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Abstract

Although DNA replication and repair in bacteria have been extensively studied for many decades,
in recent years the development of single-molecule microscopy has provided a new perspective on
these fundamental processes. Because single-molecule imaging super-resolves the nanometer-
scale dynamics of molecules, and because single-molecule imaging is sensitive to heterogeneities
within a sample, this nanoscopic microscopy technique measures the motions, localizations, and
interactions of proteins in real time without averaging ensemble observations, both /n vitroand in
vivo. In this Review, we provide an overview of several recent single-molecule fluorescence
microscopy studies on DNA replication and repair. These experiments have shown that, in both
Escherichia coli and Bacillus subtilis the DNA replication proteins are highly dynamic. In
particular, even the highly processive replicative DNA polymerases—E. coli Pol Il and B. subtilis
PolC—exchange to and from the replication fork on the scale of a few seconds. Furthermore,
single-molecule investigations of the DNA mismatch repair (MMR) pathway have measured the
complex interactions between MMR proteins, replication proteins, and DNA. Single-molecule
imaging will continue to improve our understanding of fundamental processes in bacteria
including DNA replication and repair.
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Introduction

Understanding how genomes are accurately copied and maintained during the cell cycle is of
fundamental importance to all of biology. When cells fail to replicate their DNA accurately,
numerous disease states or even cell death can occur in multicellular organisms, while in
bacteria, DNA replication errors have the potential to affect cell fitness and viability [1,2].
Therefore it is critical for cells to replicate their DNA accurately and efficiently. In all cells,
this process is accomplished by replisomes, which are multi-protein machines containing all
components necessary to duplicate genomic DNA [3,4]. The architecture and dynamics of
the Escherichia coli bacterial replisome has been extensively characterized (Fig. 1a) [5-8].
The E. colireplisome contains the Pol I11 holoenzyme (HE), a molecular machine composed
of ten different proteins grouped into several functional subassemblies. The Pol Il core is
the catalytic subassembly important for replication; it has three subunits: a, which has DNA
polymerase activity, e, which has proofreading activity, and 8, which is involved in aiding
[9,10]. The Pol 111* subassembly is the core plus the clamp loading complex, which includes
dy, 8 8, wand y [11]. Finally, the Pol 111 HE is Pol I11* plus the Bsliding clamp encoded
by dnaN. The g clamp enhances processivity and increases the DNA synthesis rate up to a
thousand fold by holding the DNA polymerase on the template strand to increase the number
of nucleotides synthesized per binding event [12]. The multiprotein clamp loader complex is
required to open and close the B clamps around DNA for loading and unloading during
replication. Apart from the Pol 111 HE, the DNA helicase (DnaB) is essential and required
for DNA replication. The helicase is linked to Pol 11l HE through z. With the help of the
replication initiation proteins DnaA and DnaC, the E. colireplisome assembles at oriCto
establish bi-directional replication forks [13] that then track along DNA until replication is
complete [6].

A replisome that exhibits a different mechanism is found in Bacillus subtilis, a prototypical
Gram-positive bacterium (Fig. 1b). Rather than tracking along the DNA strands, the B.
subtilis replisome is relatively stationary during replication, and the template DNA is pulled
into the replisome for duplication [14,15]. Unlike E. coli, the B. subtilis replisome has two
distinct replicative DNA polymerases: PolC and DnaE. Reconstitution of the B. subtilis
replisome /n vitro has shown that PolC is responsible for all leading strand synthesis and
most of the lagging DNA strand synthesis, while DnaE is used to extend the lagging strand
RNA primer before handing off to PolC [16]. The B. subtilis DNA replication mechanism
has some features that are more reminiscent of DNA replication in eukaryotic systems than
what is found in £. coli. For example, in human lagging strand replication, the Pol a
polymerase extends RNA primers before handing off to Pol §[17,18].

Because high fidelity replication is so important, cells have also developed mechanisms to
detect and repair DNA damage and replication errors shortly after they occur. For example,
DNA mismatch repair (MMR) is triggered when a DNA replication error is detected [19].
This highly conserved process is important for replication fidelity despite the low frequency
of replication error occurrence (~1 error per 33,000,000 base pairs) [20]. In B. subtilis,
MutS is responsible for detecting base-pairing errors, and once a mismatch is detected, the
MutL endonuclease is recruited for incision of the error-containing strand followed by
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removal of the incised strand [21-23]. Biophysical studies have suggested that MutS
homologs can target a mismatch by one-dimensional scanning along DNA [24].

