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Faithful cell cycle progression in the dimorphic bacterium Caulobacter
crescentus requires spatiotemporal regulation of gene expression
and cell pole differentiation. We discovered an essential DNA-associ-
ated protein, GapR, that is required for Caulobacter growth and
asymmetric division. GapR interacts with adenine and thymine
(AT)-rich chromosomal loci, associates with the promoter regions of
cell cycle-regulated genes, and shares hundreds of recognition sites
in common with known master regulators of cell cycle-dependent
gene expression. GapR target loci are especially enriched in binding
sites for the transcription factors GcrA and CtrA and overlap with
nearly all of the binding sites for MucR1, a regulator that controls the
establishment of swarmer cell fate. Despite constitutive synthesis,
GapR accumulates preferentially in the swarmer compartment of
the predivisional cell. Homologs of GapR, which are ubiquitous
among the α-proteobacteria and are encoded on multiple bacterio-
phage genomes, also accumulate in the predivisional cell swarmer
compartment when expressed in Caulobacter. The Escherichia coli
nucleoid-associated protein H-NS, like GapR, selectively associates
with AT-rich DNA, yet it does not localize preferentially to the
swarmer compartment when expressed exogenously in Caulobacter,
suggesting that recognition of AT-rich DNA is not sufficient for the
asymmetric accumulation of GapR. Further, GapR does not silence
the expression of H-NS target genes when expressed in E. coli, sug-
gesting that GapR and H-NS have distinct functions. We propose that
Caulobacter has co-opted a nucleoid-associated protein with high AT
recognition to serve as a mediator of cell cycle progression.
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The organization of chromosomal DNA in prokaryotes, which
lack structural equivalents of histones, is attributed to a diverse

family of nucleoid-associated proteins (NAPs) (1). Although a
growing body of evidence points to a physical chromosome that is
ordered into regular, structured domains in bacteria (2–6), very
little is known about the establishment and dynamics of these
domains or the mechanism(s) by which NAPs integrate chromo-
some topology and gene regulation.
The topological problem of gene expression is compounded by

the existence of cell type-specific genetic programs that underlie
differentiation and specialization. The bacterium Caulobacter
crescentus uses cell type-specific genetic programs to regulate
growth, differentiation, and cell cycle progression (7). During each
round of the cell cycle, Caulobacter divides asymmetrically to yield
a stalked cell, which immediately initiates a new round of DNA
replication and cell cycle progression, and a motile swarmer cell,
which does not reinitiate the cell cycle until it differentiates into a
stalked cell (Fig. 1). Each morphotype expresses a unique comple-
ment of genes that encode cell type-specific functions (e.g., motility,
chemotaxis, encapsulation, or chromosome replication), the regula-
tion of which can be attributed, at least in part, to an ensemble of
interdependent, spatiotemporally restricted global transcriptional
regulators that are organized into a highly robust control circuit (7–
15). However, the control of more than 40% of cell cycle-regulated
promoters cannot be accounted for by these master regulators

(14), implying the existence of additional regulatory proteins
that influence development through interaction(s) with the
Caulobacter genome. Such factors could include NAPs, which
can directly or indirectly modulate gene regulation (1). NAPs
with broad roles in the regulation of chromosome dynamics and
condensation (e.g., HU, IHF, and SMC) have been identified in
Caulobacter (4, 16–18).
We report the discovery of GapR, a NAP that globally interacts

with the GC-rich Caulobacter genome at high adenine and thymine
(AT) loci. We demonstrate through ChIP-seq analysis that GapR
associates with promoters of cell cycle-controlled genes bound by
master transcriptional regulators, including more than 90% of sites
bound by MucR1 (12), a recently identified transcription factor
that directs the establishment of swarmer cell identity. The depletion
or overexpression of GapR (growth-associated A/T-binding protein
involved in regulation) causes pleiotropic defects in cell growth and
division. We provide evidence for the asymmetric accumulation of
GapR in the swarmer compartment of predivisional cells despite
constitutive GapR synthesis across the cell cycle, implying the
presence of a posttranslational mechanism for asymmetric distri-
bution of this essential DNA-associated protein. Conversely,
the histone-like nucleoid structuring protein from Escherichia coli
(H-NS), which also exhibits affinity for regions of high AT (19),
does not localize preferentially to the swarmer compartment
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of predivisional Caulobacter cells. H-NS is also functionally distinct
from GapR; whereas H-NS is dispensable and silences promoters of
high AT content in E. coli, GapR associates with expressed genes
and is essential for Caulobacter viability. The work presented here
establishes a link between the recognition of chromosomal sites
of high AT content and swarmer cell-specific functions through
an essential NAP and suggests that GapR function may impact
the establishment and/or maintenance of cell type-specific regu-
latory programs controlling Caulobacter cell cycle progression.

Results
Identification of Putative Essential DNA-Associated Proteins in
Caulobacter. Top-level control of the Caulobacter cell cycle is
achieved through the coordinated activity of transcription factors
that temporally restrict the expression of genes with cell type-
specific functions (20, 21). To identify additional factors that have
an essential role in cell cycle control, we mined the list of essential
genes identified by global Tn-seq analysis of the Caulobacter ge-
nome (22) and characterized those proteins predicted to have
DNA-binding activity. We used a combination of primary-
sequence, secondary-structure, and domain-based annotation algo-
rithms (SI Materials and Methods) to generate functional predictions
for the encoded products. This analysis yielded a candidate list of
putative essential DNA-binding proteins not previously identified
in Caulobacter. Here, we describe the characterization of one of
these candidates, CCNA_03428 (hereafter referred to as GapR), a
small (89-residue) protein comprising a single domain of unknown
function.
GapR has little sequence similarity to characterized proteins.

The nearest characterized homologs are the DNA-binding tran-
scriptional regulator DsbA from bacteriophage T4, the prokaryotic
MerR-family transcriptional regulators, the nucleic-acid-binding
arm of valyl-tRNA synthetase, and the coiled-coil domain of the
eukaryotic intermediate filament protein vimentin (Table S1). Al-
though the functions of these weak homologs imply DNA-binding
activity, the function of GapR cannot be predicted from primary
sequence alone given the paucity of high-confidence homologs of
known function.

