis, but cannot initiate promoter-specific transcription. Transcription

initiation at promoters requires a a factor that associates with the core enzyme to form RNAP

holoenzyme (Lee et al. 2012). Bacteria typically encode one primary a factor, such as (7o in

Escherichia coli, that is responsible for most transcription during exponential growth and

multiple alternative sigma factors required for gene expression in different growth or stress

conditions (Gruber and Gross 2003). The recognition of conserved promoter elements by the a

subunit leads to binding of the RNAP holoenzyme to promoters in an initial, typically unstable,

closed complex (RPc). Through a series of isomerization steps, sigma mediates strand separation

at the -10 element of the promoter, resulting in a transcription-competent, stable open complex

(RPo) that can initiate RNA synthesis (Saecker et al. 2011).

In bacteria, the regulation of transcription occurs primarily at the level of initiation. The

predominant mechanism underlying transcription activation involves regulators that bind

specific DNA sequences upstream of, or within, the promoter. These canonical transcription

factors typically bind DNA independently, recruiting RNAP to target promoters by contacting

the a subunit or domain 4 of a, which binds the -35 promoter element (Lee et al. 2012).

Canonical transcription factors are usually present only at promoters that harbor a close match

to their consensus binding motif. In contrast, a few regulators are known to interact tightly with

RNAP and are found at virtually all active promoters (Haugen et al. 2008). These regulators,
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including E. coli DksA (Lennon et al. 2012; Paul et al. 2004; Rutherford et al. 2009) and

Mycobacterium tuberculosis CarD (Srivastava et al. 2013; Stallings et al. 2009), do not affect the

initial recruitment of RNAP to promoters, but instead regulate the transition from the closed to

open complex, although their mechanisms of action are incompletely understood.

Temporal regulation of gene expression is critical for cell-cycle progression in the a-

proteobacterium Caulobacter crescentus. This organism divides asymmetrically, yielding a sessile,

replication-competent 'stalked' cell and a motile, replication-incompetent 'swarmer' cell, which

can then differentiate into a stalked cell (Curtis and Brun 2010; Skerker and Laub 2004). Nearly a

third of all genes in Caulobacter show cell cycle-dependent expression (Fang et al. 2013; Laub et

al. 2000). These patterns of gene expression are driven by several transcription factors. Some are

canonical transcription factors that recognize specific DNA sequences within the promoters of

target genes. For example, the response regulator CtrA directly binds to and regulates the

expression of - 100 genes, mostly during late stages of the cell cycle (Laub et al. 2002).

Another important, but poorly understood cell-cycle transcription factor is GcrA, which

accumulates during the swarmer-to-stalked cell transition (Holtzendorff et al. 2004). The precise

role of GcrA in cell cycle progression remains unclear, and the direct regulon of GcrA is

unknown. The first report on GcrA identified -125 genes whose expression changed after

depleting GcrA, but did not distinguish direct and indirect targets (Holtzendorff et al. 2004).

More recently, ChIP-Seq analysis of GcrA was reported, but there was little overlap between the

genes showing highest GcrA promoter occupancy and those originally reported as GcrA-

dependent, and no consensus binding site was identified although GcrA was shown to bind

preferentially to N-adenine methylated GANTC sites in vitro (Fioravanti et al. 2013).
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GcrA was proposed to activate transcription by binding independently to all GANTC sites and

recruiting RNAP (Fioravanti et al. 2013). However, little data exists to support a canonical

recruitment mechanism. Although some GcrA-bound promoters have nearby GANTC sites,

GcrA also associates with many promoters lacking methylation sites, and there are many

methylation sites in the genome without GcrA bound. Moreover, the expression of many genes

with methylation sites is unaffected by the loss of GcrA. In short, the mechanism by which GcrA

affects gene expression is unclear, and the relationship between GcrA and DNA methylation

remains ill-defined.

Here, we demonstrate that GcrA forms a stable complex with RNAP holoenzyme through an

interaction with the primary sigma factor &j3 (hereafter a'( for consistency with E. coli),

associating with nearly all G7"-regulated promoters. However, GcrA does not affect the expression

of most genes. Instead, our results show that GcrA primarily boosts expression from promoters

harboring an extended recognition element containing certain GANTC methylation sites. GcrA

interacts with the domain of j" that binds the -10 element during strand separation, and we

show that GcrA stimulates transcription at promoters by increasing both binding of RNAP and

open complex formation. Collectively, our findings favor a model in which GcrA is brought to

promoters primarily via its interaction with RNAP holoenzyme containing &y", stimulating the

expression of genes harboring certain promoter-proximal methylation sites. Unlike many

canonical transcription factors GcrA does not bind only to target promoters and simply recruit

RNAP. Informed by these mechanistic studies, we combine ChIP-Seq and expression profiling to

identify the direct GcrA regulon and to define a more precise role for GcrA in cell cycle

progression.
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Results

GcrA colocalizes genome-wide with RNAP holoenzyme containing a70

To map the genome-wide binding profile of GcrA, we performed ChIP-Seq using an anti-FLAG

antibody on cells producing GcrA with a 3xFLAG tag at its C-terminus from either the native

gcrA promoter or a xylose-inducible promoter. These two strains produced GcrA at

approximately wild-type levels and were morphologically similar to the wild type. The ChIP

profiles were highly correlated (R=0.97) (Fig. 2.2A-B), and similar to a profile produced with a

polyclonal antibody (Murray et al. 2013). Comparison of our GcrA-3xFLAG ChIP profiles to a

control profile generated for cells expressing untagged GcrA indicated widespread enrichment of

GcrA-3xFLAG across the Caulobacter genome (Fig. 2.2C). GcrA was found primarily in

promoter regions, with enrichment above background at more than 500 different intergenic

locations.

To determine whether the promoter regions bound by GcrA were transcriptionally active, we

generated ChIP-Seq profiles of RNAP and U71 using an anti-FLAG antibody on cells producing a

3xFLAG tagged variant of the P' subunit of RNAP and an anti-&'0 antibody on wild-type cells,

respectively. The profiles for RNAP and &y( each had striking overall similarity to the GcrA

profile (Fig. 2.1A-C, 2.2D-E). In general, the 70 ChIP signal showed high correlation with the

GcrA and RNAP ChIP signals, i.e. promoters with high G7 enrichment tended to also have high

GcrA enrichment (Fig. 2.2E), with some exceptions discussed below. However, RNAP was found

in promoters and within genes, whereas G7 ' and GcrA were found almost exclusively in

promoters (Fig. 2.1B). Collectively, the ChIP-Seq profiles indicate that GcrA is localized to

virtually all active y
7 -dependent promoters. Taken together, our data suggest that (i) iY may be
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for GcrA, RNAP and (70 at active promoters (see Materials and Methods) over a 1 kb range
around the promoter and sorted based on a70 signal. Colorbars indicate enrichment in rpm. (D)
Normalized ChIP-Seq signals for the factors indicated from rif-treated cells. (E) ChIP-Seq signals
for RNAP, GcrA, a70, aC5 or a32 from rif-treated cells at representative a 4 or a" regulated
promoters.

the primary determinant of where GcrA binds across the genome, and (ii) GcrA associates with

RNAP, but only during transcription initiation (Fig. 2.1B).

To further test whether GcrA associates specifically with a7 -dependent promoters, we treated

cells for 30 minutes with rifampicin, which traps RNAP at promoters (Campbell et al. 2001). We

then performed ChIP-Seq for RNAP (P' subunit), GcrA, 707, a4, and a 2 . The latter two proteins

are alternative sigma factors that recognize different promoter consensus sequences. As expected,

RNAP was found almost exclusively in intergenic, promoter regions. A comparison to the other

ChIP profiles for rifampicin-treated cells, indicated that GcrA localized to promoters at which

a 70, but not 014 or a32, was present (Fig. 2.1D-E). These findings demonstrate that GcrA promoter

association in vivo is specific to a7'-dependent promoters, suggesting that GcrA may be targeted

to these promoters by interacting with 70 . Additionally, we noted that in rifampicin-treated cells,

GcrA occupied promoters that had not exhibited significant occupancy by GcrA, RNAP, or a 70 in

untreated cells (Fig. 2.2F) indicating that GcrA has an even more widespread binding pattern

than previously appreciated.

GcrA forms a stable complex with RNAP holoenzyme containing a71

To test whether GcrA is recruited to promoters through a direct interaction with the a70 -

containing RNAP holoenzyme, we sought to determine whether GcrA and RNAP holoenzyme
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the indicated strains grown to exponential phase was examined via phase microscopy. (B)
Scatterplot of ChIP-Seq signals for two GcrA-3xFLAG strains (AgcrA, Pyr-gcrA-3xFLAG grown
in PYE + xylose) and (PgcragcrA-3xFLAG grown in PYE) at c7O promoters with normalized T70

signal > 0.1 (N=450). (C) ChIP-Seq profiles of GcrA (red) (AgcrA, Pxy-gcrA-3xFLAG grown in
PYE + xylose) and untagged GcrA (black) (AgcrA, Pyr-gcrA grown in PYE + xylose) both
immunoprecipitated with an anti-FLAG antibody. (D) Scatterplot of ChIP-Seq signals for GcrA
(AgcrA, PxyrgcrA-3xFLAG grown in PYE + xylose) and U70 (wild-type grown in PYE) at a71

promoters with normalized y70 signal > 0.1 (N=450). (E) Scatterplot of ChIP-Seq signals for
RNAP (rpoC::rpoC-3xFLAG grown in PYE) and a7 (wild-type grown in PYE) at a70 promoters
with normalized 070 signal > 0.1 (N=450). (F) Rifampicin-treated and untreated ChIP-Seq signals
for GcrA and y7" at two promoters that are not bound in untreated condition. The two genomic
regions are schematized at the bottom with vertical black lines indicating locations of GANTC
methylation sites.

interact. First, we mixed Caulobacter cell lysate with purified GST-GcrA immobilized on

glutathione beads and then tested for retention of three subunits of RNAP holoenzyme, a, P', and

&r . We observed clear enrichment of each subunit indicating that RNAP holoenzyme was pulled

down as a complex by GcrA (Fig. 2.3A). Importantly, the interactions detected were specific, as

RNAP holoenzyme subunits were not recovered by GST alone, and GST-GcrA did not pull down

other DNA-binding proteins such as DnaA (Fig. 2.3A). Second, we used an anti-FLAG antibody

to immunoprecipitate RNAP from cells producing a 3xFLAG-tagged variant of the P' subunit of

RNAP; Western blot analysis indicated that GcrA co-immunoprecipitated with RNAP, as did

the a subunit of RNAP and a7 , as expected (Fig. 2.3B). Taken together, these data indicate that

GcrA forms a stable complex with RNAP holoenzyme.

GcrA is brought to promoters through a direct interaction with domain 2 of a"

To determine which subunit of RNAP interacts with GcrA, we used a bacterial two-hybrid

system based on complementation of the two adenylate cyclase fragments T18 and T25

(Karimova et al. 1998). We fused GcrA to T18 and each subunit of RNAP holoenzyme to T25,
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interaction between the N-terminal and C-terminal domains of GcrA and a 70. A schematic of
GcrA is shown below. (G) ChIP-qPCR using an anti-FLAG antibody on rif-treated cells
expressing GcrA-3xFLAG, GcrAAN-3xFLAG, or GcrAAC-3xFLAG from a plasmid in cells
depleted of untagged GcrA (AgcrA, Pvan-gcrA) for 2 hours. Fold enrichment for GcrA:. 7

' ratio is
relative to a control strain containing an empty vector. Error bars = S.D., n=2 for each of 4
different promoters. (H) Bacterial two-hybrid analysis of the interaction between GcrA and
fragments of y70 summarized below.

and then coexpressed gene fusion pairs in E. coli. We detected an interaction between GcrA and

a70 , but not the other subunits of RNAP (Fig. 2.3C). The interaction was specific to &?", as we

detected no interaction between GcrA and oY" or .32 (Fig. 2.3D) or any of the other 16 predicted

Caulobacter sigma factors (Fig. 2.4A). Although a negative result in the bacterial two-hybrid

assay does not completely rule out a potential interaction, these results are consistent with our

ChIP-Seq data (Fig. 2.1D). We verified that the interaction between GcrA and 0' was direct

using affinity chromatography in vitro. Again, we observed a stable interaction of purified GST-

GcrA with Y'O, but not y32 or a" (Fig. 2.3E).

To determine which domain of GcrA interacts with U70 we tested truncations of GcrA in the

bacterial two-hybrid assay. GcrA has a predicted helix-turn-helix at its N-terminus connected by

a long linker to a C-terminal domain of unknown function. We detected an interaction only

between the C-terminal domain of GcrA and 0.70 (Fig. 2.3F). To determine whether this

interaction is sufficient to localize GcrA to promoters we performed ChIP-qPCR using an anti-

FLAG antibody on cells depleted of full-length GcrA and expressing a 3xFLAG-tagged fragment

lacking either the N-terminal domain, GcrAAN or the C-terminal domain, GcrAAC. We found

that GcrAAN, but not GcrAAC, localizes to promoters with 070 (Fig. 2.3G), indicating that the N-

terminal helix-turn-helix domain is not required to recruit GcrA to promoters. These data
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(A) Bacterial two-hybrid analysis of the interaction between GcrA and the 16 predicted
alternative Caulobacter sigma factors is shown. The number on top of each column is the CCNA
gene number of the sigma factor tested. (B) Alignment of domain 2 of Caulobacter and E. coli IO .
Chimera composition is given below the alignment with blue for Caulobacter and red for E. coli.
The same color scheme is shown on the E. coli crystal structure of domain 2 (4LK1) (Bae et al.
2013). N and C termini are labeled on the crystal structures. Bacterial two-hybrid analysis of the
interaction between GcrA and domain 2 of 070 from Caulobacter, E. coli, and chimeras 1 and 2.
(C) Western blot using anti-FLAG antibody for variants of GcrA-3xFLAG after 2 hour induction
with 0.3% xylose; related to (Fig. 2.3G). FL is for full-length, E is the empty vector.

strongly support a model in which GcrA is brought to a04-promoters primarily via an interaction

with RNAP holoenzyme, not by binding DNA independently.

To determine which domain of al7 contacts GcrA, we tested the ability of individual domains of

a70 to interact with GcrA in the bacterial two-hybrid system. a70 has 4 structural domains, with

domains 2 and 4 (02 and G4) involved in binding the -10 and -35 promoter elements, respectively.

Transcriptional activators that interact with y70 typically recruit RNAP to promoters by making

contact with 04 (Lee et al. 2012). However, we found that 02, not 04, was sufficient to mediate an

interaction with GcrA (Fig. 2.3H), indicating that GcrA may regulate transcription through an

unconventional mechanism. To better define the region of 02that interacts with GcrA, we took

advantage of the fact that E. cOli 02does not interact with GcrA (Fig. 2.4B) and tested E. coli-

Caulobacter 02 chimeras for interaction with GcrA. This analysis indicated that GcrA likely

interacts with 02 through the two a-helices formed by regions 1.2 and 2.1, as well as the N- and

C-terminal ends of the non-conserved region (Fig. 2.4B).
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GcrA binding affinity for methylation sites is sequence specific

Consistent with GcrA being recruited to a" -dependent promoters in vivo through a direct

interaction with RNAP holoenzyme, our ChIP-Seq studies indicated a strong correlation between

the binding profiles of GcrA and al". However, the correlation was not perfect, perhaps

indicating that GcrA exhibits some DNA sequence specificity, even though promoter association

occurs primarily via a70. A previous study found that GcrA binds methylated DNA in vitro and

proposed that methylated GANTC sites were required for GcrA binding in vivo (Fioravanti et al.

2013). However, many promoters bound by GcrA in vivo do not have methylation sites and the

enrichment of GcrA at promoters with methylation sites varied significantly (Fig. 2.6A).

To examine the DNA sequence and methylation specificity of GcrA, we measured the affinity of

GcrA for methylated and unmethylated DNA in vitro by filter binding. Using unmethylated

probes derived from the ftsZ and mipZ promoters, we measured a Kd of -0.5 tM (Fig. 2.6B).

Using methylated PftsZ and Pmipz probes, we observed a 1.4 and 1.7-fold reduction in Kd,

respectively (Fig. 2.6B). Notably, the Kd of GcrA for methylated Pnipz was lower than for

methylated Pisz, but GcrA occupancy in vivo, as judged by ChIP-Seq, was significantly higher at

Psz (Fig. 2.6C). Thus, DNA binding affinity and the presence of a GANTC methylation site are

insufficient to explain GcrA enrichment at a given promoter.

To identify other sequence elements influencing GcrA binding, we examined the ChIP-Seq

signals for GcrA, a7, and RNAP at all 4,542 GANTC methylation sites across the Caulobacter

genome. The majority of sites had little or no GcrA bound (Fig. 2.5A). Of the methylation sites

that were bound by GcrA, most were also bound by &70, indicating that these sites are in or near
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Figure 2.5. GcrA binding affinity for methylation sites is sequence specific.

(A) ChIP-Seq signals for GcrA, RNAP and Y" in rif-treated cells plotted over 1 kb ranges
centered at each of the 4542 GANTC methylation sites in the Caulobacter genome. Signals were
capped at 20 rpm and sorted based on the GcrA signal. (B) Identification of a consensus GcrA
binding motif. ChIP signals for GcrA, RNAP and a7O for one of the regions used in the analysis
are shown. The motif obtained from the 20 selected sequences is depicted. (C) Plot of average
ChIP signal for 070 versus GcrA at each of 32 possible NGANTCN variants. Analysis was
performed on ChIP signals from rif-treated cells and restricted to non-promoter regions. One
non-NGANTCN site (gray) is shown for comparison. Also see Fig. 2.6D. (D) GcrA binding
curves for the probes indicated: methylated Pmipz, unmethylated PmiPZ, and methylated Pmipz

mutated to have low-ranking methylation sites, Pmipz(LM). Sequences surrounding the
methylation sites in Pmipz and Pmipz(LM) and their ranks are indicated. Error bars represent SDs
(n=3). (E) Normalized histogram of the GcrA:a" ChIP ratio at 0" promoters and motif
identified in promoters with high ratios (N=25). (F) Histograms of GcrA:G"& ChIP ratio for
promoters lacking methylation sites within 40 bp of the transcription start site (black),
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containing at least one methylation site ranked #1-8 (green) or #25-32 (orange); ranks based on
panel C and Fig. 2.6D.

promoters (Fig. 2.5A). However, some methylation sites within genes showed occupancy by

GcrA with no enrichment of 0'; the enrichment of GcrA at these sites was substantially less than

observed at promoters, supporting the notion that the genomic binding of GcrA is determined

primarily by its interaction with (Y". Nevertheless, we hypothesized that intergenic sites bound by

GcrA may have sequence elements that strongly favor GcrA binding. MEME analysis of 20 such

locations revealed a consensus sequence of TGATTCG or, more broadly, YGAKTCK where Y=C

or T and K=G or T (Fig. 2.5B).

To assess the relevance of this motif, we calculated the average GcrA ChIP signal at all intergenic

locations having one of the 32 possible NGANTCN sequences (Fig. 2.5C, 2.6D). This analysis

revealed a clear hierarchy, or ranking, of the 32 sequences in terms of GcrA binding, with 7 of the

8 sequences exhibiting highest GcrA signal included in the consensus YGAKTCK (Fig. 2.5B-C,

S3D). To verify the inferred binding preferences of GcrA we measured its affinity for a

methylated Pmipz probe containing the 3rd and 12th highest ranked sequences, TGAGTCG and

AGAGTCG, and a probe, called Pmipz(LM) (low-ranked methylation sites) in which these

sequences were mutated to the 3 0 1h and 32 nd ranked sequences, GGAGTCT and AGATTCA. The

four nucleotide substitutions in Pmip(LM) reduced the binding affinity of GcrA to a level

observed when the Pmipz probe was unmethylated (Fig. 2.5D). We observed a similar effect when

mutating sites in a probe derived from the cckA promoter (Fig. 2.6E).
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sites at 070promoters.

(A) Scatterplot of ChIP-Seq signals for GcrA (AgcrA, Px 1gcrA-3xFLAG grown in PYE + xylose)
and U7O (wild-type grown in PYE) at y7 promoters. Promoters with at least one methylation site
within 40 bp of the transcription start site are shown in blue, the rest are in black. (B) In vitro
GcrA binding affinity measured by filter binding for the probes (each -160-200 bp) indicated.
The average for three replicates with SD is shown. The Pripzpanel includes the same data in Fig.
2.5D for comparison. Sequences surrounding the methylation sites in Pripz and Pftz and their
ranks are indicated. (C) The ChIP signals for GcrA, RNAP and o70 from rifampicin-treated cells
at the mipZ and ftsZ promoters. The transcriptional start sites are shown for reference.
Methylation sites positions (given by middle N of NGANTCN) are indicated with a vertical line
(Pmipz: site ranked 12 th is at +4 and site ranked 3 rd is at +12 ; Ptsz: site ranked 3 rd is at -21 and site
ranked #22 is at -73). (D) Ranking of the 32 NGANTCN sequences based on the average ChIP
enrichment of GcrA at all non-promoter regions harboring each sequence; also see Fig. 2.5C. (E)
GcrA binding curves for the probes indicated: methylated PCCkA, unmethylated PCCkA, and
methylated PCCkA mutated to have low-ranking methylation sites, PCCkA(LM). Sequences
surrounding the methylation sites in PcckA and PCCkA(LM) and their ranks are indicated. Location
of transcription start site is given for reference, methylation site ranked 3 rd is at +13. The average
for three replicates with SD is shown. (F) Histograms of the GcrA:71 ChIP ratios at a71
promoters. Ratios were computed at all transcription start sites mapped with (y71 signal > 6 rpm.

To test whether the recognition motif YGAKTCK impacts GcrA binding at promoters, we

computed the ratio of GcrA:70 ChIP signal at each acf promoter. MEME analysis of the top 25

promoters revealed a motif (Fig. 2.5E) almost identical to that identified above. We also found

that promoters containing a methylation site ranked 1-8, i.e. those closely matching the

consensus YGAKTCK, typically had much higher GcrA:a7 " ratios than promoters with no

methylation site or a low-ranked methylation site (Fig. 2.5F, 2.6F). These observations indicate

that the DNA-binding specificity of GcrA identified influences the extent of GcrA occupancy at

promoters in vivo.
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GcrA promotes transcription and RNAP open complex formation at methylated promoters

To assess the importance of consensus methylation sites on GcrA-dependent transcription in

vivo, we constructed reporters in which a mipZ promoter near the native mipZ chromosomal

locus drives expression of the yellow fluorescent protein Venus. Using Western blot analysis we

found that mutating the high-ranked methylation sites in the mipZ promoter to low-ranked sites

reduced expression in vivo by nearly 80%, similar to the effect of eliminating the methylation

sites completely (Fig. 2.7A).

