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SUMMARY

We have determined the three-dimensional (3D)
architecture of the Caulobacter crescentus genome
by combining genome-wide chromatin interaction
detection, live-cell imaging, and computational mod-
eling. Using chromosome conformation capture car-
bon copy (5C), we derive �13 kb resolution 3D
models of the Caulobacter genome. The resulting
models illustrate that the genome is ellipsoidal
with periodically arranged arms. The parS sites,
a pair of short contiguous sequence elements known
to be involved in chromosome segregation, are posi-
tioned at one pole, where they anchor the chromo-
some to the cell and contribute to the formation of
a compact chromatin conformation. Repositioning
these elements resulted in rotations of the chromo-
some that changed the subcellular positions of most
genes. Such rotations did not lead to large-scale
changes in gene expression, indicating that genome
folding does not strongly affect gene regulation.
Collectively, our data suggest that genome folding
is globally dictated by the parS sites and chromo-
some segregation.

INTRODUCTION

The three-dimensional (3D) architecture of the genome both

reflects and regulates its functional state (Dekker, 2008; Than-

bichler and Shapiro, 2006a). For example, chromosome segre-

gation impacts bacterial locus subcellular positioning (Jun and

Mulder, 2006; White et al., 2008), and chromatin loops that place

promoters and distant enhancers within close spatial proximity

play important roles in eukaryotic transcriptional regulation
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(Tolhuis et al., 2002; Vernimmen et al., 2007). Such examples

suggest that studies of the high-resolution folding of genomes

will yield insight into genome biology. However, until recently

such studies, which require comprehensive assessments of

the spatial positioning of many loci, have represented major

technical challenges.

The recent development of several high-throughput technolo-

gies, including automated fluorescent imaging (Viollier et al.,

2004) and chromosome conformation capture (3C)-based ap-

proaches (Dekker et al., 2002; Dostie et al., 2006; Duan et al.,

2010; Fullwood et al., 2009; Lieberman-Aiden et al., 2009; Simo-

nis et al., 2006; Zhao et al., 2006), has begun to enable studies of

genome-wide chromosome folding. Fluorescent microscopy-

based approaches allow the accurate determination of the

subcellular positions of increasing numbers of defined chromo-

somal loci, while high-throughput 3C-based approaches enable

quantification of interloci interaction frequencies that can sub-

sequently be used to infer the average 3D distances between

these loci. Studies utilizing one or both of these approaches

have highlighted the potential of genome-wide studies of chro-

mosome structure and have begun to reveal specific features

of chromosome folding, including the transcription-based com-

partmentalization of the human nucleus (Lieberman-Aiden et al.,

2009; Simonis et al., 2006) and the correlation between a locus’

genomic and subcellular positioning in bacteria (Nielsen et al.,

2006; Teleman et al., 1998; Wang et al., 2006b). However, the

detailed structures of genomes are only beginning to be re-

vealed, and many details, including the identities of the se-

quence elements that define such structures, await further

elucidation.

We sought to determine the high-resolution 3D structure of an

entire genome and to utilize the resulting structure to identify the

sequence elements that define its architecture. Toward this

goal, we studied the synchronizable bacterium, Caulobacter

crescentus (hereafter Caulobacter), whose single circular chro-

mosome is organized such that the origin and terminus of repli-

cation reside near opposite poles of the cell and other loci lie
.
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along the long axis in an order correlating with their genomic

distance from the origin (Viollier et al., 2004). To derive higher-

resolution insights into the folding of this genome, we employed

a multipronged approach, which utilized chromosome confor-

mation capture carbon copy (5C) (Dostie et al., 2006), 3D mod-

eling (Baù et al., 2011), and live-cell imaging. Using 5C, we

measured 28,730 contact frequencies between loci spanning

the entire Caulobacter genome and used these frequencies to

derive 3D models of the genome in wild-type and genetically

modified strains. Coupling these data with automated fluores-

cent microscopy, we oriented our models with respect to

specific cellular landmarks. Our models demonstrate that the

chromosome is ellipsoidal, with periodically arranged arms.

Moreover, our 5C and microscopy data indicate that changing

the position of a short (10 kb) region including the parS sites

affects the orientation of the entire chromosome within the cell.

RESULTS

Generation of a Whole-Genome Contact Map
for the Caulobacter Chromosome
Spatial distances between genomic loci can be inferred from the

frequencies at which these loci physically interact within a popu-

lation of cells. Closely positioned regions of the genome con-

tact frequently, while spatially distant regions rarely contact. To

determine the frequency of such interactions, we used 3C tech-

nology (Dekker et al., 2002), which utilizes crosslinkingwith form-

aldehyde in conjunction with spatially constrained ligation to

assess the average spatial proximity of genomic loci (Figure 1A).

Each 3C experiment yields a genome-wide library of ligation

products whose frequencies reflect the 3D structure of the

genome.

We developed a 3C protocol optimized for bacteria and em-

ployed it to generate ligation product libraries from Caulobacter

swarmer cells, one of Caulobacter’s two cell types. To ascertain

whether these libraries accurately reflect the spatial arrangement

of the genome, we determinedwhether the frequencies of partic-

ular ligation products within these libraries (contact frequencies)

were consistent with known features of the Caulobacter genome

spatial organization. Caulobacter swarmer cells contain a single

�4 Mb circular chromosome that is divided into a left and right

arm by a diametrically opposing origin and terminus of replica-

tion, which reside near opposite cell poles (Viollier et al., 2004).