GapR Is Essential for Normal Growth and Cell Division in Caulobacter.
We attempted to delete the gapR gene from the chromosome
to test the predicted essentiality of gapR and to determine the
consequences of its dysregulation, but were unable to isolate a

stable ΔgapR strain. This finding is consistent with the prediction
that gapR is an essential gene in Caulobacter (22). To determine
whether the inability to construct a ΔgapR strain is indeed due to
the essentiality of GapR, we attempted to construct a gapR depletion
strain using standard techniques but found that gapR expression
from either the PxylX promoter or the PvanA promoter did not restore
a WT phenotype to a ΔgapR strain, indicating that gapR transcrip-
tion needs to be precisely controlled for optimal fitness (SI Text,
Viable ΔgapR Mutants of Caulobacter NA1000 Cannot Be Isolated).
To circumvent this problem, we constructed a strain in which

gapR is expressed at native levels but GapR protein abundance is
dynamically controlled by inducible regulated proteolysis. This
regulation was accomplished by exploiting the species-specific
activity of the E. coli SspB adapter protein, which targets mutant
derivatives of C-terminally ssrA-tagged proteins for degradation in
a highly specific manner (23). By tagging the native gapR allele in
frame with a sequence encoding an E. coli SspB-dependent ssrA
tag (-AANDENYSENYADAS) and placing the sspB gene from
E. coli under control of the xylose-inducible PxylX promoter, we
generated a Caulobacter strain in which GapR is conditionally
degraded by growing cells in the presence of xylose (Fig. 2A). This
system enables the efficient clearance of GapR (Fig. S1A) and
offers improved depletion kinetics compared with conventional
methods involving inducible heterologous promoters (Fig. S1B)
while preserving native transcriptional and translational regulation.
The GapR “proteolytic depletion” strain grows in the absence of
xylose (i.e., when expression of sspBEcoli is silenced), but does not
grow on media containing xylose, suggesting that SspB-dependent
proteolysis of GapR is sufficient to cause lethality (Fig. S1C). Be-
cause the expression of sspBEcoli in Caulobacter has no effect on
viability (Fig. S1C), we conclude that gapR is an essential gene.
Using our proteolytic depletion strain, we determined the physi-

ological consequences of induced GapR elimination. A culture of
the GapR proteolytic depletion strain was grown to midexponential
phase, incubated for 4 h in the presence or absence of xylose, and
examined microscopically. Although cells grown in the absence of
xylose (in which GapR was present) displayed normal shapes and
sizes, cells grown in GapR-depleting conditions (i.e., + xylose)
exhibited a variety of growth defects. Specifically, some cells became
filamentous and formed conjoined vermiform minicell daughters
that never separated from the mother (18% of 141 cells; Fig. 2B).
Fluorescence microscopy of GapR-depleted cells stained with DAPI
confirmed that these minicells contain DNA (Fig. S2). These phe-
notypic abnormalities indicate that GapR is critical for normal growth
and cell division.
To determine whether gapR overexpression compromises

Caulobacter growth, we expressed gapR from low-copy-number
(pRMCS) or high-copy-number (pBMCS) replicating vectors un-
der control of the native promoter (PgapR). gapR

+ merodiploid
strains carrying low-copy PgapR-gapR could be constructed, but
these strains formed small, slow-growing colonies. Viable strains
carrying high-copy pBMCS::PxylX-gapR or pBMCS::PgapR-gapR
constructs could not be obtained, indicating that GapR causes
lethality Caulobacter when constitutively expressed at high levels.
We examined cells in which gapR was overexpressed from a low-

copy-number plasmid either from its native promoter or an in-
ducible PxylX promoter (Fig. 2C). We found pleiotropic defects in
Caulobacter cell cycle progression that included filamentation,
morphological defects, and the formation of polar minicells (8% of
546 cells display polar minicells). These data demonstrate the re-
quirement for tight regulation of GapR concentration in Caulo-
bacter and suggest that GapR influences an array of critical cellular
processes related to growth, division, and cell cycle progression.

GapR Globally Binds the Caulobacter Chromosome at AT-Rich Loci.
Given the putative DNA-binding activity implied by our bio-
informatic analysis of GapR, we wished to determine whether
GapR associates with DNA and to simultaneously identify all

Fig. 1. The C. crescentus cell cycle. Caulobacter exists as one of two inde-
pendent morphotypes, the swarmer cell and stalked cell, which are differ-
ently sized and which have distinct polar appendages. The swarmer cell is
unable to initiate chromosome replication and does not grow or divide.
Following differentiation, the stalked cell initiates DNA replication and
segregation of DNA. As the cell cycle progresses, an asymmetric predivisional
cell arises that elaborates a flagellum at the nascent swarmer cell pole, which
forms opposite the stalked pole. Completion of chromosome segregation is
followed by the compartmentalization of a small swarmer and large stalked
cell cytoplasmic space and ultimately by complete cytokinesis. Each asym-
metric division event yields two cells with identical genomes but significantly
different cytoplasmic volumes into which those genomes must be packaged.
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potential sites of GapR occupancy in vivo through chromatin
immunoprecipitation coupled to deep sequencing (ChIP-seq).
To ensure selective and sensitive immunoprecipitation of GapR,
we generated strains in which gapR is replaced at the native locus
with an allele encoding an N- or C-terminally FLAG-tagged var-
iant (FLAG-GapR or GapR-FLAG, respectively). Each of the

resulting strains grew normally, indicating that the addition of an
epitope tag to either terminus of GapR does not compromise its
function. These strains, along with a WT control strain expressing
untagged GapR, were grown to midexponential phase, incubated
briefly with a crosslinking agent, and subjected to chromatin im-
munoprecipitation (ChIP) using an IP-grade α-FLAG antibody.
GapR-bound DNA was purified and subjected to deep sequenc-
ing. As a control, we performed ChIP-seq on a strain expressing
FLAG-tagged CtrA, encoded at its native locus (Dataset S1), and
compared our CtrA ChIP-seq profile with that obtained previously
using custom antisera specific for CtrA (12), which showed good
concordance. The ChIP-seq profiles of the FLAG-GapR and
GapR-FLAG strains were strongly correlated, with somewhat
higher signal observed in the FLAG-GapR sample. ChIP-seq
profiling revealed broad GapR occupancy of the Caulobacter
chromosome (Fig. 3A and Dataset S2), with 599 peaks above
background (q-value threshold = 0.0001; SI Materials and Methods).
Although the Caulobacter genome is 91.6% genic, we predomi-
nantly observed GapR ChIP-seq peak summits in intergenic re-
gions of the chromosome, particularly among the most significant
peaks: 76.5% of the top 200 GapR peak summits were located
within intergenic regions, demonstrating a clear propensity for GapR
to bind between, rather than within, genes.
The Caulobacter genome exhibits a marked nucleotide bias

