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ABSTRACT PolC is one of two essential replicative DNA polymerases found in the Gram-positive bacterium Bacillus subtilis.
The B. subtilis replisome is eukaryotic-like in that it relies on a two DNA polymerase system for chromosomal replication. To
quantitatively image how the replicative DNA polymerase PolC functions in B. subtilis, we applied photobleaching-assisted
microscopy, three-dimensional superresolution imaging, and single-particle tracking to examine the in vivo behavior of PolC
at single-molecule resolution. We report the stoichiometry of PolC proteins within each cell and within each replisome, we
elucidate the diffusion characteristics of individual PolC molecules, and we quantify the exchange dynamics for PolC engaged
in lagging strand synthesis. We show that PolC is highly dynamic: this DNA polymerase is constantly recruited to and released
from a centrally located replisome, providing, to our knowledge, new insight into the organization and dynamics of the replisome
in bacterial cells.
INTRODUCTION
All cells must accurately duplicate and segregate their chro-
mosomal DNA, and failure to do so is a critical underlying
cause of>80 different human diseases and genetic disorders
(1). Replisomes are multiprotein assemblies that are respon-
sible for DNA replication in all cells (2–4). DNA polymer-
ases are the essential replisome components that synthesize
new DNAwith high fidelity (5,6). It is therefore appropriate
that great efforts have been made to better understand how
DNA polymerases function both in vitro and in vivo. For
example, the stoichiometry and architecture of the replica-
tive DNA polymerase holoenzyme (Pol III) have been
well characterized in the model organism Escherichia coli
(7–9). Although E. coli has served as a prototype for under-
standing DNA synthesis in vivo, and although some E. coli
DNA replication features are conserved across species, the
replisomes of many other bacterial species have distinct or-
ganizations and operate differently (10–12). In particular,
the replisome in the Gram-positive model bacterium Bacil-
lus subtilis does not seem to replicate DNA by actively
tracking along DNA, in contrast to the E. coli replisome
(7,13,14). Rather, the B. subtilis replisome has been shown
to reside in a more restricted location through which tem-
plate DNA is pulled in and newly synthesized DNA is
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extruded (15), although the replicative DNA polymerase
in B. subtilis has not been analyzed at single-molecule res-
olution. In addition, B. subtilis utilizes two distinct essential
DNA polymerases, PolC and DnaE, for genome replication
(10,12). Overall, the in vivo composition and architecture of
the elongating replicative DNA polymerase in B. subtilis is
poorly understood.

In vitro reconstitution of the B. subtilis replisome has
demonstrated that PolC (163 kD) is responsible for all leading
strand synthesis as well as most lagging strand synthesis,
whereas themore error prone andmuch slowerDNA replicase
DnaE (25 nt/s forDnaE compared to ~500 nt/s for PolC) plays
a crucial role in initiating lagging strand synthesis (10,16).
DnaE is important for extending the lagging strand RNA
primer before handing off to PolC, which then completes
replication of theOkazaki fragment (10). The synergistic rela-
tionship between two polymerases in theB. subtilis replisome
resembles the synergy found in eukaryotic replication. For
example, in S. cerevisiae, two essential replicases (17), Pol
ε and Pol d, are, respectively, responsible for synthesizing
the leading and the lagging strands (18–20). In analogy with
DnaE in B. subtilis, the eukaryotic polymerase Pol a extends
RNA primers for a short segment before handing off to Pol
d (21). Given these observations, the less well-understood
B. subtilis replisome appears more eukaryotic-like than the
E. coli replisome, and a deeper in vivo understanding of
how DNA polymerase recruitment and dynamics are per-
formed in B. subtilis will provide valuable insight into how
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bacteria and eukaryotic organisms use a two-DNA poly-
merase system for replication. Here, we apply photobleach-
ing-assisted microscopy (22,23), three-dimensional (3D)
single-molecule superresolution microscopy (24), and sin-
gle-particle tracking (25,26) to PolC in live B. subtilis cells
to measure the stoichiometry, intracellular distribution, and
dynamics of the essential DNA polymerase required for the
majority of leading and lagging strand synthesis.
MATERIALS AND METHODS

