JOURNAL OF BACTERIOLOGY, May 2003, p. 3068-3075
0021-9193/03/$08.00+0 DOI: 10.1128/JB.185.10.3068-3075.2003

Vol. 185, No. 10

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Cell-Cycle-Regulated Expression and Subcellular Localization of the
Caulobacter crescentus SMC Chromosome Structural Protein

Rasmus B. Jensen{ and Lucy Shapiro*

Department of Developmental Biology, Beckman Center, Stanford University School of Medicine,
Stanford, California 94305-5329

Received 16 January 2003/Accepted 6 March 2003

Structural maintenance of chromosomes proteins (SMCs) bind to DNA and function to ensure proper
chromosome organization in both eukaryotes and bacteria. Caulobacter crescentus possesses a single SMC
homolog that plays a role in organizing and segregating daughter chromosomes. Approximately 1,500 to 2,000
SMC molecules are present per cell during active growth, corresponding to one SMC complex per 6,000 to
8,000 bp of chromosomal DNA. Although transcription from the smc promoter is induced during early S phase,
a cell cycle transcription pattern previously observed with multiple DNA replication and repair genes, the SMC
protein is present throughout the entire cell cycle. Examination of the intracellular location of SMC showed
that in swarmer cells, which do not replicate DNA, the protein forms two or three foci. Stalked cells, which are
actively engaged in DNA replication, have three or four SMC foci per cell. The SMC foci appear randomly
distributed in the cell. Many predivisional cells have bright polar SMC foci, which are lost upon cell division.
Thus, chromosome compaction likely involves dynamic aggregates of SMC bound to DNA. The aggregation
pattern changes as a function of the cell cycle both during and upon completion of chromosome replication.

All organisms face the challenge of chromosome compac-
tion because the contour length of DNA is vastly longer than
the space assigned to it. Generally, bacteria have to compact
their chromosome 1,000-fold for it to fit into the cell (20). Yet
the compacted chromosomes must remain accessible for tran-
scription, methylation, and DNA repair reactions, and the con-
densation must be reversible to allow DNA replication and
proper separation of replicated chromosomes. Cytological
studies of living and fixed bacterial cells have revealed that
regions of the chromosomes have specific intracellular loca-
tions, suggesting that bacterial chromosomes are highly orga-
nized (reviewed in references 13 and 24).

Significant condensation of bacterial chromosomes is
achieved by the supercoiling of the DNA. Supercoiling draws
DNA in on itself, forming interwound superhelixes and super-
helical branches, thereby decreasing the volume it occupies
(20, 56). Negative supercoiling of DNA, which is observed in
most bacteria, also aids cellular processes that require separa-
tion of the DNA strands, e.g., transcription and replication.
Additionally, most bacteria possess a homolog of the structural
maintenance of chromosomes protein (SMC), which appears
to have a role in chromosome condensation and organization
(15). SMC:s are very large, containing 800 to 1,500 amino acids,
and consist of five domains: globular N- and C-terminal do-
mains connected by two long coiled-coil regions, which are
separated by a flexible hinge region. The SMC protomers fold
up into rod-shaped molecules, where the N- and C-terminal
domains associate, forming an ATPase domain with structural
similarity to ATP-binding cassette transport proteins (17, 19,
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21, 31, 55). SMC forms dimers through interactions in the
hinge region, forming symmetric molecules where both ends
contain an ATPase and DNA binding domain. Electron mi-
croscopy shows that the hinge region is flexible, resulting in
V-shaped molecules that when fully stretched are 100 to 150
nm long or headphone-like structures where the two globular
domains come together (34). ATP binding and hydrolysis may
control association of the SMC head domains from opposite
ends of the molecule, perhaps condensing regions of DNA that
are as much as 150 nm apart in a scissoring fashion.

SMCs are ubiquitous in eukaryotes and present in most
eubacteria and archaea. Eukaryotes possess multiple SMCs
that function in chromosome condensation, sister chromatid
cohesion, DNA repair, and dosage condensation (reviewed in
references 5 and 51). In eukaryotes, multiple SMC molecules
and accessory proteins assemble into complexes, such as the
condensin complex, which condenses the chromosomes during
mitosis, and the cohesin complex, which mediates sister chro-
matid cohesion. In contrast, most bacteria possess only a single
SMC. The gamma proteobacteria (such as Escherichia coli)
possess the MukB protein instead of a typical bacterial SMC.
Despite the lack of obvious sequence homology, MukB is dis-
tantly related to SMC, and the proteins are structurally and
functionally similar (31, 34). MukB and many bacterial SMCs
interact with accessory proteins, which are required for their
activities (30, 33, 48).