with an overall GC content of ∼67% (24). However, intergenic
regions of the otherwise GC-rich genome are punctuated fre-
quently by local spikes in AT content that can reach 75% A/T.
To determine whether GapR binding is correlated with a local
bias in nucleotide content, we calculated the local GC content
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Fig. 2. Depletion and overexpression of GapR cause morphological defects.
(A) Schematic of the E. coli SsrA/SspB-based inducible proteolysis system co-
opted for the specific degradation of GapR in Caulobacter, which is tagged
with an SspB-dependent E. coli SsrA tag (SsrAEc) and expressed at the native
genomic locus to preserve native levels and regulation. In the absence of
xylose, the xylX promoter is inactive and sspB is not expressed. Addition of
xylose leads to production of E. coli SspB (SspBEc), which promotes ClpXP-
dependent proteolysis of SsrAEc-tagged GapR. (B) The GapR proteolytic de-
pletion strain described in A was grown to midexponential phase in M2G
and then propagated for an additional 2 h in the absence (permissive con-
dition; Left) or presence (depletion condition; Right) of 0.3% (wt/vol) xylose.
GapR-depleted cells exhibit incomplete separation (red arrowheads) and
filamentation (blue arrowheads). (Scale bar, 1 μm.) (C) gapR was overex-
pressed in WT Caulobacter NA1000 on low-copy plasmids constitutively from
the native promoter (Left) or for 4 h from the xylose-inducible xylX promoter
[0.3% (wt/vol) xylose; Right]. GapR overexpression leads to morphological
defects (red arrowheads) and aberrant division events (yellow arrowheads).
(Scale bar, 1 μm.)
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Fig. 3. GapR binds globally to AT-rich regions of the Caulobacter genome.
(A) Genome-wide FLAG-GapR ChIP-seq profile (blue peaks) with read counts
normalized to reads per kilobase per million (RPKM) plotted against local GC
content (magenta peaks) as calculated using a 100-bp sliding window across
the NA1000 genome. Regions highlighted in yellow are featured in greater
detail to reveal intergenic (B) and intragenic (C) GapR ChIP-seq enrichment.
Seventy-six percent of the top 200 GapR ChIP-seq peak summits lie within
intergenic regions. (D) Enrichment of GapR peaks in promoter regions. Each
row in the heatmap represents a Caulobacter ORF (stretched or compressed
to 750 bp and oriented as shown in the gene cartoon above the plot such
that the start codon occupies the same position in each row), as well as the
1,000 bp preceding the translation start site of each ORF (not stretched or
compressed). Rows were subdivided into 10-bp bins, with each bin colored to
reflect the degree of GapR ChIP-seq signal enrichment (bluer color = greater
GapR enrichment). Finally, rows were sorted by maximum bin value (log2 of
GapR ChIP-seq signal enrichment) from highest (Top) to lowest (Bottom).
Heatmaps were generated using deepTools (SI Materials and Methods).
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across the Caulobacter genome using sliding window analysis and
measured the correlation between GapR occupancy and AT
content. We indeed observed a striking positive correlation be-
tween GapR ChIP-seq signal strength and local AT content (Fig.
3 A–C and Fig. S3A), with an average GC content of only 45%
among sequences comprising the top 100 GapR peaks.
To determine whether the AT-richness of GapR-associated

sites reflects an AT-rich consensus motif or nonspecific affinity
for high AT DNA, we mined the sequences under GapR peaks
for a common motif that could represent a consensus sequence for
GapR binding (25). We were unable to identify any sequence
motif(s) common to more than 10% of the GapR-bound regions
(Fig. S3B). This result, in light of the correlation between GapR
ChIP-seq enrichment and local AT richness, suggests that the
association of GapR with DNA is specified by local AT content
rather than by an explicit consensus binding sequence. Indeed,
DNA-associated proteins with generic affinity for AT-rich se-
quences have been described in various prokaryotic and eukary-
otic organisms, including mammals (26–32).

GapR Associates with Promoters That Are Active During Normal
Growth and Differentiation. Given its association with intergenic
loci, we next looked for the intersection of GapR-bound loci with
annotated genomic features (i.e., genes and promoters). We
found that GapR primarily associates with the 5′ regulatory re-
gions of genes, as indicated by the clustering of GapR peaks
within a 200-bp window preceding annotated Caulobacter ORFs
(Fig. 3D). To determine whether GapR associates with promoters
that are normally active during growth, we measured overlap be-
tween the GapR ChIP-seq profile with that of the housekeeping
sigma factor in Caulobacter (σ73, i.e., RpoD) trapped on DNA in
initiation complexes with target promoters as a consequence of
rifampicin treatment (33). We observed a correlation between
GapR and RpoD occupancy, with 80.4% of the top 500 GapR
peaks overlapping an RpoD peak (Fig. 4A), indicating that GapR
primarily associates with active promoters.
GapR ChIP-seq peaks were observed near an abundance of

genes whose expression is known to vary over the course of the
cell cycle. For example, GapR ChIP-seq signal is enriched at
promoters for genes that encode structural proteins and regulators
of the swarmer-specific polar appendages (e.g., pilA, cpaA, flaFN,
fljKLMNO, tipF), a swarmer-specific protease (perP), a cell type-
specific encapsulation system (hvyA, pssZ, CCNA_00162-168,
CCNA_00465-472) (11), components of the divisome (ftsZ), and
the replisome (dnaA, dnaE), as well as cell cycle signaling factors
(e.g., cckA, podJ, pleA) and master regulators of the cell cycle
(ctrA, sciP, dnaA, gcrA). Because the expression of each of these
genes varies as a function of the cell cycle, we used transcriptomic
data obtained from synchronous Caulobacter populations through-
out the cell cycle to determine whether GapR-bound promoters
commonly exhibit cell cycle-dependent activity. Specifically, we
identified the set of Caulobacter genes defined as cell cycle-
regulated by two independent groups (14, 34) and determined
how frequently the transcription start sites (TSSs) for these genes
are bound by GapR (based on ChIP-seq data, from mixed popu-
lation). We found that GapR peaks overlap nearly one-third of all
cell cycle-regulated promoters (31.6%, Pearson’s χ2 test, P < 0.01;
Dataset S3), although cell cycle-regulated promoters are not, in
general, more AT-rich than noncell cycle-regulated promoters (SI
Text, Cell Cycle-Regulated Promoters Are Not Especially AT-Rich).
These findings further suggesting a physiological connection be-
tween GapR and the regulation of cell cycle progression.
Many cell cycle-regulated genes are subject to combinatorial