Microscopy

B. subtilis cells from a plate were inoculated in S750 minimal medium at

OD600 ~0.1, followed by growth with shaking at 30�C for ~3.5 h to

OD600 ~0.5–0.6. When it was used, a final concentration of 162 mMHPUra

was added to the cell culture immediately before imaging. Cells were

deposited on pads of 1% agarose in S750, each of which was sandwiched

between two coverslips. As discussed in our prior studies, B. subtilis is

highly susceptible to fluorescent impurities present on the coverslips and

in the growth medium (27). The impurities produce single-molecule-like

fluorescent signals that largely resemble those from PAmCherry in both

brightness and photostability. We prevented such artifacts by cleaning the

coverslips in an oxygen plasma (PE-50; Plasma Etch, Carson City, NV)

at 200 mTorr for at least 20 min and by using freshly prepared growth me-

dium and agarose pads each day to achieve nearly background-free imaging

conditions (Fig. 1 a).

After preparation, the samplewasmounted on awide-field invertedmicro-

scope (Olympus, Melville, NY) for imaging, with appropriate excitation,

dichroic, and emission filters (Semrock, Rochester, NY) placed along the

light path to achieve optimal signal/noise. Fluorescence emission was

collected by a 1.40 NA 100� oil-immersion phase-contrast objective and

detected on a 512 � 512 pixel electron-multiplying charge-coupled device

detector Evolve camera (Photometrics, Princeton Instruments, Acton, MA).
In our photobleaching-assisted microscopy, the cells were illuminated by

a 561-nm laser (Sapphire 561-50; Coherent, Bloomfield, CT) with a power

density of 50 W/cm2, and images were recorded at 30 ms/frame. In our 3D

superresolution imaging, a weak cylindrical lens in the emission pathway

between the microscope and the camera induced astigmatism (24), such

that the ellipticity of the microscope point spread function changed based

on the axial (z) position of the emitting molecule (Fig. S3 in the Supporting

Material). To visualize only 1–3 copies of PolC-PAmCherry at a time, a

200-ms 405-nm laser (model No. 405-100; Coherent) pulse with power

density ~100 W/cm2 was used to photoactivate PAmCherry, and PolC-

PAmCherry molecules were subsequently imaged by a 561-nm laser with

a power density of 400 W/cm2 at 50 ms/frame.
Image processing and data analysis

Phase-contrast images of cells were segmented using a custom MATLAB

script (The MathWorks, Natick, MA), and subsequent analyses were all per-

formed within cell boundaries. We purposely discarded all chain-forming

cells when taking and analyzing images to avoid ambiguities associated

with cell segmentation.

In both photobleaching-assisted microscopy and 3D superresolution

microscopy, initial estimates for signal locations were made based on

band-pass filtered images. For photobleaching-assisted microscopy

(Fig. 1), the center pixel of each mCherry focus was determined from

the filtered image. In each raw data image, the average intensity of all

pixels within 3 pixels of this center pixel was measured. Background fluo-

rescence intensity for each cell in each imaging frame was determined from

the average intensity value of all other pixels within the cell not belonging

to any mCherry focus. This average background intensity of each cell

was subtracted from the intensity of each mCherry focus. The resulting

background-corrected focus intensity was recorded over time to monitor

the photobleaching process for that mCherry focus and to generate the

intensity time traces as in Fig. 1 c.

In the case of 3D superresolution microscopy (Fig. 2), unfiltered images

were fit at the positions of the initial guesses with an asymmetric Gaussian

function,
FIGURE 1 PolC stoichiometry within each cell

and at each replisome. (a) Representative fluores-

cence image of wt B. subtilis cells (upper) and cells

with PolC-mCherry (lower). PolC-mCherry foci

are highlighted by yellow arrows. (b) Distribution

of initial total cellular fluorescence intensity for

wt cells (median ¼ 1.43 � 106) and cells labeled

with PolC-mCherry (median ¼ 2.77 � 106). The

difference in fluorescence indicates the total inten-

sity of mCherry in labeled cells. (c) Representative

background-subtracted intensity time traces (gray

lines) of two different PolC-mCherry foci undergo-

ing photobleaching, where different intensity states

(black lines) are identified by maximum likelihood

estimation. The left panel shows typical, fairly

uniform steps, whereas the right panel shows a

scenario where multiple photobleaching events

occurred within a single frame. (d) Distribution

of PolC copy numbers at each PolC-mCherry

focus. The black line is a guide to the eye. To see

this figure in color, go online.
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FIGURE 2 Diffusion and dwelling behavior of PolC-PAmCherry in live B. subtilis cells. (a) 3D superresolution reconstruction image of PolC-PAmCherry