Thus, the origin and terminus should rarely interact. We used

PCR to determine the frequency of ligation products (contact

frequencies) between the origin and terminus and found that,

as expected, the contact frequencies between loci positioned

near the origin and terminus were significantly lower (<256 times)

than contact frequencies between neighboring loci within the

origin and terminus regions (Figure 1B). Thus, we conclude

that 3C libraries accurately reproduce established features of

Caulobacter genome spatial organization.

We next used 5C (Dostie et al., 2006) to comprehensively

determine the composition of our swarmer 3C libraries. 5C

uses highly multiplexed ligation-mediated amplification of pairs

of plus- and minus-strand probes to measure the relative fre-

quencies of tens of thousands of 3C ligation products in parallel.

In our modified 5C approach, bar-coded oligonucleotide
Mol
probes were used to specifically detect and amplify ligation junc-

tions between restriction fragments, and the frequency of such

junctions was quantified by polony-sequencing of the ligated

probe pairs (Shendure et al., 2005) (Figures 1A and S1A).

To interrogate the Caulobacter genome at high density, we

designed 339 5C probes with 169 complementary to the plus-

and 170 complementary to the minus-strand of restriction frag-

ments (Figure 1C). These probes cover the Caulobacter genome

in an alternating fashion, with adjacent fragments queried by

opposite strand probes, enabling the measurement of 28,730

contact frequencies and the sampling of the Caulobacter ge-

nome at an average resolution of �13 kb (s = 13 kb).

We generated genome-wide 5C libraries for synchronous

Caulobacter swarmer cells and found that the resulting contact

frequencies were highly correlated across replicates (r > 0.94,

Table S1), indicating a high degree of reproducibility of individual

contact frequencies. We collectively represent these frequen-

cies as two-dimensional contact maps in which the plus- and

minus-strand-probed restriction fragments are ordered along

orthogonal axes. The contact frequency between any given

pair of fragments is thus located at the intersection of the corre-

sponding row and column (Figure 1D).

The Swarmer Cell Chromosome Is Ellipsoidal
with Specific Regions at the Poles
The swarmer cell 5C contact map contains two prominent diag-

onals that intersect near the center (the terminus region, 2 Mb)

and corners (the origin region, 0/4 Mb) of the map (Figure 1D).

To understand the structural implications of these diagonals, it

is helpful to consider what such a map would look like for an

unconstrained circular chromosome. In such a structure, inter-

actions would exclusively occur between loci proximal in the

genome, yielding a contact mapwith a single diagonal stretching

from the upper left to lower right corners (Figures S1B and S1C).

In addition to this diagonal, the swarmer cell contact map

contains a second diagonal from the lower left to the upper right

corner, indicating the presence of prominent interactions

between fragments separated by large genomic distances.

Correspondingly, the contact frequency profiles of most frag-

ments contain a peak of short-range interactions centered about

the genome coordinates of these fragments as well as a second

peak of long-range interactions. Interestingly, these long-range

interactions are centered about loci on the opposite arm that

are roughly equidistant from the origin (Figure 1E). Collectively,

these short- and long-range peaks indicate that the swarmer

cell chromosome structure is ellipsoidal, with loci roughly sym-

metric about the origin folded close in space and a long axis con-

necting regions near the origin and terminus (Figure 1E).

The swarmer cell 5C contact map allows us to identify the

maximally polar regions of the ellipsoidal swarmer cell chromo-

some. As these regions are approached along either arm of the

chromosome, the genomic distance to the contacting region

on the opposite arm becomes smaller until the proximal short-

range and the long-range (interarm) peaks in contact frequency

profiles merge. Thus, the maximally polar regions of the genome

correspond to the positions in the contact map at which the two

diagonals intersect (Figure S1D). We find that one polar locus

corresponds to a region near the origin and the second to a
ecular Cell 44, 252–264, October 21, 2011 ª2011 Elsevier Inc. 253
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Figure 1. Genome-wide 5C Reveals that the Swarmer Chromosome Is Ellipsoidal

(A) Our 3C and 5C approaches. Top: Formaldehyde is added to synchronized swarmer cells, crosslinking physically touching chromosomal loci (e.g., the red and

purple regions denoted within the dashed circle). Chromatin is subsequently digested with a restriction enzyme and is diluted to separate noncrosslinked

fragments. Ligation is then performed, yielding a 3C library of ligation products in which interfragment crosslinks are now represented as ligation products

between fragments. Bottom: Next, bar-coded oligonucleotide probes with sequences complementary to the ends of restriction fragments (plus or minus strand)

are annealed to the 3C library. Multiplexed ligation is subsequently performed, creating carbon copy ligation products between annealed plus- andminus-strand

probes that reflect the original crosslinks between restriction fragments. By design, ligation can only occur between plus- andminus-strand probes. Carbon copy

junctions are subsequently amplified via PCR using the universal flanking tails, yielding a 5C library, and the frequencies of products within this library are

assessed via barcode sequencing.

(B) 3C recapitulates established features of Caulobacter swarmer cell genome structure. Template dilution (2-fold) series PCR reactions querying ligation

products among origin- and terminus-proximal restriction fragments in swarmer cell 3C libraries generated with (top) or without (bottom) fixation were performed,

and the resulting products were run on an agarose ethidium bromide-stained gel. ‘‘C’’ denotes a control template in which junctions were present in equal

concentrations (see Supplemental Experimental Procedures).
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region near the terminus. Thus, our data are consistent with the

origin and terminus residing near opposite cell poles (Viollier

et al., 2004). Importantly, the resolution of our 5C data enables

a more precise definition of the genomic regions located at the

extreme poles. We find that the origin-proximal maximally polar

region is located 25 ± 17 kb to the left of the origin and contains

the parS sequence elements (Livny et al., 2007; Mohl and Gober,

1997) (Figures S1E and S1F) and that the terminus-proximal

maximally polar region lies 42 ± 17 kb to the left of the dif site

(Figures S1E and S1F) (Jensen, 2006). Of note, the parS sites

are known to act as centromere-like elements in Caulobacter

(Toro et al., 2008), and the dif sites play a role in the resolution

of chromosome dimers formed during replication and segrega-

tion (Jensen, 2006). Thus, our contact frequency data suggest

that the chromosome is folded about sequence elements critical

to chromosome segregation.