control by two or more master regulators of cell cycle progres-
sion (14). To determine whether GapR binds promoters that are
also occupied by known master regulators, we compared the
GapR genome occupancy profile with that of transcriptional
regulators known to modulate target gene expression in a cell

cycle-dependent manner. We observed overlap between GapR
occupancy and ChIP-seq peaks corresponding to each of the
known master regulators and found statistically significant pair-
wise overlap in occupancy between GapR and each of the reg-
ulators CtrA, MucR1, MucR2, and GcrA (Pearson’s χ2 test, P <
2.2 × 10−16; SI Materials and Methods, Fig. 4 B and C, and Fig.
S4A). The intersection between GapR and MucR1 ChIP-seq
peaks is particularly noteworthy, as 91% of all MucR1 peaks
overlap a GapR peak (102/112; Fig. 4B).
CtrA and MucR1 together control the S → G1 transition by

regulating the expression of many swarmer-specific genes (12).
Although sites bound independently by either CtrA or MucR1
are distributed throughout the Caulobacter chromosome, those

B

A

C

Fig. 4. GapR binds at active promoters controlled by master regulators of
cell cycle progression. (A) Overlap between the top 500 FLAG-GapR ChIP-seq
peaks and all RpoD ChIP-seq peaks (Left), with a specific genomic region
featured (Right) to indicate the presence of shared binding sites between
RpoD, GapR, and MucR1 (RpoD ChIP data obtained from ref. 33; MucR1 ChIP-
seq data from ref. 12). MucR1 ChIP-seq signal is presented as a heatmap of
piled reads. (B) ChIP-seq peak overlap between GapR and master transcrip-
tional regulators bound to promoters of cell cycle-regulated genes. Per-
centages in the colored circles represent the proportion of ChIP-seq peaks
for the indicated master regulator (e.g., CtrA and SciP) that intersect a GapR
ChIP-seq peak (median peak width = 400 bp), with each fraction expressing
the number of peaks that intersect a GapR binding site out of the total
number of peaks identified for that TF. The length and thickness of the lines
connecting the shapes reflect the degree of overlap in occupancy between
GapR and the master TFs shown. MucR1/2 and SciP ChIP-seq data and peak
calls were obtained from ref. 12; GcrA ChIP-seq data were obtained from ref.
33 and peaks were called using the same workflow used for GapR/CtrA (see
SI Materials and Methods for details). (C) Network diagram of intergenic
regions (gray, purple, and yellow nodes) associated with different proteins
(red, green, blue, and orange nodes). Connections (lines) indicate the pres-
ence of a ChIP-seq peak connecting an intergenic region to one or more of
the proteins. Intergenic regions are clustered with others that share the
same combination of connections to given proteins. Three-way intersection
of the three proteins MucR1, CtrA, and GapR is represented by two clusters
of intergenic regions: the purple cluster (no GcrA peak associated) and the
yellow cluster (GcrA peak also associated). The total number of observed three-
way intersections in intergenic regions is greater than expected (under the
assumption that ChIP-seq peaks of these three proteins are independently
distributed over the chromosome; 21 observed vs. 11.2 expected; SI Materials
andMethods). Genes associated with all of the chromosomal GapR-CtrA-MucR1
overlapping sites are listed in Table S2.
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sites bound by both CtrA and MucR1 are almost entirely found
in the origin-proximal half of the chromosome (binomial test,
P < 0.01 for MucR1, P < 0.05 for CtrA; SI Materials and Methods).
Further, GapR ChIP-seq peaks overlap a vast majority of these
sites (24/26, 92.3%; Fig. S4B and Table S2). Overall, the overlap in
occupancy of cell cycle-regulated promoters suggests that GapR is
connected to the master regulatory circuit that drives cell cycle
progression and cell type specification.

Minor Changes in Transcript Abundances Are Observed Following
GapR Depletion or Overexpression. GapR exhibits widespread as-
sociation with promoters and overlapping occupancy with known
master transcriptional regulators; this is consistent with a role for
this protein in regulating gene expression. To determine whether
GapR is involved in transcriptional control, we selected individual
genes whose promoters are occupied by GapR and quantitatively
assessed transcript abundance following GapR overexpression or
depletion. We found that overexpression (Fig. S5A) or depletion
(Fig. S5B) of GapR leads to at least a twofold decrease or increase
in expression, respectively, of candidate GapR target genes eval-
uated (pilA, CCNA_02831, CCNA_03711). To determine the
global regulatory response to GapR perturbation, if any, we per-
formed mRNA-seq following proteolytic clearance of GapR and
conducted differential gene expression analysis compared with a
GapR-replete strain to identify any GapR-dependent differences
in transcription. In general, there are relatively few significant
global changes in gene expression, with <1% of transcripts dis-
playing differential expression following GapR depletion (Dataset
S4). We identified 18 genes that that are differentially expressed
on proteolytic depletion of GapR (Table S3); in 72% of these
cases, the promoters of these genes overlap a GapR ChIP-seq peak.
We also identified two genes that are differentially expressed up on
mock depletion (in the gapR+ mock depletion strain), but whose
abundance changes in opposite directions between mock and true
GapR depletion (Table S4). Additionally, we found that the vast
majority of genes associated with GapR ChIP-seq peaks do not
exhibit a greater than twofold change in expression following GapR
depletion, suggesting that transcriptional regulation is an indirect or
secondary function of GapR.

GapR Forms Compact Clusters Enriched in the Swarmer Compartment
of the Predivisional Cell. The physical association between GapR
occupancy and cell cycle-activated genes is somewhat surprising
in light of time-resolved translational profiling experiments that
show little variation in GapR synthesis over the Caulobacter cell
cycle (∼1.7-fold change) (35). To resolve this incongruity, we
examined the subcellular distribution of GapR in vivo, reasoning
that cell type-specific functions might be achieved through biased
localization in lieu of “just-in-time” expression. We therefore
generated fusions of GapR to the fluorescent protein mCherry
and visualized the localization of the fusion protein in single cells
(Fig. 5A). We observed in dividing Caulobacter cells a marked
asymmetry in the intracellular distribution of mCherry-GapR,
with the fluorescent signal found primarily in the swarmer com-
partment of at least half of the predivisional cells observed (Fig.
5B). This biased localization is not likely to be the result of
swarmer compartment-specific expression of gapR, because GapR
protein levels are roughly constant across the cell cycle in syn-
chronous populations (Fig. S6).
Within single swarmer or stalked cells, we found that mCherry-

GapR forms asymmetric foci in both cell types (Fig. 5A). In
Caulobacter, and unlike in E. coli, the nucleoid fills the entire
cytoplasmic space, as evidenced by the absence of DNA-free re-
gions in cells stained with DNA-binding fluorescent dyes (16, 18);
nevertheless, the fluorescent signal corresponding to GapR oc-
cupies only a fraction of the cytoplasm. The localized aggregation
of GapR therefore suggests that GapR occupies regions of the

Caulobacter chromosome that are particularly close to one an-
other in 3D space.