SMC from Bacillus subtilis or Caulobacter crescentus and
MukB from E. coli appear to have similar functions. The pro-
teins are not essential, but disruption of smc or mukB results in
temperature-sensitive growth (4, 23, 36, 38). The DNA is de-
condensed in the smc and mukB deletion strains, the origin-
proximal region of the chromosome is mislocalized in a sub-
population of the cells, and there is a DNA segregation defect
(4, 14, 23, 36, 38, 58). Thus, bacterial SMCs appear to function
in condensing and organizing the chromosome. The defects of
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the E. coli mukB and B. subtilis smc mutants can be suppressed
by mutations in topoisomerase I, resulting in DNA with more
negative supercoiling (20, 29, 46). Since increased negative
supercoiling makes the DNA more compact (20, 56), this sup-
pression supports a function for SMC and MukB in condensing
the chromosome. Analysis of the intracellular localization of
SMC in B. subtilis and MukB in E. coli showed that the pro-
teins bind to the chromosomal DNA and form specific foci (4,
7, 16, 30, 33, 39). In the absence of SMC, the origins in B.
subtilis move away from each other normally after initiation of
DNA replication but the termini are unable to separate. These
observations suggest that SMC is not a part of the apparatus
responsible for movement of the newly replicated chromo-
somal origins but rather functions later in the DNA compac-
tion and segregation processes (14).

We showed previously that Caulobacter SMC is required for
proper chromosome organization and the completion of chro-
mosome segregation (23). In Caulobacter, many genes involved
in cell-cycle-regulated events are differentially transcribed dur-
ing the part of the cell cycle in which they function and many
exhibit dynamic intracellular localization patterns (28, 47). We
show here that transcription of smc is increased at the begin-
ning of the S phase, coincident with the transcription of many
genes involved in DNA replication and repair, although the
SMC abundance does not change significantly during the cell
cycle. There are between 1,500 and 2,000 SMC molecules per
cell, sufficient for it to have a global role in organizing the
chromosome. Instead of a stoichiometric distribution along the
DNA, SMC forms a small number of foci, and the number
increases at the G,-to-S transition. The predivisional cell ac-
cumulates bright SMC foci at the poles of the cell. Thus, either
SMC complexes bind only to a few sites in the chromosome or
aggregation of SMC molecules brings different regions of the
chromosome into close proximity.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. C. crescentus strain CB15N (also
named NA1000) (10) and derivatives were grown at 30°C in M2-glucose minimal
medium or PYE medium (9). Synchronization was performed as described pre-
viously (10). The smc knockout strain CB15SNAsmc was described previously
(23).

Low-copy-number plasmid pRBJ570 containing the entire smc region was
constructed. The 3’ end of smc was amplified by PCR using the primers SMC23
(5'-CCAATGTCGACCGCTACTG-3") and SMC24 (5'-ACAGGATCCCTGCT
GGTGGTGATCTCGT-3"). An EcoRI-Ncol fragment from pGZ7 (61) contain-
ing the majority of the smc gene and the upstream region and the PCR fragment
digested with Ncol and BamHI were ligated into pMR20 (44) digested with
BamHI and EcoRI, resulting in pRBJ570. The plasmid contains the entire smc
gene and ~3.2 kb of DNA upstream of smc and 0.3 kb downstream.