We also examined the effects of mutating DNA methylation sites using an in vitro transcription

assay with purified Caulobacter RNAP holoenzyme containing <Y" and GcrA. Using the wild-

type, methylated mipZ promoter as template produced a transcript of the expected size (Fig. 2.7B,

Fig. 2.8). Mutating the two high-ranked methylation sites to low-ranked sites or eliminating

methylation sites completely dramatically reduced transcription in this assay, consistent with our

in vivo reporter studies. Importantly, at the concentration of GcrA used, GcrA does not stably

bind DNA (Fig. 2.5D). To gain further insight into the binding affinity of GcrA for RNAP

holoenzyme, we repeated the in vitro transcription assay with varying levels of GcrA.

Transcription was maximal at 15 nM indicating that GcrA's Kd for RNAP is less than 15 nM (Fig.

2.7C). Higher concentrations of GcrA, at which some DNA binding is observed, seemed to

partially inhibit the reaction, possibly by preventing binding of RNAP to the promoter. These

data strongly support a model in which GcrA is brought to promoters via a tight interaction with

RNAP rather than recruiting RNAP through independent DNA binding.
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Figure 2.7. GcrA promotes open complex formation at methylated promoters.

(A) Western blot analysis of a Venus reporter expressed from the wild-type Pmijy harboring two
high-ranked methylation sites, a variant containing low-ranked methylation sites, or a variant
with no methylation sites. Band intensities were quantified (bottom); error bars represent SDs
(n=2). RpoA is a loading control. (B) Multiple-round in vitro transcription reactions using the
promoter variant indicated as template. Reactions contained purified Caulobacter RNAP
holoenzyme (2 nM) and GcrA (62.5 nM). Band intensities were quantified (right); error bars
represent SDs (n=2). (C) Multiple-round in vitro transcription reactions using the methylated
wild-type mipZ promoter as template. Reactions contained purified Caulobacter RNAP
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holoenzyme (2 nM) and varying levels of GcrA. (D) Kinetics of open complex formation using
1.25 nM Caulobacter RNAP holoenzyme +/- 250 nM GcrA. Error bars represent SDs (n=2). (E)
Single-round in vitro transcription assays using a probe containing the methylated, wild-type
mipZ promoter as template. Reactions containing purified Caulobacter RNAP holoenzyme (1.25
nM) +/- GcrA (250 nM) and DNA probe were preincubated and nucleotides, along with heparin,
were added at the indicated time points. +/-GcrA samples were imaged on the same gel. (F)
Kinetic scheme of transcription initiation, highlighting K, the binding constant of holoenzyme
to promoter DNA, and ki, the aggregate forward rate constant of isomerization from the closed to
open complex. (G) Summary of kinetic parameters for GcrA-dependent transcription from
methylated PCCJA. (H) Kinetics of open complex formation at the methylated cckA promoter using
varying concentrations of Caulobacter RNAP holoenzyme and 1 mM ATP. Error bars represent
SDs (n=2). (I) Kinetics of open complex formation at the methylated cckA promoter using
varying concentrations of Caulobacter RNAP holoenzyme, 250 nM GcrA and 1 mM ATP (see
Materials and Methods). Error bars represent SDs (n=2). (J) Plot of corrected kobs obtained from
each of the curves in (H-I) versus RNAP concentration and fitted to obtain the constants KB and
ki reported in Fig. 2.7G (see Materials and Methods).
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Figure 2.8. Kinetic analysis of open complex formation by RNAP holoenzyme and GcrA on
the cckA promoter.

Multiple-round in vitro transcription from the methylated mipZ promoter using the indicated
probe (right). Methylation sites positions (given by middle N of NGANTCN) are indicated with
a vertical line (site ranked 12th is at +4 and site ranked 3rd is at +12). Probe 2 is the same probe
used in Fig. 2.7.
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To further examine how GcrA impacts transcription, we implemented a filter binding assay for

measuring open complex formation. We incubated purified Caulobacter RNAP holoenzyme with

a radiolabeled, methylated, Pmipz probe in the presence or absence of GcrA, and then isolated

open complexes on nitrocellulose filters after competing away closed complexes with heparin. A

time course of open complex formation demonstrated that GcrA strongly promotes open

complex formation with maximal levels of open complex forming within 2-3 minutes with GcrA

while remaining relatively low up to 50 minutes without GcrA (Fig. 2.7D). Similarly, we found

that GcrA strongly stimulated transcription from the wild-type, methylated, mipZ promoter in a

single-round in vitro transcription assay (Fig. 2.7E).

The stimulation of open complex formation (Fig. 2.7D) could indicate that GcrA affects binding

of RNAP to promoters or isomerization to the open complex, or both (Fig. 2.7F). To distinguish

between these possibilities, we measured the kinetics of open complex formation using a filter

binding assay while titrating RNAP holoenzyme. For these experiments we used a probe

corresponding to the cckA promoter as the time course data for this probe were fit well by a

single exponential model, enabling us to disentangle the effects of GcrA on RNAP binding and

isomerization (see Materials and Methods). Our results indicated that GcrA increases KB, the

binding constant for RNAP in the closed complex form, by approximately 5.4-fold and increases

ki, the aggregate forward rate constant for isomerization from the closed to open complex, by

approximately 3.9-fold (Fig. 2.7G-J).

GcrA regulates genes harboring promoter-proximal, near-consensus methylation sites

The composition of the GcrA regulon has been elusive, in large part because ChIP-Seq analysis

alone is insufficient to pinpoint direct targets, a consequence of the fact that GcrA associates with
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virtually all a"-regulated promoters. As a first step to defining the GcrA regulon, we used DNA

microarrays to measure RNA levels in synchronized populations of wild-type and GcrA-depleted

cells at 30, 45 and 60 min post-synchronization, the time window when GcrA normally

accumulates to maximal levels (Fig. 2.9A). We identified 364, 590 and 444 genes at each time

point with at least 1.75-fold lower expression in the GcrA-depleted cells relative to wild-type

cells.3 In total, GcrA appears to positively regulate at least 774 genes, either directly or indirectly.

A 0 15 30 45 60 75 90 min. post
synchrony

GcrA 40*,

RpoA OM M Mft M M a mw w

Gi S G2

B

E
0

0

nucleotide synthesis

chromosome structure
& DNA repair

] cell divisionjcell wall & membrane
biogenesis
motility & polar
morphogenesis

0

10
.C:

0)

]Hypothetical

promoters of genes down-
regulated in GcrA-depleted cells

350 - 30 min 45 min 60 min

300

250

200

150

100

50

N-217 N=315 N=261

promoters in
GcrA regulon

2

E

E

in
0

ol

2d

120

80

40

0

4000

3000 -

2000 -

1000 -

All promoters

N=1152

whole
genome

1200

1000

800

600 - GANTC site Li

GcrA:(1
70 

ChlP < 0.7
400 + GANTC site

200 GcrA:(j
70 ChIP > 0.7

+ GANTC site U
0

methylation site rank

# 1-10

# 11-20

# 
#21-32

proteins I

repression induction -40 -30 -20 -10 +1 10 20 30 40

-1.5 -0.9 -0.3 0 0.3 0.9 1.5 location of methylation site relative to TSS

Figure 2.9. GcrA regulates genes with promoter-proximal, near-consensus methylation sites.

'http://genesdev.cshlp.org/content/suppl/2015/11/06/29.21.2272.DC1/T able S1.xls

84

I

8 

j 

I I.

C

1.

V



(A) Western blot for GcrA and RpoA (loading control) during the cell cycle, summarized below.
GcrA, CtrA (not shown) and RpoA were imaged on the same blot. (B) Promoters of genes down-
regulated in GcrA-depleted cells at each time point indicated were categorized based on their rif-
treated GcrA:&" ChIP ratio and presence of a methylation site within 40 bp of the transcription
start site. Distribution at all promoters (right) is given for comparison. (C) Cell-cycle expression
patterns of genes directly regulated by GcrA. RNA-Seq data from (Fang et al. 2013). Expression
at each time point is relative to a gene's average expression at all time points. (D) Distribution of
methylation site ranks for promoters in the GcrA regulon and genome-wide. (E) Histogram for
the locations of methylation sites in GcrA-regulated promoters relative to transcription start
sites.
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Figure 2.10. GcrA affects expression of cell division genes.
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(A) Histogram of the GcrA:a" ChIP ratios at 07 promoters in rifampicin-treated cells. A normal
distribution (blue) was fitted to the left side of the histogram and the threshold 2-0.5 used to define
a high GcrA:a 0 ratio shown in red. (B) Representation of the overlap between the GcrA regulon
promoters and promoters that are induced at the swarmer-to-stalk transition and down-
regulated in GcrA-depleted cells. Swarmer-to-stalked cell regulated promoters were identified as
described in the Materials and Methods. (C) Gene expression for the CtrA regulon in GcrA-
depleted cells / wild-type cells at three cell-cycle timepoints. (D) Gene expression for known cell
division genes in GcrA-depleted cells / wild-type cells at three cell-cycle timepoints.

We hypothesized that promoters directly regulated by GcrA should have high GcrA:u"' ChIP

enrichment ratios. Although GcrA localizes to promoters mainly via &0", subsequent interaction

with methylation sites within target promoters likely stabilizes GcrA binding or increases the

efficiency of ChIP. We found that 78% of genes affected by GcrA depletion at the 30 min time

point had promoters with high GcrA:67 0 ratios. The majority of these genes also had at least one

methylation site within 40 bp of their transcription start site (Fig. 2.9B),4 consistent with our

analysis of the DNA sequence specificity of GcrA.

Combining these observations, we defined the direct GcrA regulon as those genes that had: (i)

significantly lower expression levels in GcrA-depleted cells at 30 or 45 min, (ii) a high GcrA:&t7

ChIP enrichment ratio at their promoter, and (iii) a promoter-proximal GANTC site. In total,

140 transcription units, encompassing 204 genes, satisfied all three criteria.5 Notably, most of

these genes are cell-cycle regulated (Fig. 2.9C) with peak expression at, or shortly after, the time

that GcrA levels increase (Fig. 2.9A), even though cell cycle-regulation was not one of our

criteria. However, using only cell-cycle regulation and lower expression levels in GcrA-depleted

cells as criteria to define the GcrA regulon would have identified only 64% of the 140

'http://genesdev.cshlp.org/content/suppl/2015/11/06/29.21.2272.DC1/Table S2.xls
shttp://genesdev.cshlp.org/content/suppl/2015/11/06/29.21.2272.DC 1/Table S3.xls
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transcription units that satisfied our three criteria along with 42 promoters that do not have a

high GcrA:&0" ChIP enrichment ratio and methylation sites (Fig. 2.10B). In sum, our three

criteria, chosen based on our mechanistic studies, allowed the precise delineation of the direct

GcrA regulon.

Some direct targets of GcrA affect the expression of other genes later in the cell cycle; most of

these indirect targets also decrease following depletion of GcrA but lack a promoter-proximal

methylation site and have a lower GcrA:7 IO ratio. For example, the gene ctrA, which has a high

GcrA:y7 ratio and a high-ranked methylation site, is likely activated directly by GcrA early in S

phase. Almost the entire CtrA regulon is also misregulated in GcrA-depleted cells (Fig. 2.10C);

although some may be direct GcrA targets themselves, most are not and are, instead, indirectly

affected via CtrA.

Strikingly, the GANTC sites in promoters called as directly regulated by GcrA were enriched for

methylation sites defined above as highly ranked (Fig. 2.5C, 2.9D), consistent with our in vitro

studies that certain methylation sites better enable GcrA to promote transcription. These

methylation sites localize to two regions of target promoters, one narrowly centered around -20

and one more widely distributed from +2 to +30 (Fig. 2.9E). We observed almost no methylation

sites around the -10 element, possibly because this region is bound by CI" and inaccessible to

GcrA. The distribution of methylation sites suggests that GcrA can bind DNA on either side of

the -10 element while interacting with domain 2 of y70, perhaps as a consequence of its predicted

long unstructured linker (Fig. 2.3F). All together, our data indicate it is not simply the presence

of a methylation site that dictates whether a promoter is affected by GcrA, but its precise location

and flanking nucleotides.

87



Loss of GcrA delays cytokinesis and desynchronizes DNA replication and cell division

The GcrA regulon spans multiple functional categories (Fig. 2.9C) and includes several core cell

cycle processes: nucleotide synthesis, DNA repair, chromosome organization and segregation,

and cell division. Several genes involved in activating the master regulator CtrA were also GcrA

targets, including cckA, divL, pleC, podi, and ctrA itself. The regulon did not include components

of the replisome, except for dnaE. The functional categories of direct targets suggest that GcrA

helps drive expression patterns critical to S-phase and progression through the later stages of the

cell cycle. Thus, cells lacking gcrA should exhibit pleiotropic defects. To examine the gcrA

phenotype we built a strain in which the only copy of gcrA is driven by a vanillate-inducible

promoter (AgcrA; Pvn-gcrA). When grown in the absence of vanillate for 6 hours, GcrA-depleted

cells grew at approximately the same rate as wild type (Fig. 2.12B), but became elongated and

accumulated extra chromosomes (Fig. 2.1 1A) (Murray et al. 2013), indicating a cell division

defect. To quantify the timing of cell division and DNA replication, we performed time-lapse

microscopy of GcrA-depleted cells harboring a fluorescent repressor-operator system that labels

origins of replication (Fig. 2.1 IB, 2.12A). We found that the interval between successive rounds

of DNA replication was delayed by only ~-18% in cells depleted of GcrA (Fig. 2.11 C), whereas the

time between DNA replication to cell division increased by 100% (Fig. 2.11 D).

These phenotypic analyses indicated that in cells lacking GcrA the rate of cell division does not

keep pace with the rate of DNA replication. This cell division defect likely results from the

misregulated expression of many genes; nearly half of the known division genes are positively

regulated by GcrA, with MipZ, FtsE, FtsX, FtsN, and FtsZ being direct targets (Fig. 2.10D).

Consistent with the defects of GcrA resulting from a deficiency in expressing multiple genes, we
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performed. SpoT(H67A) expression was induced with 500 pM IPTG. (B) Schematic of the cell
cycle showing the inter-replication and replication to division times. (C-D) Normalized
histograms of times between successive replication initiations (C) and times between replication
and division (D) in wild-type and GcrA-depleted cells. Median values are listed above. (E)
Western blot for FtsZ and U7 (loading control) during the cell cycle for synchronized wild-type
and GcrA-depleted cells. FtsZ levels were normalized to G7' and plotted as a fraction of maximum
expression. (F) Growth of gcrA depletion strain harboring the same mutations as in (A), assessed
by 10-fold serial dilutions on plates +/- vanillate. Plates for AgcrA; PvangcrA; AspoT; Pk-
spoTH67A also contained 50 ptM IPTG. (G) Scatterplots of the inter-replication time and
replication to division time in wild-type and GcrA-depleted cells (left), and in pstS::Tn5 and
pstS::Tn5 GcrA-depleted cells (right). Overlayed data points were slightly shifted by addition of a
small random number to facilitate visualization.

found that the ectopic expression of either ftsN or ftsZ could not substantially restore viability to

a strain depleted of GcrA in rich medium (Fig. 2.12B). Increased expression of these genes may

marginally increase viability (Murray et al. 2013), but the phenotype of cells lacking GcrA likely

stems from its pleiotropic regulation of gene expression.

Importantly, although cell division occurs less frequently in the absence of GcrA, cells do still

divide, even after GcrA is undetectable (Fig. 2.12C-D). Thus, essential cell division proteins must

be transcribed without GcrA, but take longer to reach the levels necessary for cytokinesis.

Quantitative immunoblotting confirmed that in GcrA-depleted cells, FtsZ levels do not rise

sharply early in the cell cycle as in wild-type cells, but do eventually increase (Fig. 2.1 1E). These

data support a model in which GcrA helps boost the expression of cell division genes, so that cells

maintain balanced rates of division and DNA replication.

To gain additional insight into the physiological role of GcrA, we sought to identify mutations

that restore viability to cells depleted of GcrA. Using transposon mutagenesis, we identified a
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91

A

B

PxyrftsZ

PX,-rftSN

+ +van
-0- - van

time(min.) 0

wild-type j I
'A

0 0



dilutions on PYE xylose (to induce expression from plasmids) plates +/- vanillate. (C) Growth
curve of a gcrA depletion strain (AgcrA, P,,,,,-gcrA). Cells were washed 3 times in PYE prior to
release in PYE +/- vanillate. (D) Western blot for GcrA and RpoA during a GcrA depletion
(AgcrA, P,,,,-gcrA). Cells were washed 3 times in PYE prior to release in PYE and samples were
taken at the indicated timepoints. (E) Western blot for GcrA and RpoA (loading control) for the
strains tested in Fig. 2.1 IA. (F) Representative time-lapse images of pstS::Tn5 and GcrA-depleted
pstS::Tn5 cells with TetR-mCerulean-labeled origins of replication. (G-H) Normalized histogram
of times between successive replication initiations (G) and times between replication and
division (H) in wild-type and GcrA-depleted cells. Median values are listed above.

series of insertions in the phosphate import system comprising PstABC and PstS. The pstS::Tn5

mutation almost completely rescued the plating efficiency of cells lacking GcrA (Fig. 2.11 F), and

these cells appeared morphologically similar to cells harboring the pstS::Tn5 mutation alone (Fig.

2.11A).

Why do mutations in the phosphate import system suppress a gcrA mutant? We suspected that

the effect may stem from the fact that pstS mutants grow slowly and are delayed in initiating

DNA replication, leading to an increase in GI cells in flow cytometry analysis (Fig. 2.11A). As

noted above, cells lacking GcrA are delayed for cell division, but continue to grow and initiate

DNA replication. Hence, the pstS::Tn5, gcrA double mutant has likely rebalanced its rates of

growth and DNA replication with rates of cell division; indeed, the intervals between rounds of

DNA replication and between replication and division were more closely matched in the

pstS::Tn5, gcrA depletion strain than in the gcrA depletion alone (Fig. 2.11 G).

Finally, we wanted to test whether slowing growth and DNA replication in a completely different

manner could also rescue the gcrA mutant. We did so by ectopically producing the signaling

molecule (p)ppGpp, which is known to slow cell growth and represses DNA replication (Boutte
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et al. 2012). We used an IPTG-inducible, hydrolase-defective variant of SpoT, the enzyme

responsible for the synthesis and hydrolysis of (p)ppGpp in Caulobacter. We observed a nearly

complete rescue of plating viability for GcrA-depleted cells expressing this variant of SpoT (Fig.

2.1 IF), and the morphology of cells was significantly improved in liquid medium compared to

the parent GcrA-depletion strain (Fig. 2.1 LA). Collectively, our data indicate that the

transcription factor GcrA normally helps cell division, and potentially other cellular processes,

keep pace with both cell growth and DNA replication. Consequently, cells lacking GcrA show an

uncoupling, or discoordination, of essential cell cycle events, eventually resulting in lethality.

However, mutations that specifically slow growth and the rate of replication initiation can largely

restore the balance of cell cycle activities, enabling cells to proliferate without GcrA.
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Discussion

Mechanism of transcriptional control by GcrA

Although critical to cell cycle progression in Caulobacter, the mechanism by which GcrA

activates transcription was previously unclear and, consequently, the extent of its regulon poorly

defined. Our results suggest that GcrA is not a canonical transcription activator that drives gene

expression primarily by binding DNA and then recruiting RNAP. Instead, our results favor a

model in which GcrA forms a stable complex with RNAP through an interaction with the

primary sigma factor, aG7 , and is brought to promoters via this interaction (Fig. 2.13).

Importantly however, GcrA does not promote transcription from all promoters to which it binds.

Rather, GcrA preferentially affects promoters harboring certain GANTC methylation sites, with

the identity of the flanking nucleotides and the middle nucleotide of the GANTC site

determining GcrA's efficacy as a transcription factor. At such promoters GcrA may stimulate

RNAP binding and open complex formation to activate transcription, both in vitro and in vivo.

Whether GcrA stimulates transcription from a given promoter likely also depends on whether

the rate-limiting step for initiation is the step affected by GcrA.

Our results argue strongly against a mechanism in which GcrA binds promoters independently

and then recruits RNAP holoenzyme. First, GcrA forms a stable complex with RNAP

holoenzyme (Fig. 2.3A-B), and GcrA is found genome-wide at most a0"-dependent promoters,

including those lacking methylation sites (Fig. 2.1C-D, 2.6A). Second, we found that a GcrA

variant lacking its DNA-binding domain was still highly enriched at a7"-dependent promoters

(Fig. 2.3G). Finally, we found that GcrA promotes transcription in vitro at low nanomolar
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Figure 2.13. Model for the mechanism of transcription control by and cell cycle functions of
GcrA.

(A) GcrA forms a stable complex with RNAP through an interaction with the domain 2 of the
primary sigma factor, a"', and is brought to promoters via this interaction. The presence of a
preferred methylation site near the promoter stabilizes GcrA at the promoter and is required for
GcrA-dependent stimulation of transcription. GcrA affects both the binding step and open
complex formation. (B) Summary of the role GcrA plays in driving cell cycle progression by
regulating gene expression in S-phase.

I
concentrations (Fig. 2.7C), where GcrA alone does not stably bind DNA (Fig. 2.5D), indicating

that GcrA's affinity for RNAP is much tighter than its affinity for DNA. GcrA was found at some

non-promoter regions without RNAP, but the ChIP enrichment values at these sites was

substantially smaller than that observed at promoters (Fig. 2. 1A, 2.5C). These observations imply

that GcrA binds to promoters together with RNAP holoenzyme rather than independently and

prior to RNAP, as previously suggested.
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In sum, our results suggest a new model for GcrA as an auxiliary component, or co-factor, of the

S70 -containing RNAP holoenzyme in Caulobacter. GcrA is nearly absent from swarmer cells, but

is likely very abundant throughout the rest of the cell cycle, with ribosome profiling data

(Schrader et al. 2014) indicating synthesis at rates comparable to other components of RNAP.

Moreover, because GcrA has a much tighter affinity for RNAP holoenzyme (Kd < 15 nM, Fig.

2.7C) than for DNA (Kd - 270 nM for highest affinity sites, Fig. 2.5D), most GcrA is likely bound

to RNAP. GcrA is then brought to promoters via its interaction with a70 where our kinetic

analyses indicate that, at least for the model cckA promoter, it can affect both KB, the equilibrium

binding constant for the closed complex of RNAP, and ki, the composite rate of downstream

isomerization steps that ultimately result in strand separation. Whether GcrA affects the two

steps differently at other promoters is not clear as the kinetics of open complex formation for

some promoters like Pmipz did not exhibit the single exponential behavior needed to elucidate KB

and ki.