GapR Self-Associates. The formation of H-NS clusters in E. coli
requires both DNA binding and homo-oligomerization (36, 37).
The clustering of GapR we observed in Caulobacter suggests that
this NAP also multimerizes. Indeed, we observed that GapR is
capable of self-association using a bacterial two-hybrid assay that
reports on bimolecular complementation of E. coli adenylate
cyclase (CyaA), an enzyme whose activity can be reconstituted
when the two essential functional domains are, respectively,
fused to each of two cytoplasmic proteins that directly interact
(Fig. 5C, Left) (38).
GapR was fused in frame to each functional domain of ade-

nylate cyclase (CyaAT18 and CyaAT25), and complementary
fusions were coexpressed in a strain of E. coli that cannot ac-
tivate the cAMP-dependent reporter gene lacZ unless CyaAT18

and CyaAT25 are brought into close proximity through the di-
rect interaction of their fusion partners (38). Coexpression of GapR-
CyaAT18 with either GapR-CyaAT25 or CyaAT25-GapR resulted in a
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B

CyaAT25-ZIP  

C

CyaAT25-GapR 

CyaAT25-GapRCr30 

Fig. 5. GapR exhibits biased subcellular localization and self-associates in
vivo. (A) WT Caulobacter NA1000 containing chromosomal mCherry-gapR
under control of the PxylX promoter was grown to midexponential phase in
M2G, grown an additional 2 h in the presence of 0.3% xylose, and then
imaged by phase contrast and epifluorescence microscopy. (Scale bar, 1 μm.)
(B) Biased swarmer compartment localization of mCherry-GapR in predivi-
sional cells, presented as a fluorescence/phase contract overlay (Left) and as
a diagrammatic projection (Right). (Scale bar, 1 μm.) (C) Bacterial two-hybrid
assay indicating direct GapR-GapR and GapR-GapRCr30 interactions in vivo.
Reconstitution of split adenylate cyclase (CyaA) activity, which implies a di-
rect interaction between the domains fused to the T18 and T25 subunits of
CyaA, is indicated by a Lac+ (red colony) phenotype on MacConkey agar.
GapR or GapRCr30 was fused in-frame to the C terminus of CyaAT25 and
coexpressed with GapR-CyaAT18 or, as a negative control, CyaAT18 alone
(Right). As a positive control, the self-associating leucine zipper domain of
yeast GCN4 (ZIP) was fused to the T18 and T25 fragments of CyaA (Left).
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Lac+ phenotype (Fig. 5C, Right), indicating that GapR can bind
other GapR molecules. Although this assay does not reveal the
stoichiometry of GapR multimers, we can infer that GapR is
minimally capable of forming dimers in vivo; our results do not
exclude the possibility that GapR forms higher-order oligomers in
Caulobacter. Because auto-association of GapR was detected in
an orthologous host (E. coli), we additionally conclude that these
GapR-GapR interactions are direct and do not require additional
Caulobacter-derived factors.

GapR Activity Is Conserved Among α-Proteobacteria. We identified
1,036 GapR homologs in sequenced genomes, 1,025 of which
were found in the α-proteobacterial clade, indicating that GapR
is essentially restricted to this lineage. Furthermore, GapR is
nearly ubiquitous among the α-proteobacteria, with homo-
logs identified in all but one of the free-living species in that
clade. Indeed, GapR is a “signature” protein that is distinctive of
the α-proteobacterial class (39–41). GapR homologs are also
encoded within the genomes of several bacteriophages that infect
α-proteobacterial hosts (including the Caulobacter-specific phage
ΦCr30), suggesting that GapR is targeted or co-opted as a facet
of the host-phage interaction.
To test the possibility that homologs of Caulobacter GapR

exhibit a conserved function, we cloned GapR homologs from
several divergent α-proteobacterial species (Agrobacterium tumefa-
ciens, Rhodobacter capsulatus, and Sinorhizobium meliloti), as well
as from the caulophage ΦCr30, and induced the expression of each
in a WT Caulobacter strain. We found that strains overexpressing
gapR homologs from each of these organisms led to the same
morphological and cell division defects caused by overexpression of
the native gapR gene (Fig. 6A), suggesting a conserved function and
providing evidence for an ancestral, common role for GapR pro-
teins across the α-proteobacteria and, curiously, their phages. In
addition, the results of a bacterial two-hybrid assay indicate that the
ΦCr30 homolog of GapR (GapRCr30) interacts with GapR (Fig.
5C), suggesting that the phage-encoded homolog may directly bind
Caulobacter GapR during the course of ΦCr30 infection.
As the function and localization of a protein are often linked,

we also visualized the localization that α-proteobacterial GapR
homologs adopt in Caulobacter. We therefore fused the GapR
homolog from Rhodobacter capsulatus (GapRRhodo) to mCherry,
expressed this fusion in Caulobacter, and monitored the localiza-
tion of the mCherry-GapRRhodo fusion protein in live cells. We
found that GapRRhodo expressed in Caulobacter exhibited the
same asymmetric distribution in predivisional cells as does Cau-
lobacter GapR (Fig. 6B), providing additional evidence for a
conserved, species-independent behavior of this novel family
of NAPs.
In Caulobacter, precise protein localization is frequently achieved

through protein-protein interactions that underlie hierarchical lo-
calization dependency networks. The fact that GapRRhodo exhibits a
GapR-like localization pattern in Caulobacter is remarkable in light
of the fact that these homologs are only 45% identical (Fig. S7),
reducing the likelihood that specific protein-protein interactions
involving GapRRhodo in R. capsulatus would be preserved in Cau-
lobacter (42). Given the relatively low probability of conserved in-
teractions between GapRRhodo and endogenous Caulobacter proteins,
we asked whether clustering of GapR might instead be a con-
sequence of generic binding to AT-rich regions of the genome,
which have indeed been shown to colocalize in E. coli through
association with the AT-associated NAP known as H-NS (37). If
binding to AT-rich DNA is sufficient to establish the localization
pattern observed for GapR, then an orthogonal AT-rich DNA-
binding protein that bears no resemblance to any Caulobacter
protein should nonetheless adopt a GapR-like localization
pattern in Caulobacter. To test this, we expressed in Caulobacter a
fluorescent protein fused to E. coli H-NS, a protein that lacks a
homolog in Caulobacter and that is known to autonomously bind