Biochemical methods and bulk fluorescence imaging have been used to understand how
cells maintain their genomic integrity [6,16,25-32]. However, such methods generally lose
the heterogeneity of a system by averaging over all observations. Understanding all the
complex and highly dynamic aspects of DNA replication and repair requires quantitative
biophysical tools, and molecular resolution is necessary to characterize the dynamics of all
subpopulations, to understand detailed kinetics, and to uncover intricate mechanisms that are
relevant /n vivo. Single-molecule microscopy is a great solution to this problem because it
captures the different behaviors of every molecule [33] and provides nanometer-scale
resolution [34], even in living cells [35]. By using photoactivatable or photoswitchable
fluorescent labels, one can observe and image the fluorescence from individual single
emitters, and each isolated molecule image can be analyzed to obtain the nanometer-scale
locations and trajectory of that molecule [36-38]. Importantly, single-molecule microscopy
can be easily applied to bacteria /7 vivo [39-41], making it now possible to visualize DNA
replication and repair in real time in living bacterial cells. In this review, we provide an
overview of some recent studies on bacterial DNA replication and repair using single-
molecule microscopy. The ability to quantitatively characterize a heterogeneous dynamic
system and to provide molecular resolution has greatly deepened our understanding of
biology.

DNA replication at the single-molecule level

Several recent papers have explored DNA replication from a single-molecule perspective.
Importantly, though replicative DNA polymerases have long been known to be highly
processive based on /n vitro results [42], single-molecule biophysics and live-cell
experiments have recently revealed that the bacterial replicative polymerases are far more
dynamic than previously anticipated. Single-molecule stoichiometry distributions have
suggested replisome instability [43], and three separate investigations have measured
polymerase dwell times of only a few seconds at the replisome [44-46].

Liao et al. tracked single B. subtilis PolC molecules to determine dwell timescales in living
cells expressing PolC fused to the photoactivatable fluorescent protein PAmCherry [44].
Based on photoactivation of single copies of PolC-PAmCherry [47,48], each molecule was
studied individually with super-resolved localization precision to determine the dwell times
of PolC molecules at foci (red arrows in Fig. 2a), as well as the apparent diffusion
coefficients for three-dimensional PolC trajectories (Fig. 2a inset). The PolC foci are most
often observed at the quarter-cell positions (Fig. 2b), and are still observed in B. subtilis
cells treated with HPUra, which arrests DNA replication. We further analyzed the
trajectories to measure the apparent diffusion coefficient of each molecule, and measured
that, though many PolC molecules diffuse at a rate slower than 0.1 um?/s (Fig. 2c inset),
even the slowest PolC molecules are not completely stationary relative to the localization
precision of the immobile PolC in fixed cells (red dashed line in Fig. 2c inset), indicating
that all molecules have some mobility during the course of their measured > 300 ms
trajectories. This PolC motion is unchanged upon HPUra treatment.
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In this study, on average 61 PolC copies were observed in each cell, whereas only 3 PolC
copies were found at each replication fork. A similar disparity has also been reported in £.
coli, where there are on average 40 copies of Pol Il core enzymes per cell [10], but again
only 3 Pol 111 copies at each replication fork [7]. The difference between these numbers is
explained by the highly dynamic nature of PolC, which enables it to affect replication and to
play multiple roles in the cell, including assisting in DNA resynthesis during repair
elsewhere in the cell. We hypothesize from a biophysical perspective that the additional
PolC molecules form a reservoir that can efficiently exchange with active PolC at the
replication fork. We characterized the magnitude of this exchange by measuring the dwell
time of PolC-PAmMCherry in B. subtilis cells, i.e., the length of time over which a molecule
does not move significantly between observations. Time-lapse 3D single-molecule tracking
accounted for fluorescence photobleaching by introducing a variable dark time delay to
extend trajectories and separate the PolC dissociation rate from the PAmCherry
photobleaching rate. The PolC dwell time in untreated cells is 2.79 £ 0.47 s, consistent with
the time needed to synthesize one Okazaki fragment [16], indicating that—at least for
lagging strand synthesis—a PolC molecule will synthesize a single Okazaki fragment each
time it is recruited to the replisome. HPUra treatment reduces this dwell time to 0.97 £ 0.04
s. Overall, these results demonstrate that B. subtilis PolC is highly mobile and undergoes
dynamic exchange at the replisome. Furthermore, the results for HPUra treatment indicate
that PolC mobility is mediated by protein-protein or protein-DNA interactions, and not by
active DNA replication.