The orfA deletion strain CB15NAorfA was constructed by a two-step knockout
technique. A DNA fragment containing an in-frame deletion of the majority of
the orfA4 open reading frame was constructed by double PCR. For the first PCR
round, the primers OrfAl (5'-AATTGAATTCTGCTGAAGGACCTGGAAG
AC-3') and OrfA2 (5'-CGCCAGGGCGAAGATCTTGCTGGCCGCGAGGG
CG-3') or OrfA3 (5'-CGCCCTCGCGGCCAGCAAGATCTTCGCCCTGGC
G-3') and SMC27 (5'-AATTGGATCCTCTTCCAGACGCGAGAGATT-3")
were used. For the second round of PCR, we used these two PCR products as the
template and the primers OrfAl and SMC27. The BamHI- and EcoRI-digested
PCR product was cloned into the sacB-containing integration plasmid
pNPTS138 (M. R. K. Alley), resulting in plasmid pRBJ515. The plasmid was
integrated by a single crossover event into the chromosome of CB15N or CB15N
containing plasmid pRBJ570, expressing the OrfA gene product in frans. Next,
cells were grown without selection to allow a second recombination event, re-
moving the integrated plasmid and either the full-length orf4 gene or the version
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of orfA with the in-frame deletion. Sucrose-resistant and kanamycin-sensitive
clones were isolated to select for Aorf4 cells. PCR was used to identify clones
with an in-frame deletion in the orf4 gene. Clones with an orf4 deletion were
recovered only when the complementing plasmid pRBJ570 was present in the
cells.

Plasmids containing transcriptional fusions between the smc promoter and a
promoterless lacZ gene were constructed as follows. The Nrul, Scal-Nrul, and
Nrul-Scal fragments containing the region upstream of smc were inserted into
the transcriptional fusion vector pRKLac290 (12), resulting in pRBJ591,
pRBJ592, and pRBJ593, respectively. To construct transcriptional fusions con-
taining shorter DNA fragments, regions upstream of smc were amplified by PCR
using the following primer sets and cloned into pRKLac290: for pRBJ5%4,
primers SMC30 (5'-ATATGAATTCAAGCTTGCCCCATGCTAGTTTCCTC-
3") and SMC31 (5'-ATATGGATCCGCGACGATGGTGACTCG-3"); for
pRBJ595, SMC32 (5'-ATATGAATTCAAGCTTATCATCAAGGGCCGCAA
C-3") and SMC31; for pRBJ596, SMC33 (5'-ATATGAATTCAAGCTTCGCT
GGAAAAGCAACTGG-3") and SMC31; for pRBJ597, SMC34 (5'-ATATGA
ATTCAAGCTTCTTTTTCGCCGCCTAGAG-3") and SMC31; for pRBJ598,
SMC30 and SMC35 (5'-ATATGGATCCCTTGTCAATGGTCCGATCC-3").

The pRBJ580 plasmid, used for overexpressing His,-SMC, was constructed by
ligating the Mlul-BamHI fragment from pRBJ570 and an Ndel- and Mlul-
digested PCR product made with primers SMC25 (5'-GGAATTCCATATGGT
GCAGTTCCAGCGCCTC-3") and SMC26 (5'-ACGACAGGCGCTTGTACTT
C-3') into Ndel- and BamHI-digested pET28a (Novagen). The plasmid was
transformed into the E. coli strain BL21(DE3)/pLysS (Novagen).

The SMC-yellow fluorescent protein (YFP) fusion strain was constructed as
follows. The 3’ end of smc was amplified by PCR using the primers SMC5
(5'-AAAACTGCAGATGGAGCCTGAGGAGCTG-3") and SMC6 (5'-TTGG
GATCCTCAGCCGCCACCAGCTTCTC-3"). The BamHI- and PstI-digested
PCR product and the BamHI-EcoRI yfp fragment from pEYFP (Clontech) were
cloned into the PstI- and EcoRI-digested integration vector pNPT228 (M. R. K.
Alley), resulting in pRBJ600. The plasmid was integrated into the chromosome
of CB15N by a single crossover event. We used PCR to confirm that the inte-
gration resulted in an SMC-YFP-expressing strain. Western blotting using anti-
SMC or anti-green fluorescent protein (GFP) antibodies showed that a fusion
protein of the expected size was expressed.

Transcription analysis. The transcriptional start site of the smc promoter was
mapped by primer extension analysis as described previously (43). The primer
SMC29 (5'-GCGACGTAGGTGACTCG-3") with sequence complementary to
the 5’ end of the orfA4 gene upstream of smc was used. To examine the cell cycle
transcription pattern of the orf4 and smc promoter, cells containing a Py, -lacZ
transcriptional fusion (pRBJ593) were synchronized. At various times during the
cell cycle, aliquots of cells were pulse-labeled for 5 min with [>>S]methionine, the
cells were lysed, and B-galactosidase and flagellin proteins were immunoprecipi-
tated as described previously (43).