AT-rich DNA in vivo and in vitro. We observed that H-NS, like
GapR, forms discrete subpolar clusters in Caulobacter, supporting
the notion that GapR localizes through interactions with AT-rich
loci on the Caulobacter chromosome. However, unlike GapR ho-
mologs, H-NS is apparently not asymmetrically distributed in Cau-
lobacter, suggesting that swarmer-specific accumulation of GapR is a
property specific to that protein family (Fig. 6C).

GapR Function Is Distinct from That of H-NS–Like Proteins.GapR and
H-NS each bind AT-rich DNA and form clusters in Caulobacter,
suggesting that these divergent DNA-binding proteins may per-
form a common function in their respective hosts. We reasoned
that if GapR and H-NS are functionally equivalent, then (i) H-NS
should exhibit GapR-like activity in Caulobacter and (ii) GapR
should exhibit H-NS–like activity in E. coli.
To test these predictions, we first overexpressed H-NS in

Caulobacter to determine whether the phenotypes observed on
GapR overexpression can also be induced by H-NS. When hns
was expressed in Caulobacter from the vanillate-inducible PvanA
promoter on a low-copy replicating plasmid, we observed the
same defects in cell shape, size, and division that occur on gapR

GapRAgro GapRRhodo

GapRSino GapRCr30 H-NSE.coli

GapRRhodo-mCherry eGFP-H-NSE.coli

A

B C

Fig. 6. GapR-like activity and localization of GapR homologs and E. coli
H-NS in Caulobacter. (A) GapR homologs from divergent α-proteobacteria and
Caulobacter-specific bacteriophage ΦCr30 (Left) or E. coli hns (Right) were
introduced into C. crescentus NA1000 on a low-copy replicating plasmid
driven by the vanillate-inducible vanA promoter, grown for 4 h in M2G after
addition of 0.5 mM vanillate and imaged by phase contrast microscopy.
Agro, Agrobacterium tumefaciens; Rhodo, Rhodobacter capsulatus; Sino,
Sinorhizobium meliloti; Cr30, Caulophage ΦCr30. (Scale bar, 1 μm.) (B) The
GapR homolog from R. capsulatus (Rcc02587) was tagged with mCherry,
expressed in NA1000 from the chromosomal PxylX promoter in the presence
of 0.3% xylose and visualized by epifluorescence microscopy (shown overlaid
with the phase contrast image), revealing an asymmetric distribution within
predivisional cells. (Scale bar, 1 μm.) (C) eGFP-tagged H-NS from E. coli was
expressed from the xylose promoter and its localization visualized as de-
scribed above, showing a symmetric distribution within predivisional cells.
(Scale bar, 1 μm.)
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overexpression, including the polar minicells that are typical of
gapR mutant strains (Fig. 6A). This finding suggests that the
constitutive binding of AT-rich DNA may be sufficient to cause
the defects associated with GapR overexpression.
DNA binding-deficient variants of H-NS fail to form localized

clusters in live E. coli (37), indicating that the association of H-NS
with AT-rich DNA underlies its localization. To test whether
GapR exhibits H-NS–like activity in E. coli, we first asked whether
GapR adopts an H-NS–like subcellular localization by expressing
fluorescently labeled GapR in a Δhns E. coli mutant and de-
termining its localization. Although the expression of mCherry
alone led to a homogeneous, diffuse fluorescent signal that oc-
cupied the entire cytoplasmic space, mCherry-GapR formed two
discrete clusters per cell during exponential growth (Fig. 7A), a
localization pattern that has been previously observed for H-NS
using both diffraction-limited and superresolution fluorescence
microscopy (37). On simultaneous coexpression of H-NS and
GapR fused to eGFP and mCherry (respectively) in E. coli, we
were able to observe a precise overlap in the subcellular distri-
butions of the two fluorescent proteins (Fig. 7B), confirming a
shared localization pattern and indicating a common nucleoid
association profile for H-NS and GapR in E. coli. This observation
further implies that the localization of GapR, at least in E. coli
cells, is a consequence of recognizing AT-rich DNA (37).

H-NS is a global transcriptional silencer that represses the
expression of ∼5% of E. coli genes. Accordingly, we next de-
termined whether GapR can perform the silencing function of
H-NS. One locus H-NS silences is the bgl operon, which encodes
a functional phospho-β-glucosidase and a transport system for its
substrate(s); Δhns mutants exhibit a Bgl+ phenotype and can use
β-glucosides as a sole carbon source (43). We expressed gapR in a
Δhns mutant of E. coli under control of the arabinose inducible
ParaBAD promoter and monitored the expression of the bgl op-
eron using a colorimetric assay that reports on the metabolism of
salicin, a β-glucoside. Although the trans expression of hns+ in a
Δhns background restored the Bgl− phenotype, and although gapR
can be efficiently expressed in E. coli (Fig. 7 A and B), expression
of gapR did not result in repression of the bgl operon, because
Δhns strains expressing gapR retained the Bgl+ phenotype (Fig.
7C). Taken together, these findings show that, although GapR
retains the AT-binding property of H-NS, it seems to lack the
capacity to act as an autonomous transcriptional silencer. This
observation distinguishes these two NAPs and suggests that al-
though both GapR and H-NS associate with AT-rich regions of
DNA, they are nonetheless functionally divergent.