These dynamical behaviors are not limited to B. subtilis, and recently, single-molecule
investigations have observed rapid exchange dynamics for the £. coli replicative polymerase
[42]. In vitro experiments with T4 bacteriophage have shown stable replisome assembly
capable of entire genome duplication [49], while other /n vitro studies have shown rapid
polymerase exchange [50]. To understand the dynamics of £. colireplication /n vivo, Lewis
et al. investigated Pol 111* with a green or red SNAP tag label during /n vitro rolling-circle
DNA amplification and demonstrated frequent exchanges between the molecules (green to
magenta transitions in Fig. 2d) during ongoing DNA replication [45]. Furthermore, the
exchange time measured was found to be concentration-dependent, which can account for
the discrepancies among current and previous studies. Lewis et al. extended this study by
monitoring polymerase exchange through cross-correlation of the fluorescence intensities of
7-YPet and e-mKate2 at the £. colireplisome in live cells (Fig. 2e). From the cross-
correlation function, the authors measured the characteristic exchange time of Pol I11*
during coupled DNA replication in living £. colicells to be 4 + 2 s. Furthermore, correlation
with /n vitro measurements of the concentration-dependent exchange time determined an
effective Pol I11* concentration of ~23 nM per cell.

Beattie et al. also measured rapid Pol 111* exchange in living £. colibased on single-
molecule FRAP of DNA polymerase in active replisomes [46]. In this study, the authors
separately characterized the different subunits and found replisome-bound times of 3-6 s
for the a (Fig. 2f), &, 7, 6, and y subunits. The S clamp remains associated for a longer 36
+ 21 s, while the DnaB helicase is highly stationary, remaining DNA-bound for tens of
minutes. The authors then tracked single replisome proteins fused to the photoswitchable
fluorescent protein mMaple, and used time lapses and long exposure times to confirm that
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most of the replisome components are in frequent exchange (with bound times of tens of
seconds; Fig. 2g) except for DnaB, the helicase, whose bound time is thousands of seconds
long.

Overall, these studies give new insight into DNA replication in live cells, where the highly
processive DNA polymerase can also exchange on the scale of seconds. In the end, the
newly revealed dynamics of DNA Pol 111 or PolC underscore a dynamic process that may
help the replisome circumvent barriers to progression or more easily exchange with
translesion DNA polymerases for the bypass of noncoding bases. Furthermore, recent work
has shown that DNA replication and DNA repair are indeed intimately coupled [51].

Single-molecule investigations of DNA mismatch repair (MMR)

DNA mismatch repair (MMR) is a highly conserved process which corrects DNA replication
errors that have evaded proofreading by replicative polymerases. MMR is initiated by MutS,
which finds and identifies DNA base-pair mismatches. Recently, Liao et al. characterized the
dynamics of B. subtilis MutS by localizing and tracking single MutS-PAmCherry fusions in
living cells (Fig. 3a) [51]. Localization probability density maps show that MutS foci
colocalize with the replisome, marked by fluorescent fusions to the S clamp or the clamp
loader protein DnaX (Fig. 3b). The replication protein localization pattern is unchanged after
the cells are treated with 2-aminopurine (2-AP), which induces mismatch formation (Fig.
3c¢), indicating that the positioning of MutS at the replisome is independent of the number or
density of DNA mismatches that occur in cells. Single-molecule microscopy, which is
sensitive to even transient dwelling events, was critical in this observation as previous bulk
fluorescence microscopy studies could not visualize MutS focus formation in more than 5 —
8% of cells in the absence of an exogenous mutagen [27]. These new observations
demonstrate that MutS constantly monitors the site of DNA replication, even at low
spontaneous level of mismatches.

