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Abstract

Unrepaired DNA damage encountered by the cellular replication machinery can stall DNA replication, ultimately leading to cell death. In the
DNA damage tolerance pathway translesion synthesis (TLS), replication stalling is alleviated by the recruitment of specialized polymerases to
synthesize short stretches of DNA near a lesion. Although TLS promotes cell survival, most TLS polymerases are low-fidelity and must be tightly
regulated to avoid harmful mutagenesis. The gram-negative bacterium Escherichia coli has served as the model organism for studies of the
molecular mechanisms of bacterial TLS. However, it is poorly understood whether these same mechanisms apply to other bacteria. Here, we
use in vivo single-molecule fluorescence microscopy to investigate the TLS polymerase Pol Y1 in the model gram-positive bacterium Bacillus
subtilis. We find significant differences in the localization and dynamics of Pol Y1 in comparison to its E. coli homolog, Pol IV. Notably, Pol Y1 is
constitutively enriched at or near sites of replication in the absence of DNA damage through interactions with the DnaN clamp; in contrast, Pol
IV has been shown to be selectively enriched only upon replication stalling. These results suggest key differences in the roles and mechanisms

of regulation of TLS polymerases across different bacterial species.
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Introduction

The DNA replication machinery, the replisome, copies ge-
nomic DNA with high accuracy and efficiency (1). Yet
replicative DNA polymerases can be blocked by the pres-
ence of unrepaired DNA damage on the template strand.
In the DNA damage tolerance pathway translesion synthesis
(TLS), conserved from bacteria to humans, specialized transle-
sion polymerases copy damaged DNA that would otherwise
stall replication (2-4). In contrast to high-fidelity replica-
tive polymerases, most TLS polymerases are members of the
error-prone Y-family (5,6). Thus, although TLS promotes
cell survival under stress by avoiding the deleterious con-
sequences of replication stalling, the activity of TLS poly-
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merases must be tightly regulated to prevent harmful levels of
mutagenesis.

The gram-negative bacterium Escherichia coli has served as
the model system for TLS polymerase regulation in bacteria
(3). E. coli has three TLS polymerases (Pols II, IV and V), two
of which (Pols IV and V) are members of the Y-family. Pol Il is
a high-fidelity B-family polymerase; although capable of by-
passing certain DNA lesions, its role in TLS is less clear (3,7,8).
All three E. coli TLS polymerases are transcriptionally upreg-
ulated by the SOS DNA damage response, a pathway that in-
duces expression of several dozen DNA damage tolerance and
repair factors in response to persistent single-stranded DNA
(ssDNA) (9). Pols II and IV are expressed at moderate copy
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numbers, estimated as approximately 50 and 30 per cell, dur-
ing normal growth (10,11). Upon SOS induction, they are up-
regulated approximately 10-fold. In contrast, Pol V is not ex-
pressed in the absence of induction and reaches levels of 15—
60 copies per cell late in the SOS response (10). Pols II and
IV are single gene products, whereas Pol V contains UmuC
and UmuD subunits produced from the umuDC operon (3).
Expression of Pol V is also regulated post-translationally in a
pathway involving RecA that generates the active UmuD’,C
form of the polymerase.

The activity of E. coli TLS polymerases also requires dis-
tinct protein-protein interactions. Pols IV and V must bind the
ring-shaped replication processivity factor, the § clamp, to per-
form TLS (3); this interaction also stimulates DNA synthesis
and lesion bypass by Pol II (12). In addition, all three poly-
merases interact with another replisome component, single-
stranded DNA-binding protein (SSB), via a conserved bind-
ing site at its C-terminal tail (13,14). Recent quantitative mi-
croscopy studies have revealed that these interactions play a
role in the molecular regulation of TLS polymerase activity.
In particular, Pol IV is not enriched at sites of replication dur-
ing normal growth (11,15), but it is selectively recruited, pri-
marily through the interaction with SSB, in response to DNA
damage or other replication perturbations (14-16). This se-
lective enrichment likely helps to minimize mutagenesis in the
absence of replication stress by limiting the access of Pol IV
to the DNA template. Pol V appears to undergo a complex
series of localization changes upon SOS induction; it was not
observed to be enriched near sites of replication at any point
after the induction of DNA damage (17). These findings sug-
gest a model in which spatial control is an important aspect
of TLS polymerase regulation in E. coli.

Despite advances in elucidating the molecular mechanisms
of TLS in E. coli, there has been relatively little work in other
bacterial species. Thus, it remains unclear if these mechanisms
are conserved. The model low-GC gram-positive bacterium
Bacillus subtilis represents an attractive system for explor-
ing TLS polymerase regulation in an evolutionarily distant
species. Early studies in B. subtilis identified two putative Y-
family TLS polymerases, Pol Y1 (encoded by the yqjH gene)
and Pol Y2 (encoded by the yqjW gene) (18-20). These poly-
merases were determined to be homologous to E. coli Pol IV
and the UmuC subunit of Pol V, respectively (18,21). However,
there are clear differences in Pol Y1 and Pol Y2 regulation and
activity in comparison to their E. coli homologs.

Like E. coli Pol IV, Pol Y1 is a single gene product; unchar-
acteristically for a TLS polymerase, however, it is not SOS-
regulated (19,22). Pol Y1 contains a conserved clamp-binding
motif (CBM), a pentapeptide sequence predicted to interact
with the DnaN clamp (Figure 1A) (19,23). The role of this
clamp interaction in damage tolerance has not been deter-
mined, but a reduction in Pol Y1-mediated untargeted muta-
genesis was observed upon mutation of the Pol Y1 CBM (19)
and a Pol Y1-DnaN interaction was detected in a yeast two-
hybrid assay (24). The importance of other protein-protein in-
teractions for Pol Y1 activity is unknown, although the same
yeast two-hybrid assay detected an interaction with Pol I (24)
and bioinformatics analysis suggested a possible interaction
with RecA through a domain similar to the RecA N-terminal
domain (RecA-NT) (Figure 1A) (25). Pol Y1 promotes sur-
vival upon treatment with various DNA damaging agents,
including 4-nitroquinoline 1-oxide (4-NQO) and UV radia-
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Figure 1. (A) Cartoons of (top) Pol Y1-Halo (yqjH-halo) fusion and context
in B. subtilis genome and (bottom) Pol Y1 domain organization and key
residues. (B) Representative micrographs recorded with 13.9 ms
integration time. Left: transmitted white light micrograph of B. subtilis
cell with overlaid cell outline and 1 pm scale bar. Middle: fluorescence
micrograph of single Pol Y1-Halo-JFXss4 molecule with overlaid trajectory.
Right: fluorescence micrograph of DnaX-mYPet foci with overlaid
centroids.

tion (18,26). In contrast, Pol IV does not promote survival or
mutagenesis upon UV exposure; instead, Pol V bypasses UV
lesions in E. coli (27). Finally, Pol Y1 has been implicated in
responding to replication-transcription conflicts and appears
to act in the transcription-coupled nucleotide excision repair
(NER) pathway (26). Similarly, there is evidence that Pol IV
may play a role in transcription-coupled NER or TLS path-
ways in E. coli (28,29).