Discussion
GapR Is an Essential DNA-Associated Proteins. This report describes
the discovery of GapR, a NAP that globally binds the Caulo-
bacter chromosome at AT-rich loci and plays an essential role in
the growth and division of the dimorphic bacterium Caulobacter
crescentus. GapR is required for viability, but is also toxic when
expressed at high levels, indicating that normal growth also re-
quires robust regulation of GapR abundance. Strains depleted
for or overexpressing gapR exhibit compromised growth, and at
the single-cell level, defects in cell size, cell shape, and division
are observed. Because there is a positive correlation between
GapR ChIP-seq enrichment and average local AT content, and
because overexpression of the exogenous AT-binding protein
H-NS in Caulobacter reproduces the GapR overexpression phe-
notype, it is conceivable that GapR overproduction leads to ec-
topic association with nonnative binding sites (once all native sites
are occupied), which directly or indirectly leads to the disruption
of one or more developmental processes. Lethal overproduction
of AT-binding NAPs has been previously observed, with over-
expression of H-NS in E. coli leading to extreme condensation of
the nucleoid and fatal inhibition of macromolecular synthesis (44).
Although the mechanism of cell cycle disruption by excess GapR
in Caulobacter remains to be determined, we can conclude that its
activity and/or abundance must be regulated so as to mitigate the
disruptive effects of unchecked GapR accumulation in the cell.
Caulobacter GapR is unusual among NAPs in that it is essential

for viability; although H-NS family members can influence many
processes through silencing of as much as 5% of the bacterial
genome (31), they are often dispensable in the γ-proteobacterial
species in which they are found (29, 45, 46). Notable exceptions
include the ortholog of H-NS in Salmonella and the semi-
redundant pair of H-NS-like NAPs in Pseudomonas aeruginosa,
MvaT/MvaU (32, 47). In both of these cases, the essential role of
these NAPs is to silence the expression of horizontally acquired
genes that are toxic when constitutively expressed. This phenomenon
is unlikely to explain the essentiality of GapR, as most promoters
bound by GapR are transcriptionally active (as evidenced by the
presence of bound RpoD at >80% of these sites), and as we do
not observe global de-repression of GapR-associated genes after
GapR depletion (as is observed following deletion of hns in
E. coli) (19). Our results therefore do not support an H-NS–like
role for GapR in direct transcriptional silencing of target genes,
suggesting that GapR represents a NAP family that is functionally
distinct from H-NS–like proteins and whose divergent functions
are critical for cell growth and division.

A

C

B

Fig. 7. GapR recapitulates the subcellular localization, but not the function,
of H-NS in E. coli. (A) An E. coli Δhns mutant expressing mCherry alone (Top)
or mCherry-GapR (Bottom) under control of the arabinose-inducible araBAD
promoter was grown for 2 h in rich media with induction (0.02% arabinose)
and imaged by epifluorescence and phase contrast microscopy. (Scale bar,
1 μm.) (B) An E. coli Δhns mutant containing a plasmid expressing both
mCherry-GapR and eGFP-HNS from a single araBAD promoter was grown
and imaged as in A. (C) E. coli Δhnsmutant strains transformed with pBAD33
containing gapR, pBAD33 containing hns (positive control), or empty vector
(negative control) were spotted onto salicin agar (which reports on expres-
sion of the cryptic bgl operon) seeded with 0.02% arabinose. Yellow colony
color, Bgl+ (no complementation); blue colony color, Bgl− (complementation).
(Scale bar, 1 μm.)
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GapR Is a Signature α-Proteobacterial Protein. GapR comprises a
single domain of unknown function (DUF2312) that is ubiqui-
tous among the α-proteobacteria, with gapR coding sequences
found in nearly all members of this clade (40, 41); this includes
endosymbionts with minimal genomes (e.g., Wolbachia). This con-
servation indicates a common, ancient ancestor for all orthologous
GapR sequences in the α-proteobacteria. We have shown here that
GapR homologs from various α-proteobacterial species can
recapitulate the toxic consequences of gapR overproduction in
Caulobacter, indicating conservation of function activity between
GapR orthologs.
Not only is GapR conserved throughout the α-proteobacteria,

but several bacteriophages with α-proteobacterial hosts, including
the Caulobacter-specific lytic phage ΦCr30, also encode GapR
homologs. It is noteworthy that ΦCr30 carries a homolog of
Caulobacter GapR, a protein that accumulates in the swarmer
compartment of predivisional cells, as this phage exhibits a specific
tropism for the swarmer cell due to an inability to infect stalked
cells (11). The identification of an AT-associated GapR-like
protein in ΦCr30 is also particularly intriguing when considered in
the context of genomic nucleotide bias: whereas the Caulobacter
genome is 67.2% GC, the ΦCr30 genome is instead markedly GC
poor (38.2% GC) (48). When we express the GapRCr30 homolog
in Caulobacter, we observe growth and division defects. We also
observe that GapRCr30 directly binds GapR in a bacterial two-
hybrid experiment. These observations together are consistent
with the notion that GapRCr30 is a viral “mimic” protein (49) that
acts by inhibiting, antagonizing, displacing, or otherwise subverting
GapR and hijacking the critical biological process(es) in which it is
engaged. Recently, the divergent swarmer-specific Caulobacter
phage ΦCbK and several of its sequenced relatives were shown to
encode a homolog of the cell cycle transcriptional regulator GcrA
(50, 51), indicating that phage-encoded mimics could act by
modulating the Caulobacter cell cycle. We expect that investiga-
tion into the role of GapRCr30 in the phage infection cycle will
inform our understanding of the essential function of GapR in
Caulobacter and may additionally reveal novel virulence strategies
used by bacteriophages.
The GapR homolog from a phylogenetically distinct α-proteo-

bacterium (Rhodobacter capsulatus) adopts a GapR-like localiza-
tion pattern, including not only subcellular clustering, but also
asymmetric distribution to the swarmer compartment in the pre-
divisional stage when expressed in Caulobacter. This observation
highlights the functional conservation between these homologs
despite their phylogenetic distance. E. coliH-NS, by contrast, does
not exhibit this type of asymmetry, implying a GapR-specific
mechanism that drives the swarmer-specific accumulation of this
NAP. We infer that AT binding is the primary driver of GapR
subcellular clustering, however, because the R. capsulatus GapR
homolog and E. coli H-NS form foci like GapR in single Caulo-
bacter cells. Although it is possible that GapR is passively dis-
tributed to the swarmer cell compartment in predivisional cells
through an interaction with AT-rich DNA, the lack of swarmer
compartment-specific enrichment of H-NS expressed in Caulobacter
may instead indicate that additional mechanisms (e.g., compart-
ment-specific proteolysis, active translocation, posttranslational
modification, or upstream polarity factors) contribute to this effect.