GcrA's ability to promote isomerization of RNAP through a direct interaction with region 2 of

the housekeeping sigma factor distinguishes it from other, previously characterized transcription

factors. Most transcriptional activators bind DNA independently and recruit RNAP to promoters

through direct interactions with the a subunit or domain 4 of a70 . Like GcrA, E. coli DksA and M.

tuberculosis CarD affect isomerization from the closed to open complex, but DksA interacts with

the 0 and P' subunits, and CarD binds the P subunit. E. coli Cr binds domain 2 of as, but

functions differently than GcrA, promoting the association of core RNAP with as (Banta et al.

2013). In Chlamydia trachomatis, the transcription factor GrgA binds the non-conserved region

of domain 2 in the housekeeping a factor (Bao et al. 2012), but whether GrgA impacts RNA
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polymerase binding or isomerization is unknown. The actinobacterial protein RbpA also binds

domain 2 of a housekeeping Y factor (Tabib-Salazar et al. 2013), but recent data highlighted a role

for RbpA in increasing affinity of holoenzyme to promoter DNA (Hubin et al. 2015), so its role, if

any, in stimulating isomerization to the open complex is uncertain. Thus, to our knowledge,

Caulobacter GcrA is the first transcription factor identified that binds region 2 of a sigma factor

and can promote the closed-to-open complex step of transcription.

GcrA provides a powerful mechanism for controlling gene transcription. By impacting the

isomerization step of transcription initiation, GcrA-regulated genes can still be controlled by

other, canonical transcription factors, affording an opportunity for bona fide combinatorial

control. Although GcrA regulated genes in Caulobacter are generally expressed during S phase,

the precise timing of their induction varies, possibly the consequence of regulation by other

transcription factors. Combined regulation by GcrA and other transcription factors may also

increase the dynamic range of expression for target genes, helping to switch them from very low

to very high states of expression. For instance, the gene ftsZ is activated by DnaA (Hottes et al.

2005) and by GcrA (Fig. 2.1 1E). In cells depleted of GcrA,ftsZ is still induced, but at significantly

reduced levels compared to wild-type cells.

N'-adenine methylation-dependent gene regulation

N-adenine methylation by orphan methyltransferases affects many processes in bacteria,

including gene expression. The most well characterized example involves the y-proteobacterial

methyltransferase Dam, which methylates GATC sequences (Wion and Casadesdis 2006). In E.

coli, full methylation of the agn43 promoter by Dam activates transcription by preventing

binding of the repressor OxyR until DNA replication produces hemi-methylated promoters
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(Haagmans and van der Woude 2000). Similarly, binding of the Leucine-responsive regulatory

protein, Lrp, to the tral promoter in the Salmonella enterica virulence plasmid is blocked when a

GATC site is fully methylated. After DNA replication, Lrp can bind to one of the newly

replicated, hemi-methylated plasmids (Camacho and Casadesfs 2005). For both OxyR and Lrp,

methylation-dependent binding occurs at only a limited number of promoters. By contrast, N6 -

adenine methylation appears to promote the GcrA-dependent activation of most, if not all, target

promoters.

In Caulobacter, the role of CcrM-dependent N-adenine methylation at GANTC sites in gene

regulation has been poorly understood. GANTC sites occur preferentially in intergenic regions,

and GcrA was suggested to bind methylated GANTC sites in vitro (Fioravanti et al. 2013).

However, GcrA associates with many promoters lacking GANTC sites and the expression of

many genes with promoter-proximal GANTC sites is not affected in cells lacking GcrA. Our

results now clarify the relationship between GcrA, CcrM, and promoter methylation. We showed

that GcrA is found at virtually all < 7 -dependent promoters, but it primarily affects only

promoters containing certain methylation sites, not any GANTC (Fig. 2.5). In particular, the two

bases flanking a GANTC site and the middle N base strongly influenced GcrA binding and

GcrA-dependent activation, both in vitro and in vivo.

Whether N-adenine methylation affects GcrA binding while RNAP is in the open or closed

complex remains to be determined. Promoter methylation strongly affected GcrA-dependent

transcription, both in vitro and in vivo (Fig. 2.7A-B), but had only a modest (~2-fold) effect on

binding to double-stranded DNA (Fig. 2.5D, 2.6E), perhaps indicating an effect after strand
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separation. Further structural studies of GcrA will help reveal how methylation impacts DNA

binding and transcription.

Whether GcrA's transcriptional activity differs for fully versus hemi-methylated promoters is

also not yet clear. CcrM is cell cycle-regulated and accumulates only after DNA replication is

nearly complete (Wright et al. 1996). Thus, many GANTC sites, particularly those close to the

origin, remain hemi-methylated for significant periods of time after passage of the replication

fork. The ctrA P1 promoter, which is GcrA-regulated, was postulated to be more active in the

hemi-methylated state such that ctrA expression was coupled to passage of the replication fork

(Reisenauer and Shapiro 2002). However, the induction of ctrA P1 transcription may simply be

driven by the cell cycle-dependent accumulation of GcrA (Fig. 2.13). Moreover, the constitutive

production of CcrM, leading to constitutive methylation, only affects the expression of a few cell

cycle genes (Gonzalez et al. 2014). Thus, a role for changes in DNA methylation as a 'trigger' for

GcrA-dependent gene expression remains uncertain.

Role of GcrA in the Caulobacter cell cycle

Collectively, our findings on GcrA also force a significant reconsideration of its role in the

Caulobacter cell cycle. First, because GcrA does not promote transcription at all of the promoters

to which it binds, ChIP-based studies alone are inherently unable to accurately define GcrA

target genes. By developing a mechanistic understanding of GcrA, we were able to then better

delineate the set of genes whose transcription is affected by GcrA. These indicate that GcrA

directly affects at least 204 genes, with many additional indirect targets (Fig. 2.9). These genes

participate in numerous cell cycle processes, many of which help cells progress through S phase,

including nucleotide synthesis, DNA repair, chromosome organization and segregation, and cell
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division. Notably however, and in contrast to prior suggestions, the GcrA regulon does not

include dnaA or, with one exception, core components of the replisome. Consistent with this

finding, cells lacking GcrA continue to periodically initiate new rounds of DNA replication, often

without an intervening cell division (Fig. 2.11). A similar phenomenon occurs with mutants in

the CtrA phosphorylation pathway (Jonas et al. 2011). Together, these results underscore the fact

that oscillations in DnaA (and DNA replication) occur independent of CtrA and GcrA, meaning

these three cell cycle regulators do not comprise a single genetic oscillator.

Second, GcrA-regulated genes are still expressed in cells depleted of GcrA, albeit at lower rates,

leading to a delay in processes such as cell division, not a complete disruption. The magnitude of

expression changes following GcrA depletion are often only 2-3 fold. In contrast, strains depleted

of a canonical transcription factor like CtrA are almost completely blocked for cell division,

motility, and other CtrA-dependent processes with target genes typically decreasing 10-fold or

more (Laub et al. 2002). The differences in gene expression following a loss of GcrA or CtrA is

mirrored in their phenotypic differences. Most notably, gcrA mutants are viable in mutant

backgrounds that slow growth and DNA replication initiation, which likely rebalances cell cycle

events such that the periodicity of DNA replication better matches the periodicity of cell division.

Growth in minimal medium also partially rescues the essentiality of GcrA (Murray et al. 2013),

but not nearly as well as slowing growth and replication initiation, supporting the notion that

cells lacking GcrA have imbalanced replication and division cycles (Fig. 2.11C-D, 2.13B). In

contrast to GcrA, cells lacking CtrA are inviable in most growth conditions and are not rescued

by mutations that slow replication and growth.
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In sum, we propose that GcrA is a novel accessory factor of RNAP in Caulobacter that stimulates

the transcription of target genes through an unconventional interaction with region 2 of the

housekeeping sigma factor a7". In contrast to classical activators that typically bind DNA

independently to recruit RNAP, GcrA travels with RNAP to promoters, where it can stabilize

binding and promote isomerization. Because GcrA interfaces with region 2, other transcription

factors can still target region 4 of YO or other RNAP subunits, enabling combinatorial control

and synergistic activation of gene expression. GcrA is extremely well-conserved among U-

proteobacteria where it may play a similar role in regulating gene expression as elucidated here.

Additionally, Caulobacter and many a-proteobacteria encode paralogs of GcrA, and homologs

have been found in bacteriophage genomes (Gill et al. 2012). Each of these proteins may, like

GcrA, interact directly with RNAP to globally regulate gene expression.
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Materials and Methods

Bacterial strains and growth conditions

All strains used are listed in Table 2.1. Caulobacter strains were grown in PYE (rich medium) at

30 *C unless otherwise noted. Induction from the Py, Pvan, and PW promoters was achieved by

supplementing media with xylose (0.3%), vanillate (500 [M), or IPTG (1 [IM), respectively.

Antibiotics were used at the following concentrations (liquid /plates): oxytretracycline (1 Rg mL'

/ 2 ig mL 1), spectinomycin (25 [ig mL- / 200 pg mL'), kanamycin (5 tg mL / 25 pg mL'),

gentamycin (NA / 5 pg mL'). E. coli strains were grown in LB medium at 37 'C unless otherwise

indicated; when necessary, media were supplemented with the following antibiotic

concentrations (liquid/plates): kanamycin (30 pg mLU / 50 [ig mL'), spectinomycin (50 pg mL'),

oxytretracycline (12 tg mL'), gentamycin (15 ig mL- / 20 pg mL'), carbenicillin (50 pg mL- /

100 ptg mL').

Strain and plasmid construction

Strain construction: All plasmids and primers used are listed in Tables 2.2 and 2.3, respectively.

Deletions were constructed via a two-step recombination method using sacB as a counter-

selection marker (Skerker et al. 2005). Strain ML2296, a Pyl-gcrA depletion strain, was

constructed by first electroporating plasmid pMT585-gcrA into CB15N and selecting on

kanamycin plates for integration at the xylose locus. The site of integration was confirmed by

PCR using primers Rec-Uni and RecXyl-2 (Thanbichler et al. 2007). Next, plasmid pNPTS-spec-

UP-tet-DW(gcrA) was introduced by electroporation and first integrants at the gcrA locus were

selected on spectinomycin, tetracycline, and kanamycin. A second recombination step to select

for plasmid excision was performed by growing first integrants overnight in PYE containing

102



xylose and kanamycin. 1 [tL of the overnight culture was plated on sucrose, tetracycline, and

xylose. Sucrose resistant clones were restreaked to test for loss of spectinomycin resistance,

indicative of plasmid excision, on plates containing spectinomycin and xylose. Clones were

further verified by PCR using primers OL69 and 0L70, which anneal outside the homology

region found on the plasmid.

Strains ML2297 and ML2302 were constructed by transducing AgcrA(tet) from ML2296 into a

strain containing pMT585-gcrA-3xFLAG integrated at the xylose locus or pMT552-gcrA

integrated at the vanillate locus, and selecting on tetracycline + xylose or tetracycline + vanillate,

respectively. Phage transductions were performed as previously described (Ely 1991). ML2305

was constructed similarly by transducing AgcrA(specR) from LS3707 into a strain containing

pMT644-gcrA integrated at the vanillate locus and selecting on spectinomycin + vanillate. All

transductants were verified by PCR using primers OL69 and 0L70.

Strains ML2298, ML2299, ML2300, ML2301, and ML2315 were constructed via single

recombination and kanamycin selection with electroporated plasmids pNPTS138-gcrA-3xFLAG,

pNPTS138-rpoC-3xFLAG, pNPTS138-rpoH-3xFLAG, pNPTS138-rpoN-3xFLAG, and

pNPTS138-rpoC-Hiso, respectively. All resulting clones were verified by PCR with a primer

annealing outside the homology region found on the plasmid and a primer annealing to the

FLAG or His,0 tag coding sequence.

Strains ML2475, ML2476, ML2477 were constructed via single recombination and kanamycin

selection with electroporated plasmids pNPTS138-Pmipz-venus, pNPTS138-Pniz(LM)-venus and

pNPTS138-Pmipz(NM)-venus, respectively. All resulting clones were verified by PCR with a
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primer annealing outside the homology region to CCNA_02236 found on the plasmid and a

primer annealing to the Venus coding sequence.

Strain ML2303 (kind gift of C. Aakre), a spoT deletion strain, was constructed via two-step

recombination. First integrants of the pNPTS-138-AspoT integration vector were selected on

kanamycin. A second recombination step to select for plasmid excision was performed by

growing first integrants overnight in PYE. 1 pL of the overnight culture was plated on sucrose

and sucrose resistant clones were restreaked to test for loss of kanamycin resistance, indicative of

plasmid excision. Clones were further verified by PCR using primers (CAP173-CAP174)

annealing outside the homology region found on the plasmid. Strain ML2304 was obtained by

two successive transductions of Pvan-gcrA(kanR) from ML2302 and AgcrA(specR) from ML2305

followed by transformation of the plasmid pMR20-Pia,,-lacI-Plac-spoT(H67A).

Strain ML2316 was constructed by transduction of pstS::Tn (YB767) into ML2305.

Strain ML2317 (kind gift of C. Aakre) was constructed by transduction of the Cori::tetO(gent)

from strain ML1678 and two-step integration of the pNPTS138-hfaAUP-Plaai-lacI-Piac-tetR-

mCerulean-hfaADW integration vector at the hfaA locus. Strain ML2318 was constructed by

integration of Pvn-gcrA(rif) (pMT561-gcrA) at the vanillate locus in strain ML2317 followed by

transduction of AgcrA(tetR) from ML2302. Strains ML2319 and ML2320 were constructed by

transduction of pstS::Tn' (YB767) into ML2317 and ML2318, respectively.

Strains ML2306-ML2314 were constructed by electroporation of the appropriate pMT375 variant

(see Table 2.2) into ML2305 and selection on tetracycline, spectinomycin, and vanillate. All

bacterial two-hybrid strains (ML2321-ML2369) were obtained by co-transformation of the
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appropriate plasmid pairs into E. coli BTH101 with selection on kanamycin and carbenicillin. All

strains for protein expression and purification (ML2370-ML2378) were generated by

electroporation of the appropriate plasmids into BL2 1 DE3 pLysS cells.

Integration plasmids: The pNPTS-spec-UP-tet-DW(gcrA) integration vector was constructed by

amplifying homology regions upstream and downstream (-600 bp) of the gcrA coding sequence

using primer pairs OL3_up-gcrAF, OL4_up-gcrAR and OL5_dw gcrAF, OL6_dw gcrA R.

The tetracycline (tet) resistance cassette was amplified from template pKO3 using primer pair

OL7_tetF, OL8_tetR. The upstream homology fragment was fused to the tet cassette by SOE-

PCR using primers OL3_up-gcrAF and OL8_tetR. This PCR product was then fused to the

downstream homology region by SOE-PCR using primers OL3_up-gcrAF and

OL6_dw gcrAR. The resulting PCR product was cloned into the pENTR vector using the

pENTR/D-TOPO cloning system (Life Technologies) and then recombined into the pNPTS-

spec-DEST vector.

The pNPTS138-gcrA-3xFLAG integration vector to introduce a 3xFLAG tag at the C-terminus of

the gcrA coding sequence was constructed by amplifying a homology region of the C-terminus of

gcrA (-500 bp) using primer pair GcrA-3xFLAGSOE-CTERM-R, HindIII-

GcrActerm3xFLAGF. This PCR product was fused to the 3xFLAG coding sequence using

primers HindIII-GcrActerm3xFLAGF and 3xFLAG-SACI-R, and then amplified with primers

3xFLAG-F, 3xFLAG-SACI-R. The resulting product was digested with HindIII and Sac and

cloned into the pNPTS138 vector digested with the same enzymes. The pNPTS138-rpoC-

3xFLAG, pNPTS138-rpoH-3xFLAG and pNPTS138-rpoN-3xFLAG plasmids were constructed

using the same strategy (-700 bp homology region) with primer pairs (rpoC-HindIII-Cterm-F,
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Rev-rpoC3xFlag), (rpoH-HindIII-3x-F, rpoH-3x-Flag-R), and (RpoN-HindIII-3x-F, rpoN-3x-R),

respectively, and (3xFLAG-F, Rev-3xFlag-EcoRI) for 3xFLAG amplification and cloned using

HindIII and EcoRI restriction sites. The pNPTS138-rpoC-Hismo was constructed by two

consecutive PCR reactions using primers rpoC-HindIII-Cterm-F, rpoC-Rllinker and then

primers rpoC-HindIII-Cterm-F, rpoC-R2linker-1OHis) followed by cloning into pNPTS138

using the HindIII and EcoRI restriction sites.

The pNPTS138-Pmipz-venus, pNPTS138-Pmipz(LM)-venus and pNPTS138-Pmipz(NM)-venus

integration vectors to introduce reporter genes for wild-type and mutant mipZ promoters near

the endogenous mipZ locus were constructed by amplifying a homology region for the

CCNA_02236 gene using primer pair 2236-F-HindI and 2236-R-fuse-mipZ. This was then

fused by SOE-PCR to the mipZ promoter sequence (or mutant mipZ promoter sequence, see

DNA probe construction for details on how the mutations were introduced) amplified with

primer pair FB-mipz-F and PmipZ-R-fuse-Venus and to the Venus coding sequence amplified

with primers Venus-F and Venus-R-Nhel. The resulting fragment was cloned using HindIII and

NheI restriction sites into pNPTS138.

The pNPTS138-AspoT integration vector (C.Aakre) was constructed by amplifying homology

regions upstream and downstream (-600 bp) of the spoT coding sequence using primer pairs

(CAP133, CAP134) and (CAP135, CAP136) followed by SLIC cloning into pNPTS138 digested

at the HindIII and EcoRI restriction sites.

Plasmids pMT585-gcrA, pMT552-gcrA, pMT644-gcrA and pMT561-gcrA were generated by

cloning the PCR product amplified by primers OL17_NdeI-gcrAF, OL18_SacIgcrAR and
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digested with NdeI and Sad into the digested vectors pMT585, pMT552, pMT644 and pMT561,

respectively. The plasmid pMT585-gcrA-3xFLAG was constructed similarly except with the final

PCR product obtained from SOE-PCR amplification of the gcrA coding sequence using primers

OL17_NdeI-gcrAF and GcrA-3xFLAGSOE-CTERM-R, and the 3xFLAG coding sequence

using primers 3xFLAG-F and 3xFLAG-SACI-R. All plasmids were sequence verified.

The pNPTS138-hfaAUP-PlacI-lacI-Piac-tetR-mCerulean-hfaADW integration vector (C.Aakre)

was constructed by SLIC cloning into pNPTS138 digested with HindIII and EcoRI of three PCR

fragments, 600 bp upstream of the hfaA locus, the PlaclacI-Plac-tetR-mCerulean and 600 bp

downstream of the hfaA locus amplified with primer pairs (CAP94, CAP95), (CAP96, CAP140)

and (CAP139, CAP99), respectively. The PlaclacI-Piac-tetR-mCerulean PCR fragment was

constructed by successive rounds of SOE-PCR with PCR fragments Plac-lacI-P'Uc (CAP96,

CAP137), tetR (CAP138, CAP60) and mCerulean (CAP61, CAP140).

Replicative plasmids: All pMT375-based plasmids were constructed using restriction sites NdeI

and Sac. PCR products cloned into pMT375-ftsN, pMT375-ftsZ, pMT375-gcrA, were amplified

with the following primer pairs: (FtsN-NdeI-F, FtsN-SacI-R), (NdeI-FtsZ-F, FtsZ-R-SacI),

(OL17_NdeIgcrAF, OL18_SacIgcrAR), (OL17_NdeLgcrA_F, GcrA-Nterm-R321-Sac), and

(GcrA-Cterm-151-F-NdeI, OL18_SacIgcrAR), respectively. pMT375-gcrA-o7 23xFLAG, and

pMT375-gcrA51 7 3-3xFLAG were constructed by a first amplification with the following primers

(OL17_NdeI_gcrAF, NL-fuse3Xflag), and (GcrA-Cterm-151-F-NdeI, GcrA-3xFLAGSOE-

CTERM-R) followed by SOE-PCR eith the 3xFLAG fragment as, described above for integration

plasmids.
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The plasmid pCT133-PlacI-lacI-Plac-spoT(H67A) (kind gift of C.Aakre) was constructed in three

steps. First, the plasmid pENTR-Pac-lacI-Pkac-spoT was obtained by SLIC cloning with PCR

fragments amplified with primer pairs (CAP66, CAP391 using E. coli DNA as template) and

(CAP392, CAP393) and a modified pENTR vector containing a multiple cloning site digested

with XmaI and EcoRI. Second, site-directed mutagenesis was performed on pENTR-Plac-lacI-Piac-

spoT to introduce the H67A mutation using primer pair CAP394 and CAP395. Third, pENTR-

PiaclacI-Plac-spoT(H67A) was recombined into pCT133.

All bacterial two-hybrid plasmids were cloned using XbaI and KpnI restriction sites to introduce

coding regions of interest. The PCR product to clone Chimera 1 of Caulobacter and E. coli

domains 2 of y70 (Fig. 2.4B) was constructed by successive rounds of SOE-PCR with PCR

fragments amplified with primer pairs (sig70nt3l9-F, CC-159-R-fuse-EC139; Caulobacter DNA

template), (EC139-F, EC349-R; E. coli DNA template) and (CC-390-F-fuse-EC349, rpoDaa484-

R; Caulobacter DNA template). The PCR product to clone Chimera 2 of Caulobacter and E. coli

domains 2 of u (Fig. 2.4B) was constructed by successive rounds of SOE-PCR with PCR

fragments amplified with primer pairs (89Ec-F-XbAI, EC138-R; E. coli DNA template), (CC-160-

F-fuseEC138, 389CCfuse350EC-R; Caulobacter DNA template) and (350Ec-F, EC444-R-KpnI; E.

coli DNA template).

All pET28b-based vectors containing gcrA variants were cloned using the PCR products used to

generate pMT375 plasmids. pET28b-His 6 -rpoD, pET28b-His6-rpoH, pET28b-His6 -rpoN and

pET28b-His6-ccrM were constructed by PCR amplifying with primer pairs (RpoD-pet28-NdeI-F,

rpoD-pet28-HindIII-R), (rpoH-pet28-NdeI-F, rpoH-pet28-HindIII-R), (rpoN-pet28-NdeI-F,

rpoN-pet28-HindIII-R) and (ccrm-NdeI-F, ccrm-EcoRI-R). pGEX-4T2-GcrA was cloned by
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PCR amplification of the gcrA coding sequence with (F-GcrA-BamHI, R-GcrA-SalI) and ligated

into pGEX-4T2 (kind gift of D. Barthelme).