Generation of 13 kbp-Resolution 3D Models
of the Caulobacter Chromosome
Next, we used the swarmer 5C data to generate models of the

3D conformation of the Caulobacter swarmer cell genome. Our

5C data represent a comprehensive set of contact frequencies

between loci spanning the entire genome. It has been demon-

strated that contact frequencies are reliable proxies for the

average spatial distances between loci (Lieberman-Aiden et al.,

2009; Miele et al., 2009), and we observed a similar relationship

in our data (Figures S2A and S2B). Therefore, we can convert 5C

contact frequencies into average spatial distances, which can

then be used to derive 3D models.

To generate models we utilized the Integrative Modeling Plat-

form (IMP, http://www.integrativemodeling.org) (Alber et al.,

2007; Baù et al., 2011) to search for the 3D conformations of

the Caulobacter genome that satisfy the distances inferred

from our 5C contact maps (Figure 2A). This approach yields pop-

ulation-average conformations, which represent the dominant

folding patterns across the cell population, but does not reveal

the variations in detailed conformations that undoubtedly exist.

Specifically, we utilized fluorescent microscopy-derived dis-

tances between hundreds of chromosomal loci located on the

same arm (Figure S2B) in conjunction with 5C data to derive a

calibration curve for relating contact frequencies to spatial dis-

tances (see Supplemental Experimental Procedures). We then

transformed all 5C contact frequencies into average 3D spatial

distances (Figure 2A, i, and Supplemental Experimental

Procedures). Next, treating each restriction fragment as a point

in space, we connected fragments with springs with equilibrium

distances equal to the 5C-derived distances (Figure 2A, ii). The
(C) 5C whole-genome coverage map. The central circle represents the Caulobac

The interior and exterior circles represent the genomic locations of restriction fr

probes.

(D) Average swarmer cell 5C contact map. The frequency of a junction betwee

intersection of the row and column corresponding to the fragments. Minus- and

position along the vertical and horizontal axes, respectively. The origin is located a

the two axes indicate genome position. Color within the heat map is indicative o

(E) Bottom: The contact frequency profile for a representative fragment located at

all other fragments of opposite type and corresponds to a row of the contact map

Schematic of the ellipsoidal geometry suggested by the contact frequency profile

the chromosome were an unconstrained circle.

Mol
3D coordinates of all fragments were then stochastically initial-

ized (Figure 2A, iii), and in an iterative process that utilizes simu-

lated annealing, the spatial locations of fragments were ran-

domly modified until a structure that satisfied as many of the

5C-derived distances as possible was attained (Figure 2A, iv,

a). We repeated this optimization 56,000 times to generate an

ensemble of structures that was maximally consistent with our

5C data. Finally, we structurally superimposed and clustered the

10,000 models with the fewest violations of the distance con-

straints into groups of highly similar structures (Figure 2A, iv, b).

3D Modeling Yields a Single Class of Models
with Periodically Arranged Arms
We find that the models of the Caulobacter swarmer cell

chromosome group into only four structurally similar clusters

(Table S2), suggesting that while the chromosome may be flex-

ible and folded somewhat differently in eachcell, there are a small

number of dominant conformations. To represent the swarmer

cell model clusters, we present 3D density maps in which the

volume occupied by each fragment indicates the variation in

this fragment’s positioning across the models in the cluster (Fig-

ure 2B). Such volume elements may represent dynamic vari-

ability in a fragment’s spatial positioning (Elmore et al., 2005;

Fiebig et al., 2006; Reyes-Lamothe et al., 2008) and likely

encompass local structures such as topological domains, which

are below the resolution of our data (Postow et al., 2004).

In 3D coordinate space, we find that the differences between

models are largely the result of mirroring of portions of the struc-

tures. The presence of mirrors is expected, as perfect mirror

images are indistinguishable by 5C and are equivalent in dis-

tance space. Indeed, clusters 1 and 2 as well as clusters 3

and 4 are pairs of nearly perfect mirror images (Figure S2D).

Furthermore, clusters 1 and 2 are partial mirrors of clusters 3

and 4 (Figure S2E). Thus, the four model clusters represent small

variations on a single conformation.

The models within all clusters display structural features

apparent from the raw contact maps: their overall geometry is

ellipsoidal, with loci roughly equidistant from the origin folded

close in space. The origin-proximal maximally polar fragment is

located �7 kb to the left of the parS elements (Figure 2C and

Table S2), which is within the resolution of 5C data (�13 kb).

Based on fragment intracluster variability, we determined that

the effective resolution of the models is between 175 and

225 nm (Figure S2C). We expect that the actual resolution of indi-

vidual models may be much higher, as models may be locally

very similar along their length but diverge significantly at a few

positions.
ter genomic map, with coloring indicating genome position (from red to blue).

agments queried by plus- (gray exterior) and minus- (black interior) strand 5C

n a given pair of fragments in the library (contact frequency) is found at the

plus-strand-probed restriction fragments are ordered according to genome

t 0 Mb, and the terminus is located at�2Mb. Bars underneath and to the left of

f the contact frequency Z score (see Supplemental Experimental Procedures).