In this study, we use in vivo single-molecule fluorescence
microscopy to quantify the location and dynamics of Pol Y1,
both during normal growth and upon DNA damage with the
drug 4-NQO. We observe static and mobile populations of
Pol Y1 under both conditions, representing Pol Y1 molecules
bound to DNA or diffusing in the cytoplasm, respectively. No-
tably, we find that the static population of Pol Y1 is moder-
ately enriched near sites of replication during normal growth,
in contrast to E. coli Pol IV. This enrichment does not re-
quire Pol Y1 catalytic activity, but it does require interactions
with the DnaN clamp. Surprisingly, although Pol Y1 promotes
survival in response to treatment with 4-NQO, there is lit-
tle change in Pol Y1 localization and dynamics upon 4-NQO
treatment, again in contrast to previous observations for Pol
IV. Further, Pol Y1 does not contribute to mutagenesis upon
4-NQO treatment. Our results reveal significant differences
in the activity of TLS polymerases across different bacterial
species.
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Materials and methods

Bacterial strain construction

All bacterial strains were based on the wild-type (WT) B. sub-
tilis background PY79 (30,31). New bacterial strains were
constructed by transformation of double-stranded DNA (ds-
DNA) fragments generated by polymerase chain reaction
(PCR) and Gibson assembly (32) or of genomic DNA. Trans-
formants were selected on antibiotic plates and validated by
diagnostic PCR and Sanger DNA sequencing of the modified
locus. All oligonucleotides and bacterial strains used in this
study are listed in Supplementary Tables S1 and S2. Detailed
strain construction information is provided in the Supplemen-
tary Methods.

Survival assays

Glycerol stocks were streaked onto LB Lennox agar plates
containing the appropriate antibiotics for strain selection
(spectinomycin at 100 pg/ml or chloramphenicol at 5 pg/ml)
and incubated overnight at 37°C. Liquid cultures were pre-
pared in LB Lennox media. The day before the experiment,
a 2.5 ml culture of each strain was inoculated with a single
colony and a second 2.5 ml culture was inoculated with a
1:100 dilution of the first culture. Both cultures were grown
overnight for approximately 16 h at 22°C shaking at 225 rpm.
The following morning, fresh cultures of 3 ml volume with an
optical density at 600 nm (ODgoonm) of 0.05 were prepared us-
ing the overnight culture with ODggopy = 0.4-1.0. The fresh
cultures were then grown at 37°C shaking at 225 rpm for ap-
proximately 3.5 h. LB Lennox agar plates were poured the day
of the experiment and supplemented with a 1:1000 dilution of
a freshly prepared solution of 4-NQO in dimethylformamide
(DME), giving final concentrations of 0, 0.05, 0.075 or 0.1
uM 4-NQO. Serial 10-fold dilutions of the fresh cultures were
prepared in LB Lennox media and 200 ul aliquots of appro-
priate dilutions were spread on the 4-NQO plates using glass
beads. The plates were incubated at 37°C overnight, colonies
were enumerated the following morning, and survival rates
were determined for each drug concentration relative to the
no drug plate. At least three independent replicates were per-
formed for each experiment.

Rifampicin resistance mutagenesis assays

Rifampicin (Rif) resistance mutagenesis assays were per-
formed following a procedure adapted from the literature
(19,33). As described in the previous section, cultures were
inoculated and grown for approximately 3.5 h in LB Lennox
media. Cultures were then split into two aliquots, one of which
was treated with 10 uM 4-NQO by addition of a 1:1000 di-
lution of a freshly prepared 10 mM 4-NQO solution in DMF.
Both treated and untreated cultures were grown for an ad-
ditional 1 h under the same conditions. Cells were then pel-
leted by 5 min of centrifugation in a Fisher Scientific Centrific
Centrifuge on power level 8.5, resuspended in 1 ml of fresh
LB Lennox media, then pelleted again by centrifugation at
3500 x g for 2.5 min. Cell pellets were resuspended in 1 ml of
fresh media, centrifuged again, and resuspended in 10 ml of
fresh LB Lennox media. The cultures were grown overnight
as before. The following morning, LB Lennox agar plates
were prepared either with or without supplementation with
a 1:1000 dilution of a freshly prepared solution of 10 mg/ml
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Rif in dimethylsulfoxide (DMSQO), giving a final Rif concen-
tration of 10 ug/ml. After approximately 22-24 h of growth,
overnight cultures were concentrated to ODggonm ~ 20 by cen-
trifugation in a Fisher Scientific Centrific Centrifuge as de-
scribed before. Concentrated cultures were spread on Rif*
plates, then serially diluted to ODggonm = 107 and spread
on Rif™ plates. The plates were incubated overnight at 37°C,
colonies were enumerated the following morning, and muta-
genesis rates were determined by comparing the number of
Rif? colony-forming units (CFUs) per ml to the total num-
ber of CFUs/ml. Six independent experimental replicates were
performed.

Cell culture and sample preparation for microscopy

Glycerol stocks were streaked onto LB Lennox agar plates as
described previously. Liquid cultures were grown in freshly
prepared S75¢-sorbitol minimal medium (34), in which glu-
tamate was used at 20 mM concentration and sorbitol at
0.4% concentration. The day before the experiment, a sin-
gle colony was picked and used to inoculate a culture in 2.75
ml media, which was then added at 1:10 dilution into 2.25
ml media, yielding two cultures of 2.5 ml volume. Both cul-
tures were grown overnight for approximately 16 h at 30°C
shaking at 225 rpm. The following morning, the culture with
ODgoonm = 0.4-1.0 was used to inoculate a 25 ml culture for
imaging to an initial ODgponm = 0.005-0.02. Imaging cultures
were grown at 37°C shaking at 225 rpm until reaching early
exponential phase, or ODgponm ~ 0.1-0.2.

When a culture was ready to harvest for microscopy, a 3
ml aliquot was pelleted by centrifugation at 3500 x g for 2.5
min. All but 200 ul of the supernatant was aspirated and the
cell pellet was resuspended to a final volume of 500 pl with
fresh media. The sample was labeled by adding a 1:1000 di-
lution of Janelia Fluor X 554 (JFXss4) (35) HaloTag (36) lig-
and dissolved in DMSO. The sample was then incubated for
15 min at 37°C shaking at 225 rpm. The cell suspension was
pelleted by centrifugation as before and the supernatant was
removed. The cells were washed by adding 1 ml of fresh me-
dia, resuspending the pellet, and centrifuging again. Most of
the supernatant was removed and the pellet was resuspended
in the remaining few pl of liquid. A small volume (<1 pl) of
the concentrated cell suspension was deposited on an agarose
pad and sandwiched between two coverslips for imaging.

For control experiments to test the effect of JFXss4 label-
ing on cell morphology and the DnaX foci, unlabeled samples
were prepared for microscopy following a simplified version
of the procedure above. A 1.5 ml aliquot was pelleted by cen-
trifugation at 3500 x g for 2.5 min, most of the supernatant
was aspirated, and the cell pellet was resuspended in the re-
maining few ul of liquid. The concentrated cell suspension was
used to prepare an imaging sample as described previously.