Antibody production and Western blotting. His,-SMC was overproduced in E.
coli from the plasmid pRBJ580 and purified with Talon resin (Clontech) as
described by the manufacturer. Antibodies were produced in rabbits with the
His,-SMC protein as the antigen. The antibodies were affinity purified as de-
scribed previously (45) and used at a 1:2,000 dilution for Western blotting (8).
For determining the relative abundance of SMC during the cell cycle, samples
were normalized so equal amounts of total protein were loaded in all lanes. For
quantitative Western analysis, cell lysates from a known number of cells were
prepared as follows. Caulobacter cells were grown in M2-glucose medium at
30°C. Dilutions of the culture were plated to determine the number of cells per
milliliter. Concentrated sodium dodecyl sulfate (SDS) loading buffer was added
directly to an aliquot of the culture, and the mixture was immediately heated to
95°C for 5 min. The cell lysates and known quantities of purified His,-SMC
protein were serially diluted in SDS loading buffer containing 50 ug of bovine
serum albumin/ml and applied to an SDS-8% polyacrylamide gel. The SMC
protein was detected by Western blotting. The films were scanned, and the
relative signals from the bands were quantified with ImageQuant (Molecular
Dynamics). The signals from the protein standard were used to make a standard
curve, and the amounts of SMC in the cell lysates were determined. The signals
were in the linear range, and the correlation coefficients for the standard curves
were at least 0.98 for all determinations. The number of SMC molecules per cell
reported is an average of four determinations.

Microscopy. For immunofluorescence microscopy, synchronized CB15N cells
were fixed with 3% formaldehyde or methanol at different stages of the cell cycle.
The fixation solution was removed by filtration. Immunofluorescence microscopy
was performed as described previously (8). Affinity-purified anti-SMC antibodies
were used at a 1:100 dilution, and Alexa-488-labeled secondary antibodies (Mo-
lecular Probes) were used at a 1:200 dilution. For live-cell microscopy, SMC-
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FIG. 1. Mapping of the promoter transcribing the smc gene. (A) Schematic showing the organization of the chromosomal region containing
the smc gene. Bars above the line, genes (black) and an open reading frame (grey) transcribed from left to right; bars below the line, gene and
open reading frame transcribed in the opposite direction. Arrow, orfA and smc promoter mapped in this study. Below is shown the extent of the
regions upstream of smc that were cloned in front of a promoterless lacZ gene, resulting in different transcriptional fusions. The B-galactosidase
activities (in Miller units) of strains containing these plasmids are shown. All activities reported are averages of at least four independent
measurements. (B) Mapping of the transcriptional start site of the orf4 and smc promoter by primer extension analysis. A DNA sequencing ladder
was generated with the oligonucleotide used for the primer extension analysis. Lane 1, yeast tRNA; lane 2, total RNA isolated from Caulobacter
cells. Arrow, only major band within the DNA region present in the pRBJ597 plasmid. (C) Sequence of the orfA4 and smc promoter region. Arrow,
mapped start site; grey shading, promoter —35 and —10 elements. GAnTC methylation sites are underlined.

YFP-expressing cells were immobilized by using a thin layer of agarose as
described previously (22). Nomarski differential interference contrast (DIC) and
fluorescence images were acquired with a Nikon E800 microscope with a 100x
DIC objective and a 5-Mhz Micromax 5600 cooled charge-coupled device cam-
era controlled through Metamorph (Universal Imaging Corp.). Images were
processed with Metamorph and Photoshop (Adobe).

RESULTS

Mapping the smc promoter. Analysis of the chromosomal
region containing the smc gene showed that smc is directly
downstream of a hypothetical open reading frame (named
orfA) with homology to putative open reading frames of un-
known function in other bacteria (24) (Fig. 1A). To determine
if orfA is an essential gene, we attempted to construct an
in-frame deletion where the majority of the putative open
reading frame was removed. We were unable to obtain a AorfA
strain unless the strain simultaneously contained a plasmid
(pRBJ570) expressing the orfA gene product in trans. Addi-
tionally, the orfA-containing plasmid could not be cured from
the chromosomal orfA deletion strain, whereas it was readily
cured from the wild-type strain. Thus, orfA is an essential gene.