in untreated B. subtilis, overlaid on a phase contrast image of the cells. The position of each localization is indicated by a single dot with width corresponding

to the average localization precision in the lateral plane (25 nm). The axial (z) position is color-coded according to the color bar above. (Red arrows) Regions

of PolC enrichment in the cell. (Inset) A representative, color-coded 3D single-molecule trajectory illustrates a PolC-PAmCherry molecule making a tran-

sition from diffusing (bottom) to dwelling (top). (b) Distribution of PolC-PAmCherry diffusion coefficients, D, in untreated cells. (Inset) Zoom-in on the

0–0.1 mm2/s region of the original histogram. (Red dashed line) Average apparent diffusion coefficient (0.003 mm2/s) for stationary PolC-PAmCherry

molecules measured in fixed cells. (c) Localization probabilities of dwelling events along the longitudinal cellular axis in untreated cells. L: cell length,

N: total number of dwelling events analyzed. (d) 3D superresolution reconstruction image of PolC-PAmCherry in HPUra-treated cells. (e) Distribution

of PolC-PAmCherry diffusion coefficients, D, in HPUra-treated cells. (f) Localization probabilities of dwelling events in HPUra-treated cells. Scale

bars ¼ 1 mm. To see this figure in color, go online.
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where Ibg, A, x0, and y0, respectively, denote the background intensity, the

amplitude of emission, and the x- and y-center positions of the molecule.

The widths of the signal in the x direction ðsxÞ and the y direction ðsyÞ char-
acterize the elliptical emission signal, and we precalibrated the relationship

between ðsx;syÞ and z position using 0.1 mm TetraSpeck beads (Thermo

FisherScientific,Waltham,MA) and aPIFOCpiezoobjective scanner (Physik

Instrumente, Karlsruhe, Germany) (Fig. S3). For each localization, we then

obtained the z position of the molecule by finding the z value that minimizes

the difference between the measured ðsx; syÞ and ðsx calibration; sy calibrationÞ
values.

The diffusion coefficients of single-molecule trajectories were calculated

from the mean squared displacement versus time lag. We analyzed all tra-

jectories at least 10 frames long, and in our calculations we used the squared

displacements associated with the first one-third of the time lags to mini-

mize errors associated with higher time lags.
RESULTS AND DISCUSSION

Copy number of PolC within a cell

To investigate the copy number of PolC in live B. subtilis
cells, we constructed B. subtilis strains natively expressing
2564 Biophysical Journal 111, 2562–2569, December 20, 2016
PolC fused to the red fluorescent protein mCherry (28) as
the sole source of PolC. Western blotting of PolC fusions
demonstrated that each PolC fusion used in this study was
intact (Fig. S1). We measured growth curves and found
that cells bearing each fusion showed no growth defects at
37�C in rich medium: the wild-type control strain PY79
doubled in 24.4 min, cells with PolC-mCherry doubled in
22.3 min, and cells with PolC-PAmCherry doubled in
21.1 min (data not shown). Under identical imaging condi-
tions, the fluorescence intensity level in cells harboring
PolC-mCherry was elevated compared to the intensity in
unlabeled wild-type (wt) PY79 cells (Fig. 1, a and b). The
elevated fluorescence emission comes from all the PolC-
mCherry molecules in the cytosol. The average number of
PolC molecules per cell can be approximated by subtracting
the median background fluorescence of wt cells from the
median fluorescence intensity of labeled cells and then
dividing the background-subtracted labeled cell fluores-
cence intensity by the intensity of a single PolC-mCherry
molecule (Fig. S2). Our estimation from 136 cells indicates
that on average, 61 5 6 (SE) copies of PolC are present
within each cell; this copy number is slightly higher
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than the 40 copies of Pol III core enzymes quantified in
E. coli (29); our estimation of PolC copies likely represents
a lower bound, considering the possible presence of nonflu-
orescent or immature PolC fusion copies likely to be present
in vivo.
Stoichiometry of PolC at replisome