�1 Mb. This profile indicates the contact frequencies for a given fragment with

. The orange dotted line indicates the genome coordinate of this fragment. Top:

shown below. Figure S1 provides the corresponding profile and contact map if
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Figure 2. Modeling Reveals the 3D Architecture of the Swarmer Genome

(A) Outline of our modeling methodology. Restriction fragments were modeled as points connected by springs. The distance derived from the contact frequency

between pairs of fragments was used (i) to define the equilibrium length of the spring (see Supplemental Experimental Procedures) that connected these

fragments (ii). The 3D coordinates of all points were randomly initialized (iii), and optimization was performed to derive a structure that minimally violates these

equilibrium lengths (iv, a). This initialization and optimization procedure was repeated thousands of times to generate an ensemble of structures. These structures

were superimposed and grouped based upon their coordinates, yielding clusters of models in which the 3D coordinates of restriction fragments are structurally

very similar (iv, b).

(B) 3D density map representations of the four clusters from a wild-type swarmer modeling run. Each queried fragment is represented by a 3D Gaussian that has

a correlation coefficient >0.8 with the space this fragment occupies across all models within the cluster. The positioning of the maximally polar fragment (located

�7 kb from the parS) elements is indicated in orange.

(C) The centroid model of swarmer clusters 1–4. For more information regarding these clusters, see Figure S2 and Table S2.
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A prominent feature emerges from all four clusters: the arms

are wound sinusoidally through space with roughly 1.5 period

repeats per arm. The partial mirroring between clusters 1 and 2

andclusters 3 and4has the effect of causing the arms tobeeither

intertwined (clusters 3 and 4) or separated (clusters 1 and 2). We

favor the intertwined conformation, as the corresponding model

clusters have lower variability (Figure S2C) and lower IMP objec-

tive function scores (Table S2). However, it is possible that both

conformations exist within a population of swarmer cells.
256 Molecular Cell 44, 252–264, October 21, 2011 ª2011 Elsevier Inc
The parS Region Dictates the Orientation of the Entire
Caulobacter Chromosome
Our models suggest that the parS sites play a direct role in orga-

nizing the swarmer cell chromosome. Such a finding is con-

sistent with recent analyses that have suggested that these

sequence elements are specifically anchored to the Caulobacter

old cell pole through interactions with the ParB and PopZ

proteins (Bowman et al., 2008; Ebersbach et al., 2008; Toro

et al., 2008). Thus, we hypothesized that the orientation of the
.



Figure 3. 5C Analyses of Strains Carrying Genomic

Inversions Reveal that the parS Elements Are

Critical to Defining Chromosome Orientation

(A) Genomic maps for strain CB15N (wild-type) and in-

version strains ET166 and ET163. The inverted region is

indicated in yellow and green.

(B and C) Contact maps for strain ET166 and ET163

swarmer cells.

(D and E) 3D density map (top) and cluster centroid

(bottom) representations for the two largest ET166 and

ET163 model clusters (see Figures S3A and S3C for

representations of the two additional clusters for each

strain). The parS elements are located near the junction of

the blue and green portions of the ET166 models and near

the junction of the yellow and red regions of the ET163

models.
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entire Caulobacter chromosome is defined by parS-based

anchoring. To test this hypothesis, we studied an inversion strain

(ET166) in which the parS sites were moved �400 kb away from

the origin (Figure 3A).We performed 5C on this strain and discov-

ered that the resulting contact map displays a marked displace-

ment of the diagonal representing contacts between the two

arms toward the upper left corner (Figure 3B), indicating a change

in the pattern of interactions between opposite arm loci. 3D

models generated using these data show a striking genome-

wide clockwise rotation of loci within the ellipsoidal structure,

thereby positioning the parS sites at a structural pole (Figures

3C and S3A and Table S3). Thus, changing the position of the

parS sites in the genome resulted in a large-scale reorganization

of its 3D architecture. This dramatic reorientation of the chromo-

some was not observed in a control strain, ET163, which carried

a similar but slightly smaller (by 10 kb) inversion that did not

change the positions of the parS sites (Figures 3A, 3D, 3E, and
Molecular Cell 44, 25
S3C). Therefore, we conclude that the rotation

observed in ET166 was a direct result of moving

the 10 kb region containing parS sites (parS

region, hereafter) to a new genomic location.

Live-Cell Imaging Confirms that the parS

Region Establishes Global Chromosome
Organization within the Cell
5C-derived contact frequencies reflect the rela-

tive positions of loci but do not indicate the

subcellular positions at which contacts occur.

Thus, we next turned to in vivo microscopy to

place the observed structures within the context

of the cell. Starting with the inversion strains

described above, we generated a set of deriva-

tive strains that had lacO arrays inserted at

different chromosomal locations, thereby allow-

ing us to utilize LacI-CFP fusion proteins to visu-

alize the subcellular positions of these loci in

living cells (Figure 4A).

We first measured the subcellular positions of

over 60 different loci in at least 500 wild-type

cells. The resulting images illustrate that loci

on the same arm are arranged in a roughly linear
fashion along the long axis of the cell (Figure 4B) and hence are

consistent with both our models as well as previous microscopy

data (Viollier et al., 2004). We next analyzed the inversion strains

and confirmed that in strain ET166, in which the parS sites were

located �400 kb away from the origin, the entire chromosome

did in fact rotate in a clockwise fashion within the cell (Figure 4B).

Such a rotation was not observed in the control strain, ET163,

which displayed only a subtle rotation of loci in the opposite

direction (Figure 4C). Importantly, the terminus region was

among the portions of the genome whose subcellular position

was changed in ET166 relative to wild-type, indicating that, as

our 3D models predicted, the terminus is not anchored to

a pole of the cell.