Since there are only 23 bp between the stop site of orfA4 and
the start site of smc, the promoter transcribing smc is probably
located upstream of orfA. To map the orf4 and smc promoter,
we constructed a series of transcriptional fusions to lacZ con-
taining different regions upstream of smc (Fig. 1A). Full pro-
moter activity was observed with pRBJ597 containing a 309-bp
fragment located immediately upstream of the orf4 start site.
A fragment further upstream (pRBJ598) exhibited no pro-
moter activity. Furthermore, no promoter activity was ob-

served with an internal orf4 fragment (pRBJ592). Thus, orfA
and smc appear to be in an operon. The lower B-galactosidase
activity that was observed when the fusion point was within the
smc gene (pRBJ591) was probably caused by the presence of a
weak transcriptional terminator between orf4 and smec.

The start site of the orf4 and smc promoter was mapped by
primer extension analysis. There was only one prominent band
within the DNA region that gave full promoter activity with
transcriptional fusions (pRBJ597), showing that the orf4 and
smc genes are transcribed from a single promoter, located
immediately upstream of the start site of orfA4 (Fig. 1B and C).
The —35 and —10 regions of the smc promoter show a rea-
sonably good match to the published Caulobacter consensus
o’ promoter sequence (32).

Cell cycle regulation of smc transcription. To determine if
the transcription of the orfA-smc operon is under cell cycle
control, swarmer cells of the strain CB15N/pRBJ593, contain-
ing a P,,,-lacZ transcriptional fusion, were isolated and al-
lowed to progress synchronously through the cell cycle. The
levels of transcription from the orf4 and smc promoter at
different time points during the cell cycle were measured by
pulse-labeling newly synthesized proteins with [**S]methionine
and immunoprecipitating the P-galactosidase protein (Fig.
2A). The radioactivity in the B-galactosidase band represents
the activity of the smc promoter during the 5-min pulse-label-
ing. Synthesis of the 25-kDa flagellin protein was used as an
internal control, since this protein is expressed specifically in
swarmer and predivisional cells (11). In these experiments, the
orfA and smc promoter was induced two- to threefold in
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FIG. 2. Analysis of the smc transcription pattern and SMC level
during the cell cycle. (A) Swarmer cells from strain CB15SN/pRBJ593,
containing a P, -lacZ transcriptional fusion, were isolated and al-
lowed to progress synchronously through the cell cycle. At the indi-
cated times (minutes), an aliquot of the cells was pulse-labeled for 5
min with [*S]methionine. The B-galactosidase and the 25-kDa flagel-
lin proteins were immunoprecipitated from cell lysates, followed by
SDS-polyacrylamide electrophoresis. Schematics show cell cycle pro-
gression of the strain. (B) The amounts of radioactivity in the different
bands were quantified with a phosphorimager. Circles, radioactivity in
the B-galactosidase band; squares, radioactivity in the flagellin bands.
(C) The relative amount of the SMC during the cell cycle was analyzed
by Western blotting using anti-SMC antibodies. Samples were with-
drawn at the indicated time points (minutes), and equal amounts of
total protein were loaded in all lanes.

stalked cells, during early S phase. The cell cycle timing of orf4
and smc transcription and the level of induction are similar to
the transcription pattern previously observed with several
genes involved in DNA replication and repair (26, 28, 42, 43,
59).

The smc promoter contains two GAnTC sites overlapping
essential promoter elements at the —35 region and at the
transcription start site (Fig. 1C). These sites are known to be
potential methylation sites for the essential CcrM methyltrans-
ferase (61). In Caulobacter, DNA methylation takes place only
late in S phase, so GAnTC sites remain hemimethylated from
the time the replication fork passes that region of the chromo-
some until the end of the cell cycle, when CcrM is expressed
(49). For at least two Caulobacter genes, the methylation status
of GAnTC sites in the promoter regions has roles in regulating
gene expression (41, 50). To examine if the methylation state
of the GAnTC sites in the orf4 and smc promoter influenced
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promoter activity, we examined the transcript levels when the
abundance of the CcrM methyltransferase was varied. No sig-
nificant change in transcript levels was observed in ccrM mu-
tants that either overexpress or deplete CcrM (data not
shown), indicating that the methylation state of the GAnTC
sites in the smc promoter does not play an important role in
regulating the orf4 and smc promoter activity.