GapR Associates Primarily with the Swarmer Cell Nucleoid. Two sep-
arate lines of evidence support the possibility that the swarmer and
stalked cell types of Caulobacter exhibit distinct nucleoid com-
paction or higher-order nucleoid structures. First, the nucleoids of
swarmer and stalked cells exhibit markedly different sedimenta-
tion rates and contain distinct complements of associated protein
(8, 52–54). Second, because the chromosome fills the cyto-
plasmic space in both daughter compartments (16), the swarmer
nucleoid must be packaged into only ∼70% the volume afforded
to that of the stalked cell nucleoid. It has been suggested that

asymmetries in swarmer and stalked cell nucleoid structure are
the consequence of one or more asymmetrically distributed
NAPs that impart cell type-specific structure to the Caulobacter
nucleoid (12). We are intrigued by the possibility that GapR, a
protein that localizes to the swarmer nucleoid during cell di-
vision, represents a histone-like factor that contributes to the
swarmer/stalked cell nucleoid asymmetry in Caulobacter.
GapR associates with hundreds of sites across the genome

yet localizes to a discrete focus in vivo. This clustering suggests
that distant genomic loci are colocalized in 3D space, as has
been observed for H-NS–bound loci in E. coli (37). In addition
to H-NS, multiple NAPs are known to promote long-range
intrachromosomal interactions through DNA bending, looping,
compaction, and the stabilization of discrete subdomains (4,
55–63). It may be that the self-association of GapR molecules
links together noncontiguous loci that contain AT-rich sequences.
The findings presented here provide the foundation for the

hypothesis that the accumulation of GapR in the swarmer cell
compartment contributes to the control of swarmer cell fate. Con-
formation-capture experiments reveal a relationship between gene
expression and chromosome structure in Caulobacter (4,6); if GapR
plays a role in mediating nucleoid conformation of the swarmer, it
could also establish or otherwise influence the program of gene
expression that is specifically activated in the swarmer cell during the
S → G1 transition.

GapR Is Linked to Spatiotemporal Regulation of Cell Cycle-Controlled
Genes. Although its synthesis is constitutive across the cell cycle,
we have shown that GapR associates with cell cycle-regulated
genes and has hundreds of binding sites in common with the
known master cell cycle regulators, indicating a role for this es-
sential NAP in cell cycle control. By comparing the ChIP-seq
footprint of GapR against those of other master regulators, we
discovered that GapR shares in vivo target loci with the master
cell cycle regulators SciP, CtrA, GcrA, and MucR1/2. Although
GapR ChIP-seq peaks overlap hundreds of intergenic regions in
Caulobacter, we have shown that the extent of GapR overlap
with binding sites of each of the regulators CtrA, GcrA, MucR1,
and MucR2 is statistically significant (SI Materials and Methods).
GapR overlaps most extensively with MucR1, covering more
than 90% of its binding sites. MucR1/2 are homologous tran-
scriptional regulators that are critical in establishing the swarmer
cell developmental state during the S → G1 transition, pre-
sumably by inhibiting expression of G1-specific CtrA-regulated
genes in the S phase. Products of these swarmer-activated genes
include the pilus subunit protein PilA, the buoyancy switch factor
and encapsulation inhibitor HvyA, and, importantly, the G1-spe-
cific CtrA inhibitor SciP (12).
In Caulobacter, the chromosomal positions of genes dictate

not only their timing of replication/segregation but also their
spatial placement in the Caulobacter cell (64). Two separate
observations support the possibility that the spatial positioning
of a gene locus is important for its proper expression. First,
chromosomal rearrangements that have occurred in Caulobacter
species have largely preserved the distances between rearranged
genes and the origin, suggesting that the longitudinal subcellular
positions of genes are also generally conserved (65). Second, we
observe that promoters bound by CtrA and MucR1, whose timing
of expression and downstream gene function are largely swarmer
specific, are almost completely restricted to the origin-proximal
half of the chromosome and therefore to the stalked and fla-
gellar pole-proximal regions of the cell (the majority of these
genes are listed in Table S2). Proteins like MucR1/2 and CtrA
that control expression of these swarmer genes may interact
with spatially restricted proteins, such as GapR, to carry out
their tasks.
The overlap of GapR with nearly all MucR1-occupied CtrA

sites raises the possibility that GapR may be directly involved in
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MucR1/2 function, i.e., modulating expression of CtrA-regulated
genes and controlling the S → G1 switch. This connection be-
tween GapR and the activation of the swarmer cell program is
even more striking in light of the subcellular distribution of
GapR in predivisional cells, where the majority of GapR local-
izes asymmetrically to the swarmer cell compartment. Although
MucR1/2 have been shown to repress CtrA-regulated genes, it
remains unknown how such repression is restricted to S-phase
(12). We hypothesize that the asymmetric distribution of GapR
to the swarmer compartment provides spatial regulation to
MucR1/2 activity. Because perturbation of GapR function leads
only to minor changes in transcript abundances, we predict that
this regulation is either indirect or that it fine-tunes essential
events. We propose that GapR is a high AT-associated protein
that has been co-opted to mediate the faithful asymmetric di-
vision of Caulobacter cells.

Materials and Methods
Bacterial Strains, Plasmids, and Growth Conditions. Strains and plasmids used in
this study are detailed in Tables S5 and S6. Plasmid construction, strain engi-
neering, and growth conditions are described in SI Materials and Methods.

ChIP-Seq. A full description of methods used for cell crosslinking and har-
vesting, chromatin immunoprecipitation, deep sequencing, and data pro-
cessing is provided in SI Materials and Methods.

Subcellular Localization of Fluorescently Tagged Proteins. C. crescentus strains
were cultured to log phase in peptone yeast extract medium (PYE) con-
taining appropriate antibiotic. Where necessary, gene expression was in-
duced by adding 0.3% xylose for 120 min during growth at 30 °C before
imaging by phase contrast and epifluorescence microscopy. E. coli strains
were grown to A600 of about 0.2 and induced with 0.2% arabinose for
90 min during growth at 37 °C before imaging.

Western Blot Analysis. Cultures were grown overnight in PYE and back-diluted
1:100 into fresh media. One-milliliter samples were collected from cultures
grown in each condition at OD600 = 1. Harvested samples were normalized,
pelleted (10,000 × g, 10 min), resuspended in SDS/PAGE sample buffer, lysed
by incubating at 100 °C for 15 min, and subjected to electrophoresis through
gradient (4–12%) SDS/PAGE gels. Rabbit polyclonal antisera that recognize
the FLAG epitope (1:5,000 dilution; Sigma-Aldrich) or CtrA (1:10,000 di-
lution) were used for immunoblots. Protein bands were visualized using the
Western Lightning ECL antibody detection kit (PerkinElmer) and Hyblot CL
film (Denville Scientific).
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