To confirm the importance of the parS region in shaping the

organization of the swarmer cell genome, we created an addi-

tional inversion strain, ET322, in which this region was moved

to the right of the origin (as opposed to ET166, where it was
2–264, October 21, 2011 ª2011 Elsevier Inc. 257
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Figure 4. Moving the parS Sites to New Genomic Positions Leads to a Rotation of the Genome without Strongly Affecting Gene Expression

(A) Representative images showing the position of parS (yellow) and a lacO array (blue) inserted 2898 kb from the origin (cyan) in wild-type and the inversion strains

ET166 and ET163.

(B andC) Subcellular localization of DNA loci bearing lacO insertions visualizedwith LacI-CFP in swarmer cells with a wild-type (black) or inverted (ET166-green or

ET163-red) chromosome. Each point represents an independent measurement of the average cellular position of LacI-CFP in at least 100 cells. Relative cellular

position wasmeasured with respect to the old (stalked) cell pole. The dotted vertical lines denote the inversion break points in strains ET166 and ET163. Cartoons

to the right illustrate the gross organization and orientation of the chromosomes before and after inversion. Red points provide guides tomatch the cartoons to the

data. See Figure S4 for data for an inversion strain in which the parS sites are located to the right of the origin.

(D and E) Plots of smoothed relative gene expression (75 kb half-window) versus genome position for strains ET166 and ET163. The gray lines denote the 0.001

significance thresholds (see Supplemental Experimental Procedures).
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moved to the left of the origin) (Figure S4).We expected that such

a positioning of the parS region would result in a wholesale rota-

tion of the chromosome similar to that seen in ET166, but in the

opposite direction. Indeed, we find that in this strain, the parS

region remains at the pole, while the rest of the chromosome,

including the terminus, rotated as expected (Figure S4).

Thus, both our 3D models and live-cell imaging demonstrate

that the only locus whose position is fixed in the cell is the 10

kb region containing the parS sites. The gross orientation of

the entire chromosome is determined, to a large extent, by the

relative position of this region. At our current resolution, we are

unable to determine whether or not additional (i.e., non-parS)

anchor points exist within the 10 kb region we havemanipulated.
258 Molecular Cell 44, 252–264, October 21, 2011 ª2011 Elsevier Inc
In fact, since ParB, the DNA-binding protein that binds to the

parS sites, itself interacts with a number of other polarly localized

proteins, including MipZ (Thanbichler and Shapiro, 2006b) and

PopZ (Bowman et al., 2008; Ebersbach et al., 2008), it seems

likely that the parS anchoring region represents a large nu-

cleoprotein complex that encompasses tens of kilobases of

sequence.

Genome Orientation Does Not Globally Affect Gene
Expression
We sought to determine if the positioning of loci relative to each

other and cellular landmarks globally affects gene expression.

If such positioning controls expression, the gene expression
.
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profiles of strains ET163 and ET166 should be dissimilar, as the

chromosomes in these strains adopt markedly different confor-

mations. To test this hypothesis, we isolated RNA from synchro-

nous ET163, ET166, and wild-type swarmer cells and competi-

tively hybridized inversion strain and wild-type RNA to Agilent

microarrays.

We found that the expression profiles of ET163 and ET166

were highly correlated (R = 0.82). The transcriptional changes

in these strains relative to wild-type were minor, as the expres-

sion levels of the majority of affected genes changed less than

2-fold (Table S5). Of the differentially expressed genes, over

half were common between the two strains (206 of 377/386,

p < 10�7, Figure S4C), and this set was not enriched for genes

whose subcellular positions changed (Table S6), indicating that

most of the observed expression differences in ET163 and

ET166 (relative to wild-type) were the result of the inversion

common to these strains rather than changes in gene posi-

tioning. Supporting this conclusion, we found that plots of

relative expression versus genome position generated using a

sliding average approach are similar for ET163 and ET166

(Figures 4D and 4E). While these plots indicate that relative

expression levels in both strains fluctuate with genome position,

randomizations illustrate that the observed peaks and troughs

are generally not statistically significant (Figures 4D and 4E).

The small number of regions whose expression levels do exceed

the confidence threshold, however, are common between the

two strains (Figures 4D and 4E), again illustrating that the

observed expression changes are the result of the inversion.

Thus, our expression data indicate that despite significant differ-

ences in the 3D conformations of their genomes, ET163 and

ET166 have similar expression profiles. We conclude that locus

repositioning does not globally affect gene expression.

Alignments of the Chromosomal Arms Reveal
the Presence of Additional Constraints
on Genome Structure
To assess whether there exist additional constraints on chromo-

some folding outside of the parS region, we wished to determine

whether the arms of the chromosome run in register from pole to

pole. If the armswere to run in parallel along the long axis without

additional constraints, we would expect that opposite-arm loci

positioned at similar genomic distances from the parS sites

would be located at similar positions along the long axis of the

structure. Thus, for each fragment in each model, we identified

the closest opposite-arm fragment with respect to positioning

along the long axis of the models and then compared the

genomic distances of these loci to the parS sites (the maximally

polar loci). For the majority of the wild-type genome, we find that

the closest opposite-arm fragments are indeed roughly equidis-

tant from the parS sites, with a small deviation from symmetry

near the opposite pole (Figure 5A). Thus, our models indicate

that the arms of the wild-type swarmer cell chromosome are

well aligned.