Agarose pads were prepared by melting GTG agarose
(NuSieve) at 3% concentration in S7s59-sorbitol media at
65°C for 15-30 min. Coverslips were cleaned by rinsing with
ethanol and deionized (DI) H,O and dried in a nitrogen gas
stream. To cast an agarose pad, 500 ul of molten agarose was
deposited between two coverslips and left to cool for 20-30
min until solid. Coverslips in contact with the microscope ob-
jective were cleaned by 30 min cycles of sonication alternat-
ing between alcohol and 1 M KOH twice each, stored in DI
H, 0 and rinsed with DI H,O before use.
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Sample treatment for microscopy

For 4-NQO treatment of imaging cultures, a freshly prepared
4-NQO solution in DMF was diluted 1:1000 into an early
exponential phase (ODggonm ~ 0.1-0.2) culture. The treated
culture was grown shaking at 37°C and 225 rpm for an addi-
tional 1 or 2 h. The effect of the treatment on cell growth was
determined by measuring the number of CFUs/ml in each cul-
ture before and after treatment. In brief, an aliquot of culture
was diluted serially in 0.9% NaCl and a 200 pl volume was
deposited on plain LB Lennox agar plates and spread with
glass beads. Plates were incubated overnight at 37°C, colonies
were enumerated, and the number of CFUs/ml was calculated.

To determine whether the JFXss54 HaloTag labeling process
affected cell growth, we followed a similar approach. Two 3
ml aliquots were harvested from an early exponential phase
(ODgponm =~ 0.1-0.2) culture and one aliquot was labeled with
2.5 nM JFX;ss4 HaloTag ligand. Cultures were grown for an
additional 1 h and then serially diluted, plated, and incubated
overnight as described in the previous paragraph. Colonies
were enumerated and the fold-change in CFUs/ml was com-
pared for labeled and unlabeled cultures.

For fixed cell imaging experiments, a protocol was adapted
from the literature (15,37). In brief, a 4.5 ml aliquot of culture
was harvested in early exponential phase (ODgoopm ~ 0.1-
0.2) and concentrated by two rounds of centrifugation at
3500 x g for 2.5 min. The resulting cell pellet was resus-
pended at 3x concentration in a 2.5% solution of formalde-
hyde in phosphate buffered saline (PBS) and incubated with
gentle shaking at room temperature for 45 min. Cells were
then pelleted by centrifugation as before and resuspended in
500 ul of fresh S750-sorbitol media, then labeled with JFX;ss4
HaloTag ligand at a lower concentration of 250 pM and pre-
pared for microscopy as described in the previous section. An
alternative fixation protocol based on prior reports (26,38),
which used a higher 4% formaldehyde concentration and a
longer 1 h incubation time, gave similar results.

Microscopy

Fluorescence imaging was performed on a Nikon Ti2-E mi-
croscope equipped with a Nikon CFI Apo 100x/1.49 NA to-
tal internal reflection fluorescence (TIRF) objective lens and a
Hamamatsu ImageEM C9100-23BKIT EMCCD camera. An
additional internal magnification of 1.5x resulted in a pixel
size of approximately 106 nm, determined by measuring a
calibration grid (Thorlabs R1L3S2P). Fluorescence excitation
was provided by 514 nm (150 mW) and 561 nm (200 mW)
Coherent Sapphire lasers; laser powers were adjusted using
neutral density filters. The individual laser beams were first
expanded with a telescope and then passed through excita-
tion filters (Chroma ZET514/10x and ZET561/10x) before
being combined with a mirror and dichroic filter (Chroma
ZT514rdc-UF2). After passing through a second dichroic fil-
ter (Chroma ZT405rdc-UF2) for an unused laser line, the
beams were then expanded with a second telescope and fo-
cused to the objective back focal plane (BFP) using a 400
mm focal length lens (Thorlabs AC508-400-A) mounted on
a micrometer stage. Highly inclined thin illumination (39),
or near-TIRF, excitation was achieved by translating the
lens to move the focused beam away from the center of
the objective BFP. The microscope contained a TIRF filter
cube (Chroma) with multi-band dichroic and emission filters
(Chroma ZT405/514/561rpc-UF2 and ZET442/514/561m)
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and a longpass filter (Chroma ET5251p) to remove the unnec-
essary short-wavelength passband. Brightfield images of cells
were recorded with white light transillumination. The micro-
scope was equipped with a computer-controlled translation
stage (Mad City Labs MicroStage). Computer-controlled shut-
ters (Vincent Uniblitz V§S14ST0O and VMM-D4 driver) were
used to automate laser excitation.

Movies were recorded with either a short integration time
(13.9 ms) to enable tracking of all labeled molecules or a
long integration time (250 ms) for selective imaging of static
molecules (15,37). For single Pol Y1-Halo-JFX;ss54 molecules,
561 nm laser powers of approximately 15 and 5§ W/cm? were
used for short- and long-exposure imaging, respectively. For
DnaX-mYPet foci, 514 nm laser powers of approximately 1
and 0.1 W/cm? were used for short- and long-exposure imag-
ing, respectively. HBsu-mYPet short-exposure imaging used
a 514 nm laser power of approximately 0.5 W/cm?. Most
movies commenced with 100 frames of 514 nm excitation be-
fore 561 nm excitation. For HBsu-mYPet imaging, 500 frames
of 514 nm excitation were recorded first in order to bleach the
strong mYPet signal.

To check for any apparent offset between the 514 and 561
nm channels due to chromatic aberrations in the microscope
optics, we imaged 0.1 um diameter TetraSpeck beads (Thermo
Fisher Scientific #17279), used u-track to determine the bead
centroids, and compared the apparent centroid positions un-
der 514 and 561 nm excitation. We found an offset of ap-
proximately 11 nm between the two channels, indicating that
chromatic effects are negligible. The localization precision was
determined by imaging Pol Y1-Halo-JFX;ss4 in fixed cells. As
described previously, the mean x and y positions were deter-
mined for each trajectory and then the x and y offsets for each
localization were determined relative to the mean positions.
The x and y offset values were aggregated across all trajecto-
ries and the resulting distributions were fit to Gaussian func-
tions. The localization precisions in x and y were given by the
Gaussian widths oy and o,. The lateral localization precision
0xy was determined as:

1/2
Oxy = (Gf + Gf)

For short-exposure imaging, o, = 26.5 nm, 0, = 26.0 nm
and oy, = 37.1 nm. For long-exposure imaging, o, = 17.4
nm, o, = 18.1 nm and oy, = 25.1 nm.

Image analysis

Automated image analysis was performed using the
MATLAB-based packages MicrobeTracker (v. 0.937) (40)
and u-track (v.2.1.1) (41,42), in addition to custom MATLAB
code. As the initial step, cell segmentation was performed
on brightfield images using MicrobeTracker to generate cell
outlines. Spot detection was performed within each individual
cell outline using the u-track point source detection algo-
rithm, which fits spots to symmetrical two-dimensional (2D)
Gaussian approximations of the point spread function (PSF);
fit parameters consisted of the x and y centroid positions,
the Gaussian width, the Gaussian amplitude, and the back-
ground offset. Detected spots were then linked in trajectories
using the u-track tracking algorithm, which dynamically
sets a search radius for frame-to-frame linking of particles
within specified lower and upper distance bounds. Nearest
neighbor distance was not used to expand the search radius.
Analysis settings for specific movie types are described below;
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if not otherwise noted, default spot detection and tracking
parameters were used. A small number of cells were manually
excluded from analysis if they contained an unusually high
fluorescence background.