As expected for a spatially restricted replisome, and consis-
tent with previous studies (2), PolC-mCherry forms distinct
foci at the midcell position or near the quarter-cell positions
(Fig. 1 a). The PolC-mCherry foci likely represent the
site(s) of active DNA replication (2). Photobleaching exper-
iments and in vitro measurements of E. coli have found that
three copies of DnaE are positioned at each replication fork
(7,30), while other in vitro studies have found two copies
(9). It is therefore important to determine the stoichiometry
of the essential DNA polymerase PolC in B. subtilis. Per-
forming photobleaching-assisted microscopy on live cells
with PolC-mCherry, we observe PolC-mCherry foci photo-
bleaching in real time (Fig. 1 c). To determine the stoichi-
ometry of PolC at the site of DNA replication, we divided
the intensity of the detected state (31) corresponding to
the highest copy number of PolC (Imax) by the intensity
change corresponding to the smallest jump between two
states (DImin). Compared to simply counting the number
of photobleaching steps, this method gives accurate stoichi-
ometry information even when multiple copies of molecules
are photobleached within a single frame (Fig. 1 c, right
panel). The distribution of PolC-mCherry copy numbers
(Fig. 1 d) indicates that three—or in the case where two sis-
ter replication forks spatially overlap, six—copies of PolC
are present at each replication fork. If PolC were responsible
in vivo for just leading strand replication, we would have ex-
pected approximately one PolC molecule at each fork and
two at forks that spatially overlap. Our observation that
three copies of PolC are present at each fork is most support-
ive of the model that PolC is responsible for leading strand
replication and the majority of lagging strand replication
in vivo (10). Taken together with our estimation that ~61 to-
tal copies of PolC are present within each cell, these findings
pose an intriguing question: what is the benefit or purpose
for cells to express so many copies of PolC that do not
appear to be replisome-associated?
In vivo localization and diffusion of PolC

To visualize both replisome-associated and free cytosolic
PolC, we replaced the mCherry label on PolC with the
photoactivatable red fluorescent protein PAmCherry (32).
PAmCherry allows us to visualize the dynamics of individ-
ual PolC proteins at the single-molecule level by stochasti-
cally switching a small subset (1–3 molecules per cell) of
the many PolC-PAmCherry molecules into a fluorescent
state at a time. To follow the motion of single PolC mole-
cules in ~1 mm thick cells, we tracked each photoactivated
molecule with astigmatism-based 3D superresolution mi-
croscopy to simultaneously resolve the lateral (x, y) as
well as the axial (z) position of single PolC molecules
(Fig. S3) (24). 3D tracking allowed us to unambiguously
resolve PolC motion and dwelling within the 3D confines
of a live bacterial cell.

Consistent with what was observed for PolC-mCherry
(Fig. 1 a), we detect a population of PolC-PAmCherry spe-
cifically enriched near the mid-cell or quarter-cell positions
(red arrows in Fig. 2 a), whereas the rest of the PolC-
PAmCherry copies were distributed throughout the cell
(Fig. 2 a). Furthermore, using single-particle tracking, we
unambiguously detected the PolC-PAmCherry molecules
in 3D, including occasional direct observations of a mole-
cule changing from a fast-diffusing mode to a slow dwelling
motion (Fig. 2 a, inset). Many PolC-PAmCherry molecules
diffuse at a rate slower than 0.1 mm2/s (Fig. 2 b), but none
were strictly stationary, as all molecules have diffusion
coefficients larger than the apparent diffusion coefficient
of truly stationary PolC-PAmCherry molecules (0.003
mm2/s) measured in fixed cells (Fig. S4). Referring to other
DNA-binding proteins of comparable sizes (33,34), the
range of PolC-PAmCherry diffusion coefficients indicates
that the slower moving PolC proteins are engaged in
confined motion, and we interpret the slow moving PolC-
PAmCherry as a subpopulation actively engaged in DNA
replication.