Chromatin Immunoprecipitation Sequencing (ChIP-Seq)

Bacterial cell cultures (20 mL) were grown to mid-exponential phase (OD -0.3) and fixed by the

addition of sodium phosphate (pH 7.6) and formaldehyde to a final concentration of 10 mM and

1%, respectively. When treated with rifampicin, cells were incubated with 25 [ig mL' rifampicin

for 30 minutes prior to being fixed. Fixed cells were incubated at room temperature (RT) for 10

minutes and quenched with 0.1 M glycine for 5 min at RT followed by 15 min on ice. Cells were

washed three times with 1X PBS (pH 7.4) and resuspended in 500 piL of TES buffer (10 mM Tris-

HCl (pH 7.5), 1 mM EDTA, 100 mM NaCl) to which 1 [tL of (35,000 U/pL) Ready-Lyse

(Epicentre) was added. Following 15 min incubation at RT, 500 [tL of ChIP buffer (16.7 mM

Tris-HCl (pH 8.1), 167 mM NaCl, 1.1% Triton X-100, 1.2 mM EDTA) containing protease

inhibitors (Roche cOmplete EDTA-free tablets) was added. After 10 min at 37 'C, the lysates

were sonicated on ice and cell debris cleared by centrifugation. Supernatant protein

concentration was measured by Bradford assay (Thermo Scientific) and 500 ig of proteins were

diluted into 1 mL of ChIP buffer + 0.01% SDS. The diluted supernatants were pre-cleared for 1

hr at 4 *C on a rotator with 50 [IL of Protein-A dynabeads (Life Technologies) pre-blocked

overnight in ChIP buffer + 0.01% SDS and 100 Vg BSA. Beads were pelleted and 90 1iL of the

supernatant was removed as input DNA and stored at -80 'C, the remaining pre-cleared

supernatant was incubated rotating at 4 *C overnight with a specific antibody (Flag antibody

1:200 (Sigma Aldrich) or monoclonal RpoD antibody 1:166 (Neoclone, #WPO04)). The immune

complexes were captured for 2 hr at 4 *C with 50 1iL of pre-blocked Protein-A dynabeads. Beads
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were then washed consecutively at 4 *C for 15 min with 1 mL of the following buffers: low salt

wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1), 150 mM

NaCl), high salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH

8.1), 500 mM NaCI), LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA,

10 mM Tris-HCl (pH 8.1) and twice with TE buffer (10 mM Tris-HCl (pH 8.1),1 mM EDTA).

Complexes were then eluted twice from the beads with 250 1L of freshly prepared elution buffer

(1% SDS, 0.1 M NaHCO 3). For reverse-crosslinking, 300 mM of NaCl and 2 1 of RNase A (0.5

mg / mL) (Qiagen) were added to the collective eluates which were incubated at 65 *C overnight.

Samples were then incubated at 45 *C for 2 hr with 5 ptL of Proteinase-K (NEB, 20 mg / ml) in the

presence of 40 mM EDTA (pH 8.0) and 40 mM Tris-HCl (pH 6.8). DNA from the samples was

then extracted twice with phenol:chloroform:isoamyl alcohol (25:24:1) and subsequently

precipitated by adding sodium acetate (pH 5.2), 100 [tg glycogen (Roche) and 1 volume of ice

cold isopropanol, and stored at -20 *C overnight. DNA was pelleted and washed with 75%

ethanol and resuspended in TE buffer (pH 8.0). Samples were analyzed by next-generation

sequencing or qPCR.

Library generation and Illumina sequencing

Library generation and Illumina sequencing were performed at the MIT BioMicro Center.

Libraries were generated on a Beckman-Colter Genomics SPRIworks system using 200-400 bp

size selection and amplified 12-16 cycles. Up to 13 samples were multiplexed on one lane in a 40

nts single-read flow cell using the HiSeq2000 or 70 nts single-read flow cell using the MiSeq. For

a summary of strains and conditions for which ChIP-Seq was performed, see Table 2.4. For

ChIP-Seq data, see Table 2.5.
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ChIP-Seq Analysis

Data processing: Reads were mapped to the Caulobacter crescentus NA1000 reference genome

using BWA (Li and Durbin 2010). 750,000 uniquely mapping reads were taken for each sample.

Read extension and pile-up was performed using the MACS software package 1.4.2 (Zhang et al.

2008) (with d=200 and keeping all tags at the same location) yielding 10 bp genomic bins

containing the number of reads. The data were further process using custom scripts written in

Python 2.7.3. The data were smoothed by convolution with a Gaussian ([t=0, ci=50bp, x=(-200

bp, +200 bp)). The data were then normalized in reads per million (rpm).

Peak-calling: As the control data presents a uniform background, (except for a slight bias due to

the fact that ChIP was performed on a mixed population of cells undergoing replication,

resulting in a modest enrichment in DNA near the origin of replication), we used a sliding

window looking for local maxima to call peaks. Local maxima were scored as peaks if they were

2.3-fold above the mean of the control sample, which corresponds to 5 standard deviations above

the mean. Promoters were mapped from the peak summits identified from the RNAP

rifampicin-treated ChIP sample, in which RNAP is trapped at promoters.

Normalization of ChIP-Seq data: In Fig. 2.1C, ChIP-Seq signals for GcrA, RNAP and &U0 were

normalized such that the average of the 20 largest peaks at promoters (promoters were identified

from RNAP signal in rifampicin-treated cells) for each ChIP experiment was 1.0. Active &Y"

promoters were selected above a threshold of 0.1 (in normalized signal) and sorted based on U71

signal. GcrA, RNAP and u 70 signals for selected promoters were plotted over 1 kb centered at the

promoter if the signal for at least one of the proteins was > 0.2 normalized signal. In Figure 2.1 D,

ChIP-Seq signals were normalized as in Fig. 2.1C and a given promoter was classified as a 70-, &4-
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or al- dependent promoter based on the maximum of the normalized signals, with the condition

that the normalized O signal must be > 0.1 for a C7 promoter and < 0.1 for a all or a"promoter.

Each promoter class was sorted based on the a signal, and GcrA, RNAP and all, a1 and a12 signals

for selected promoters were plotted over a 1 kb interval, centered at the promoter if the signal for

at least one protein was > 0.2.

Identification of GcrA sequence binding specificity

In Fig. 2.5B, 20 methylation sites were identified that had ChIP enrichment < 4 rpm for RNAP

and > 7.0 rpm for GcrA. Methylation sites were excluded if they were in close proximity to other

methylation sites or a promoter. A motif search was performed on these 20 sequences using

MEME (Bailey et al. 2009). In Fig. 2.5C, the average ChIP enrichment for GcrA and a7 for each

of the 32 possible NGANTCN sequences was computed at non-promoter sequences (ChIP

RNAP < 3 rpm) using data from rif-treated cells. In Fig. 2.5E, 25 promoters with the highest

ChIP GcrA:y 0 ratios were isolated from a distribution computed from all C70 promoters with Cy"

signal > 6.0 rpm. In Fig. 2.5F, ChIP GcrA:67" ratios were computed at all transcription start sites

mapped with y70 signal > 6 rpm.

ChIP and Quantitative PCR analysis

In Fig. 2.3G, ChIP was performed as detailed above on strains ML2308, ML2312, ML2313, and

ML2314 that had been depleted for 2 hours of untagged GcrA (cells were washed three times

with PYE and released in PYE without vanillate) and then induced for two more hours by

addition of 0.3% xylose to express a 3xFLAG tagged variant of GcrA or harboring an empty

vector. For each sample, two ChIP reactions were performed for GcrA and 070 using an anti-

FLAG antibody and an anti-GM antibody, respectively. Quantitative PCR was performed with
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SYBR Green (Roche) on a Lightcycler 480 system (Roche). Each reaction contained 5 ptL SYBR

Green Master, 1 ptL DNA (diluted 1:500 for pre-ChIP input DNA, and 1:10 for post-ChIP output

DNA), 0.5 [tL primer mix at 10 FIM, and 3.5 ptL nuclease-free water. Amplification of a region

within the ruvA coding sequence was used as a control. Cycle threshold values were calculated

using the Lightcycler 480 software and converted to DNA concentrations based on a standard

curve generated from 3-fold dilutions of Caulobacter genomic DNA. Fold enrichment values

were calculated as:

([OUTPUT(Ponterest)]/[ OUTPUT(ruvA)])/([INPUT(P iet re,,)]/[INPUT(ruvA)]).

The GcrA:&tt enrichment ratio was then calculated and normalized to the GcrA: 7 " enrichment

ratio calculated for the empty vector sample. Error bars were generated from two biological

replicates and represent the standard deviation.

Protein expression and purification

Caulobacter RNAP: The purification protocol for RNAP was adapted from (Anthony et al. 2000).

10 L of Caulobacter ML2315 expressing RpoC-Hisio from the native rpoC locus were grown in

PYE to an OD6o 0 of 0.4-0.6 and harvested by centrifugation. Cell pellets were resuspended in 40

mL lysis buffer P (300 mM NaCl, 50 mM Na2HPO 3/NaH 2PO3 (pH 8.0), 3 mM 2-

mercaptoethanol, 5% glycerol) supplemented with cOmplete EDTA-free protease inhibitor

cocktail (Roche), 40 mg lysozyme (Thermo Scientific) and 400 U benzonase (Novagen) and lysed

by sonication. Lysates were cleared by centrifugation at 17,000 g for 45 min and then bound to

Ni-NTA agarose (Qiagen) for 1 hr at 4 *C on a rotator in batch format. The resin was then

washed with 40 mL of lysis buffer P, followed by 40 mL of lysis buffer P + 60 mM imidazole.
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RNAP was eluted in 2.5 mL of lysis buffer P + 250 mM imidazole and buffer exchanged into

TGED + 150 mM NaCl (50 mM Tris-HCl (pH 8.0), 5% glycerol, 0.1 mM EDTA, 0.1 mM DTT)

on a PD-10 column (GE Healthcare). A second purification step was performed on a size

exclusion column (16/600 Superdex 200 GE Healthcare) equilibrated with TGED + 150 mM

NaCl. Fractions containing RNAP verified by Coomassie staining were pooled and run on a

Mono Q Ion-Exchange chromatography column (Mono Q 10/100 GE Healthcare) pre-

equilibrated with TGED + 150 mM NaCl. RNAP was eluted with a linear gradient up to TGED +

0.5 M NaCl over 15 column volumes. This yielded two separate peaks corresponding to RNAP

core and RNAP holoenzyme as confirmed by Western blotting with anti-His, RpoA, and RpoD

antibodies. Fractions from each peak were pooled, concentrated, buffer exchanged on an Amicon

3K Centrifugal filter unit (Millipore) into storage buffer (50 mM Tris-HCl (pH 8.0), 150 mM

NaCl, 50% glycerol, 3 mM 2-mercaptoethanol) and stored at -20 'C. Protein concentration was

measured by Bradford assay (Thermo Scientific).

His6-tagged proteins: For His6-GcrA and His6-CcrM, cells were grown to OD600 ~ 0.5 at 37 *C and

induced with 0.3 mM IPTG for 4 hr at 30 'C. For His 6-RpoD, His6-RpoN, and His6-RpoH, cells

were induced overnight at 18 'C. Cells were harvested by centrifugation and resuspended in 20

mL lysis buffer (20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, 0.1% Triton X-100, 10% glycerol) per

liter of culture supplemented with 20 mg of lysozyme, 1 mM PMSF and 200 U benzonase

(Novagen). Cells were lysed by sonication and cell debris cleared by centrifugation for 45 min at

17,000 g. Cleared lysates were bound to Ni-NTA agarose resin (Qiagen) for 30 min in batch

format at 4 *C. Resin was washed twice with wash buffer (20 mM Hepes-KOH (pH 8.0), 0.5 M

NaCl, 0.1% Triton X-100, 10% glycerol, 20 mM Imidazole) and proteins were eluted in 2.5 mL of
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elution buffer (20 mM Hepes-KOH (pH 8.0), 0.5 M NaCl, 10% glycerol, 250 mM imidazole) and

buffer exchanged on PD- 10 columns (GE Healthcare) into storage buffer. Storage buffer for His6 -

RpoD, His6-RpoH, and His6-RpoN was 10 mM HEPES-KOH (pH 8.0), 50 mM KCl, 10%

glycerol, 1 mM DTT, 0.1 mM EDTA), for His6-CcrM it was 50 mM HEPES (pH 7.5), 200 mM

NaCl, 0.1 mM DTT, 10% glycerol, and for His6-GcrA it was 50 mM Tris-HCl (pH 8.5), 200 mM

NaCl, 5 % glycerol. His 6-GcrA was further purified on a size exclusion column (16/600 Superdex

75, GE Healthcare) pre-equilibrated with GcrA storage buffer. Fractions containing His6-GcrA

were verified by Coomassie staining, pooled, and concentrated on an Amicon 10K Centrifugal

filter unit (Millipore). Proteins were stored at -80 'C.

GST-tagged proteins: GST-GcrA and GST proteins were induced and purified in a similar

manner as His6-tagged proteins except that lysates were bound to 500 ptL glutathione sepharose

4B beads (GE Healthcare) for 1 hr. Proteins were eluted in elution buffer (50 mM Tris-HCl (pH

8.0), 10 mM reduced glutathione) and buffer exchanged into GcrA storage buffer.

Antibody production

Rabbit polyclonal antisera (Covance) were generated from purified His6-GcrA from which the

His6 tag was removed by digestion with TEV protease.

Affinity Chromatography

100 pL of pre-washed glutathione sepharose 4B beads (GE Healthcare) in binding buffer (50 mM

HEPES-KOH (pH 7.5), 100 mM KCl, 0.1 mM EDTA, 2.5 mM MgCl 2, 3 % glycerol, 0.1 % Triton

X-100) were incubated with 1 mg of GST-tagged protein for 1 hr at 4 *C with rotation. Beads

were washed twice with 1 mL of binding buffer and then cleared WT Caulobacter lysate (Fig.

115



2.3A) (from 100 mL of cells grown to OD600 ~ 0.3 and lysed by sonication in binding buffer

supplemented with lysozyme, benzonase, and cOmplete protease inhibitor cocktail (Roche)) or

0.25 mg of purified bait protein (His6-RpoD, His6-RpoH, His6-RpoN) (Fig. 2.3E) was added.

After incubation at 4 *C for 1 hr, beads were transferred to a 1 mL Bio-Spin chromatography

column (Bio-Rad) and washed with 5 column volumes of binding buffer. Proteins were eluted

three times with 50 1.L elution buffer (50 mM Tris-HCl (pH 8.0), 10 mM reduced glutathione).

Eluates were pooled and analyzed by gel electrophoresis and coomassie staining or Western

blotting.

Co-Immunoprecipitation

1.5 L of strain ML2299 or CB15N grown to OD600 ~ 0.5 were harvested by centrifugation and

resuspended in lysis buffer (50 mM HEPES (pH 7.5), 150 mM KCl, 0.1 mM EDTA, 5 mM MgC 2,

5% glycerol). Cells were lysed by sonication and lysates were cleared by centrifugation at 17,000 g

for 45 min. Cleared lysates were then bound to 200 ptL of pre-equilibrated anti-FLAG magnetic

beads (Sigma-aldrich) for 2 hr at 4 'C with rotation. Beads were washed three times with binding

buffer and immunoprecipitated proteins were eluted with 100 piL of TBS (50 mM Tris-HCI (pH

7.4), 150 mM NaCl) buffer containing 100 tg/mL of 3xFLAG peptide (Sigma-aldrich). Eluates

were analyzed by Western blotting.

DNA probe generation and labeling

DNA probe construction: Primers for probe amplification are listed in Table 2.3. Probes for the

promoters offtsZ, mipZ and cckA were PCR amplified with primer pairs (FB-ftsz-F, FB-ftsZ-R),

(FB-mipz-F, FB-mipz-R) and (FB-cckA-F, FB-cckA-R), respectively. Mutations in Pmipz were

introduced by SOE-PCR with primer pairs (FB-mipz-F, FB-mipZ-R-soe-mutants and FB-mipZ-
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G3TG6A-TOGG6T, FB-mipZ-R-soe-outside) for Pmipz(LM) and (FB-mipz-F, FB-mipZ-R-soe-

mutants and FB-mipZ-A4TG1C, FB-mipZ-R-soe-outside) for Pripz(NM). Final PCR products

were sequence verified and DNA probes were PCR amplified using the same primers as for the

PmipZ probe. Mutants of PCCkA, PckA(LM) and PckA(NM), were PCR with the same primers as for the

PcckA probe using ordered gblock (IDT) as templates. All probes were between 136 to 193 bp and

centered at the promoter as defined from transcription start site mapping. Two to four PCR

reactions were gel purified (Qiagen) and pooled.

Methylation and probe labeling: Probes were methylated for at least 4 hr in 100 ptL in the presence

of purified His6-CcrM, as described previously (Albu et al. 2012). Methylation was verified by

digestion with Hinfi, which cuts unmethylated GANTC sites. To distinguish full-methylation

from hemi-methylation we digested a methylated probe sensitive to Clal in the un-methylated or

hemi-methylated state but resistant if fully-methylated. No digestion was observed in the

methylated state after Clal incubation, indicating complete methylation. Methylation reactions

were PCR purified (Qiagen) and resuspended in 30 L. Probes were labeled with T4-

polynucleotide kinase (NEB) in 10 pL reactions containing 7 pL DNA, 1 pL of radiolabeled y-P3 2

ATP, 1 pL of T4-PNK, and 1 iL of T4-PNK buffer at 37 'C for 90 min. Probes were then PCR

purified and stored at -20 *C.

Filter binding assays

Open complex assay: Kinetic assays were performed at 30 *C. Reaction mixes were made in which

an individual time point reaction was 15 pL including 8 pL of Caulobacter RNAP holoenzyme

diluted in transcription buffer (40 mM Tris-HCl, (pH 8.0), 100 mM NaCl, 10 mM MgCl 2, 1.4%

Tween-20, 50 [tg/mL BSA (Ambion), and 1 mM DTT) and 2 pl of GcrA diluted in GcrA storage
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buffer. This was incubated for 10 min at 30 'C prior to addition of 5 [tL of labeled DNA (0.1-0.25

nM) diluted in (10 mM Tris-HCl, (pH 8.5)) and pre-incubated at 30 'C for 10 min. Aliquots (14

iL) were removed at the indicated times and challenged with 2 1 L heparin (50 ig/mL final) for

20 seconds, bound to prewashed nitrocellulose filters (Millipore) and immediately washed with 4

x 1 mL of wash buffer (10 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA). Filters were

then incubated in 4 mL of scintillation liquid (National Diagnostics) and counts were read on a

scintillation counter Tri-Carb 2910 TR (Perkin Elmer).

Background counts were subtracted and the fraction of DNA retained on the filter was plotted

versus time. 100% DNA retained on filter was determined from reactions containing saturating

levels of GcrA (4uM) or RNAP (20nM) without heparin competition and filtered. Curves were

fitted with a single exponential, and the association rate koob was corrected for fractional

occupancy (Barker et al. 2001). Obtained koob were plotted versus RNAP concentration and KB

and ki were estimated by fitting the resulting curves to kobs - KB*[RNAP] (Saecker et al. 2002).

As PCCkA forms short-lived open complexes, PcckA kinetics were performed in presence of 1 mM

ATP to stabilize the open complex (ATP is the substrate for the first two nucleotides) enabling

more accurate measurements and therefore the 2 first NTP binding steps make a slight

contribution to ki.

DNA binding assay: 2 ptL of GcrA diluted in GcrA storage buffer and 8 1iL of transcription buffer

(40 mM Tris-HCl (pH 8.0), 100 mM NaCl, 10 mM MgCl 2, 1.4% Tween-20, 50 [ig/mL BSA, and 1

mM DTT) were pre-incubated at 30 'C for 10 min. 5 ptL of labeled DNA (1 nM) diluted in (10

mM Tris-HCl, (pH 8.5)) and pre-incubated at 30 *C for 10 min was added. Reactions were
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incubated at 30 *C for 5 min, bound to prewashed filters (Millipore) and immediately washed

with 4 x 1 mL of wash buffer (10 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA). Counts

were read similarly as in the open complex assays. Kd curves were fitted using the Prism software

using one site specific binding with Hill slope and curves were normalized to the predicted Bmax.

In vitro Transcription Assays

All assays were performed at 30 *C. In single-round in vitro transcription (Fig. 2.9D), reaction

mixes were made in which an individual time point reaction was 15 piL including 8 VL of

Caulobacter RNAP holoenzyme diluted in transcription buffer (40 mM Tris-HCl, (pH 8.0), 100

mM NaCl, 10 mM MgCl 2, 1.4% Tween-20, 50 ptg/mL BSA (Ambion), and 1 mM DTT) and 2 [tL

of GcrA diluted in GcrA storage buffer. This was incubated for 10 min at 30 'C. 5 ptL of DNA

(0.1-0.25 nM) diluted in (10 mM Tris-HCl, (pH 8.5)) and pre-incubated at 30 *C for 10 min was

added. Aliquots (14 ptL) were removed at indicated times and added to 2 [L of transcription start

mix (heparin (50 tg/mL final), GTP (200 [tM final), CTP (200 ptM final), ATP (200 1 M final),

UTP (10 pM final), [a-32P]UTP (2 Ci), 20 U SUPERase In RNase inhibitor (Life Technologies))

for 20 min. Reactions were stopped by addition of an equal volume of stop buffer Novex TBE-

Urea (Life Technologies), electrophoresed on 10% TBE-Urea polyacrylamide gels (Life

Technologies) and dried gels were visualized by phosphorimaging. Experiments were performed

in duplicates, one representative gel is shown.

In multiple-round in vitro transcription (Fig 2.9B, 2.9E, 2.10A), reactions containing 8 [IL of

Caulobacter RNAP holoenzyme diluted in transcription buffer (40 mM Tris-HCl, (pH 8.0), 100

mM NaCl, 10 mM MgCl 2, 1.4% Tween-20, 50 [g/mL BSA (Ambion), and 1 mM DTT) and 2 [IL

of GcrA diluted in GcrA storage buffer and 2[iL of transcription start mix (GTP (200 pM final),
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CTP (200 [iM final), ATP (200 pM final), UTP (10 1 M final), [a-3 2P]UTP (2 [tCi), 20 U

SUPERase In RNase inhibitor (Life Technologies)) were preincubated 30 'C for 10 min. 5 [IL of

DNA (0.25-0.5 nM) in 10 mM Tris-HCl, (pH 8.5) was then added to each reaction and reactions

were stopped after 15 min by addition of an equal volume of stop buffer Novex TBE-Urea (Life

Technologies), electrophoresed on 10% or 15% TBE-Urea polyacrylamide gels (Life

Technologies) and dried gels were visualized by phosphorimaging. Quantifications were

performed using ImageJ. Experiments were performed in duplicates, one representative gel is

shown.