Abundance of the SMC during the cell cycle. To determine
the abundance of the SMC at specific stages of the cell cycle,
we produced antibodies to SMC. Western blots showed a band
of the expected size (~125 kDa) in extracts of the wild-type
strain, a larger protein (~150 kDa) in a smc-yfp fusion strain,
and no signal in extracts of the smc deletion strain (data not
shown). Thus, the antibodies are specific to SMC. Western
blots of cell samples taken at different time points from a
culture progressing synchronously through the cell cycle
showed that SMC is present in approximately equal amounts at
all times (Fig. 2C). Thus, SMC is probably a stable protein, so
SMC molecules synthesized earlier remain in the cell, and the
modest two- to threefold induction of orf4 and smc transcrip-
tion in early S phase does not result in a significant increase in
the abundance of the SMC. Similar cell cycle regulation of
transcription, but only very little variation in protein abun-
dance, have previously been observed with other Caulobacter
proteins (22). It is possible that the temporal regulation of
transcription of the first gene in the operon, orfA, is important
in modulating the concentration of its protein product at spe-
cific times in the cell cycle.

The number of SMC molecules present per cell has impli-
cations for the function of SMC. Therefore, we measured the
number of SMC molecules per Caulobacter cell by quantitative
Western blotting. Different dilutions of extracts from a known
number of cells and known quantities of purified His,-SMC
were fractionated using SDS-polyacrylamide gel electrophore-
sis. Western blots with anti-SMC antibodies were used to de-
tect the protein (data not shown). The amount of SMC in the
cell lysates was determined from a standard curve. We calcu-
lated that 1,690 = 270 SMC molecules per cell are present in
actively growing Caulobacter cells. Caulobacter SMC most
likely forms a dimer, as is observed with B. subtilis SMC (34).
Therefore, if the SMC complexes are evenly distributed
throughout the chromosome, there would be approximately
one SMC complex per 6,000 to 8,000 bp of chromosomal DNA
in actively growing Caulobacter cells.

Intracellular localization of SMC during the cell cycle. To
carry out functions of DNA compaction and segregation, SMC
is likely to interact with the DNA in an ordered pattern. If
SMC binds to sites throughout the chromosome, SMC may be
distributed throughout the cell. However, if SMC binds to a
few sites in the chromosome or SMC molecules aggregate at
specific sites in the cell, SMC foci should be observed. Thus,
knowing the intracellular location of SMC may give informa-
tion about the functions of SMC. Initially, we determined the
intracellular localization of SMC by immunofluorescence mi-
croscopy with affinity-purified anti-SMC antibodies. Immuno-
fluorescence microscopy using these antibodies gave a strong
signal in more than 98% of the wild-type cells and no signifi-
cant signal when Asmic cells were used (data not shown), show-
ing that the signal is specific for SMC. At different time points
during the cell cycle, cells were fixed and the intracellular
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FIG. 3. Intracellular localization of the SMC in cells at different stages of the Caulobacter cell cycle as determined by indirect immunofluo-
rescence microscopy. Swarmer cells were isolated and allowed to progress synchronously through the cell cycle. When the cells reached the
indicated stages of the cell cycle (0, 60, 90, or 120 min, respectively), they were fixed and the intracellular location of SMC was visualized by indirect
immunofluorescence microscopy using affinity-purified anti-SMC antibodies. Only a low level of background signal was observed with a Asmc
strain, showing that the signal is specific for SMC. Shown are Nomarski DIC microscopy images of the cells, immunofluorescence microscopy
(IFM) images of the cells showing the intracellular localizations of SMC, and images of 4’,6'-diamidino-2-phenylindole (DAPI)-stained chromo-
somal DNA in the cells. Arrows, typical predivisional cells with bright SMC staining near the poles of the cells. Bar, 2 pm.

location of SMC was determined by immunofluorescence mi-
croscopy (Fig. 3). In all cell types SMC exhibited a punctate
pattern, forming a limited number of small foci located
throughout the cells. Weak background fluorescence in the
cells, which could originate from noncomplexed SMC mole-
cules, was observed.

Approximately 30 to 40% of the predivisional cells showed
large and bright polar SMC foci (Fig. 3), suggesting that SMCs
aggregate near the poles at some point during the predivisional
cell stage of the cell cycle. Since these polar foci are largely
missing from swarmer and stalked cells, the polar SMC aggre-
gates must dissociate upon cell division. The same localization
pattern was observed when the cells were grown in a minimal
medium (generation time, 150 min) and a rich growth medium
(generation time, 70 min) (data not shown).