For short-exposure Pol Y1-Halo imaging, the u-track sig-
nificance threshold & = 10~5 was used; this parameter deter-
mines the stringency of spot detection, with smaller values of «
requiring a higher signal-to-noise ratio for detection. Gaps of
one frame duration were allowed in trajectories to account for
missed localizations due to fluorophore blinking or failed de-
tection. Tracks were required to contain at least two localiza-
tions, although tracks containing fewer than five localizations
were excluded from subsequent analysis with the exception of
Spot-On diffusion analysis. The Brownian search radius mul-
tiplier factor was set to 5; this parameter adjusts the search
radius for each particle based on its previous motion.

For long-exposure Pol Y1-Halo imaging, a u-track signif-
icance threshold of @ = 107 was used and no gaps were
allowed in trajectories. The upper bound on the Brownian
search radius was set to 3 pixels. After spot detection and
tracking, static molecules were identified by requiring the av-
erage of the PSF width for all localizations within a trajectory
to be in the range of 0.703-2.145 pixels (74.5-227.4 nm).
These values were taken as the mean value + two standard
deviations of a Gaussian fit to the distribution of PSF widths
observed in fixed cells (Supplementary Figure S1C); this re-
quirement minimizes spurious detection of mobile molecules,
which give rise to spots with broader PSFs in long-exposure
imaging (15,37). We note that in addition to the primary peak
in the PSF width distribution, there is a small shoulder at
larger widths, which likely reflects a small population of mo-
bile molecules remaining in the cell after fixation. Although
we tested two different protocols (see Sample Treatment for
Microscopy), we were unable to eliminate this small mobile
population. However, the analysis results are not highly sen-
sitive to the exact PSF width threshold used to identify static
mobiles.

For both exposure times, DnaX-mYPet foci were analyzed
by generating an average projection of the first 20 frames of
514 nm excitation. Spot detection was performed on the re-
sulting average image as described above, using a u-track sig-
nificance threshold of @ = 107°. To remove a small number
of false positive spots, the Gaussian background value was re-
quired to be above the camera offset level of 2065 counts.

Imaging dataset

In general, experiments were performed on at least two dif-
ferent days with at least three independent replicates, de-
fined as separate imaging cultures. Some control experi-
ments, however, were performed with only two replicates. In
all cases, individual replicates were checked for consistency.
Supplementary Table S3 lists the number of imaging days,
replicates, cells and tracks or foci for all imaging data.

Data analysis
Diffusion coefficient analysis (MSD approach)

Apparent 2D diffusion coefficients (D") were calculated from
the mean squared displacement (MSD) of short-exposure tra-
jectories with at least five localizations as:

_ MSD
T 4Ar

*
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where At is the time interval between subsequent localiza-
tions. The MSD is given by:

N-1
1
MSD = D (xis1 = xi)* + (v — 3i)?

=

where x; and y; are the track coordinates in the ith frame.

The resulting distributions for D* revealed the presence of
more than one diffusing species. These probability distribu-
tions were fit to a model for three diffusing species, which gave
the best agreement with the experimental results. For trajec-
tories containing exactly four steps, the following analytical
expression describes the probability distribution:

4/Dy)*
f(x; D1, Dy, D3, Ay, Ay, A3) = Al%x3€74x/D‘

4
+ A2 (4/D2) x3ef4"/D2
6

4
+ A3 (4/D3) x3ef4"/D3

6
where A, is the fraction of molecules in the nth species and
D,, represents the diffusion coefficient of that species (16,43).
Fitting was performed subject to the normalization constraint:

Al+A+As=1

Longer trajectories were truncated to retain only the first
four steps before use in this analysis.

To differentiate between static and mobile Pol Y1 molecules
using a single D" threshold value, we generated a distribu-
tion of observed D" values in fixed cells (Supplementary
Figure S1B). Molecules were considered static if they had a
D" value less than the mean of a Gaussian fit to this distri-
bution plus two standard deviations, corresponding to a cut-
off of D* < 0.14 um?/s. In addition to the main peak, we
note that there is a small tail at larger values of D". Like
the shoulder in the distribution of PSF widths in fixed cells
(Supplementary Figure S1C), we attribute this tail to the small
population of mobile molecules remaining in the cell. As for
the PSF width threshold, the analysis results are not highly
sensitive to the exact D" threshold value used to identify static
molecules.

Diffusion coefficient analysis (Spot-On)

As an alternative approach to quantify Pol Y1 mobility, we
implemented the Spot-On algorithm, which analyzes particle
diffusion using a kinetic modeling framework (44). Pol Y1
trajectories of any length were fit to a two-state model with
one static and one mobile population; although jump length
distributions were not fit perfectly by this two-state model,
we followed recommendations of Hansen, et al. to use a two-
state model unless there was a clear reason to expect two
mobile populations. Analysis was performed with the follow-
ing parameters: TimeGap = 14.7 ms, dZ = 0.7 um, GapsAl-
lowed = 1, BinWidth = 0.01 wm, Timepoints = 4, JumpsTo-
Consider = 4, MaxJump = 5.05 um, ModelFit = 2 (use CDF
fitting), DoSingleCellFit = 0, NumberOfStates = 2, Fitltera-
tions = 3, LocError = 0.037 pum (our measured lateral lo-
calization precision), UseWeights = 0, D_Free = [0.5 25] (in
um?/s), D_bound = [0.0001 0.1] (in um?/s).


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae637#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae637#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae637#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae637#supplementary-data

9618

Cellular localization analysis

To allow comparison of Pol Y1-Halo and DnaX-mYPet lo-
calization across cells of different sizes and orientations, cell
coordinates were rotated and normalized so that x and y co-
ordinates spanned values from 0 to 1 along the long and short
cellular axes, respectively (15). First, one cell pole was set to a
coordinate of (0,0) by subtracting the appropriate offset val-
ues from the cell outline x and y coordinates. The cell outline
was then rotated by the angle between the two cell poles and
the x-axis to align the cellular long axis with the x-axis. The
cell outline x and y coordinates were divided by the cell length
and width respectively and offset again such that the coordi-
nates ranged from 0 to 1 along both cellular axes. The same
transformations were then applied to the coordinates of Pol
Y1 trajectories or DnaX foci to convert them to normalized
coordinates. Finally, distributions of normalized x and y coor-
dinates were generated. For Pol Y1, the mean x and y positions
for each trajectory were compiled.