DNA Microarray Analysis

Synchronies of CB 15N or ML2302 were performed on 200 mL of exponential phase cultures

using Percoll (GE Healthcare) density gradient centrifugation. To pre-deplete for gcrA, ML2302

cells were washed three times in PYE and resuspended in PYE without vanillate for 30 min prior

to synchrony. After synchrony, cells were resuspended in PYE and RNA collected at the

appropriate cell-cycle time-point. RNA was extracted using the RNeasy mini kit (Qiagen). The

generation of cDNA and hybridization to custom Agilent arrays was performed as described

previously (Gora et al. 2010). To eliminate defective probes from the array we removed outlier

probes that had values more than 5 standard deviations away from the mean of the other probes

for that gene. 10% of the mean was used as a lower bound for the standard deviation. In the case

of a defective probe it was excluded for all arrays. Array values for all genes are given online.6

6 http://genesdev.cshlp.org/content/suppl/2015/11/06/29.21.2272.DC 1/Table S1.xls
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Transcription start site mapping and open reading frame matching

Transcription start sites (TSS) were mapped using genome-wide 5' mRNA data (Schrader et al.

2014). Briefly, a sliding window was used to find local increase (step function) on the forward or

reverse strands of the 5' mRNA data on either side (100 bp) of a promoter identified from the rif-

treated RNAP ChIP peaks. The highest local increase was selected if above a certain threshold

(count=8). The transcription start site was then matched to the nearest open reading frame on

the same strand (up to 400 bp upstream and 150 bp downstream of the annotated open reading

frame start). This process was hand-curated at the promoters of genes that are down-regulated in

GcrA-depleted cells for which a promoter was not identified. The list of all TSS used for analysis

related to Fig. 2.9 is listed online.7

Defining the GcrA regulon

The GcrA regulon was defined based on genes fulfilling three criteria: (i) at least 1.75-fold lower

expression levels in GcrA-depleted cells at 30 or 45 min post-synchrony compared to wild-type.

However, genes whose down-regulation at 60 min was 1.25-fold greater than the down-

regulation at 30 or 45 min post-synchrony were excluded because GcrA is maximally abundant

at 30 and 45 min post-synchrony (Fig. 2.9A) and GcrA targets were expected to be maximally

affected at the 30 and 45 min time points; (ii) a GcrA:7" ChIP enrichment ratio from rif-treated

cells > 2A-()5 at the gene's promoter; (iii) a promoter-proximal GANTC site (within 40 base pairs of

the TSS). We used the rifampicin-treated ChIP data rather than the non-rif treated data to

compute the GcrA:a7" ChIP enrichment ratio used to identify the GcrA regulon for two reasons:

(i) More promoters have y70 signal in rif-treated cells which allowed us to compute the ratio at

7 http://genesdev.cshlp.org/content/suppl/2015/11/06/29.21.2272.DC 1/Table S2.xls
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more promoters, (promoters were identified as having a peak in the RNAP rif-treated ChIP (see

above, transcription start site mapping and open reading frame matching)). (ii) The rif-treated

data allowed the capture of more subtle effects as there were more promoters with a high

GcrA:&Y' ChIP enrichment ratio in the rif-treated sample compared to the non-rif treated sample.

Additionally, the promoters that were above the high ratio threshold only in the rif-treated but

not in the non-rif treated showed a distribution of changes in gene expression in GcrA-depleted

cells different than promoters with low GcrA:<Y0 ChIP ratio whereas promoters that were above

the high ratio threshold only in the non-rif treated sample did not show a difference. This

indicates that the rif-treated sample contains more information and would lead to fewer false

negatives. The GcrA regulon is summarized online.'

Cell-cycle patterns of the GcrA regulon

Cell-cycle expression patterns of genes in the GcrA regulon was taken from RNA-Seq data

previously published (Fang et al. 2013). For each gene i, each RNA-Seq count value xi at time

point j was normalized as: logx2 (X) - .1o2 (Xj)
n

Promoters activated at the swarmer-to-stalk transition (Fig. 2.10B) were identified using two

criteria on the normalized data (Fang et al. 2013) (see normalization above): (i) a two-fold

positive change at the swarmer-to- stalk transition (time point 0 and 1), (ii) a normalized

swarmer time point < 0.0.

Bacterial two-hybrid assay

Bacterial two-hybrid assays were performed as previously described (Aakre et al. 2013).

8 http://genesdev.cshlp.org/content/suppl/2015/11/06/29.21.2272.DC1/Table- S3.xls
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Immunoblotting

Immunoblotting was performed as described previously (Jonas et al. 2013) with the following

modifications: 10% or 12% Tris-HCl gels were used (Bio-Rad) and gels were imaged with a

Typhoon scanner (GE Healthcare) or a FluorChem M Imager (ProteinSimple). Antibodies were

used at the following concentrations: anti-RpoA (Neoclone #W0003, 1:7500), anti-RpoD

(Neoclone #W0004, 1:3000), anti-GcrA (1:5000), anti-Venus (MA1-952 Life Technologies,

1:1000), anti-FLAG (Sigma-Aldrich, 1:5000).

Microscopy

Phase contrast images and time-lapse movies were taken on a Zeiss Observer ZI microscope

using a 100x/1.4 oil immersion objective and an LED-based Colibri illumination system using

software Metamorph (Universal Imaging, PA). For phase contrast images, cells were fixed with

0.5% paraformaldehyde, pelleted, and resuspended in PBS. Fixed cells were spotted onto PYE

1.5% agarose pads and imaged. Cells examined were in mid-exponential phase.

For time-lapse microscopy of strains ML2317-ML2320, cells induced with IPTG for 3 hours were

placed on a 1.5% low-melting agarose pad made with PYE supplemented with IPTG and imaged

in a glass-bottomed petri dish wrapped with Parafilm to prevent desiccation. To pre-deplete

GcrA (ML2318, ML2320), cells were washed 3 times in PYE to remove the inducer vanillate,

resuspended in PYE + IPTG and pre-depleted for 30 minutes prior to placing on the agarose pad.

Pictures were taken every 8 minutes, and temperature was maintained at 30 'C using the Zeiss

Temp Module S1 and Heating Insert P S1. Automatic focusing was performed using the Zeiss

Definite Focus module. To perform cell segmentation and tracking, images were processed using

MicrobeTracker (Sliusarenko et al. 2011). For wild-type cells, cell division events were scored
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using MicrobeTracker algorithm 4 with the modified parameters: areaMax = 950, splitThreshold

= 0.5. For GcrA-depleted cells, algorithm 4 was used and division events were hand-curated.

Origin of replication foci were detected using spotFinderZ and hand-curated using spotFinderM

(Sliusarenko et al. 2011). The time between the initiation of replication to the next replication

initiation (replication to replication time) was scored as the number of frames in between two

replication events in a stalked cell lineage multiplied by 8 minutes (time between frames). An

initiation of replication event was defined as the appearance of a second fluorescent focus

indicating that the tetO array at the origin had been replicated. The time of replication to division

was scored as the number of frames between the appearance of a second focus and the frame of

cell division multiplied by 8 minutes. 110, 76, 59, 50 inter-replication events were counted for wt

(ML2317), GcrA-depleted (ML2318), pstS::Tn5 (M12319), pstS::Tn GcrA-depleted (ML2320),

respectively. 149, 71, 94, 70 replication to division events were counted for wt (ML2317), GcrA-

depleted (ML2318), pstS::Tn' (M12319), pstS:: Tn5 GcrA-depleted (ML2320), respectively.

Flow Cytometry

Flow cytometry was performed as described previously (Aakre et al. 2013).

Suppressor screen

To screen for suppressors of gcrA, a gcrA depletion strain (ML2305) was transposon mutagenized

using the EZ-Tn5 kit (Epicentre) and plated onto PYE medium containing kanamycin (to select

for transposon integration). Colonies that grew after 2-4 days were isolated for genomic DNA

extraction. To map transposon insertion sites, genomic DNA from putative suppressor strains

was digested, self-ligated, and transformed into pir- 116 E. coli. Plasmids were prepped from the

resulting transformants and sequenced using the Ez-Tn5 FP- 1 forward primer.
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Table 2.1: Strains

Name Genotype Source

C. crescentus strains

CB15N Synchronizable wild-type CB15 (Evinger and Agabian 1977)

LS3707 gcrA(spec); PxytgcrA(kanR) (Holtzendorff et al. 2004)

ML2296 AgcrA(tet); PxyigcrA(kanR) This study

ML2297 AgcrA(tetR); PxyigcrA-3xFLAG(kanR) This study

ML2298 gcrA::gcrA-3xFLAG(kan') This study

ML2299 rpoC::rpoC-3xFLAG(kan R) This study

ML2300 rpoH::rpoH-3xFLAG(kan') This study

ML2301 rpoN::rpoN-3xFLAG(kan R) This study

ML2302 AgcrA(tetR); Pvan-gcrA(kan) This study

ML2303 AspoT Lab strain collection

ML2304 AspoT AgcrA(specR); Pvn-gcrA(kan); pCT133-Plac-lacI- This study
Piac-spoT(H67A)

ML2305 AgcrA(specR); Pan-gcrA(gent) This study

ML2306 ML2305 pMT375-ftsN This study

ML2307 ML2305 pMT375-ftsZ This study

ML2308 ML2305 pMT375 This study

ML2309 ML2305 pMT375-gcrA This study

ML2312 ML2305 pMT375-gcrA-3xFLAG This study

ML2313 ML2305 pMT375-gcrA 1 o7-3xFLAG This study

ML2314 ML2305 pMT375-gcrA5 im,3-3xFLAG This study

ML2315 rpoC::rpoC-HISio (kanR) This study

YB767 pstS::Tn (Gonin et al.)

ML2316 AgcrA(specR); Pvan-gcrA(gentR); pstS::Tn5  This study

ML1678 Cori::tetO(gent); (LacI-CFP and TetR-YFP)(spec B); Lab strain collection
integrated at xylX locus

ML2317 Cori::tetO(gent); hfaA::PiaclacI-Pi1c-tetR-mCerulean Lab strain collection

ML2318 Cori::tetO(gentR); hfaA::Piaa-lacI-Piac-tetR-mCerulean; Pvan- This study
gcrA(rif); AgcrA(tet)

ML2319 Cori::tetO(gentR); hfaA::PacI-lacI-Piac-tetR-mCerulean; This study
pstS::Tn'

ML2320 Cori::tetO(gent); hfaA::Pcai-lacI-Piac-tetR-mCerulean; Pan- This study
gcrA(rif); AgcrA(tet); pstS::Tn'

ML2475 CCNA_02236::Pipz-venus (kanR) This study
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ML2476 CCNA_02236::P.. ipz(LM)-venus (kanR) This study

ML2477 CCNA_02236::Pmipz(NM)-venus (kanR) This study

E. coli strains

DH5a General cloning strain Invitrogen

TOP10 General cloning strain Invitrogen

BL21DE3 pLysS Strain for protein expression and purification Novagen

BTH101 Strain for bacterial two-hybrid assay Euromedex

ML2321 BTH101 pUT18C pKT25 This study

ML2322 BTH1O1 pUT18C-gcrA pKT25 This study

ML2323 BTH101 pUT18C-gcrA pKT25-rpoA This study

ML2324 BTH101 pUT18C-gcrA pKT25-rpoB This study

ML2325 BTH101 pUT18C-gcrA pKT25-rpoC This study

ML2326 BTH1O1 pUT18C-gcrA pKT25-rpoZ This study

ML2327 BTH101 pUT18C-gcrA pKT25-rpoD This study

ML2328 BTH101 pUT18C pKT25-rpoA This study

ML2329 BTH101 pUT18C pKT25-rpoB This study

ML2330 BTH101 pUT18C pKT25-rpoC This study

ML2331 BTH101 pUT18C pKT25-rpoZ This study

ML2332 BTH101 pUT18C pKT25-rpoD This study

ML2333 BTH101 pUT18 pKNT25 This study

ML2334 BTH101 pUT18-gcrA pKNT25-rpoD This study

ML2335 BTH101 pUT18-gcrA pKNT25-rpoH This study

ML2336 BTH101 pUT18-gcrA pKNT25-rpoN This study

ML2337 BTH101 pUT18-gcrA pKNT25 This study

ML2338 BTH101 pUT18 pKNT25-rpoD This study

ML2339 BTH101 pUT18 pKNT25-rpoH This study

ML2340 BTH101 pUT18 pKNT25-rpoN This study

ML2341 BTH101 pUT18-gcrA pKNT25-rpoD,.574  This study

ML2342 BTH101 pUT18-gcrA pKNT25-rpoD. 484  This study

ML2343 BTH101 pUT18-gcrA pKNT25-rpoDIo 748 4  This study

ML2344 BTH1O1 pUT18 pKNT25-rpoD-574  This study

ML2345 BTH101 pUT18 pKNT25-rpoD.a44  This study

ML2346 BTH101 pUT18 pKNT25-rpoDo7.484 This study
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ML2347 BTH101 pUT18C-gcrA-5o pKT25-rpoD This study

ML2348 BTH101 pUT18C-gcrAIo-am pKT25-rpoD This study

ML2349 BTH101 pUT18C-gcrA 5o pKT25 This study

ML2350 BTH101 pUT18C-gcrA08 173 pKT25 This study

ML2351 BTH101 pUT18-gcrA pKNT25-CCNA_00393 This study

ML2352 BTH101 pUT18-gcrA pKNT25-CCNA_00596 This study

ML2353 BTH101 pUT18-gcrA pKNT25-CCNA 00685 This study

ML2354 BTH101 pUT18-gcrA pKNT25-CCNA_01032 This study

ML2355 BTH101 pUT18-gcrA pKNT25-CCNA_01187 This study

ML2356 BTH101 pUT18-gcrA pKNT25-CCNA_01390 This study

ML2357 BTH101 pUT18-gcrApKNT25-CCNA_01718 This study

ML2358 BTH101 pUT18-gcrA pKNT25-CCNA_01721 This study

ML2359 BTH101 pUT18-gcrA pKNT25-CCNA_02790 This study

ML2360 BTH101 pUT18-gcrA pKNT25-CCNA_02837 This study

ML2361 BTH101 pUT18-gcrA pKNT25-CCNA_02977 This study

ML2362 BTH101 pUT18-gcrA pKNT25-CCNA_03273 This study

ML2363 BTH101 pUT18-gcrApKNT25-CCNA_03362 This study

ML2364 BTH101 pUT18-gcrA pKNT25-CCNA_03375 This study

ML2365 BTH101 pUT18-gcrApKNT25-CCNA_03419 This study

ML2366 BTH101 pUT18-gcrA pKNT25-CCNA_03589 This study

ML2563 BTH101 pUT18 pKNT25-CCNA_00393 This study

ML2564 BTH101 pUT18 pKNT25-CCNA_00596 This study

ML2565 BTH101 pUT18 pKNT25-CCNA_00685 This study

ML2566 BTH101 pUT18 pKNT25-CCNA-01032 This study

ML2567 BTH101 pUT18 pKNT25-CCNA_01187 This study

ML2568 BTH101 pUT18 pKNT25-CCNA_01390 This study

ML2569 BTH101 pUT18 pKNT25-CCNA_01718 This study

ML2570 BTH101 pUT18 pKNT25-CCNA_01721 This study

ML2571 BTH101 pUT18 pKNT25-CCNA_02790 This study

ML2572 BTH101 pUT18 pKNT25-CCNA_02837 This study

ML2573 BTH101 pUT18 pKNT25-CCNA_02977 This study

ML2574 BTH101 pUT18 pKNT25-CCNA_03273 This study

ML2575 BTH101 pUT18 pKNT25-CCNA_03362 This study

ML2576 BTH101 pUT18 pKNT25-CCNA_03375 This study

ML2577 BTH101 pUT18 pKNT25-CCNA_03419 This study
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ML2578 BTH101 pUT18 pKNT25-CCNA_03589 This study

ML2367 BTH101 pUT18-gcrA pKNT25-rpoD-or2-chimeral(Ccio7  This study

159-Eci39-349-Cc390-4 4)

ML2368 BTH101 pUT18-gcrA pKNT25-rpoD-r2-chimera2(Ec9 -138 - This study

Cci6o0-3 9-Ec3so-444)

ML2369 BTH1O1 pUT18-gcrA pKNT25-rpoD-o2-Ecoli8 9.444  This study

ML2579 BTH101 pUT18 pKNT25-rpoD-a2-chimeral(Cclo7l59- This study
Eci39-349-Cc39o484)

ML2580 BTH101 pUT18 pKNT25-rpoD-2-chimera2(Ecs 9 13s-Cc16 o. This study

389-Ec35o-444)

ML2581 BTH101 pUT18 pKNT25-rpoD-a2-Ecoli8 9.444  This study

ML2370 BL21DE3 pLysS pGEX-4T2 This study

ML2371 BL21DE3 pLysS pGEX-4T2-gcrA This study

ML2372 BL21DE3 pLysS pET28b-HIS6 -gcrA This study

ML2373 BL21DE3 pLysS pET28b-HIS6 -rpoD This study

ML2374 BL21DE3 pLysS pET28b-HIS6-rpoH This study

ML2375 BL21DE3 pLysS pET28b-HIS6 -rpoN This study

ML2378 BL21DE3 pLysS pET28b-HIS6 -ccrM This study
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Table 2.2: Plasmids

Plasmids Description/purpose Source

pENTR/D-TOPO Entry vector for Gateway cloning (kan') Invitrogen

pNPTS138 Integration vector (kanR) with sacB counterselection Lab collection

pNPTS-spec-DEST pNPTS138 derivative modified with specr cassette (Gora et al. 2010)

pMT375 (pRXMCS-5) Low-copy plasmid for xylose inducible expression of (Thanbichler et al. 2007)
genes (tetR)

pMT585 (pXGFPC-2) Vector for integration at Pxy, (kanR) (Thanbichler et al. 2007)

pMT552 (pVGPFC-2) Vector for integration at Pai(kanR) (Thanbichler et al. 2007)

pMT644 (pVGFPC-4) Vector for integration at Pa,(gentR) (Thanbichler et al. 2007)

pMT561(pVGFPC-3) Vector for integration at Pvan(rifR) (Thanbichler et al. 2007)

pCT133 Low-copy destination vector (tetR) Lab collection

pKO3 Template for tet cassette amplification Lab collection

pENTR-spec-UP-tet- pENTR containing sequence for tet-marked in frame This study
DW(gcrA) deletion of gcrA

pNPTS-spec-UP-tet- tet-marked in frame deletion of gcrA This study
DW(gcrA)

pMT585-gcrA Integration of Pyr-gcrA at the xylose locus (kan) This study

pMT585-gcrA-3xFLAG Integration of Pyr-gcrA-3xFLAG at the xylose locus This study
(kanR)

pNPTS138-gcrA-3xFLAG Single integration of gcrA-3xFLAG at gcrA This study

pNPTS138-rpoC-3xFLAG Single integration of rpoC-3xFLAG at rpoC This study

pNPTS138-rpoH-3xFLAG Single integration of rpoH-3xFLAG at rpoH This study

pNPTS138-rpoN-3xFLAG Single integration of rpoN-3xFLAG at rpoN This study

pNPTS138-rpoC-HIS0  Single integration of rpoC-HISo at rpoC This study

pNPTS 138-Pmipz-venus Integration of P,,ipz-venus at the CCNA_02236 locus This study

pNPTS138-Pm,,z(LM)-venus Integration of Pipz(LM)-venus at the CCNA_02236 This study
locus

pNPTS138-P..ipz(NM)-venus Integration of Pmipz(NM)-venus at the CCNA_02236 This study
locus

pMT552-gcrA Integration of Pvan-gcrA at the van locus (kanR) This study

pNPTS-AspoT Markerless deletion of spoT Lab plasmid collection

pCT133-Piaci-lacI-Pac- Expression of hydrolase-defective mutant of spoT Lab plasmid collection
spoT(H67A)

pNPTS138-hfaAUP-Pac- Integration of PiacI-lacI-Piac-tetR-mCerulean at the Lab plasmid collection
lad-Plac-tetR-mCerulean- hfaA locus
hfaADW
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pMT561-gcrA Integration of Pvan-gcrA at the van locus (rife) This study

pMT644-gcrA Integration of Pvan-gcrA at the van locus (gentR) This study

pMT375-ftsN Xylose inducible expression offtsN This study

pMT375-ftsZ Xylose inducible expression offtsz This study

pMT375-gcrA Xylose inducible expression of gcrA This study

pMT375-gcrA-3xFLAG Xylose inducible expression of gcrA-3xFLAG This study

pMT375-gcrA 107-3xFLAG Xylose inducible expression of gcrA-o7-3xFLAG This study

pMT375-gcrA5 .1 73-3xFLAG Xylose inducible expression of gcrA5 173-3xFLAG This study

pKT25 For generating genetic fusions of proteins to C- (Karimova et al. 1998)
terminus of T25

pKNT25 For generating genetic fusions of proteins to N- (Karimova et al. 1998)
terminus of T25

pUT18 For generating genetic fusions of proteins to N- (Karimova et al. 1998)
terminus of T18

pUT18C For generating genetic fusions of proteins to C- (Karimova et al. 1998)
terminus of T18

pUT18C-gcrA T18-GcrA This study

pUT18-gcrA GcrA-T18 This study

pUT18C-gcrA 5(o T18-GcrAso This study

pUT18C-gcrAjo8 7 -3  T18-GcrAo8-173  This study

pKT25-rpoA T25-RpoA This study

pKT25-rpoB T25-RpoB This study

pKT25-rpoC T25-RpoC This study

pKT25-rpoZ T25-RpoZ This study

pKT25-rpoD T25-RpoD This study

pKNT25-rpoD RpoD-T25 This study

pKNT25-rpoH RpoH-T25 This study

pKNT25-rpoN RpoN-T25 This study

pKNT25-rpoD,.574  RpoD]3 574-T25 This study

pKNT25-rpoD 48 4  RpoDI-484-T25 This study

pKNT25-rpoDI0 748 4  RpoDIo 7-484-T25 This study

pKNT25-CCNA_00393 CCNA_00393-T25 This study

pKNT25-CCNA_00596 CCNA_00596-T25 This study

pKNT25-CCNA_00685 CCNA_00685-T25 This study

pKNT25-CCNA_01032 CCNA_01032-T25 This study

pKNT25-CCNA_01187 CCNA_01187-T25 This study
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pKNT25-CCNA_01390 CCNA_01390-T25 This study

pKNT25-CCNA_01718 CCNA_01718-T25 This study

pKNT25-CCNA_01721 CCNA_01721-T25 This study

pKNT25-CCNA_02790 CCNA_02790-T25 This study

pKNT25-CCNA_02837 CCNA_02837-T25 This study

pKNT25-CCNA_02977 CCNA_02977-T25 This study

pKNT25-CCNA_03273 CCNA_03273-T25 This study

pKNT25-CCNA_03362 CCNA_03362-T25 This study

pKNT25-CCNA_03375 CCNA_03375-T25 This study

pKNT25-CCNA-03419 CCNA 03419-T25 This study

pKNT25-CCNA_03589 CCNA_03589-T25 This study

pKNT25-rpoD-o2- rpoD-r2-chimera1 (Cc]o0 7159-Ec 39-349-Cc39 -4 4)-T25 This study
chimera1 (Cc 1o7159-Ec139-349-
C C390-484)

pKNT25-rpoD-ar2- rpoD-or2-chimera2(E8 9-138 -C 6o0389-Ec 35o444)-T25 This study
chimera2(E8 9-138 -C 6o-3a9-
Ec3so-444)

pKNT25-rpoD-or2-Ecoli 89 444  rpoD-or2-Ecoli9.444-T25 This study

pGEX-4T2 Expression vector with GST tag Lab collection

pET28b Expression vector with His6 tag Lab collection

pGEX-4T2-gcrA Expression vector for purification of GST-GcrA This study

pET28b-HIS6 -gcrA Expression vector for purification of HIS6-GcrA This study

pET28b-HIS6 -rpoD Expression vector for purification of HIS6-RpoD This study

pET28b-HIS6-rpoH Expression vector for purification of HIS 6-RpoH This study

pET28b-HIS6-rpoN Expression vector for purification of HIS6-RpoN This study

pET28b-HIS6-ccrM Expression vector for purification of HIS6-CcrM This study
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Table 2.3: Primers