We quantified the number of SMC foci per cell at different
stages of the cell cycle (Fig. 4). The number of SMC foci per
cell varied, even among cells in the same stage of the cell cycle,
with swarmer cells exhibiting predominantly two or three foci
per cell, with a transition to three or four foci per cell coinci-
dent with the initiation of DNA replication in the stalked cell.
The late predivisional cell, containing two fully replicated chro-
mosomes, exhibited two to five SMC foci per cell.

To confirm the intracellular localization pattern of SMC
observed by immunofluorescence microscopy, we examined
the subcellular localization of SMC in live cells by using fusions

to GFP or YFP. A fusion of YFP to the C terminus of SMC
was constructed, and the smc-yfp gene fusion replaced the wild
type smc allele in single copy in the Caulobacter chromosome
under the control of the endogenous smc promoter. The strain
expressing SMC-YFP as its only source of SMC protein
showed no growth or cell cycle defects, indicating that the
fusion protein is fully functional. To examine the intracellular
location of SMC during the Caulobacter cell cycle, we synchro-
nized the smc-yfp fusion strain. At different times during the
cell cycle, the intracellular location of SMC-YFP was examined
by fluorescence microscopy (Fig. 5). There were several SMC-
YFP foci per cell, as was observed by immunofluorescence
microscopy of fixed cells. Many predivisional cells had large
and bright polar SMC-YFP foci and faint foci located at other
positions within the cells. Identical subcellular localization was
obtained with a fusion of GFP to the N terminus of SMC (data
not shown). Thus, the localization pattern observed in live cells
with smc-yfp or gfp-smc fusions is identical to the subcellular
localization of native SMC, determined by immunofluores-
cence microscopy.

DISCUSSION

SMCs are ubiquitously present in eukaryotes, eubacteria,
and archaea. Where examined, the SMCs function in organiz-
ing chromosomal DNA (5, 15, 51). Caulobacter possesses a
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FIG. 4. Distribution of the numbers of SMC foci per cell in
swarmer cells (A), stalked cells (B), and late predivisional cells (C).
The numbers of SMC foci, visualized by immunofluorescence micros-
copy, per cell at each stage of the cell cycle were determined. The
schematics to the right show cells at the respective stage of the cell
cycle and typical SMC localization patterns. At least 200 cells were
counted at each stage.

single SMC homolog, and deletion of SMC results in irregular
nucleoids. Visualization of the intracellular locations of the
origin- and terminus-proximal regions of the chromosome
shows that they are mislocalized in a subpopulation of the
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Asmc cells. Additionally, these regions are less condensed in
the Asmc strain than in the wild-type strain. Thus, deletion of
smc results in chromosome organization defects (23). At ele-
vated temperatures, the Asmc cells, like strains with defects in
chromosome replication or segregation, arrest at the predivi-
sional cell stage (6, 40, 57, 60). Thus, Caulobacter SMC plays a
role in maintaining proper organization of the chromosomal
DNA, and lack of SMC-mediated chromosome organization
during rapid growth results in a chromosome segregation de-
fect.

In exponentially growing Caulobacter cells, approximately
1,500 to 2,000 SMC molecules are present per cell, correspond-
ing to approximately one SMC complex per 6,000 to 8,000 bp
of chromosomal DNA. This density of SMC complexes is sim-
ilar to the densities of condensin complexes in eukaryotes and
SMC in B. subtilis (30, 52) but is much lower than the density
of histone-like proteins in E. coli, which are present at one
complex per 200 to 600 bp in exponentially growing cells (2).
Thus, there are sufficient SMC molecules in Caulobacter to
affect the global structure of the nucleoid but too few to com-
pact the chromosome directly by wrapping DNA around them.
Condensation of the DNA by a scissoring action that brings the
two SMC head domains from opposite ends of the protein into
contact is unlikely to occur in a stoichiometric manner because
too few SMC molecules are present but may operate at se-
lected regions of the chromosome. Relevant to these mecha-
nisms is the question of how SMC is dynamically deployed
within the cell.