We performed a similar analysis for strain ET166, the inversion

strain in which the parS sites were moved �400 kb to the left of

the origin. Interestingly, we find that despite the fact that much of

the genome rotates in register, placing the parS region at a struc-

tural pole, there are a large number of loci located outside of the
Mol
inverted region, which despite residing at different genomic

distances from the parS sites are aligned along the long axis of

the cell (Figure 5B). A similar andmore extreme lack of symmetry

was also observed in the models for strain ET163, the inversion

strain in which the parS sites remained near the origin (Fig-

ure S5A). Such findings suggest that there are additional factors

(see Discussion), possibly located within the inverted regions,

which control the positioning of the chromosomal arms.

The parS Sites and Polar Localization Drive the
Formation of Compact Chromatin Domains
We next used our models to assess if the swarmer cell genome

is uniformly compacted along its length, or if instead there are

regions of unusual compaction, as has been observed in other

systems (Gilbert et al., 2004; Mercier et al., 2008). The average

distance among sets of neighboring loci in compact regions

should be smaller than the corresponding distances in less

tightly packed regions. Therefore, we can utilize the mean

distance between neighboring loci in a model as a measure of

compaction. To ensure that such a measure accurately reflects

compaction, we first corrected the observed interfragment dis-

tances for differences in genomic site separation. Specifically,

for each model we utilized the mean relationship between intra-

arm site separation and spatial distance to define expected

interloci distances. We then calculated the log ratios of these

expected distances to the observed distances and determined

the average log ratios for sets of neighboring fragments, defining

compaction scores (Gheldof et al., 2006). This process was

repeated for each model in our clusters, and the cluster-wide

average compaction scores were plotted against genome posi-

tion. It is worth highlighting that these scores reflect the 3D

distances between fragments rather than protein density on

DNA, a parameter frequently measured by nuclease sensitivity

and density gradient centrifugation assays.While protein density

and interloci distances are likely correlated, it is conceivable that

regions of low protein density could be located close in space.

We found that in wild-type cells, fragments located near both

poles showed above-average levels of compaction (Figures 6A

and 6B). When these regions were moved away from the poles

as a result of the inversion in strain ET166, they became less

compact (Figures 6A and 6C). Correspondingly, the compaction

level of loci moved toward the poles increased. A similar, though

more moderate, change in compaction was observed for geno-

mic regionsmoved closer to the parS pole in ET163 (Figure S5B).

Thus, we conclude that polar localization, perhaps due to the

more constrained geometry of the cell poles, can lead to the

formation of a compact chromatin conformation.

Interestingly, we observed that the regions to the left of the

parS sites were arranged in a particularly compact fashion

(Figures 6A and S5B). Two lines of evidence indicate that polar

localization alone does not entirely explain such compaction.

First, we observe that in ET166, the compaction level of the

region moved closer to the parS sites increases significantly

more than the region moved closer to the opposite pole (Fig-

ure 6A). Second, while in both wild-type and ET166 cells there

are regions near the poles opposite the parS sites that are ar-

ranged somewhat compactly, these regions are asymmetrically

positioned with respect to these poles (Figure 6B). Such
ecular Cell 44, 252–264, October 21, 2011 ª2011 Elsevier Inc. 259
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A similar plot for ET163 can be found in Figure S5.
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asymmetry would not be expected if polar localization alone

rendered a region compact. Thus, we conclude that the parS

sites nucleate a compact chromosome conformation that

spreads 100–200 kb into flanking genomic regions.

The Swarmer Cell Chromosome Is Free to Rotate about
the Long Axis of the Cell
The results described above reveal that there are strong

constraints on locus positioning along the long axis of the cell.

We next set out to explore whether similar constraints are

present along the short axis by assessing if the Caulobacter

chromosome is free to rotate about the long axis of the cell.

We constructed three double-label strains in which the markers

were located on opposite arms at similar genomic distances

from the parS elements (Figures 7A). We then determined the

number of cells in which each arm was closest to the ventral

side of the cell and found that the queried loci did not preferen-

tially localize to a given side of the swarmer cell (Figures 7A
260 Molecular Cell 44, 252–264, October 21, 2011 ª2011 Elsevier Inc
and S6). To confirm this finding, we also analyzed a large set

of strains in which a single locus was labeled. We expected

that if the arms of the chromosome do in fact reside on a partic-

ular side of the cell, the distributions of the positioning of such

loci along the short axis of the cell would reveal such a preferen-

tial localization pattern. However, the distributions of 38 markers

at unique chromosomal sites in a total of�200,000 cells illustrate

that the arms were equivalently distributed about the short axis

of the cell (Figure 7B). Thus, our results demonstrate that while

the Caulobacter chromosome is oriented along the long axis of

the cell through the action of the parS elements, there is no

such organization along the short axis, and instead the chromo-

some is free to rotate about the long axis of the cell.

DISCUSSION

Our contact-based 3D models and fluorescent microscopy

illustrate that the parS sites define the global structure of the
.
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Mol
Caulobacter genome. Our data indicate that these sites reside at

the pole of the wild-type swarmer chromosome/cell and that

moving a 10 kb region containing them elsewhere in the genome

yields large-scale rotations of the chromosome that reposition

these elements at the cell/structural pole. The parS sites are con-

served sequence elements present within 69% of sequenced

bacterial genomes (Livny et al., 2007) and segregate first regard-

less of their genomic positions (Toro et al., 2008). In addition,

evidence suggests they anchor the chromosome to the pole

via interactions with the ParB and PopZ proteins (Bowman

et al., 2008; Ebersbach et al., 2008). We therefore propose that

our findings are a consequence of the parS sites being the first

genomic elements to segregate to the opposite pole, where

they become anchored and thereby establish the global orienta-

tion of the genome. Such a model is supported by the fact that

in both wild-type and ET166 cells, loci segregate in an order

roughly corresponding to their genomic distances from the

parS sites (Viollier et al., 2004). Thus, our findings indicate that

the global orientation of the chromosome may be defined by

the order of segregation and that the rotated global arrange-

ments of the genome observed in inversion strains ET166 and

ET322 are the result of a perturbation of the order of segregation

of loci that results from the repositioning of the parS sites.