Primer Sequence (5'->3')

OL3_up-gcrAF CACCTCAGGAAGTCCGGCGTCAG

OL4_up-gcrAR CGATATCAAGCTTATCGATACCGGTCGGTCCAGCTCATTACCCGTCT

OL5_dw-gcrAF GGAACTTCTTGAATTCCTGCAGCTGGCCCGCTCGCTTCGCCGCTACATCT
AAG

OL6_dw-gcrAR AGCGCGAGCCGGCCGGATAG

OL7_tetF CGGTATCGATAAGCTTGATATCG

OL8_tetR CTGCAGGAATTCAAGAAGTTCC

OL17_Ndel gcrAF GATTCATATGAGCTGGACCGACGAACG

OL18_SacIgcrAR GTAGGAGCTCTTAGATGTAGCGGCGAAGCG

OL69_del-gcrA verF CCGTAAGCCCGAAATAAAGCACCGCCCAGAGG

OL70_del_gcrAverR CGGTCGCGGATGCGGTGCAGGATGTCGCGGATC

GcrA-3xFLAGSOE-CTERM-R CCGTCGTGGTCCTTGTAGTCGATGTAGCGGCGAAGCGAGCG

3xFLAG-F GACTACAAGGACCACGACGGCG

3xFLAG-SACI-R AGATACGAGCTCTTACTTGTCGTCGTCGTCCTTGTAGTCG

HindIII- AGATAAGCTTCGGCCTTTCGGCCAGCCAGATC
GcrActerm3XFLAG_F

rpoC-HindIII-Cterm-F AGATACAAGCTTGGCAACCAGCCCGAGGCGGTCG

Rev-rpoC3Xflag CCGTCGTGGTCCTTGTAGTCTTCGGCGTCCGAAAGCGCGATCTCG

RpoN-HindIII-3X-F AGATAAGCTTATCTGCGGCGTCGACGACGAAGATC

rpoN-3X-R CCGTCGTGGTCCTTGTAGTCGACCGCTTCCTTCATCAGCCGGC

rpoH-HindIII-3X-F AGATAAGCTTATCCGCAAGCGGCCCACAAGATG

rpoH-3X-Flag-R CCGTCGTGGTCCTTGTAGTCGGCGTCGACCATGTTCTTGGCGATC

Rev-3x flag EcorI AGATACGAATTCTTACTTGTCGTCGTCGTCCTTGTAGTCG

rpoC-Rllinker TGGTGATGATGTGAACCGCCTGATCCGCCTTCGGCGTCCGAAAGCGCGA
TCTCG

rpoC-R2linker-10His AGATGAATTCCTAGTGGTGATGATGGTGGTGATGGTGATGATGTGAACC
GCCTGAT

FtsN-NdeI-F AGATCATATGTCCGATCCGCACCGCGGG

FtsN-SacI-R AGATGAGCTCTCACTTTACGAAGCAGGATTTGCCG

NdeI-FtsZ-F AGATACCATATGGCTATTTCTCTTTCCGCGC

FtsZ-R-SacI AGATGAGCTCTCAGTTGGCCAGGCGGCGCAG

NL-fuse3Xflag CCGTCGTGGTCCTTGTAGTCCGAGCCGGGTTCTTCGTGACGG

GcrA-Cterm- 151 -F-NdeI AGATCATATGCCCTCGCAACCGGCCCGTCCG
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CAP133 AATTGAAGCCGGCTGGCGCCAAGCTTCGACGGCCTAGAGGGTGGACATC

CAP134 GTCCACCGTCTCAGACGACAACGCGCCCGATTC

CAP135 GCGTTGTCGTCTGAGACGGTGGACCGGACGCG

CAP136 GCGTCACGGCCGAAGCTAGCGAATTCATCCCGGTTGCCTCGGCATC

CAP173 GAGCGAACTGGAACTGGTCCG

CAP174 CACGCCGTCAGACTGCGTAAC

CAP66 GCGGCCGCCCCCTTCACCATGAATTCGCATGCATTTACGTTGACACCA

CAP391 CACAGACGACATAGCTGTTTCCTGTGTGAAATTGTTATCC

CAP392 CAGGAAACAGCTATGTCGTCTGTGGCCCCCGTC

CAP393 GCTCTAGAACTAGTGGATCCCCCGGGCTACCCCCGCGTCCGGTCCAC

CAP394 GCGATCCCTACTATGCTGCCCCGATCGAGGTGGCGG

CAP395 CCGCCACCTCGATCGGGGCAGCATAGTAGGGATCGC

CAP94 AATTGAAGCCGGCTGGCGCCAAGCTTACATCGGTCCAAGCTGGCC

CAP95 GTAAATGCATGCCCCAAGGTCTCGAAAAAATGGTTAAGCC

CAP96 CGAGACCTTGGGGCATGCATTTACGTTGACACCATCG

CAP137 TCTAGACATCATAGCTGTTTCCTGTGTGAAATTGTTATCCG

CAP138 CAGGAAACAGCTATGATGTCTAGATTAGATAAAAGTAAAGTGATTAACA
GCG

CAP139 CTGTACAAGTAAGCTATCCCTCATGCTGTATCTTTTTGGC

CAP140 ATGAGGGATAGCTTACTTGTACAGCTCGTCCATGCCG

CAP99 GCGTCACGGCCGAAGCTAGCGAATTCTCATTTCGGAGTACCGCCCTTC

CAP60 GCCCTTGCTCACCAACTCGAGGATGTCAGACCCAC

CAP61 ATCCTCGAGTTGGTGAGCAAGGGCGAGGAG

F-GcrA-BamHI GATTGGATCCATGAGCTGGACCGACGAACG

R-GcrA-SalI GTAGGTCGACTTAGATGTAGCGGCGAAGCG

RpoD-pet28-NdeI-F AGATCATATGTTGATGAGCAACAATTCCTCGGCC

rpoD-pet28-HindIII-R AGATAAGCTTTTACGAGTCCAGGAAGCTGCGCAG

rpoH-pet28-NdeI-F AGATCATATGAGTAAGATGGCCGTGAATTCTCTATCG

rpoH-pet28-HindIII-R AGATAAGCTTCTAGGCGTCGACCATGTTCTTGG

rpoN-pet28-NdeI-F AGATCATATGTTGGCGCTCAGCCACCGACTAG

rpoN-pet28-HindIII-R AGATAAGCTTTCAGACCGCTTCCTTCATCAGCC

ccrm-Ndel-F AGATCATATGAAGTTCGGGCCGGAAACC

ccrm-EcoRI-R AGATGAATTCTCAGTTCATCCCCGCCCGCAC

GcrA-XbaI-F AGATTCTAGAGATGAGCTGGACCGACGAACGG
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GcrA-KpnI-stop-R AGATGGTACCTTAGATGTAGCGGCGAAGCGAGC

GcrA-KpnI-R AGATGGTACCCGGATGTAGCGGCGAAGCGAGCG

rpoA-XbaI-F AGATTCTAGAGGTGATCGAAAGAAACTGGAACGAGCTG

rpoA-KpnI-stop-R AGATGGTACCTTAGATCTGGTCTTCGAACTTCTTGGCC

rpoB-XbaI-F AGATTCTAGAGATGGCGCAATCCTTCACCGGCAAG

rpoB-KpnI-stop-R AGATGGTACCTCAGCTGTTCTCCAGCTCGACGTTC

rpoC-XbaI-F AGATTCTAGAGATGAACCAGGAAGTCCTGAACATCTTCAATC

rpoC-KpnI-stop-R AGATGGTACCCTATTCGGCGTCCGAAAGCGCG

omega-XbaI-F AGATTCTAGAGATGGCCCGCGTCACCGTCGAAG

omega-KpnI-stopR AGATGGTACCTCAGTACCGCTCCTCCTGACCAC

s70-XbaI-F AGATTCTAGAGTTGATGAGCAACAATTCCTCGGCC

s70-KpnI-stop-R AGATGGTACCTTACGAGTCCAGGAAGCTGCGCAG

s70-KpnI-R AGATGGTACCCGCGAGTCCAGGAAGCTGCGCAGC

GcrA-1-150-stop-R AGATGGTACCTTAAGCCGCGCGGCCCGACAGGCC

GcrA-322-end-F AGATTCTAGAGGCCACCGTGCTGACCCTGGGCG

rpoH-F-b2h AGATTCTAGAGATGAGTAAGATGGCCGTGAATTCTCTATCG

rpoH-R-b2h AGATGGTACCCGGGCGTCGACCATGTTCTTGGCG

rpoN-F-b2h AGATTCTAGAGTTGGCGCTCAGCCACCGACTAGAG

rpoN-R-b2h AGATGGTACCCGGACCGCTTCCTTCATCAGCCGG

rpoDaa484-R AGATGGTACCCGGGCGATCGAGCGGGTGATCGC

sig70-1-3-R AGATGGTACCCGCGCGTCGATCGGCAGGATGGC

sig70nt319-F AGATTCTAGAGGCGGCCTATGACCGCACCGACG

CCNA_00393-F-B2H AGATTCTAGAGTTGAGCCCTCTCGATCAAACGGC

CCNA_00393-R-B2H AGATGGTACCCGGTTGGCGCTTGCCATAAAGCTCC

B2H-00596-F AGATTCTAGAGTTGCGGTATCCCGGGCCCAGG

B2H-00596-R AGATGGTACCCGCAGCTCGAACCATCCATCCTCC

CCNA_00685-F AGATTCTAGAGGTGGGCATGTATGCGACAGGAC

CCNA_00685-R AGATGGTACCCGCGACGCGACTCCCGCCTCGCG

B2H-1032-F AGATTCTAGAGTTGAGGGGAGCGTTGATGGCG

B2H-1032-R AGATGGTACCCGCCGCTTCGCGTCGTGATCCCG

B2H-1187-F AGATTCTAGAGATGAGCGATCTGGCGAGCCTG

B2H-1187-R AGATGGTACCCGTGAGCGTCCCCCGCCTGCGCGAC

CCNA_01390-F-B2H AGATTCTAGAGATGCTCTACGCCATTCTTTGCTACAACC

CCNA_01390-R-B2H AGATGGTACCCGGACCCTGGTCGCCATCGTGTCC

B2H-1718-F AGATTCTAGAGATGGACGCCGCGCTCGTCAG
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B2H-1718-R AGATGGTACCCGTCGAGATCCTCCCAGAACCGCC

B2H-1721-F AGATTCTAGAGTTGATTTCAATGGGCATGGAACG

B2H-1721-R AGATGGTACCCGGCCATGAGCTTCCCTCCTCGCG

B2H-2790-F AGATTCTAGAGATGAGTAAAGTGAGACAATATCGTCGTGCG

B2H-2790-R AGATGGTACCCGGCCCCGGATCATGTCGGCGC

B2H-2837-F AGATTCTAGAGTTGGTCTCCGACGGGAACGATC

B2H-2837-R AGATGGTACCCGCGCTTCGCCTCGCGTCAGATC

B2H-2977-F AGATTCTAGAGATGGACCAGCAGACTCAGAAGAGCTTC

B2H-2977-R AGATGGTACCCGTGCCGCCAGCCGTTCCAGATC

B2H-3273-F AGATTCTAGAGGTGCGGACGGATGATCTGATCG

B2H-3273-R AGATGGTACCCGCCACCTCAGCAGCCAGCGTCCC

B2H-3375-F AGATTCTAGAGATGACGGTCGCGGAGACCATC

B2H-3375-R AGATGGTACCCGCCCTAGCCCAAGGGCCTGCGG

B2H-3419-F AGATTCTAGAGTTGAGCCGAGACCACGACAACTTC

B2H-3419-R AGATGGTACCCGAACTCCATCGTCGGATCCCTC

B2H-3589-F AGATTCTAGAGATGGTCGCGGAACAGGTCGG

B2H-3589-R AGATGGTACCCGCCGCAAGGCGCTCAATCGCTC

CC-159-R-fuse-EC139 AGCAGATAGGTGATCGCTTCGAAGGTCAGGGCCGACTCGCAC

EC139-F GAAGCGATCACCTATCTGCTGGAACAG

EC349-R TTCTTCAATCTGCTGCAGTTTTTGCAG

CC-390-F-fuse-EC349 AACTGCAGCAGATTGAAGAAGAAACCGGCGTGCCGATCGAC

89Ec-F-XbAI AGATTCTAGAGTCTGAAATCGGGCGCACGACTGAC

EC138-R CGGATATTCAGCAACGGAGCATTGAAC

CC-160-F-fuseEC138 GCTCCGTTGCTGAATATCCGGAAGCCATCATGGTGTGGCGCG

389CCfuse350EC-R TCGATGGTCAGGCCGGTTTCGGTGGCCAGGGCGGCGATCTCGC

350Ec-F GAAACCGGCCTGACCATCGAGCAG

EC444-R-KpnI AGATGGTACCCGCGCGATAGAGCGGGTGATCGCC

FB-ftsz-F GGATGAGCCTCAGCGGCGTTCGG

FB-ftsZ-R GGCCGGGGATGCCTCGACGATC

FB-mipz-F GGACCAACGGGAACGCGTCCACAG

FB-mipz-R GGACGACGATAACGCGCGTTTCGG

FB-ccka-F GGAAAGAAGCCCCAGCCCCGG

FB-ccka-R GGTTGTACCTTTCTTACGGCGAGCC

FB-ftsN-F-soe-TOAG6A AACCTAGGGTCGCGCGCGTCAGATTCAATGCGTCGTTCCGTGCGCCGC
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FB-mipZ-R-soe-mutants TAATCGAAGGTTAACACGATGTTTCCCG

FB-mipZ-G3TG6A-TOGG6T ATCGTGTTAACCTTCGATTAAGATTCACGGAGTCTCGACGCAGAAGGAT
CCGAGCCATG

FB-mipZ-A4T-GiC ATCGTGTTAACCTTCGATTAAGAGACGCTCAGTCGCGACGCAGAAGGAT
CCG

FB-mipZ-R-soe-outside GCGACCTTGGCGCCGCCGTACAG

R0059-F CGGCGACAAAGTTGTTCAGT

R0059-R TACCAAGGATGCGCTCTACC

R0021-F CTGAAAAGGTCGTTGCATCC

R0021 -R CCAAAAACCGCAGTGTTACC

rpsL-F AAGCCCGGAAGGAACGCAAG

rpsL-R TTAACCGACGCGGGAACAGG

01305-F AAGGCGCCTATCCAGAACC

01305-R GTACGTTCCGGAATCGGTTT

ruvA-F CGAGTGAGGAAGCCGTAGAG

ruvA-R GACCCTGTTGCACATCGAG

Venus-F ATGGTGAGCAAGGGCGAGGAGCTG

Venus-R-NheI AGATGCTAGCTTACTTGTACAGCTCGTCCATGCCGAG

2236-F-HindIII AGATAAGCTTTCCCAACATGGCGGGCTACAAG

2236-R-fuse-mipZ GGACGCGTTCCCGTTGGTCCTCAGCGACAGAGGGTCTCCAGC

PmipZ-R-fuse-VENUS TCCTCGCCCTTGCTCACCATGGCTCGGATCCTTCTGCGTCG
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Table 2.4: ChIP-Seq strains and conditions

Strain Genotype Condition Antibody

ML2297 AgcrA(tetR); Pxyr-gcrA- PYE + 0.3% xylose Anti-FLAG (Sigma-Aldrich)
3xFLAG(kan)

ML2296 AgcrA(tet); PxygcrA(kanR) PYE + 0.3% xylose Anti-FLAG (Sigma-Aldrich)

ML2298 gcrA::gcrA-3xFLAG(kan) PYE Anti-FLAG (Sigma-Aldrich)

ML2299 rpoC::rpoC-3xFLAG(kan) PYE Anti-FLAG (Sigma-Aldrich)

ML2297 AgcrA(tet); Pxyr-gcrA- PYE + 0.3% xylose + Anti-FLAG (Sigma-Aldrich)
3xFLAG(kanR) rifampicin 25 ytg/mL

for 30 min

ML2299 rpoC::rpoC-3xFLAG(kan) PYE + rifampicin 25 Anti-FLAG (Sigma-Aldrich)
ptg/mL for 30 min

CB15N Synchronizable wild-type CB15 PYE Anti-FLAG (Sigma-Aldrich)

CB15N Synchronizable wild-type CB15 PYE Anti-RpoD (Neoclone)

CB15N Synchronizable wild-type CB15 PYE + rifampicin 25 Anti-RpoD (Neoclone)
Rg/mL for 30 min

ML2300 rpoH::rpoH-3xFLAG(kan) PYE + rifampicin 25 Anti-FLAG (Sigma-Aldrich)
_ g/mL for 30 min

ML2301 rpoN::rpoN-3xFLAG(kan) PYE + rifampicin 25 Anti-FLAG (Sigma-Aldrich)
_ g/mL for 30 min
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Chapter 3

Identification of a new nucleoid-associated protein that binds

AT-rich regions in Caulobacter crescentus

This work is in preparation for submission as Haakonsen, D.L., Guo, M.S., and Laub M.T.
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Summary

Nucleoid-associated proteins (NAPs) play critical roles in organizing and compacting the

bacterial chromosome. They affect DNA compaction and conformation by bending, wrapping

and bridging the DNA, which can impact transcription regulation and supercoiling levels in the

cell. Despite their important roles in chromosome organization, NAPs are not widely conserved

across the bacterial phylogeny. The majority of the widely studied E. coli NAPs have no

homologs in Caulobacter, an alpha-proteobacterium, suggesting that additional NAPs likely

remain to be identified. To discover new NAPs in Caulobacter, we purified nucleoids and

analyzed the nucleoid-bound proteins by mass-spectrometry. We identified a new NAP, CnpA,

specific to alpha-proteobacteria. We show using ChIP-seq that CnpA associates with AT-rich

DNA as well as predicted positively supercoiled regions. RNA-seq analysis upon loss of cnpA

shows the induction of the DNA damage response and an expression pattern similar to cells

treated with novobiocin, a gyrase inhibitor. We propose that CnpA impacts global supercoiling

and helps manage or dissipate the torsional stress induced by DNA unwinding during

transcription and replication, which upon depletion of cnpA can accumulate and lead to

replication fork collapse.
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Introduction

Regulating chromosome structure and compaction is critical to all organisms. Bacterial DNA is

highly condensed and packaged with proteins into a distinct structure called the nucleoid (Dillon

and Dorman, 2010). In bacteria, which do not encode histones, chromosomal organization is

primarily modulated by DNA supercoiling and nucleoid-associated proteins (NAPs) that bind

DNA and shape the chromosome. NAPs are the most abundant proteins associated with the

bacterial chromosome. They comprise a diverse group of proteins not conserved at the sequence

level but sharing similarities such as small size (80-200 aa), basic amino acid content, and DNA-

binding ability. They usually bind DNA in a sequence non-specific manner by recognizing DNA

shape, such as a narrow minor groove and induce structural deformations to the DNA by

bending (e.g IHF, Fis) (Pan et al., 1994; Rice et al., 1996; Stella et al., 2010), wrapping (e.g HU)

(Guo and Adhya, 2007; Kar et al., 2006)or bridging DNA (e.g H-NS) (Dame et al., 2000).

Most NAPs also have profound effects on transcription regulation. They can promote

transcription by introducing loops and bends in the DNA and constraining DNA supercoiling

such as Fis in E. coli (Schneider et al., 1999; Travers and Muskhelishvili, 2005). Alternatively, they

can repress transcription such as E. coli H-NS that binds AT-rich sequences and oligomerizes on

DNA to repress and silence gene expression (Ali et al., 2012; Kahramanoglou et al., 2011;

Lucchini et al., 2006; Navarre et al., 2006).

NAPs also play an important role in maintaining supercoiling homeostasis of the chromosome.

Bacterial chromosomes are generally maintained in a negatively supercoiled state, which helps

compact the DNA and is thought to facilitate the melting of DNA required for transcription and
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replication. NAPs constrain approximately half of the negative supercoils (Johnson et al., 2005).

The unconstrained supercoiling is mainly controlled by the activities of the topoisomerase

enzymes DNA gyrase, TopoIV and Topo I. DNA gyrase introduces negative supercoils into

DNA while Topo I removes these negative supercoils. Both replication and transcription affect

supercoiling levels; for example the unwinding of DNA by RNA polymerase (RNAP) introduces

positive supercoils in front of the moving complex and negative supercoils behind it. NAPs can

affect supercoiling levels directly by constraining supercoiling via toroidal supercoils(Owen-

Hughes et al., 1992; Schneider et al., 1999; Swinger et al., 2003; Tupper et al., 1994) or by directly

interacting with the topoisomerases. Examples of such interactions include E. coli YejK and SeqA

that interact with gyrase and topoIV or topoIV only, respectively (Kang et al., 2003; Lee and

Marians, 2013). NAPs can also affect supercoiling indirectly by regulating the expression of the

topoisomerases, such as Fis affecting the transcription of Topol and gyrase (Schneider et al.,

1999; Weinstein-Fischer et al., 2000).