Previously, we observed with fluorescence microscopy
that two B. subtilis replisome subunits, the processivity
clamp protein DnaN and the clamp loader protein DnaX,
both engage in subtle motions confined within a small
domain of ~100 nm (35); these movements likely represent
the dynamics of the B. subtilis replisome in general. Here,
defining consecutive steps with 3D displacements <100 nm
as dwelling, we next probed where such dwelling events
occur for PolC, and whether the PolC dwelling positions
were consistent with the location of other replisomal sub-
units reported earlier, and how the dwelling positions
depend on cell growth rate. We found that in most cells
of typical lengths of 2–4 mm, PolC predominantly dwelled
at the quarter-cell positions (Fig. 2 c), consistent with
diffraction-limited images of PolC, DnaX, and DnaN
(2,36). Thus, the slower moving PolC molecules appear
to be interacting with the replication fork. In fast-growing
B. subtilis cells, new rounds of genome replication can start
before cell division occurs, giving rise to three or even four
replication forks per cell (15). In our experiment, we did
indeed observe that the spatial distribution of PolC dwell-
ing events is more dispersed in longer cells with lengths
of 4–6 mm (Fig. 2 c). For example, in longer cells, PolC
tends to dwell at the cell center in addition to at the
quarter positions, indicating that PolC molecules are
actively engaged in DNA replication at multiple sites in
fast growing cells.
Biophysical Journal 111, 2562–2569, December 20, 2016 2565



Liao et al.
Notably, the change from fast to slow motion for PolC
at the replisome is similar to the behavior we previously
observed for the DNA mismatch repair protein MutS
(35). It is possible that both proteins exhibit similar dy-
namics at the replisome simply because DNA binding on
the chromosome occurs more readily at the replication
fork where the DNA is unwound and more accessible.
Alternatively, the fast-to-slow transition quantified at the
replisome could be a general behavior of the many repli-
somal and repair proteins that have affinity for DnaN or
single-stranded DNA binding (SSB) protein; these two
replication proteins have many known binding partners
and therefore might directly recruit proteins, causing the
fast-to-slow transition we observed for PolC and MutS
in vivo. The latter scenario would suggest that DnaN and
SSB protein function like a hub through which DNA poly-
merases, repair proteins, and replisome components are
recruited to and released from active sites of DNA replica-
tion. Such an exchange represents a convenient mechanism
by which the cell could confine proteins to efficiently
coordinate the recruitment of more dynamic proteins that
are important for genome replication, maintenance, and
repair.

We asked if PolC would persist through interactions with
other replication proteins in the absence of ongoing DNA
replication. We hypothesized that rapid replication fork ar-
rest would not disperse PolC, and that PolC would continue
to be actively recruited to existing replisome regions, while
new replisome complexes would not be assembled in
the absence of ongoing DNA synthesis. To test the effect
of rapid replication fork arrest on PolC localization and
dynamics, we treated cells with the DNA replication inhib-
itor HPUra (10,37), which rapidly arrests DNA synthesis
through a DNA damage-independent process by specif-
ically inhibiting PolC activity (10,37). HPUra immediately
blocks DNA synthesis without collapsing the replisome
complex, as previously determined through bulk fluores-
cence imaging (38). 3D superresolution images of
HPUra-treated cells show that PolC still forms foci at the
quarter-cell and midcell positions (Fig. 2 d), and the overall
distribution of PolC diffusion coefficients remains similar
to that of untreated cells (Fig. 2 e). However, the spatial
distribution of dwelling events was affected by HPUra
treatment: whereas PolC still preferentially slows down
at quarter-cell positions, the spatial distribution is much
more localized compared to untreated cells, reflecting a
less diffuse and more distinct localization probability
within a cell (Fig. 2 f). These HPUra experiments demon-
strate that pausing DNA replication will stop formation
of new replisome complexes, but will not prevent PolC
from engaging in the fast-to-slow diffusion transitions
which we suggest occur through protein-protein interac-
tions that take place at the replication fork. Our results
further suggest that PolC is recruited only after the assem-
bly of the replisome has begun.
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Dwell time of PolC at the replisome

Under normal conditions, in addition to interacting with
various replisomal subunits, PolC also interacts with DNA
extensively during replication. Thus, although PolC un-
dergoes dynamic exchange at the replisome regardless of
ongoing DNA replication, the extent to which PolC dwells
at the replisome likely depends on whether it is engaged
in DNA synthesis. To test the relationship between PolC
dwell times and DNA synthesis, we quantified the dwell
times for PolC during normal growth and after HPUra
treatment.