In addition to shaping the global orientation of theCaulobacter

genome, we show that the parS sites also nucleate a compact

chromatin conformation over �100 kb, as moving these ele-

ments elsewhere in the genome condenses the regions placed

near these sites and decondenses the regions moved away.

Although our data indicate that polar localization alone induces

the formation of compact chromatin, the parS sites yield a par-

ticularly compact conformation. We hypothesize that that is

due to interactions with ParB, which itself is thought to physically

interact with structural maintenance of chromosomes (SMC),

a protein known to play a role in chromosome compaction

and segregation across a number bacterial species, including

Caulobacter (Britton et al., 1998; Jensen and Shapiro, 1999;

Wang et al., 2006a). Consistent with such an explanation, it

has been demonstrated that in Bacillus subtilis, ParB (SpoOj)

spreads from the parS sites into adjacent regions of the genome

(Breier and Grossman, 2007) and recruits the SMC complex to
neighboring restriction fragments) is plotted against genome position

(Supplemental Experimental Procedures). The genome coordinates of re-

striction fragments in ET166 have been adjusted to account for the inversion

present in this strain. Dashed orange lines indicate the positions of the parS

sites. Green and black bars indicate the regions highlighted below.

(B) The centroid models of wild-type and ET166 cluster 1, with color indicating

the pole-proximal regions determined to be particularly compact (see A).

(C) Top: Plot of compaction versus genomic distance from the parS sites for

wild-type (black) and ET166 (green) model clusters. Fragments are ordered

along the horizontal axis according to their positions in the wild-type genome.

Dashed blue lines denote the inversion break points. In ET166, the shaded

region is inverted such that the rightmost edge of the shaded region lies

adjacent to the region to the left of the left dashed blue line. Absolute distances

of fragments from the parS elements in the wild-type and ET166 genome are

indicated by the horizontal axes at bottom and top, respectively, with the

horizontal color bars indicating absolute distance from the parS sites. Yellow

and cyan lines denote genomic regions that are more compact in ET166 and

wild-type, respectively. These regions are highlighted on the centroid models

from the wild-type and ET166 model cluster 1 (bottom).
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Figure 7. The Caulobacter Chromosome Is Free to

Rotate around the Long Cell Axis

(A) Left: Schematic of a Caulobacter swarmer cell indi-

cating the positions of the new and old poles as well as the

dorsal and ventral sides of the cell. Negative and positive

signs refer to the convention used by our image analysis

software. Center: Example micrographs of double-labeled

Caulobacter swarmer cells showing configurations of the

chromosome in which the labeled loci reside on opposite

sides of the cell. Right: Relative positions of the left- and

right-arm markers in three strains marked at different

positions in the chromosome. Circles denote the means of

three experiments, each of which included at least 400

cells. Bars represent 95% confidence intervals of the

mean. The dotted line indicates the expected value for a

distribution in which loci have no preferential localization

along the short axis.

(B) Virtual cell showing the distribution of �200,000 LacI-

CFP foci along the short and long axes of the cell. Left:

Markers on the right arm. Center: Markers on the left arm.

Right: Merge of the two arms. Note that the two arms are

equally distributed along the short cell axis.
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these regions (Gruber and Errington, 2009; Sullivan et al., 2009).

Thus, the data presented here, which demonstrate that the

centromeric region of a bacterial chromosome is particularly

compact in vivo, connect SMC’s previously noted effects upon

chromosome segregation and compaction.

Our models also elucidate the detailed arrangement of the

arms of the chromosome and demonstrate that the chromo-

somal arms are arranged in a periodic fashion. Interestingly, a

helical arrangement of newly replicated DNA has been observed

in B. subtilis (Berlatzky et al., 2008). While themechanism behind

such a periodic arrangement in Caulobacter and/or B. subtilis is

yet to be unraveled, such arrangements could represent an

energetic minimum (Maritan et al., 2000). Alternatively, these

highly regular folding patterns could be the consequence of

interactions between the genome and helically arranged cyto-

skeletal proteins such as MreB (Gitai and Shapiro, 2003).

We find that opposite-arm loci equidistant from the parS

elements are aligned at similar positions along the long axis of

the wild-type swarmer cell chromosome structure. However, the

inversions in strains ET163 and ET166 yield regions of the struc-

ture in which opposite-arm loci are no longer well aligned. These

misalignments suggest that there are additional constraints on

the positioning of loci along the long axis of the structure/cell. In

keeping with the segregation-based model posed above, the

inversions in strains ET163 and ET166 could affect the timing of

segregation of opposite arm loci and thereby influence the align-

ment and positioning of the arms of the chromosome.
262 Molecular Cell 44, 252–264, October 21, 2011 ª2011 Elsevier Inc.
Our microscopy studies indicate that loci

have no preferential locations about the short

axis of the cell and therefore that the chromo-

some has no preferential orientation about this

axis. Therefore, the parS sites represent the

only sequence elements that stably anchor the

chromosome to the cell. Such a finding is con-

sistent with recent simulations, which have

illustrated that anchoring near the origin alone
is sufficient to yield the overall linear arrangement of loci

observed in swarmer cells (Buenemann and Lenz, 2010).

However, it remains possible that events such as transertion

(Woldringh, 2002), the simultaneous transcription, translation,

and insertion of membrane proteins into the cellular envelope,

may transiently couple the genome to the membrane.