Despite their fundamental roles in chromosome organization, most NAPs are not conserved

across bacteria (Dillon and Dorman, 2010). In E.coli the major NAPs include HU, IHF, H-NS,

SeqA, Fis and Dps. Only HU, IHF and Dps have homologs in Caulobacter, indicating that other

major NAPs likely remain to be identified in this organism.

In this study, we identify, via mass- spectrometry analysis of nucleoid-bound proteins, a new

alpha-proteobacteria specific NAP that we name CnpA (Caulobacter nucleoid protein A). We

show using ChIP-seq that CnpA associates with AT-rich DNA sequences and regions of

predicted positive supercoiling. We further characterize the gene expression changes in CnpA-

depleted cells and find that loss of cnpA leads to the induction of the DNA damage response and
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a novobiocin-treated like response suggesting reduced negative supercoiling levels. Taken

together, we propose a model in which CnpA impacts global supercoiling levels and helps

positive supercoils management, which can accumulate upon loss of cnpA and result in

replication fork collapse.
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Results

Identification of a new nucleoid associated protein

To identify new NAPs in Caulobacter, we took a proteomic approach in which we isolated intact

nucleoids and performed mass spectrometry analysis of the proteins associated with the nucleoid

(Fig. 3. 1A). NAPs usually stably associate with DNA and are therefore more likely to purify with

the nucleoid fraction than other DNA binding proteins such as transcription factors that have a

high dissociation rate. Intact nucleoids were purified by sucrose gradient centrifugation of cells

lysed in low salt and spermidine to preserve nucleoid-protein interactions (Ohniwa et al., 2011).

After centrifugation, the nucleoids were clearly visible, forming a cloudy structure in the middle

of the sucrose gradient. We isolated 1 ml fractions from the gradient and analyzed their DNA

content by DAPI staining (Fig. 3.1B). We identified the nucleoid fraction as the fraction running

in the middle of the gradient with the highest DNA content (fraction 6 on Fig. 3.1B). The top

fractions, corresponding to the cytoplasm, also had high DAPI staining due to RNA and sheared

DNA. To test that known NAPs were retained in the nucleoid fraction, we analyzed all fractions

by immunoblotting for the presence of IHF. We found that IHF was greatly enriched in the

nucleoid fraction (Fig. 3.1B), validating our approach.

Mass spectrometry analysis of the nucleoid fraction identified known NAPs in Caulobacter

including one of the HU subunits and the two subunits of IHF (Table 3.1). Other DNA binding

proteins that form stable interactions with DNA were identified including subunits of RNAP and

the single stranded DNA binding protein Ssb (Table 3.1) but no canonical transcription factors

were recovered.
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Figure 3.1: Identification of CnpA, a new NAP

(A) Schematic of the nucleoid purification procedure. Cells were lysed gently and nucleoid where
isolated through sucrose gradient centrifugation. Proteins contained in the nucleoid fraction
were analysed by mass-spectrometry. (B) Fractions analysis from a nucleoid purification
performed on wild-type cells. DNA content was analyzed by DAPI staining and presence of IHF
was assessed by immunoblotting. (C) Schematic of the CnpA protein. N-terminus (amino acid
13-48) contains a putative alpha helical coil-coiled and a basic region is found at the C-terminus
(amino acid 49-89). (D) Nucleoid purification performed on CnpA-3xFLAG expressing cells.
Fractions were analyzed by DAPI staining and by immunoblotting with RpoA and FLAG
monoclonal antibodies.

I
To identify new NAPs, we examined our mass spectrometry data for proteins of unknown

function that were (1) small, (2) contained a basic region, and (3) were highly expressed.

Interestingly, a small, 89 amino acid long, protein (CCNA_03428) identified with high

confidence in the nucleoid fraction (7 spectra) (Table 3.1) fit these criteria.
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Protein Function # of spectra

CCNA 01433 Integration host factor subunit alpha (ihfA) 13

CCNA_03162 Arginine biosynthesis bifunctional protein ArgJ (argJ) 9

CCNA 02036 DNA-binding protein HU (hup) 8

CCNA_01330 DNA-directed RNA polymerase subunit alpha (rpoA) 7

CCNA 03428 Uncharacterized protein conserved in bacteria 7

CCNA_02063 DNA uptake lipoprotein 4

CCNA 00537 DNA-directed RNA polymerase subunit beta' (rpoC) 4

CCNA 01621 DNA-directed RNA polymerase subunit omega (rpoZ) 4

CCNA 01535 Single-stranded DNA-binding protein (ssb) 4

CCNA_03701 Integration host factor subunit beta (ihfB) 3

CCNA 02594 Protease HtpX homolog (htpX) 3

CCNA 02528 Glycerol-3-phosphate acyltransferase (p/sY) 3

CCNA 01527 Flagellin (fljL) 3

CCNA 01059 S-layer protein (rsaA) 3

CCNA 01101 Translation initiation factor IF-3 (infC) 2

CCNA 00356 conserved hypothetical protein/outer membrane protein 2

CCNA 02428 Translation initiation factor IF-1 (infA) 1

CCNA 01819 RNA-binding protein Hfq (hfq) 1

CCNA 02082 Sec-independent protein translocase protein TatA (tatA) 1

CCNA 02646 Cell division protein MraZ (mraZ) 1

CCNA_03303 Elongation factor Tu 1

CCNA 02041 ATP-dependent CIp protease proteolytic subunit (clpP) 1

CCNA 01528 Flagellin (fijK) 1

CCNA 00834 Flagellin (fijM) 1
1-(5-phosphoribosyl)-5-[(5-phosphoribosylamino)methylideneamino]

CCNA_03852 imidazole-4-carboxamide isomerase (hisA) 1

Table 3.1: Proteins identified by mass spectrometry of nucleoid-bound proteins

Caulobacter proteins identified in the nucleoid fraction by mass spectrometry except for
ribosome and ATP synthase subunits that were filtered out. Shaded gray cells indicate known
NAPs, green is CnpA.
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We renamed this protein CnpA (Caulobacter nucleoid protein A). CnpA contains a predicted

alpha-helical coiled-coil at the N-terminus, that could mediate oligomerization, and a basic

region at the C-terminus (pI=9.6) that could bind DNA (Fig. 3.1C). Additionally, ribosome-

profiling data indicate that CnpA likely is abundant in exponential growth (Schrader et al., 2014).

CnpA is also predicted to be essential in Caulobacter (Christen et al., 2011).

To determine whether CnpA is enriched in the nucleoid fraction, we repeated the nucleoid

purification procedure with cells expressing a CnpA-3xFLAG tagged variant from the

endogenous cnpA locus. We found that CnpA was enriched in the nucleoid fraction and not

detectable in the cytoplasmic fraction in contrast with the alpha subunit of RNAP that was

present in both fractions (Fig. 3.1D), suggesting that CnpA binds the nucleoid stably and with

high affinity.

CnpA is specific to alpha-proteobacteria

Homologs of CnpA are only found in alpha-proteobacteria (Fig. 3.2A) and are present in all

alpha-proteobacteria taxonomic groups (Fig. 3.2B), including some Rickettsiales species that are

intracellular pathogens with reduced genomes (Gupta and Mok, 2007). CnpA homologs are also

found on phages and plasmids (Fig. 3.2C). NAPs such as HU, IHF and H-NS are often encoded

on large plasmids and a H-NS homolog was recently found on a phage (Skennerton et al., 2011;

Takeda et al., 2011). Alignment of 85 CnpA homologs from representative alpha-proteobacteria

genomes revealed that the predicted N-terminal alpha-helical coiled-coil and basic C-terminal

region are well conserved (Fig. 3.2D).
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Figure 3.2: Phylogenetic conservation of CnpA

(A) Representative genomes of all classes within the proteobacteria phylum were searched for
homologs of CnpA. Numbers indicate the number of homologs over the number of genomes
searched. (B) The occurrence and conservation (from Blast bit-score) of CnpA homologs were
assessed for every genome selected from the alpha-proteobacteria class in (A). The average
conservation and occurrence were computed for each taxonomic group within the alpha-
proteobacteria. (C) Alignment of Caulobacter CnpA and Caulobacter phage Cr30 CnpA. (D)
Conservation logo of CnpA computed from all homologs identified in (A).

I
cnpA depletion leads to cell filamentation and DNA replication defects

To explore the essential function of CnpA, we constructed a depletion strain in which the only

copy of CnpA is driven from a xylose-inducible promoter on a low-copy plasmid (AcnpA, Pxy-

cnpA). We plated the depletion strain on plates containing glucose to repress expression from the
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xylose promoter and we observed a five-log growth defect compared to growth on xylose plates

(Fig. 3.3A). To better characterize the growth defects associated with the loss of cnpA, we

performed a time course depletion experiment. CnpA-depleted cells were markedly slow-

growing with a doubling time increasing from 142 minutes in the first 6 hours of depletion to

almost 600 minutes after 24hours of depletion (Fig. 3.3B). Depletion of CnpA in liquid cultures

also lead to a loss of viability, leading to approximately 1.5 log reduction in colony forming units

(CFUs) normalized per OD6o after 24 hours of depletion (Fig. 3.3B). CnpA-depleted cells

experienced division defects, as cells became filamentous and often showed multiple

constrictions sites (Fig. 3.3C). To assess the replication status of these cells, we performed flow-

cytometry analysis of their DNA content and found that cells did not accumulate chromosomes

despite becoming extremely filamentous (Fig. 3.3C). Instead, we observed a mild GI arrest.

These data indicate that DNA replication is blocked either at the level of initiation or elongation

(or both).

CnpA-depleted cells induce the DNA damage response

To further investigate the cause of the division and replication defects in CnpA-depleted cells, we

analyzed global changes in gene expression after 6 hours of depletion in glucose using RNA-seq.

The RNA-seq profile obtained was compared to wild-type cells growing in glucose as a control.

We identified 1281 genes (32% of all genes) with at least 2-fold expression change in CnpA-

depleted cells (Fig. 3.4A); 1010 genes were upregulated and 271 genes were downregulated.
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Figure 3.3: Phenotypic characterization of CnpA-depleted cells.

(A) Growth of a cnpA depletion strain (AcnpA Pxyr-cnpA) assessed by 10-fold serial dilutions on
plates containing xylose (induced cnpA expression) or glucose (repressed cnpA expression). (B)
Left: growth curve of cells depleted of CnpA (AcnpA Pxyi-cnpA) in glucose assessed by OD600 (gray
squares) and the corresponding doubling time between each time point (black circles). Cells were
diluted to keep them below OD600=0.4. Right: Measurement of colony-forming units (CFUs) per
ml per OD6 00 from depletion experiment in left panel. Cells were plated onto medium containing
xylose to induce expression of cnpA. (D) Phase-contrast images and flow cytometry analysis of
chromosome content of CnpA-depleted cells from experiment in (B).
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We noticed that the recombinase A gene (recA) was upregulated in the cnpA depletion (3.9-fold)

indicative of an induced DNA damage response. To globally analyze whether CnpA-depleted

cells were inducing a DNA damage response, we compared the cnpA depletion gene expression

profile to expression changes from 4 previously published microarrays of DNA damage

conditions, including treatments with hydroxyurea, UV light, mitomycin C and the induction of

the toxin SocB that leads to replication fork collapse and DNA damage (Aakre et al., 2013;

Modell et al., 2011). We isolated 98 genes significantly up-regulated and down-regulated in at

least 2 of the 4 DNA damage conditions. We found that these genes have a highly similar

expression pattern in CnpA-depleted cells (Fig. 3.4B), indicating that CnpA-depleted cells are

experiencing a DNA damage response. Additionally, induction of the DNA damage response in

Caulobacter leads to a cell division block mediated by two division inhibitor proteins SidA and

DidA (Modell et al., 2011; 2014) that are upregulated 11- and 16-fold, respectively in CnpA-

depleted cells. The induction of these division inhibitors could explain the cell filamentation

phenotype observed upon cnpA depletion (Fig. 3.3C).

Because NAPs can influence the supercoiling state of cells and affect the expression of

supercoiling-sensitive genes, we compared the cnpA depletion profile to the profile of cells

treated with novobiocin, a gyrase inhibitor. We isolated 289 genes that change at least 4-fold in

novobiocin-treated cells and compared the expression profiles of these genes in CnpA-depleted

cells. Interestingly, we found that there is a strong correlation between these two profiles even
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Figure 3.4: Depletion of CnpA induces a DNA damage response and a novobiocin-treated
like response.

(A) Scatter plot of RNA-seq performed on CnpA-depleted cells for 6h grown in glucose and
wild-type cells grown in glucose as a control. Red dotted lines delimit a 2-fold change in
expression. (B) CnpA-depleted cells induce the DNA damage response. Expression profile of 98
genes differentially regulated in at least 2 of the 4 DNA damage conditions (UV, hydroxyurea,
mitomycin C (Modell et al., 2011) and induction of the toxin SocB (Aakre et al., 2013)) were
clustered based on hydroxyurea gene expression. (C) CnpA-depleted cells show a novobiocin-
treated like response whereas a DNA damage-only condition (SocB induction) does not. Genes
differentially regulated (at least 4-fold) in novobiocin-treated cells were clustered. Novobiocin
regulated genes are plotted on a different scale than CnpA-depleted and SocB-induced cells.

though the fold changes in CnpA-depleted cells were smaller (Fig 3.4C). These data suggest that

CnpA-depleted cells may have reduced supercoiling levels. Expression profile of a DNA damage

response induced by fork collapse in cells expressing the SocB toxin did not show a strong

correlation with novobiocin responsive genes, suggesting that induction of the DNA damage

response is not sufficient to trigger a novobiocin-like response (Fig. 3.4C).

CnpA binds AT-rich sequences

To gain more insight into the effects of CnpA on gene expression, we analyzed the CnpA

genome-wide binding profile by ChIP-seq using a strain expressing a CnpA-3xFLAG tagged

variant from the endogenous cnpA promoter, as the only copy of the gene in the cell

(cnpA::cnpA-3xFLAG). Comparison of the CnpA-3xFLAG ChIP-seq profile with a control profile

performed on cells expressing untagged CnpA revealed a widespread enrichment of CnpA-

3xFLAG across the genome, both within intergenic and intragenic regions (Fig. 3.5A). To isolate

any sequence binding determinants we isolated the 34 highest peaks (>1.5 rpm) and analyzed

them with a motif discovery program (DREME) using regions that were not bound by CnpA as
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discriminative background (Bailey, 2011). We isolated two highly significant motifs that were

present in 31 and 32 of the regions tested (Fig. 3.5.B-C). Strikingly, these motifs consist almost

exclusively of As and Ts, whereas the Caulobacter genome is only 32% AT-rich, suggesting that

CnpA preferentially binds AT-rich DNA. To globally assess the correlation between binding of

CnpA and AT-content, we used a centered 100 bp sliding window to calculate the percentage

AT-content at every position in the genome. We plotted the CnpA ChIP-seq enrichment at every

genomic position versus the percentage AT-content at this position (Fig. 3.5D). Strikingly, the

percentage AT-content and CnpA binding are strongly correlated; the higher the AT-content is,

the more CnpA is bound on average (red dots, Fig. 3.5.D). To better visualize this AT-rich DNA

binding dependency, we plotted the AT-content trace and the CnpA ChIP signal at multiple

locations in the genome (Fig. 3.5E). We observed that the CnpA ChIP signal almost perfectly

matches the AT-content trace with a few exceptions (discussed below). These data indicate that

the primary determinant of CnpA binding is the percentage AT-content.

CnpA accumulates at the ends of highly expressed transcription units

We noticed that the binding of RNAP and CnpA was mutually exclusive; regions with high

RNAP had low CnpA and vice-versa (Fig. 3.6A). The exclusion of CnpA at these highly

expressed regions was dependent on transcription as treating cells with the antibiotic rifampicin,

which traps RNAP at promoters, restored binding of CnpA (Fig. 3.6A). This suggests a simple

model of exclusion, in which RNAP binding can prevent binding of CnpA.
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Figure 3.5: CnpA binds AT-rich regions

(A) ChIP-seq profiles of CnpA (cnpA::cnpA-3xFLAG) (orange) and wild-type (black) as anegative control plotted across the whole genome. ChIP-seq reads were normalized in reads permillion (RPM). (B) Motif enriched in CnpA bound regions. CnpA peaks with enrichment >1.5
rpm were isolated and a 200 bp region centered at the peak was isolated. These regions were
analyzed with DREME (a short motif-finding tool) using a discriminative background consistingof regions not bound by CnpA. This motif has an B-value of 1.2e-O.45 and is present in 3 1/34
input sequences. (C) Similar as in (B). Motif has an B-value of 2.le-O.39 and was recovered in32/34 sequences. (D) CnpA binds preferentially AT-rich regions. Scatter plot of the CnpA ChIP-
seq enrichment and AT content at every 10 bp in the genome. AT content at a given position wascalculated from a 100 bp window centered on the position. Red dots correspond to the mean
CnpA enrichment at a given percentage of AT. (B) ChIP-seq signal and AT content at two
genomic locations. AT content below the genomic average (32%) is plotted in reverse for better
visualization.
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We also observed that CnpA accumulated to regions that were not especially AT-rich but

corresponded to the ends of highly expressed transcription units (Fig. 3.6.C-D). At these places,

the binding of CnpA was broad (multiple kbs) and shallow but significant over background. It

was dependent on active transcription as CnpA binding was restored to background levels in

rifampicin-treated cells (Fig. 3.6.B-C), whereas the binding of CnpA at AT-rich regions was not

affected by the rifampicin treatment. It is unlikely that the accumulation of CnpA at the end of

genes is functionally similar to H-NS, which helps in transcription termination by slowing down

RNAP (Kotlajich et al., 2015; Peters et al., 2012). Indeed, RNA-seq in CnpA-depleted cells did

not show any transcriptional read-through indicating that CnpA does not strongly affect

transcription termination (Fig. 3.6C).

Unwinding of the DNA during transcription leads to accumulation of negative supercoiling

behind RNAP and positive supercoiling ahead. The ends of highly transcribed operons are

expected to contain increased levels of positive supercoils. The binding of CnpA at these regions

suggests that CnpA might preferentially bind positively supercoiled DNA and may potentially

help stabilize or relieve it. Alternatively, CnpA may accumulate at the end of genes because it is

continuously displaced and pushed during transcription by RNAP.

CnpA does not directly affect gene expression

To assess whether CnpA directly affects gene expression, we computed the average CnpA ChIP-

seq enrichment at every open reading frame (Fig. 3.7A) or every promoter in the genome (Fig.

3.7B) and plotted against the expression change in CnpA-depleted cells. We observed no
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Figure 3.6: CnpA binds at the ends of highly expressed transcription units

(A) Binding of RNAP and CnpA is mutually exclusive. Scatter plot of RNAP ChIP-seq and CnpA
ChIP-seq at every 100 bp in the genome (black). CnpA ChIP-seq in rifampicin-treated cells (red)
plotted against the RNAP ChIP-seq in untreated conditions. (B) CnpA accumulates at the end of
highly expressed genes. CnpA-3xFLAG, CnpA-3xFLAG rifampicin-treated and RNAP ChIP-seq
signals are plotted. (C) CnpA accumulates at the end of highly expressed genes. CnpA-3xFLAG,
CnpA-3xFLAG rifampicin-treated and RNAP ChIP-seq signals are plotted. RNA-seq in wild-
type and CnpA-depleted cells is shown. (D) CnpA-3xFLAG and CnpA-3xFLAG rif-treated cells
have a similar ChIP-profile. Scatter plot of the two signals at every 100 bp in the genome.

correlation between CnpA binding and changes in gene expression indicating that CnpA likely

does not directly affect gene expression (Fig. 3.7A-B). Unlike H-NS that binds AT-rich regions

and represses transcription, CnpA binding does not affect gene expression directly. One such
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Figure 3.7: CnpA binding and gene expression changes are not correlated

(A) (Top) Histogram of average CnpA ChIP-seq enrichment at every open reading frame (ORF)
in the genome. Vertical red line delimits (>0.5 rpm). (Bottom) Scatter plot of gene expression
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changes in CnpA-depleted cells versus CnpA average enrichment at a given ORF. Genes above
red line have (>0.5 rpm) CnpA enrichment. Blue shaded area represents genes that do not
significantly change in expression upon cnpA depletion. (B) Same as in (A) but CnpA
enrichment is calculated in promoters, defined from (Haakonsen et al., 2015). (C) AT content,
CnpA ChIP enrichment and RNA-seq in wild-type and CnpA-depleted cells are shown at the
AT-rich prophage region.

example is the highly AT-rich prophage element that is bound by CnpA but does not change in

expression upon cnpA depletion (Fig. 3.7C). These data indicate that CnpA global effects on gene

expression (32% of the transcriptome changes) are likely indirect, potentially mediated by

globally affecting supercoiling levels.
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Discussion

Despite their importance in chromosome organization and regulation of gene expression, most

NAPs are not widely conserved across the bacteria phyla (Dillon and Dorman, 2010). The few

NAPs that have been characterized to date, were isolated from E. coli or mycobacteria and most

of them have no known homologs in alpha-proteobacteria. Here, we report the identification of

CnpA, a new NAP from Caulobacter that is widely conserved in alpha-proteobacteria (Fig. 3.2B).

CnpA purifies with the nucleoid fraction, like other known NAPs, HU and IHF (Fig. 3.1D, Table

3.1). CnpA shares many characteristics of known NAPs: it is a small protein with a basic C-

terminal domain that may be involved in DNA binding as most NAPs do not contain typical

DNA binding domains. CnpA also contains a N-terminal coiled-coil domain that could mediate

multimerization, reminiscent of H-NS (Arold et al., 2010; Bloch et al., 2003) . Additionally, CnpA

is predicted by ribosome-profiling to be relatively abundant, with levels similar to IHF (Schrader

et al., 2014).

AT content-dependent binding

ChIP-seq of CnpA revealed widespread binding that is strongly correlated with AT-rich regions

(Fig. 3.5). Although, it remains to be shown whether CnpA binds DNA directly, it is a likely

possibility. We identified two highly AT-rich DNA binding motifs from the 34 highest CnpA

ChIP-seq peaks (Fig. 3.5B-C). But given the widespread binding of CnpA on the genome and the

fact that these motifs are not found at every CnpA bound region, it is likely that CnpA recognizes

AT-content, rather than a specific sequence. NAPs that bind AT-rich sequences, such as IHF, H-

NS, Lsr2 and CbpA, interact with the DNA minor groove as AT-rich sequences have narrower

minor grooves (Chintakayala et al., 2015; Gordon et al., 2011; 2010; Rice et al., 1996). In these
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cases, it is not the DNA sequence that is recognized per se, but the shape and curvature of the

minor groove. This binding strategy is also widely used by eukaryotic proteins such as TBP or

SRY(Bewley et al., 1998).