By analyzing each single-molecule trajectory, we further found that the average apparent
diffusion coefficient for MutS-PAmCherry decreases near the replisome (blue curve in Fig.
3d) and that MutS-PAmCherry has an average dwell time at the replisome of 188 ms,
consistent with constant exchange of MutS at the replisome, even in the absence of a
mismatch. Moreover, 2-AP increases the rate of MutS-PAmCherry diffusion, and decreases
the proportion of MutS that is slowed down at the replisome (red curve in Fig. 3d),
consistent with the transition of MutS to a fast sliding clamp conformation following
mismatch binding [52].

Finally, through single-molecule measurements in cells with a series of protein variants that
sequentially blocked MMR steps by: (1) removing S-clamp binding affinity (MutS800), (2)
disabling mismatch recognition (MutS[F30A]), (3) inhibiting ATPase and nucleotide
binding activity (MutS[K608M]), and (4) preventing MutS dissociation from the vicinity of
the mismatch (AmutL), the molecular mechanism of MMR in B. subtilis was revealed (Fig.
3e). In particular, these studies demonstrated that MutS is recruited to the replisome prior to
mismatch binding to scan local DNA in anticipation of errors, and that mismatch repair
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occurs at the replisome. Overall, B. subtilis MMR and DNA replication are intimately
coupled /n vivo.

The search mechanism of MutS and MutL in mismatch repair was further investigated for
the E. coliproteins [53]. Liu et al. directly visualized MutS/MutL interactions by following
single molecules of MutS, MutL, and the MutH endonuclease as they move along tethered
DNA strands with total-internal reflection (TIRF) microscopy. The benefit of this /n vitro
system is that it is based on well-defined, mismatched DNA sequences, and ATP levels can
be controlled. Based on the diffusion Kinetics of red MutS-AF647 and green MutL-Cy3
molecules along the mismatched DNA, the authors observed the formation of MutS/MutL
complexes. These complexes last for an average of 43 £ 3 s, after which MutS and MutL
dissociate by one of four different mechanisms (Fig. 4a). On the other hand, ATP binding by
MutL was found to produce a stable MutS-MutL sliding clamp on mismatched DNA.
Overall, these results point to a mechanism in which £. co/i MMR employs a cascade of
stable ATP-bound sliding clamps (the MutS/MutL/MutH search complex) to modulate 1D
diffusion mechanics along the DNA.

The action of other mutagens was further explored in £. coliby Uphoff et al. who measured
the adaptive response to alkylation by methyl methanesulfonate (MMS) as a function of the
expression level of the DNA repair protein Ada [54]. Based on single-molecule counting in
single-cell experiments, these studies uncovered a previously unmeasurable heterogeneity in
the abundance of Ada. The study found on average 1 fluorescent Ada-mY Pet copy per cell;
moreover the copy number per cell was Poisson distributed and 20 — 30 % of cells expressed
no Ada at all (Fig. 4b). The authors further tested the effect of heterogeneity of Ada
expression on MMR using the dynamics of MutS-PAmCherry trajectories as a readout of
MMR activity. In these two-color microscopy experiments, cells with low Ada-mY Pet
expression showed more immobile MutS-PAmCherry molecules, which may indicate
increased MutS activity due to the formation of lesions that are refractory to MMR repair in
the absence of Ada (Fig. 4c).

Conclusions

Single-molecule methods continue to reveal new insight into the dynamical nature of DNA
replication and repair in living cells. Interestingly, the dwelling of PolC and Pol 111 at the
replisome is similar to the behavior that has been observed for the DNA mismatch repair
protein MutS, which is coupled to DNA replication. The new advances in single-molecule
imaging of DNA replication and repair described in this Review indicate that the activities of
bacterial replisomal and repair proteins may be regulated in cells by coordinating and
modulating the dynamics of protein recruitment, binding, and unbinding at the site of DNA
synthesis.
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Highlights
. Single-molecule microscopy resolves nm-scale positioning /7 vitroand in
cells.
. DNA replication proteins exchange rapidly at the bacterial replication fork.
. DNA mismatch repair involves dynamic protein and DNA interactions.
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Figure 1. Molecular architecture of the DNA replication fork
(a) The architecture of the £. coli DNA replication fork. Reproduced from eL/fe 2017,