In eukaryotes the subnuclear localization of genes is some-

times correlated with their expression (Andrulis et al., 1998;

Kosak et al., 2002). In most cases cause-and-effect relationships

for these correlations are unclear. In cases where the subnuclear

position of a gene could be experimentally altered, the resulting

gene expression changes were small (Finlan et al., 2008; Ku-

maran and Spector, 2008). Our observation that genome-wide

rotation resulting from relocalization of the parS sites did not

dramatically alter gene expression is in line with these eukaryotic

studies. Although a number of genes were affected, the effect

was typically less than 2-fold. Thus, the precise position of a

gene along the long axis of the cell does not strongly influence

its expression. Additionally, it is unlikely that the perturbed ge-

nome conformations observed in our inversion strains are the

result of large-scale transcriptional changes. Instead, the struc-

tural changes observed in the strains are likely the result of

changes in the order of loci segregation caused by the move-

ment of the parS sites.

The work presented here illustrates how a comprehensive

studyof genome3Darchitecture canprovide insight into the roles

of sequence elements and fundamental DNA-based processes
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in defining this structure. The experimental paradigm we intro-

duce is general and could be used in conjunction with genetic

perturbations to elucidate the roles of nucleoid-associated pro-

teins, cis-elements, and DNA-templated processes such as

transcription and replication in shaping the foldingof thegenome.

With additional advances, including decreases in DNA se-

quencing costs, such a paradigm could also be applied to larger

eukaryotic genomes to further elucidate the complex relation-

ships between genome sequence, structure, and function.

EXPERIMENTAL PROCEDURES

More detailed experimental procedures, including descriptions of our inver-

sion strain construction, polony sequencing, model generation, 5C data/model

analysis, live-cell imaging, and microarray procedures can be found in the

Supplemental Experimental Procedures.

Chromosome Conformation Capture

Synchronous swarmer cells were isolated as previously described (Alley et al.,

1993) and were crosslinked with 1.0% formaldehyde. Cells were pelleted,

resuspended in 13 TE at a concentration of 13 107 cells/microliter, and lysed

with Ready-Lyse (Epicenter) lysozyme (20 U/ml). Cells were then solubilized

with 0.5%SDS, and chromatin was digestedwithBglII (0.94U/ml) in 13 buffer 3

(New England Biolabs) containing 1.0% Triton X-100. Digested chromatin was

solubilized using SDS (0.9%) and was ligated at a final concentration of

0.25 ng/ml in 13 T4 DNA ligase buffer containing 1% Triton X-100. 3C libraries

were purified via phenol-chloroform extraction and ethanol precipitation.

Chromosome Conformation Capture Carbon Copy

Melting temperature-normalized probes were designed such that their

sequence was complementary to the sequence upstream of BglII restriction

sites, with adjacent probes containing sequence corresponding to opposite

strands (plus versus minus). Plus-strand probes were flanked by the forward

emulsion PCR primer (see Supplemental Experimental Procedures), and

minus-strand probes were flanked by the reverse complement of the reverse

emulsion PCR primer. 3C libraries (1.8 ng/ml) were denatured at 95�C for

10 min in 13 AMP ligase buffer, probes were annealed for 14 hr at 65�C at

a concentration of 0.2 nM (per probe), and ligation was subsequently per-

formed at 65�C for 1 hr using AMP ligase (0.0167 U/ml). Ligated probes were

amplified via PCR.
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Both raw and processed microarray data were deposited in the Gene Expres-
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SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, nine tables, Supplemental

Experimental Procedures, and Supplemental References and can be found

with this article online at doi:10.1016/j.molcel.2011.09.010.

ACKNOWLEDGMENTS

We acknowledge Tony Tsai for preliminary microscopy data and Marian

Walhout, Zhiping Weng, Andrew Tolonen, John Aach, Jae Kim, Kun Zhang,

Sara Vassallo, and Nikos Reppas for helpful suggestions/reading of the manu-

script. We thank Barrett Perchuk andMichael Laub for help with themicroarray

experiments. We thank the IMP community (http://www.integrativemodeling.

org/), especially Daniel Russell, Ben Webb, and Andrej Sali, and the Chimera

developers (http://www.cgl.ucsf.edu/chimera/), including Thomas Goddard

and Tom Ferrin. Work conducted by M.A.U., M.A.W., G.J.P., and G.M.C. was

supported by a Department of Energy GTL center grant (to G.M.C.). E.T.

was partially supported by the Smith Stanford Graduate Fellowship, and L.S.

was supported by National Institutes of Health grants R01 GM51426 and
Mol
R24 GM073011-04. M.A.M.-R. was funded by the Spanish Ministerio

de Ciencia e Innovación (BIO2007/66670 and BFU2010/19310), and J.D. was

supported by a grant from the National Institutes of Health (HG003143) and

a W.M. Keck Foundation Distinguished Young Scholar Award.

Received: October 26, 2010

Revised: August 1, 2011

Accepted: September 15, 2011

Published: October 20, 2011

REFERENCES

Alber, F., Dokudovskaya, S., Veenhoff, L.M., Zhang, W., Kipper, J., Devos, D.,

Suprapto, A., Karni-Schmidt, O., Williams, R., Chait, B.T., et al. (2007).

Determining the architectures of macromolecular assemblies. Nature 450,

683–694.

Alley, M.R., Maddock, J.R., and Shapiro, L. (1993). Requirement of the

carboxyl terminus of a bacterial chemoreceptor for its targeted proteolysis.

Science 259, 1754–1757.

Andrulis, E.D., Neiman, A.M., Zappulla, D.C., and Sternglanz, R. (1998).

Perinuclear localization of chromatin facilitates transcriptional silencing.

Nature 394, 592–595.
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