CnpA was also found at the ends of highly expressed transcription units that were not especially

AT-rich (Fig. 3.6B-C). CnpA binding at these regions was dependent on active transcription

suggesting that transcription alters the structure of DNA favoring CnpA binding. As positive

supercoils generated by the passage of the transcription machinery transiently accumulate at the

ends of genes, it is possible that CnpA preferentially binds positively supercoiled DNA.

Overtwisting of the DNA, which leads to positive supercoiling is predicted in static atomic

models to reduce the width of the minor groove (Fogg et al., 2009). Therefore, AT-rich regions

and positively supercoiled DNA both present narrow minor grooves that might constitute the

primary DNA binding determinant for CnpA.

Indirect effects of CnpA on gene expression

Global gene expression changes are observed upon cnpA depletion, with >2-fold changes in the

expression of 32% of all genes (Fig. 3.4A). However, there was no correlation between binding of

CnpA and changes in gene expression (Fig. 3.7A-B), indicating that these gene expression

changes are likely indirect. In contrast to H-NS that binds AT-rich ORFs and promoters to

repress transcription and silence horizontally-acquired genes (Lucchini et al., 2006; Navarre et

al., 2006), CnpA binding does not prevent gene expression. The global transcriptional changes

observed upon cnpA depletion might be mediated by the impact of CnpA on chromosome

topology and supercoiling. Most NAPs impact supercoiling levels and affect supercoiling-

sensitive gene expression (Hardy and Cozzarelli, 2005; Malik et al., 1996). We observed a
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novobiocin-like response in CnpA-depleted cells suggestive of lower global supercoiling levels

and a role for CnpA in constraining supercoiling or directly affecting the topoisomerases.

Essential function of CnpA

CnpA is essential and its depletion results in severe growth, division and replication defects (Fig.

3.3B-C). Cells become extremely filamentous but do not accumulate chromosomes (Fig. 3.3C).

Additionally, a strong DNA damage response is induced in these cells (Fig. 3.4B). Induction of

the DNA damage response could explain the growth and division defects observed as division

inhibitor proteins, SidA and DidA, are expressed (Modell et al., 2011; 2014). Why do CnpA-

depleted cells induce the DNA damage response? One possible explanation is that they are

experiencing DNA replication defects that can create DNA damage. Indeed, replication fork

collapse triggered by treatment with hydroxyurea or induction of the toxin SocB result in DNA

damage and induction of the DNA damage response (Aakre et al., 2013; Modell et al., 2011).

Additionally, affecting the supercoiling status of cells can lead to replication fork collapse and

DNA damage. Treating cells with novobiocin, which inhibits gyrase and disrupts negative

supercoiling and removal of positive supercoils, leads to fork collapse in Caulobacter (Jensen and

Shapiro, 2003) and potentially induction of the DNA damage response. In our microarray of

novobiocin-treated cells, we see a partial induction of the DNA damage response (data not

shown).

Taken together, our data suggest the following model: CnpA may bind to the positive supercoils

that accumulate ahead of the DNA replication and transcription machineries. CnpA binding at

these places may help relieve or stabilize the torsional stress induced by DNA unwinding. In the

absence of CnpA, cells have decreased negative supercoiling and experience a build up of positive
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supercoiling resulting in replication fork collapse and DNA damage. Further characterization of

how CnpA impacts DNA topology and supercoiling both in vivo and in vitro as well as its effects

on DNA replication progression are required to prove or disprove this model.
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Materials and methods

Bacterial strains and growth conditions

All strains used are listed in Table 3.2. Caulobacter strains were grown in PYE at 30 *C unless

otherwise noted. The P,, promoter induced by supplementing media with xylose (0.3%) and

repressed with glucose (0.2%). Antibiotics were used at the following concentrations (liquid

/plates): oxytretracycline (1 tg mL' / 2 pg mL 1), spectinomycin (25 tg mL) / 200 pg mL-),

kanamycin (5 pg mL' / 25 [ig mL'), gentamycin (NA / 5 pg mL').

Strain and plasmid construction

Strain constructions: All primers used are listed in Tables 3.3. The insertion of a 3X-FLAG at the

C-terminus of CnpA was constructed via a two-step recombination method using sacB as a

counter-selection marker (Skerker et al., 2005). Strain DB356 was constructed by electroporating

plasmid pNPTS138-UP-cnpA-3XFLAG-DW and first integrants were selected on kanamycin

plates. A second recombination step was performed by growing first integrants in PYE overnight

and plating on sucrose plates. Sucrose resistant clones were restreaked to verify they were kan

sensitive and colonies were verified by PCR with primer pair (CCNA_3428-3xflag-2-R and

CCNA_03428-UP-F-less-hindiii).

The depletion of CnpA, strain DB383, was constructed by electroportating plasmid MT4427-

CCNA_03428 and selecting on kanamycin plates. As a second step, plasmid PNTPS-SPEC-

CCNA_03428-TET was electroporated and cells were selected on kanamycin, spectinomycin and

tetracyclin. First integrants were grown overnight with kanamycin, tetracyclin and xylose and
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plated on kanamycin sucrose plates for sacB counter-selection. Sucrose resistant plates were

restreaked to verify sensitivity to spectinomycin.

Integration plasmids: The pNPTS138-UP-cnpA-3XFLAG-DW was constructed by amplifying a

fragment containing the upstream region of cnpA and cnpA with primers (CCNA_03428-UP-F-

less-hindiii and CCNA_03428-3xflag- 1 -R) to which a 3X-FLAG was added by a second round of

PCR with primers (CCNA_3428-3xflag-2-R and CCNA_03428-UP-F-less-hindiii). This

upstream fragment was fused by SOE PCR to a fragment containing the region downstream the

cnpA gene amplified with primers (3428dw-fuse-3xflag-F and CCNA_03428-DW-R). The

resulting fused PCR product was digested with NheI and HindIII restriction enzymes and ligated

into pNPTS-138 digested with the same enzymes.

The PNTPS-SPEC-CCNA_03428-TET plasmid was constructed by multiple SOE PCR reactions.

First, a fragment containing 750 bp homology to the upstream region of CCNA_03428 was

amplified with primer pair (CC3319TETDELUP-R and FORUP3319PNTPSPSTI), the

tetracycline (tet) resistance cassette was amplified from template pKO3 using primer pair

OL7_tetF, OL8_tetR and a fragment containing downstream homology to CCNA_03428 was

amplified using primers (CC3319TETDELDW-F and CC3319TETDELDWSPEI-R).

Subsequent SOE PCRs were performed to SOE all three fragments together. The resulting

product was digested with PstI and Spel and ligated into PNTPs-SPEC digested with the same

restriction enzymes.
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Replicative plasmids: pMT4427-CCNA_03428 was constructed by ligation of a PCR fragment

amplified with primers CCNA_03428-F-NdeI and CCNA_03428-R-SacI and digested with NdeI

and Sad.

Nucleoid purification and mass spectrometry analysis

The nucleoid purification protocol was optimized from (Ohniwa et al., 2011). A culture (25 ml)

of exponentially growing cells was centrifuged at 8,500 rpm at 4 C for 5 min. Cell pellets were

resuspended in 0.5 ml of ice-cold buffer A (10 mM Tris-HCl [pH 8.2], 100 mM NaCl, and 20%

sucrose) followed by the addition of 0.lml of ice-cold buffer B (100 mM Tris-HCl [pH 8.2], 50

mM EDTA, 0.6 mg/mL lysozyme) and incubated for 1 minute on ice. Then, 0.5 ml of Buffer C

(10 mM Tris-HCl [pH 8.2], 10 mM EDTA, 10 mM spermidine, 1% Brij-58, and 0.4%

deoxycholate) was added and the mixture was incubated for 4 min at 5C. The lysed cells were

loaded onto linear sucrose density gradients (15-50%) containing 10 mM Tris-HCl (pH 8.2) and

100 mM NaCl, and centrifuged for 20 minutes at 10,000 rpm in a a Beckmann SW 45 Ti rotor.

The fractions (- lml each) were collected by piercing a hole at the bottom of the

ultracentrifugation tube and the DNA content was quantified by DAPI fluorescence using a plate

reader (Spectramax). The fractions were then incubated with 20U of benzonase (Novagen) at RT

for 30 min. Fractions were run on a 15% Tris-HCl gel and submitted for tandem mass

spectrometry analysis at the Koch Institute Biopolymers and Proteomics core facility. Gel was cut

from 5 kDa to 25 kDa in two fragments. Mass spectrometry spectra were analyzed using

Mascot(Matrix Science, London, UK) searching against the Sprotextra_022412 database

assuming digestion with trypsin.
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Chromatin Immunoprecipitation Sequencing (ChIP-Seq)

ChIP of was performed using strain DB356 or wild-type as control grown in PYE exponential

phase. In the case of rifampicin treatment, 25ug/ml of rifampicin was added to cells for 20

minutes prior to crosslinking. ChIP procedure was performed by following the protocol

described in (Haakonsen et al., 2015) with the only modification that lul of anti-FLAG antibody

was used for immunoprecipitation.

RNA-seq

RNA was extracted by hot trizol lysis and following the Zymo RNA purification kit. RNA-seq

libraries were prepare as described in (Levin et al., 2010).

Microarray

Cells were treated with novobiocin (25ug/ml) for 15 min and microarray analysis was performed

as described in (Haakonsen et al., 2015).

Immunoblotting

Immunoblotting was performed as described previously (Jonas et al. 2013) with the following

modifications: 10% or 12% Tris-HC gels were used (Bio-Rad) and gels were imaged a

FluorChem M Imager (ProteinSimple). Antibodies were used at the following concentrations:

anti-RpoA (Neoclone #W0003, 1:7500), anti-FLAG (Sigma-Aldrich, 1:7500), anti-IHF (gift from

J.Goeber, 1:5000).
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Microscopy

Phase contrast images were taken on a Zeiss Observer Zi microscope using a 100x/1.4 oil

immersion objective and a LED-based Colibri illumination system using software Metamorph

(Universal Imaging, PA). For phase contrast images, cells were fixed with 0.5%

paraformaldehyde, pelleted, and resuspended in PBS. Fixed cells were spotted onto PBS 1.5%

agarose pads and imaged. Cells examined were in mid-exponential phase.

Flow Cytometry

Flow cytometry was performed as described previously (Aakre et al., 2013).

Phylogeny analysis

Phylogeny analysis described in Fig. 3.2 was performed using the String-db database

(http://string-db.org/) .

Table 3.2: Strains

Name Genotype Source

C. crescentus strains

CB15N Synchronizable wild-type CB15 (Evinger and Agabian 1977)

DB356 cnpA::cnpA-3XFLAG This study

DB383 MT4427-cnpA, cnpA::tet This study

Table 3.3: Primers

Primer Sequence (5'->3')

CCNA_03428-UP-F-less-hindiii AGATAAGCTTCCCGTTTTCCGGAGCACGCGG

CCNA_03428-3xflag-1-R CTTGTAGTCGCCGTCGTGGTCCTTGTAGTCGCCGCTGCTGATCTCGCC
GATCGCCGACAGATAG

CCNA_3428-3xflag-2-R TTACTTGTCGTCGTCGTCCTTGTAGTCGATGTCGTGGTCCTTGTAGTCG
CCGTCGTGGTCCTTG
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3428dw-fuse-3xflag-F AGGACGACGACGACAAGTAAGTTTTTCAGCGTGCGTCGGCGC

CCNA_03428-DW-R AGATGCTAGCCGCTGAGCCTCAACCATGCGGGTC

FORUP331PNTPSPSTI CCGGCTGGCGCCAAGCTTCTCTGCAGGAGCCGTTCTCTGGGATGTCG

CC3319TETDELUP-R CGAGAAAGGGTGACGATTGAGTCGGCCATGGGGGCGTCTC

CC3319TETDELDW-F GCAACGAGCCGATCGCTGATGAGATCTAGGTTTTTCAGCGTGCGTC

CC3319TETDELDWSPEI-R TAGAGGACTAGTATATTGGTAGGTCGTCGCCATTGTCC

CCNA_3428-F-NdeI AGATCATATGGCCGACGACGCCATTCC

CCNA-3428_R_SacI AGATGAGCTCCTAGATCTCGCCGATCGCCGAC

OL7_tetF CGGTATCGATAAGCTTGATATCG

OL8_tetR CTGCAGGAATTCAAGAAGTTCC
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Conclusions

In this work, I have expanded our view of how gene expression and chromosome organization

are regulated in bacteria, using Caulobacter crescentus as a model system. I first characterized the

mechanism of transcription activation by GcrA, an essential cell-cycle regulator in Caulobacter. I

found that contrary to most transcription factors that bind to promoters independently of RNA

polymerase (RNAP), GcrA constitutively associates with RNAP and is brought to promoters via

this interaction. GcrA interacts with G2 and part of UNCR, which would not prevent other

canonical transcription factors from contacting the a subunits or G4, making it an attractive

binding strategy for proteins that constitutively associate with RNAP. In the past few years, two

other unrelated proteins from phylogenetically diverse organisms have been described to target

RNAP through 02(Bao et al., 2012; Hubin et al., 2015), suggesting that this mode of interaction

might be much more widespread that previously appreciated. I also confirmed the suggestion

(Fioravanti et al., 2013) that GcrA preferentially binds GANTC methylation sites but found that

the bases on either side of this sequence provide added specificity, limiting the binding

preference of GcrA to a subset of methylation sites. At promoters containing accessible and

preferred methylation sites, GcrA can promote transcription activation by increasing RNAP

binding as well as the subsequent isomerization step. Understanding the mechanism by which

GcrA activates transcription enabled the isolation of its direct regulon and provided new insights

into the essential functions of this cell-cycle regulator. In particular, GcrA is critical for the

expression of cell division genes and ensures that DNA replication and cell division are coupled.

Following my work on GcrA, I became interested in exploring other aspects of bacterial

transcription regulation that are independent of typical transcription factors. I focused on how
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the modulation of chromosome organization and compaction through the binding of nucleoid-

associated proteins (NAPs) can impact gene expression. Because Caulobacter only encodes a

subset of the E. coli NAPs and lacks homologs of the well studied H-NS, Fis and SeqA, I designed

a proteomic approach to identify NAPs in an unbiased manner, by isolating intact nucleoids and

analyzing their protein content by mass-spectrometry. I identified CnpA, a new NAP specific to

alpha-proteobacteria that associates with AT-rich DNA. Unlike E. coli H-NS that also binds AT-

rich regions, CnpA does not repress transcription directly but likely affects gene expression

indirectly through modulation of supercoiling. Although further studies are needed to better

characterize the mode of action and cellular roles of CnpA, the identification of this new NAP is

an important step to broaden our understanding of this diverse class of proteins.
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Future Directions

Understanding GcrA DNA binding specificity at the molecular level

I showed that GcrA binds preferentially to a subset of methylated sites with consensus sequence

YGAKTCK (where Y = C or T and K = G or T). This raises the question of how this specificity

is achieved at the molecular level. Additionally, it is still unclear whether GcrA has an increased

binding affinity for hemimethylated DNA. I propose to investigate these questions using X-ray

crystallography and filter-binding assays. GcrA contains a helix-turn-helix (HTH) motif at its N-

terminus (residues 1-50) connected by a long linker (58 amino acids) to the C-terminal T2 -

interacting domain. The purified N-terminal HTH domain of GcrA (GcrAN) did not bind DNA

like full length GcrA in a filter-binding assay (data not shown). Two factors may help explain

this: (i) GcrA is a dimer in solution as analyzed by small-angle X-ray scattering (Fioravanti et al.,

2013) whereas GcrAN likely is in a monomeric form as assessed by size exclusion

chromatography, and (ii) the part of the linker immediately connected to GcrAN is very basic and

could make contacts with DNA. A construct containing the GcrAN with a full linker (GcrANL)

was found to bind DNA as full length GcrA (data not shown). It is also possible that the linker

mediates dimerization. To perform X-ray crystallography of the GcrA DNA binding domain in

complex with methylated DNA, I recommend using a GcrANL construct containing the minimal

part of the linker that provides wild-type binding affinity and specificity. It would be interesting

to crystallize the GcrA DNA binding domain in complex with a DNA template in 4 different

methylated states: (i) unmethylated, (ii) fully methylated, (iii) hemimethylated on the template

strand (T-hemimethylated), and (iv) hemimethylated on the non-template strand (NT-

hemimethylated). This approach should address the origin of the preferential binding to
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methylated DNA as well as the added specificity provided by the bases on either side of the

GANTC methylation site. In the case of E. coli SeqA, the increased binding specificity to

hemimethylated DNA is explained by additional close Van der Waals interactions between the

N6-methyl and SeqA as well as a unique major groove conformation that favors SeqA binding

(Bang et al., 2008; Guarne et al., 2002). Initial characterization of GcrA binding to

hemimethylated DNA suggested that GcrA binds fully methylated DNA with higher affinity than

hemimethylated DNA, and hemimethylated DNA with higher affinity than unmethylated DNA

(Fioravanti et al., 2013). As these data were not obtained in a quantitative manner, I propose

using filter-binding to measure GcrA binding affinities for T-hemimethylated and NT-

hemimethylated DNA and comparing them to those for fully methylated and unmethylated

DNA.

Does methylation provide any temporal transcription regulation during the Caulobacter cell

cycle?

It is not clear whether GcrA's transcriptional activity differs at fully versus hemimethylated

promoters. After the passage of the replication fork, the DNA remains in a hemimethylated state

until the end of replication when CcrM, the methyltransferase, is expressed and remethylates the

chromosome. As discussed in Chapter 2, the ctrA P1 promoter was proposed to be more active in

the hemimethylated state but constitutive production of CcrM only affects a few cell cycle genes

(Gonzalez et al., 2014; Reisenauer and Shapiro, 2002). To address this question, I propose testing

GcrA-dependent transcription from methylated and hemimethylated templates in vitro using the

in vitro transcription assay developed in Chapter 2. Additionally, since the gene expression

analysis from cells constitutively expressing CcrM was performed on a mixed population
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(Gonzalez et al., 2014), I propose repeating this analysis on a synchronized population at

different cell-cycle time points. Indeed, cell-cycle transcriptional effects are easily missed in

mixed population experiments. Candidate promoters identified in the gene expression analysis

should be tested by in vitro transcription to assess whether this regulation is dependent on GcrA.

Mechanism of transcriptional activation by GcrA

GcrA binds to 02 and part of ONCR via its C-terminal domain (GcrAc, residues 108-173).

Understanding this interaction at the molecular level might provide mechanistic insights into

how GcrA affects the isomerization rate. Does GcrA binding induce a conformation change in G2

that favors open complex formation? Does GcrA make contact with the NT-strand in the open

complex? To characterize this interaction, X-ray crystallography is the method of choice. I

propose solving the structure of GcrAc in complex with 02. As both constructs purify well and

form a complex easily separable by size exclusion chromatography it should be straightforward

to obtain sufficient material for X-ray crystallography.

The GcrA C-terminal domain contains a conserved C-14-C-9-C- 2-H motif (Fig. 4.1) that is not

found in other known bacterial proteins. C-x-C-x-C-x-H motifs are usually coordinated by a zinc

ion and are involved in protein interactions and nucleic acid interactions (Wang et al., 2008).

Alanine scanning of this domain suggested that amino acids within the first loop (C- 14-C), which

contains the highest degree of conservation, mediate the interaction with y70.
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4-]

Figure 4.1: AgmetfthC-emald aiofGcrA

Alignment was computed from 121 GcrA homologs. Red stars indicate the conserved CCCH
motif. The numbers underneath correspond to the Caulobacter GcrA protein.

While the structure of GcrAc in complex with u2 will provide insights into the basis of this

interaction, it might not reveal how GcrA promotes open complex formation. Obtaining a crystal

structure of the whole activation complex (RNAP in complex with GcrA) in the open complex

state might explain the effects of GcrA on transcription activation. X-ray crystallography of

whole activation complexes is very challenging but has recently been done for a bacterial Class II

activation complex (Feng et al., 2016). If this proves too challenging, obtaining a cryo-EM

structure might be an alternative.

Characterization of CnpA binding to DNA in vitro

I found that CnpA associates with AT-rich DNA, but whether CnpA binds DNA directly needs

to be tested. If CnpA interacts with DNA, which I consider likely, I recommend a set of

experiments that will provide insights into its function as a NAP. First, CnpA binding to DNA

should be tested by filter-binding or gel shift assays and the K1 for DNA measured. The

specificity for AT-content can also be tested using the same assays with templates of varying AT-

content. Gel shift assays might be a preferred method over filter-binding as additional

information can be visualized such as the propensity to form super-shifted structures at higher

protein concentration.
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Our data suggest that CnpA affects supercoiling levels. To test whether CnpA binds preferentially

to supercoiled templates, I propose generating plasmids that are either negatively supercoiled,

relaxed, or positively supercoiled. The binding of CnpA to these templates can be assessed by gel

mobility shift assays. To test whether CnpA can alter DNA topology directly, supercoiled

plasmid DNA can be incubated with CnpA and then treated with an excess of vaccinia virus

DNA topoisomerase I, an enzyme that can remove both positive and negative supercoils. After

removal of all proteins bound, the presence of residual supercoils in the plasmid is an indication

of altered topology. To test whether CnpA promotes or inhibits the activity of the endogenous

Caulobacter topoisomerases, these enzymes can be purified to perform relaxation assays of

positive and negative supercoiled templates in presence and absence of CnpA.

Does CnpA impact chromosome structure and supercoiling levels in vivo?

To test whether loss of cnpA leads to decreased supercoiling levels in vivo, plasmids from CnpA-

depleted cells (and wild-type cells as control) can be isolated and their superhelicity can be

assessed by electrophoresis on chloroquine gels. Additionally, the effects of CnpA on global

chromosome structure can be assessed by Hi-C. A study using Hi-C showed that HU deletion

results in reduced short-range interaction indicative of an effect on chromosome compaction (Le

et al., 2013).

Characterization of the effects of CnpA on DNA replication

Our data indicate that replication is blocked either at the level of initiation or elongation (or

both). To characterize the effects of CnpA on replication, I propose using single cell time-lapse

microscopy. In these experiments, a component of the replisome can be fluorescently tagged

which will allow tracking of the replication forks. As replication fork collapse coincides with the
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loss of the fluorescent replisome focus it is easy to monitor. Using this system, the timing of

replication completion can be measured and compared in CnpA-depleted and wild-type cells.

These experiments should reveal whether replication is slower or stalls and whether fork collapse

occurs. To look at the effects of CnpA on DNA replication initiation, I propose using the same

system we used for GcrA characterization of DNA replication timing (Fig. 2.11), in which cells

harbor a fluorescent repressor-operator system that labels the origins of replication. By

measuring the time from one replication to the next, one can assess whether replication initiation

is delayed in CnpA-depleted cells compared to wild-type cells.
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