6:10.7554 [46]. Creative commons. (b) The architecture of the B. subtilis DNA replication
fork.
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Figure 2. DNA polymerase localization, dynamics, and exchange in living bacterial cells
(a) 3D super-resolution reconstruction image and a 3D single-molecule trajectory (inset) of

PolC-PAmCherry in B. subtilis. The molecules are dynamic and enriched at foci (red
arrows). (b) Localization probabilities of B. subtilis PolC-PAmCherry dwelling events along
the longitudinal cell axis in 2859 cells. (c) Distribution of PolC-PAmCherry diffusion
coefficients, D, in B. subtilis. Even the slowest moving molecules (inset) are more mobile
than stationary PolC-PAmCherry molecules measured in fixed cells (red dashed line). (a) —
(c) Reprinted from Biophys J, 111:2562-2569, Copyright 2016, with permission from
Elsevier [44]. (d) Kymographs of the distributions of red Pol I11* (magenta) and green Pol
I11* (green) show rapid and frequent exchange of £. coliPol 111* on individual DNA
molecules. (e) Exponential fit (red) to the cross-correlation function of 1210 pairs of z-YPet
and e-mKate2 foci in living £. coli cells gives a 4 + 2 s exchange time scale. (d) — (e)
Reproduced from eL/fe 2017, 6:e23932 [45]. Creative commons. (f) FRAP recovery for the
a subunit in £. coli cells. A fit to a reaction-diffusion model (red line) indicatesa4 +2 s
bound-time for this Pol 111 subunit. (g) The e subunit remains replisome-associated for 10
+0.7sin E coli. (f) - (9) Reproduced from eL/fe 2017, 6:10.7554 [46]. Creative commons.
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Figure 3. Single-molecule imaging yields the molecular mechanism for B. subtilis MutS
(a) Photoactivated localization microscopy (PALM) reconstruction (lower left) and single-

molecule trajectories of MutS-PAmCherry (right) in a live B. subtilis cell (inset). The red
arrow indicates a region of MutS accumulation and the dashed line indicates the cell
boundary. Scale bar: 1 um. (b) — (c) Localization probability density maps of DnaX-
mCitrine (upper; blue-green) and MutS-PAmCherry (lower; red-yellow) within a normalized
cell that is (b) untreated, or (c) treated with the mismatch-forming drug 2-AP. (d) Diffusion
coefficients of B. subtilis MutS-PAmCherry as a function of separation distance from the
nearest replisome show the molecules slowing near the replication fork. (e) Schematic of the
first four steps of MMR: replisome binding, mismatch recognition, ATPase activity, and
MutL recruitment, each of which is blocked in one of four mutant strains to determine the
relationship between DNA MMR and DNA replication. Reprinted with permission from
Proc. Natl. Acad. Sci, USA 2015, 112:E6898-E6906 [51].
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Figure 4. Mismatch repair in E. coli
(a) Four different types of £. coli MutS/MutL complex dissociations (from top to bottom:

oscillation dissociation-association, MutL dissociation, MutS dissociation, and simultaneous
dissociation) observed in kymographs of £. coli MutS-AF647 (two-tone blue protein with
red dye label) and MutL-Cy3 (two-tone orange protein with green dye label) diffusion /n
vitro on doubly-tethered mismatched DNAs. Reprinted from reference [53] by permission
from Macmillan Publishers Ltd.: Nature 539: 583-587, Copyright 2016. (b) Single-molecule
counting of Ada-mYPet in single £. coli cells measures the copy number and cell-to-cell
heterogeneity of this DNA repair protein. Inset: a representative cell with two Ada-mY Pet
copies. (c) Cells with high Ada-mYPet expression (yellow) show fewer immobile MutS-
PAmMCherry molecules (red). Scale bars: 2 um. Panels ‘b’ and “c’ are from Uphoff et al.,
Science 2016, 351:1094-1097 [54]. Reprinted by permission with permission from AAAS.
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