Nucleoid profile analysis

The cellular localization and morphology of the nucleoid was
determined by calculating average HBsu-mYPet intensity pro-
files, following an approach described previously (15). An av-
erage projection of the first 50 frames of HBsu-mYPet imag-
ing was generated for analysis. For each cell, the fluorescence
intensity along the centerline of the cellular long axis was de-
termined by rounding the centerline coordinate to the near-
est pixel and taking the intensity of each centerline pixel. The
x coordinates of the resulting intensity profile were divided
by the cell length to convert them to normalized coordinates
ranging from 0 to 1. The resulting intensity profiles were in-
terpolated to get intensity values at a standard set of x coor-
dinates. After interpolation, the single-cell profiles were aver-
aged to give a mean nucleoid intensity profile, which was then
min-max normalized to give relative intensity values ranging
from 0 to 1.

Radial distribution function analysis

Intracell colocalization between individual Pol Y1-Halo
molecules and DnaX-mYPet foci was quantified using radial
distribution function analysis (15,45,46). First, the average
distance between each Pol Y1 trajectory and the closest DnaX
focus was determined. Next, the same number of Pol Y1 lo-
calizations were randomly simulated within the same cell out-
line and the corresponding Pol Y1-DnaX distances were de-
termined. Distributions of experimental and random Pol Y1-
DnaX distances were generated by repeating this analysis for
all cells in the dataset. If Pol Y1 were randomly localized rela-
tive to DnaX, these distance distributions would be identical.
Finally, the radial distribution function, g(r), was generated by
normalizing the experimental distribution by the random dis-
tribution. Random localization is indicated by g(r) ~ 1 across
all Pol Y1-DnaX distances r, whereas enrichment of Pol Y1
near DnaX is indicated by g(r) > 1 at short distances. To min-
imize variability, this procedure was repeated 100 times us-
ing 100 different random distance distributions and the re-
sulting 100 g(r) curves were averaged. The standard error of
the mean (S.E.M.) for these 100 g(r) curves are reported in
Supplementary Table S4. As a confirmation that the sample
size was adequate, an independent random Pol Y1-DnaX dis-
tance distribution was generated and 100 random g(r) curves
were calculated and averaged in the same manner. Deviations
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in the resulting random g(7) curve from 1 are due to the fi-
nite sample size. This radial distribution function approach
accounts for spurious Pol Y1-DnaX colocalization due to cel-
lular confinement; it also corrects for differences in cell size or
number of DnaX foci across different treatment conditions.

Binding lifetime analysis

The Pol Y1 binding lifetime was measured by selectively imag-
ing static molecules using long 250 ms integration times.
For each static trajectory, the apparent binding lifetime was
taken as the trajectory duration. Because this apparent bind-
ing lifetime includes both true dissociation events and events
where the JFX;ss4 fluorophore photobleached, observed ap-
parent binding lifetimes (t,p,) Were corrected by the photo-
bleaching lifetime of JFXss4 (Tpieach) to give a photobleaching
corrected binding lifetime (Tpoung) (37):

TappThleach
Tpleach — Tapp

Thound =

To determine Tyjeaen, JFXss4-labeled Pol Y1 was imaged in
fixed cells, where dissociation does not occur. The lifetimes
Tapp and Tpe,cn Were determined from single exponential fits
to the distributions of measured trajectory durations. Because
these durations are not well fit by a single exponential and
include both short and long timescale decays, tracks less than
five frames in duration were excluded from the fits to capture
the long timescale behavior.

Statistical analysis

Distributions were compared using a two-sided Wilcoxon
rank sum test, with a threshold of P < 0.05 for statistical sig-
nificance.

Results

Creation and validation of a functional Pol Y1 fusion

To visualize single copies of Pol Y1 in live B. subtilis cells, we
created a C-terminal fusion of the self-labeling HaloTag (36)
to the endogenous copy of the ygjH gene (Figure 1A). By treat-
ing cells with a low (2.5 nM) concentration of a Janelia Fluor
X 554 (JFXss4) HaloTag ligand (35), we were able to sparsely
label Pol Y1 in live cells (Figure 1B, left panel) with the bright
and photostable fluorophore JFXss4, enabling detection and
tracking of single Pol Y1 molecules (Figure 1B, middle panel).
In addition, we introduced an orthogonal fusion of the yel-
low fluorescent protein mYPet (47) to the clamp-loader com-
ponent DnaX; this DnaX-mYPet fusion forms bright and dis-
tinct foci, allowing simultaneous visualization of sites of DNA
replication in the cell (Figure 1B, right panel) (48-51). We note
that a single DnaX focus could represent either one replica-
tion fork or two replication forks localized within the reso-
lution limit of the microscope; a previous imaging study de-
termined that sister replication forks remain colocalized, with
sub-diffraction limit separation, over the course of the cell cy-
cle in B. subtilis (50). To visualize the entire population of Pol
Y1 molecules, we imaged cells with a short 13.9 ms exposure
time. Alternatively, to resolve immobile Pol Y1 molecules se-
lectively, we used a longer 250 ms exposure time; long ex-
posure times blur out the fluorescence signal from rapidly-
moving molecules such that only immobile molecules are de-
tected (15,37).

High levels of background fluorescence have been observed
in B. subtilis cells, potentially leading to detection of false posi-
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tives in sensitive single-molecule fluorescence microscopy (52).
To address this possibility, we imaged a strain bearing only
the DnaX-mYPet fusion labeled with the same 2.5 nM JFX;ss4
dye concentration and analyzed the resulting false positive sig-
nal. Results are shown in the Supporting Information for lo-
calization (Supplementary Figures S2A and B) and diffusion
(Supplementary Figures S6A-D) measurements. In all cases,
we observed almost no false positive signal in comparison to
the true Pol Y1-Halo-JFXss4 signal.

We assessed the functionality of the Pol Y1-Halo fusion by
assaying cell sensitivity to the DNA damaging agent 4-NQO,
which generates DNA lesions on guanine and adenine bases,
including quinoline adducts to the guanine N? position (53—
55). Consistent with a previous report (26), we find that cells
lacking Pol Y1, but not Pol Y2, are sensitized to 4-NQO treat-
ment (Figure 2A). Cells bearing the Pol Y1-Halo fusion are in-
distinguishable from WT, as are cells containing both the Pol
Y1-Halo and DnaX-mYPet fusions (Figure 2B). We also con-
structed C-terminal Pol Y1 fusions to mYPet and to the pho-
toactivatable fluorescent protein Dendra2 (56,57), the latter
of which was slightly sensitized to 4-NQO treatment relative
to WT (Supplementary Figure STA).

To determine whether the JFXss4 labeling procedure was
harmful to the cells, we first assessed its effect on culture
growth. Identical aliquots of imaging cultures were removed
and either not labeled or labeled with 2.5 nM JFX;ss4, then
grown for 1 h; although the normal labeling time for mi-
croscopy was 15 min, we chose a longer 1 h incubation for
better detection of any growth defects. We quantified the fold-
change in the number of CFUs/ml before and after label-
ing or mock labeling by plating cells and counting colonies.
The number of CFUs/ml increased by a factor of 2.3 + 0.3
(mean =+ std.) for unlabeled and 2.0 + 0.2 (mean =+ std.)
for labeled cultures, indicating little or no effect of the label-
ing on cell growth. Additionally, we tested for any effects of
labeling on cell morphology by imaging unlabeled cells and
quantifying the cell size. The mean cell length was marginally
larger than the mean value in labeled cells (mean + S.E.M.:
3.63 + 0.03 um versus 3.48 + 0.03 um), and the mean cell
width was marginally smaller (mean &+ S.E.M.: 0.670 £ 0.004
um versus 0.695 £+ 0.002 um). Although both differences
were statistically significant (P < 0.05), they were < 5% in
magnitude. Further, the mean areas in unlabeled versus la-
beled cells were not significantly different (mean + S.E.M.:
2.45 4+ 0.05 um? versus 2.43 £ 0.03 um?; P > 0.05). Taken
together, these results suggest that the JFXss4 labeling proce-
dure is minimally perturbative to the cells.