Due to the limited photostability of fluorescent proteins,
continuous illumination yields single-molecule PolC-
PAmCherry trajectories that last on average for only ~15 im-
aging frames (~750 ms) before PAmCherry undergoes
irreversible photobleaching. We therefore performed time-
lapse imaging to capture dwelling behavior of PolC-
PAmCherry molecules at multiple timescales (39). In our
time-lapse imaging mode, every frame is still captured with
a 50-ms image integration time (tint), but a time delay (tdelay)
of 0–1.45 s is introduced between each pair of consecutive
frames. The time-lapse period (tTL) is defined as the sum of
tint and tdelay (Fig. 3 a).

To measure the timescale of PolC dwelling events, we
model the interaction between PolC and various replisomal
subunits as a simple association/dissociation reaction:

Replisome$PolC#
kdiss_app

kreserve
Replisomeþ PolC: (2)

This reaction has a forward reaction rate constant of
kdiss_app. This apparent dissociation rate of PolC is caused
by PAmCherry photobleaching as well as PolC dissociating
from the replisome. The kdiss_app can be obtained by plotting
the distribution of PolC dwell times, tmeasured, for each of
five time-lapse imaging experiments performed with
tTL ¼ 50, 500, and 700 ms, and 1 and 1.5 s, respectively
(Fig. 3 b). As above, two sequential localizations separated
by < 100 nm in 3D are counted as one dwelling event
(Fig. S5). In each case, tmeasured ¼ (n – 1) � tTL, where
n is the number of sequential frames where dwelling events
occurred, and the distribution of tmeasured follows an expo-
nential decay function:

f ¼ e�kdiss_app � tmeasured : (3)

During imaging, two Poisson processes contribute to
the observed apparent rate of dissociation of PolC-
PAmCherry: (1) photobleaching of PAmCherry with a
rate constant of kbleaching, and (2) PolC dissociating from
the replisome with a rate constant of kdiss. Photobleaching
of PAmCherry occurs only when the laser illumination is
on (i.e., only during tint), while the physical dissociation
of PolC from the replisome can occur any time during
the time-lapse interval tTL. These two processes contribute



FIGURE 3 Dwell time analysis for PolC-PAmCherry. (a) Scheme for

time-lapse imaging. Every imaging frame is captured with a 50-ms integra-

tion time (solid rectangles), and a time delay (dashed arrows) is introduced

between each pair of consecutive frames. The time-lapse period (tTL) is the

sum of the integration time and the time delay. (b) Dwell time distributions

for PolC-PAmCherry in untreated cells. For clarity, the distributions are

shown as stem plots, and the color corresponds to tTL as described in (a).

(Solid lines) Fits to the exponential decay in Eq. 3. (Inset) Linear fit (black

line) of (kdiss_app� tTL) versus tTL, fromwhich the dissociation rate constant

kdiss, the photobleaching rate constant kbleaching, and the dwell time constant

tdwell are obtained according to Eq. 4. Errors bars are from four rounds

of bootstrapping. (c) Dwell time distributions and analysis for PolC-

PAmCherry in HPUra-treated cells. To see this figure in color, go online.
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independently to the apparent dissociation, and respec-
tively produce each of the two terms on the right-hand
side of (39):

kdiss_app � tTL ¼ kbleaching � tint þ kdiss � tTL: (4)

Equation 4 indicates that the relation between kdiss_app� tTL

and tTL is linear. The average dwell time, tdwell, of PolC can
thus be extracted by plotting kdiss_app � tTL versus tTL
(Fig. 3 b, inset): dividing the y intercept of this equation
by tint yields the photobleaching rate constant kbleaching ¼
42.1 5 6.4 s�1, and the slope corresponds to the real
dissociation rate constant kdiss ¼ 0.36 5 0.09 s�1, which
is the reciprocal of the PolC dwell time constant tdwell ¼
2.795 0.47 s. It should be noted that tdwell does not depend
on whether or how long PolC has been dwelling before
PAmCherry was photoactivated, as exponential distributions
are by definition memoryless: the dwell time distribution re-
mains the same even if PolC-PAmCherry molecules have
been bound to the replisome for some amount of time before
being photoactivated and imaged.