Examination of the intracellular localization of SMC during
the Caulobacter cell cycle showed a punctate pattern, with
SMC forming two to five small foci distributed throughout the
cell (Fig. 3 to 5). We cannot rule out the possibility that, in
addition to the SMC molecules that form foci, nonaggregated
SMC molecules may be distributed throughout the cell. Many
predivisional cells had bright polar SMC foci, indicating that
some SMCs aggregate near the poles during a period in the
predivisional cell stage of the cell cycle. Since only a subpopu-
lation of the predivisional cells (30 to 40%) had bright polar

Early Late
Predivisional cells Predivisional cells

FIG. 5. Intracellular localization of SMC in live cells at different stages of the cell cycle. SMC-YFP-expressing cells were synchronized, and
samples were taken for microscopy when the cells reached the indicated stages (0, 60, 90, or 120 min into the cell cycle, respectively). DIC
microscopy images of the cells (top) and YFP fluorescence (bottom) are shown. Arrows, predivisional cells with bright polar SMC-YFP foci. Scale

bar, 2 pm.
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foci, SMCs may aggregate near the poles only during a brief
period of the cell cycle. A similar pattern of SMC localization
was observed in B. subtilis, with SMC localized in a punctate
pattern as well as forming specific polar foci (16, 33). Similarly,
MukB in E. coli forms multiple foci within the nucleoid (7).
However, other studies report that SMC and MukB localize as
discrete foci in positions similar to that of the replisome (30,
39). The differences in localization may reflect the use of dif-
ferent methods for examining the localization of the proteins
or different growth conditions. The Caulobacter SMC localiza-
tion pattern reported here was observed by immunofluores-
cence microscopy of fixed cells and smc-yfp or gfp-smc fusions
in live cells and was observed in minimal as well as rich growth
media. Since immunofluorescence microscopy and live-cell mi-
croscopy are very different methods, the consistent SMC local-
ization pattern is most likely an accurate reflection of the
localization of SMC within the Caulobacter cell. SMC localiza-
tion clearly differs from replisome localization in Caulobacter
(25).

SMCs possess a DNA binding motif, and DNA binding has
been observed with both bacterial and eukaryotic SMC pro-
teins (1, 3, 18, 19, 27, 37, 53). Therefore, the majority of the
SMCs are expected to interact with the chromosome. The
formation of discrete SMC foci at different positions in the cell
most likely represents the association of multiple SMCs. If the
SMCs simultaneously bind to multiple sites throughout the
chromosome, different chromosomal regions could be brought
into close proximity by SMC aggregation. Purified B. subtilis
SMC can, in the presence of ATP, aggregate single-stranded
DNA (18). It was suggested that aggregation of single-stranded
DNA brings unpaired regions of the bacterial chromosome
together, thereby compacting it. Alternatively, SMC could bind
with high affinity to a small number of chromosomal regions,
thereby concentrating SMC in regions of the cell where chro-
mosomal domains with multiple SMC binding sites are located.
This case would be similar to that of yeast cohesin, which binds
to specific regions of the chromosome and forms multiple
discrete foci in spread nuclei (3, 35, 53, 54).

Organization and condensation of the chromosomal DNA
by SMC could take place when chromosome replication has
been completed, or chromosomal domains could be formed
and condensed during the process of DNA replication, shortly
after a given region has been replicated. SMC appears to be
deployed to more sites in stalked cells than in swarmer cells,
since two or three SMC foci generally are observed in swarmer
cells and three or four foci are present in stalked cells, even
though a constant amount of SMC is present. Since the chro-
mosome is being replicated in stalked cells, this increase in
number of SMC foci may mean that SMC organizes and con-
denses the chromosome continuously during DNA replication,
not only after completion of DNA replication. This is sup-
ported by the analysis of the smc cell cycle transcription pat-
tern. The orf4 and smc promoter is activated during early S
phase, a cell cycle transcription pattern similar to that previ-
ously observed with several DNA replication and repair genes
(26, 28, 42, 43, 59). It is clearly different from the cell cycle
transcription pattern of known partitioning genes, which are
expressed much later in the cell cycle (28).

In the predivisional cell stage of the cell cycle, many cells
showed bright polar SMC foci and only faint foci in other parts
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of the cell. In those cells, the two new daughter chromosomes
are separated from each other and the nucleoids are further
condensed to form a DNA-free region at the place where
septation takes place. If SMCs remain bound to sites through-
out the chromosome while aggregating near the poles, they
could have a role in the further condensation of the chromo-
somes that takes place at this time in the cell cycle. Thus, SMC
may function both during DNA replication, by refolding and
condensing newly replicated DNA, and after completion of
DNA replication, by condensing the entire nucleoid.
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