Pol Y1 is moderately enriched near sites of
replication during normal growth

In E. coli, TLS polymerases are largely excluded from the repli-
cation fork in the absence of DNA damage or other replication
perturbations (11,15,16). First, we asked whether the same
was true for Pol Y1 by comparing the average cellular local-
ization of Pol Y1 and DnaX. We found that DnaX foci were
primarily localized at the quarter and three-quarter positions
along the long cell axis and at midcell along the short cell axis
(Figure 3A and B). Although each individual DnaX focus is
tightly localized (Figure 1B, right panel), the exact position of
the DnaX foci in each individual cell is variable; as a result, the
average localization distribution is broader. This localization
is consistent with previous reports of replication fork posi-
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tioning in B. subtilis (49,50). Cells typically contained between
one and two DnaX foci (mean 4 S.E.M.: 1.67 & 0.03). Aver-
age DnaX localization (compare Supplementary Figure S2D
to S3C) and number of foci (mean &+ S.E.M.: 1.65 & 0.05;
P > 0.5 relative to labeled) were almost identical in unlabeled
cells, further confirming the minimal effect of JFXss4 labeling.

Pol Y1 localization was like that of DnaX, with strong en-
richment at the quarter and three-quarter cell long axis po-
sitions and at midcell along the short axis (Figure 3C). We
observed similar localization using a longer 250 ms integra-
tion time to resolve static Pol Y1 molecules selectively, but
with greater Pol Y1 localization at the midcell position along
the long cell axis (Supplementary Figures S3A and C). To con-
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firm that Pol Y1 molecules were associated with the nucleoid,
as expected for a DNA polymerase, we used a strain bearing
both Pol Y1-Halo and a C-terminal mYPet fusion to HBsu,
a nucleoid-associated protein. HBsu binds non-specifically
throughout the chromosome, and thus the intensity of the
HBsu-mYPet signal reports on the DNA content (48). We
quantified the average nucleoid intensity along the long axis
of the cell and compared it to the average localization of Pol
Y1. As expected, we found good agreement between Pol Y1
and nucleoid localization (Supplementary Figure S2E). Fur-
ther, the short-axis localization pattern of Pol Y1, with a single
peak at midcell (Figure 3C and Supplementary Figure S3C),
indicates that Pol Y1 is not localized at the cell membrane,
as was observed for E. coli Pol V (17). Although these re-
sults are aggregated across unsynchronized cell populations,
taken together they suggest that Pol Y1 is enriched at or
near sites of replication within the nucleoid region of the
cell.

To assess intracellular colocalization more rigorously, we
used radial distribution function analysis. In this approach,
the radial distribution function, g(r), represents the fold-
enrichment of Pol Y1 molecules as a function of distance r
from DnaX relative to random chance (Supplementary Figure
S5A). A g(r) value of one indicates no enrichment relative to

chance, whereas higher values indicate greater colocalization
(15,45). We observed moderate enrichment of Pol Y1 near
DnaX, with a maximum g(r) ~ 2.84 (Figure 4A); again, the
enrichment was similar when using longer 250 ms integra-
tion times (Supplementary Figure S5B). (See Supplementary
Table S4 for quantification of variability in all g(r) measure-
ments.) In contrast, the E. coli homolog of Pol Y1, Pol 1V, is
only weakly enriched at sites of replication in the absence of
DNA damage or other replication perturbations, with a max-
imum g(r) ~ 1.5 (14-16). This difference in degree of repli-
cation fork enrichment between Pol Y1 and Pol IV suggests
differences in TLS polymerase regulation and activity between
B. subtilis and E. coli.

There are static and mobile populations of Pol Y1
during normal growth

In E. coli, DNA polymerases exist in both static and mobile
populations, characterized by slow and fast diffusion respec-
tively (15,37). Next, we asked whether the same was true of
Pol Y1 during normal growth. We quantified the motion of
Pol Y1 by calculating an apparent diffusion coefficient, D",
from the MSD of particle trajectories. The distribution of D
values (Figure SA) revealed a static population, with D* ~ 0,
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as well as a broad distribution of mobile molecules. To quan-
tify these populations, we fit the D" distribution to an analyt-
ical expression for three diffusing species; a two-population
model did not fit the data well (Supplementary Figure S6]J).
We found that approximately 28% of Pol Y1 molecules were
static (D” & 0.08 um?/s). In addition, the fit revealed two
mobile populations. The more highly mobile population (D
~ 0.98 um?/s) represented 47% of the population, whereas
the intermediate population (D* ~ 0.23 um?/s) represented
25%. (See Supplementary Table S5 for all diffusion coefficient
distribution fit results.) The static population is immobilized
through interactions with DNA, which diffuses very slowly
in the cell, or with DNA-bound proteins; Pol Y1 molecules
in this population may be, but are not necessarily, performing
DNA synthesis. The more highly mobile population likely rep-
resents Pol Y1 molecules diffusing in the cytoplasm, whereas
the intermediate population may represent transiently bound
molecules.

To provide an alternative quantification of Pol Y1 mobility,
we implemented the Spot-On algorithm, which fits a two-state
model to the distribution of jump lengths (Supplementary
Figure S7A). (See Supplementary Table S6 for all Spot-On
analysis results for diffusion coefficients and population sizes.)
In comparison to the MSD analysis, this approach revealed a
larger bound population (D* ~ 0.02 um?/s, ~40%). The dif-

fusion coefficient of the mobile population (D” & 0.88 um? /s,
~60%) was similar to that of the more highly mobile popula-
tion in the three-state MSD analysis.