Because our measurements do not discriminate between
PolC engaged in leading or lagging strand synthesis, and
becausemanymore copies of PolC are required to synthesize
the lagging strands due to the shorter length of the Okazaki
fragments, we hypothesize that the majority of our measure-
ments of PolC-PAmCherry correspond to PolC synthesizing
the lagging strands. In B. subtilis, the speed of the replication
fork is ~500 nt/s (10,37). With our measured average dwell
time close to 3 s, these data correspond to a PolC molecule
synthesizing ~1500 nucleotides each time it is recruited to
the replisome, which is consistent with the typical length of
~1–2 kbp for a single Okazaki fragment on the lagging strand
for B. subtilis (10). Unlike lagging strands that are synthe-
sized in short segments, the leading strands are synthesized
more continuously by a single PolC protein for an extended
period of time. Therefore, the dwell time for PolC engaged
in leading strand synthesis is likely to be significantly longer
than that of PolC synthesizing the lagging strand, and we do
indeed occasionally detect PolC copies dwelling for much
longer; we attribute these longer (up to ~5–10 s) dwell times
to PolC synthesizing the leading strand. If these measure-
ments do in fact represent PolC engaged in leading strand
synthesis, we would expect that 2500–5000 nucleotides are
incorporated during the longer dwell times that we observe.
However, when we attempted to fit our measured dwell
time distributionswith two timescales, the percentage contri-
bution of the second population at all tTL values was always
smaller than 2%, and the fit uncertainty associated with the
dwell time of the second population was too large to make
meaningful conclusions. Besides technical challenges
related to the mismatch in timescales of fast and slow dwell
times, the small number of observations of long-dwelling
PolCmoleculesmight also be a realistic reflection of the rela-
tively small percentage of PolC engaged in leading strand
synthesis compared to PolC synthesizing Okazaki fragments
on the lagging strand.

To determine whether the PolC dwell time is affected
by arresting DNA replication, we calculated the PolC dwell
time in the presence of HPUra, and we found that tdwell
decreased to 0.975 0.04 s (Fig. 3 c). Because no DNA repli-
cation takes place after HPUra is added, the residual dwelling
behavior of PolC can be explained in twoways: (1) the dwell
times of all PolCmolecules at the replisome are reduced, and
the residual dwell time is solely due to interactions between
PolC and certain replisome proteins, such as the replication
sliding clampDnaN, aswell as from transient, nonspecific in-
teractions between PolC andDNA (in this case, the decreased
tdwell measured here establishes a baseline for discriminating
Biophysical Journal 111, 2562–2569, December 20, 2016 2567
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between replicating PolC and these transient interactions); or
(2) among the three PolC copies at the replisome, two have
had their dwell time reduced to ~0 s, but the dwell time of
the third copy is not affected by HPUra. In the latter case,
the third PolC copy is not involved in DNA replication
concurrently with the other two, but rather waits until one
of the other two copies is released from either leading or
lagging strand replication. Further studies are required to
discriminate between these two possibilities.
CONCLUSIONS