Next, we asked whether the static Pol Y1 population was
preferentially enriched near sites of replication. To address
this question, we compared the D* distributions for Pol Y1
molecules less than or greater than 200 nm from a DnaX fo-
cus. We found that Pol Y1 molecules localized near DnaX foci
were more likely to be static (Figure 5B), whereas molecules at
greater distances were slightly more likely to be mobile (Fig-
ure 5C), with the static population reflecting approximately
44% and 24% of the total, respectively. Consistent with this
analysis, we found a greater degree of Pol Y1-DnaX colocal-
ization (maximum g(r) & 5.95) for static Pol Y1 molecules (D"
< 0.14 um?/s) (Figure 4A). Mobile Pol Y1 molecules (D" >
0.14 pum?/s) showed little to no colocalization at short 7 (g(7)
~ 1.112 at the peak r position characteristic of all trajecto-
ries), reaching a slightly higher but still low level of colocal-
ization (maximum g(r) ~ 1.633) at slightly larger r values (Fig-
ure 4A). As observed for all Pol Y1 molecules, static Pol Y1
molecules were also localized within the same region of the cell
as the nucleoid (Supplementary Figure S2F). Taken together,
these results are consistent with recruitment and possible ac-
tivity of Pol Y1 at or near sites of replication during normal
replication.
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The interaction with the DnaN clamp enriches Pol

Y1 near sites of replication during normal growth

The activity of TLS polymerases in E. coli is mediated by crit-
ical protein-protein interactions with the g (DnaN) clamp; in
particular, a strain bearing a Pol IV mutant unable to inter-
act with the clamp is indistinguishable from a Pol IV knock-
out in damage tolerance (15,58). Pol Y1 contains a canoni-
cal CBM sequence (QLDLF) (Figure 1A) (19,23), like the E.
coli TLS polymerases, but little is known about the functional
role of the clamp interaction. To investigate the role of clamp-
binding in Pol Y1 activity, we introduced two different sets
of mutations to the CBM. The first, designated CBM-mut1
(QADAF), was previously shown to reduce untargeted mu-
tagenesis by Pol Y1 (19). The second, designated CBM-mut2
(ALDLA), contains mutations to the highly conserved Gln and

Phe residues, which are predicted to weaken clamp-binding
substantially (23,59). To test the functional consequence of
these mutations, we assayed 4-NQO survival as described pre-
viously. Both mutants were as sensitized to 4-NQO treatment
as the Pol IV knockout (Figure 2C). Although these results do
not prove a direct physical interaction between Pol Y1 and
DnaN, they strongly suggest that such an interaction exists.
Further, they indicate that the CBM sequence is critical for
Pol Y1 activity in B. subtilis, like in E. coli.

Next, we investigated the effect of the clamp-binding muta-
tions on the localization and dynamics of Pol Y1 during nor-
mal growth. In E. coli, the interaction with the clamp is es-
sential for Pol IV activity (15,58,60), but the interaction with
SSB plays a greater role in Pol IV enrichment near sites of
replication (14,16). We constructed C-terminal HaloTag fu-



Nucleic Acids Research, 2024, Vol. 52, No. 16

sions to both CBM mutants, in combination with the DnaX-
mYPet replisome marker, and imaged cells under the same
conditions as for WT Pol Y1. Radial distribution function
analysis revealed a complete loss of Pol Y1-DnaX colocal-
ization for both CBM mutants (g(r) ~ 0.157 and 0.0938 at
short 7 values for Pol Y1-CBM-mut1 and Pol Y1-CBM-mut2,
respectively) (Figure 4B). In contrast to WT Pol Y1, the g(r)
curves peaked at much larger r values, reaching (g(r) ~ 1.3 at
7 > 300 nm; similar behavior has been observed for two pro-
teins that are localized in similar regions of the cell without
being truly colocalized (15). This loss of colocalization with
DnaX for the Pol Y1 CBM mutants is consistent with a re-
duction in their average localization at the long axis quarter
and three-quarter positions (Supplementary Figures S4A and
C). In contrast to changes in the long-axis localization of the
Pol Y1 CBM mutants, however, their average short-axis lo-
calization remained centered at midcell, indicating that they
were still broadly localized within the nucleoid region. Cou-
pled with these changes in localization, there was a substan-
tial reduction in the static population of Pol Y1 (D" ~ 0.08
um?/s), from 28% for the Pol Y1 WT to 11% and 9% for
Pol Y1-CBM-mutl (Figure SE) and Pol Y1-CBM-mut2 (Fig-
ure SF), respectively. In qualitative agreement with this MSD
diffusion analysis, Spot-On analysis revealed a greater than
50% reduction in the static population from approximately
40% for WT Pol Y1 to 19% and 17% for Pol Y1-CBM-
mutl (Supplementary Figure S7E) and Pol Y1-CBM-mut2
(Supplementary Figure S7F), respectively. Thus, the clamp in-
teraction appears to play a major role in immobilizing and en-
riching Pol Y1 near sites of replication in B. subtilis, although
these results do not exclude the possibility that other protein-
protein interactions also contribute to Pol Y1 enrichment or
activity.

Pol Y1 catalytic activity is not required for
enrichment near sites of replication

Like other DNA polymerases, Pol Y1 contains conserved
amino acids with negatively charged side chains that coordi-
nate catalytic Mg?* ions during DNA synthesis (61). To in-
vestigate the effect of Pol Y1 catalytic activity on its local-
ization and dynamics in vivo, we introduced the catalytically
inactivating D108 E109 — A108 A109 mutations (19). Pol
Y1 catalytic activity was previously shown to be required for
untargeted mutagenesis (19), but the effect on DNA dam-
age tolerance has not been explored. First, we tested the sur-
vival of the Pol Y1-cat-mut catalytically inactive mutant in
response to 4-NQO treatment. Like the clamp-binding mu-
tants, the catalytic mutant was as sensitized to 4-NQO as the
Pol Y1 knockout, indicating that catalytic activity is essential
for damage tolerance (Figure 2C).

To look for any effects of catalytic activity on Pol Y1 lo-
calization and dynamics, we imaged cells with a Pol Y1-Halo
fusion bearing the catalytic mutation during normal growth.
In contrast to the results for the CBM mutants, radial distri-
bution function analysis revealed a small increase in Pol Y1-
DnaX enrichment for the catalytically inactive mutant relative
to WT (maximum g(r) ~ 3.20) (Figure 4B), consistent with a
similar average cellular localization pattern along both long
and short cell axes (Supplementary Figure S4E). There was
likewise a slight increase in the static population of Pol Y1
molecules (D* & 0.08 um?/s), from 28% for Pol Y1 WT to
34% for Pol Y1-cat-mut (Figure 5G); diffusion analysis with
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the Spot-On algorithm was in qualitative agreement, with
the static population increasing from approximately 40% for
to 45% for the mutant (Supplementary Figure S7G). These
results demonstrate that catalytic activity is not required to
stabilize Pol Y1 near sites of replication. Instead, the modest
increases in colocalization with sites of replication and in the
static population is consistent with a picture in which Pol Y1-
cat-mut spends more time bound near sites of replication due
to its inability to perform DNA synthesis.

To compare the dynamics of the catalytically inactive mu-
tant and WT Pol Y1 more carefully, we measured the binding
lifetime for static Pol Y1 molecules imaged using a long 250
ms integration time. In this approach, the apparent binding
lifetime is taken as the duration of the trajectory; when the
Pol Y1 molecule dissociates from DNA or from a DNA-bound
protein, the trajectory ends (Supplementary Figure S8A).
However, photobleaching of the JFX;ss4 fluorophore also ter-
minates the trajectory and cannot be distinguished from a true
dissociation event (Supplementary Figure S8A). To measure
the JFXss4 photobleaching rate under our imaging conditions,
we imaged JFXss4-labeled WT Pol Y1 in fixed cells, where Pol
Y1 is immobilized and there is no contribution from dissocia-
tion (15,37). Comparison of the apparent binding lifetime for
WT Pol Y1 in untreated and fixed cells (Supplementary Figure
S8B) revealed similar short-timescale dynamics, but a longer
binding lifetime in fixed cells at longer timescales. In contrast,
Pol Y1-cat-mut showed an intermediate binding lifetime at
longer timescales, consistent with the small increase in the
static population observed in diffusion coefficient measure-
ments. To obtain photobleaching-corrected binding lifetime
estimates, we first fit the apparent binding lifetime distribu-
tions to exponential functions (Supplementary Figures SSD-F
and Supplementary Table S7). From the fit parameters, we ex-
tracted an effective photobleaching lifetime (1.10 & 0.05 s)
and photobleaching-corrected binding lifetimes for WT Pol
Y1 (1.9 £ 0.4 s) and Pol Y1-cat-mut (6 + 3 s), showing an
approximately 3-fold increase in the binding lifetime for the
catalytically inactive mutant relative to WT.