Here, we have applied photobleaching-assisted microscopy,
3D superresolution microscopy, and single-particle tracking
to quantify the copy number, localization, and dynamics
of the essential DNA polymerase PolC in live B. subtilis
cells. At the single-molecule level, PolC is highly diffusive,
but dwells at specific subcellular positions on a time-
scale consistent with that required to synthesize one Oka-
zaki fragment. Furthermore, our results show that PolC
constantly undergoes dynamic exchange centered on a re-
plisome as it is recruited to and released from an active
site of DNA replication. Our results support the model
that during genome replication, the relatively confined re-
plisome is assembled and then functions as a central hub
to coordinate the recruitment of PolC and other more dy-
namic proteins to the site of active DNA synthesis. Our stoi-
chiometric analysis of PolC showing three and six copies in
a focus supports in vitro models that PolC is responsible for
leading strand and the majority of lagging strand replication
(10). Furthermore, our imaging data and dwell-time
analysis suggest that PolC exchanges on a rapid timescale,
leading to the possibility that the seemingly large number of
PolC molecules in the cell is necessary to ensure a suffi-
ciently high probability of PolC recruitment to the repli-
some via PolC-DnaN (b-clamp) interactions. Therefore,
a large number of PolC molecules per cell would ensure
that PolC is always positioned at the assembled replisome
to engage in leading and lagging strand synthesis. Such
a mechanism would allow for efficient synthesis of each
Okazaki fragment as PolC rapidly exchanges; this mecha-
nism would also ensure rapid exchange on the leading
strand in the event that PolC encounters a block, lesion,
or other impediment.
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Figure S1. Western blot of PolC and PolC variants in B. subtilis. Shown are Western blots of 

PolC, PolC-mCherry and PolC-PAmCherry from whole cell lysates of B. subtilis cells. We used 

anti-serum directed against purified PolC at a 1:1000 dilution (lot #1266) as described previously 

(Liao et al., PNAS 2015; main text ref. 35). Cells were harvested in exponential phase at OD600 

0.5 – 0.7 prior to analysis. The Western blot was developed using LI-COR imaging with a goat 

anti rabbit conjugated IR dye secondary.   

  



 

 
 

 

 

Figure S2. Distribution of single PolC-mCherry molecule intensities from photobleaching 

measurements. The smallest jump between two states (i.e., the step corresponding to ΔImin in 

each intensity time trace in Fig. 1c) identifies a single PolC-mCherry molecule undergoing 

photobleaching within that PolC-mCherry focus. To obtain the intensity of the single PolC-

mCherry molecule that was photobleached in this step, we compute the difference between the 

average image over 10 frames before the change point and the average image over 10 frames 

after the change point. This difference is a background-subtracted image of the photobleached 

PolC-mCherry molecule; this point spread function (PSF) was then fit to a 2D Gaussian function 

to obtain the intensity.  



 

 
 

 

 

 

 

 

 

Figure S3. Calibration curve for 3D localization microscopy, with sample point spread functions 

(PSFs) of single PolC-PAmCherry molecules at various z-positions shown on top. For a given 

signal, the z-position is determined from the PSF widths in the x- and y-directions.  

  



 

 
 

 

 

 

 

Figure S4. Distribution of apparent diffusion coefficients for PolC-PAmCherry trajectories in 

fixed cells. The red dashed line represents the average apparent diffusion coefficient of immobile 

PolC-PAmCherry molecules; this value of 0.003 µm2/s is far slower than even the slowest 

measured diffusion coefficients (~0.01 – 0.1 µm2/s) for PolC-PAmCherry in living cells. 

  



 

 
 

 

Figure S5. Dwell time analysis performed using different step sizes as the cutoff threshold for 

defining a dwelling event. Error bars are from bootstrapping. The dwell times obtained were 

generally not sensitive to the particular step size threshold value until up to ~120 nm. However, 

when an even larger threshold such as a 150-nm cutoff is chosen, the fit was poor and the dwell 

time estimation was highly uncertain, indicating that our one-term dwell time model is not 

sufficient to describe the behavior of PolC when such a large step is taken. These results suggest 

that considering PolC molecule step sizes above 150 nm includes PolC dynamics characterized 

by more than one dwelling time scales, likely due to both the fast moving and the slower PolC 

populations. Results in the text (Figure 3) are reported based on a threshold of 100 nm. 



 

 
 

Table S1. Bacterial strains used in this study 

 

Strain Name Genotype Source 

PY79 Wild type, SPo Youngman P., Perkins, J. B., 
and Losick, R. 1984.  
Plasmid 12:1-9. 

YL001 polC-mCherry This work. 

JWS213 polC-PAmCherry This work. 
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