DNA damage leads to minimal changes in Pol Y1
localization and dynamics

In E. coli, the Pol Y1 homolog Pol 1V is recruited to sites
of replication in response to a variety of replication pertur-
bations, including treatment with cognate DNA damaging
agents, which generate DNA lesions that Pol IV can bypass
efficiently (15,16). Given that Pol Y1 colocalizes with sites of
replication during normal growth, we next asked whether this
enrichment would increase upon DNA damage. To address
this question, we chose to investigate the response of Pol Y1
to treatment with the drug 4-NQOj; as shown previously, Pol
Y1 promotes cell survival upon 4-NQO treatment.

First, we determined a 4-NQO treatment condition that
would have a moderate effect on cell viability without be-
ing highly lethal. We tested exposure to a 1 uM 4-NQO con-
centration for 1 h in liquid culture and quantified the fold-
change in the number of CFUs/ml (Supplementary Table S8).
The number of CFUs/ml increased by a factor of 2.1 + 0.2
(mean =+ std.) after this treatment. In comparison, the num-
ber of CFUs/ml increased by 2.3 + 0.6 in cells treated with
the solvent DMF alone and by 2.09 + 0.08 in untreated
cells, indicating that this 4-NQO treatment had little or no
effect on cell growth. We next tested higher concentrations of
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10 and 50 uM with the same 1 h incubation time. For 10 uM,
we observed a slight decrease in the number of CFUs/ml (fold
change of 0.7 & 0.2), whereas the 50 uM concentration pro-
duced a substantial decrease (fold change of 0.06 £ 0.02). Al-
though these 4-NQO concentrations are one to two orders of
magnitude greater than the concentrations used in the survival
assays on solid media, it should be noted that the duration
of treatment is much shorter (1 h in comparison to approxi-
mately 16 h).

In light of these results, we chose the 10 uM 4-NQO con-
centration as a starting point. We imaged cells after 1 h of
treatment and quantified the localization and dynamics of Pol
Y1. First, we looked at changes in the number and localiza-
tion of DnaX foci. There was a small increase in the number
of DnaX foci per cell (mean #+ S.E.M.: 2.00 & 0.04, P < 107)
in comparison to untreated cells. Although foci were still pri-
marily localized between the quarter and three-quarter posi-
tions along the long cell axis, there was increased localiza-
tion at midcell (Figure 3D and Supplementary Figure S3B).
Similar behavior has been observed in E. coli and may re-
flect a slowdown in replication or a failure to initiate subse-
quent rounds of replication (15). Localization of DnaX foci
remained peaked at midcell along the short axis, as in un-
treated cells. Notably, we observed analogous changes in Pol
Y1 localization, with an increase in the fraction of Pol Y1
molecules at the midcell position along the long cell axis and
no substantial change in the short-axis localization (Figure 3E
and Supplementary Figure S3D). Consistent with these cou-
pled changes in both DnaX and Pol Y1 localization, 4-NQO
treatment had little effect on Pol Y1-DnaX colocalization. The
radial distribution function showed moderate colocalization,
with a slight reduction (maximum g(r) ~ 2.370) relative to
untreated cells (Figure 4C).

In addition to the minimal changes in Pol Y1-DnaX lo-
calization, we also observed little change in Pol Y1 mobil-
ity upon 4-NQO treatment. The distribution of D" values
(Figure 5D) was comparable to that in untreated cells (Fig-
ure 5A), with approximately 28% of Pol Y1 molecules in the
static (D” ~ 0.08 um?/s) population; the change in the D"
distribution upon treatment is shown in Figure SH. Consis-
tent with the MSD diffusion analysis, Spot-On analysis indi-
cated essentially no change in the static population upon DNA
damage (Supplementary Figure S7C; ~40% in untreated cells
versus ~41% in 4-NQO-treated cells). Likewise, we observed
only a minimal change in the Pol Y1 binding lifetime upon
4-NQO treatment, with similar dynamics at both short and
long timescales (Supplementary Figure S8C). Fitting the ap-
parent binding lifetime distribution (Supplementary Figure
S8G) yielded a photobleaching corrected binding lifetime of
2.2 + 0.5 s, similar to the lifetime of 1.9 4 0.4 s measured in
untreated cells. Taken together, these results indicate that the
dynamics of Pol Y1 do not change substantially under this
4-NQO treatment condition.

To explore a possible dose dependence in the response of
Pol Y1 to 4-NQO DNA damage, we tested treatment with a
lower 1 uM concentration for 1 h. As expected, we saw little
effect on Pol Y1-DnaX colocalization (Figure 4C) or Pol Y1
mobility (Supplementary Figures S6E and S7B) for treatment
with this lower concentration. Because cell viability was sub-
stantially reduced at higher 4-NQO concentrations, we did
not test increased doses. Instead, we looked for possible de-
layed responses to treatment by exposing cells to 10 uM 4-
NQO for a longer 2 h incubation, which slows cell growth but
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does not lead to a loss of viability (fold change of 1.5 + 0.3
in the number of CFUs/ml). Again, we observed minimal
changes in Pol Y1-DnaX colocalization (Figure 4C) or in the
Pol Y1 diffusion coefficient (Supplementary Figures S6F and
S7D) upon this treatment. In both cases, however, the aver-
age Pol Y1 localization pattern was closer to that in untreated
cells (Supplementary Figures S3E and F). Thus, we were un-
able to find a 4-NQO treatment condition that led to sub-
stantial recruitment of Pol Y1 to sites of replication, as ob-
served for E. coli Pol 1V, or to substantial changes in Pol Y1
dynamics.

In addition to characterizing the response of WT Pol
Y1 to 4-NQO treatment, we also determined the response
of the clamp-binding and catalytically inactive mutants.
Overall, the mutant Pol Y1 localization (Supplementary
Figures S4B, D and F), colocalization with sites of replication
(Supplementary Figure S5C), and diffusion (Supplementary
Figures S6G-I and Supplementary Figures S7H-]) were con-
sistent with the observed behavior for each mutant in un-
treated cells. The catalytically inactive mutant, Pol Y1-cat-
mut, showed modest increases in colocalization with sites of
replication (Supplementary Figure S5C) and in the fraction
of static molecules (Supplementary Figures S61 and S7J) rel-
ative to WT Pol Y1. In contrast, the clamp-binding mutants,
Pol Y1-CBM-mutl and Pol Y1-CBM-mut2, were not colo-
calized with sites of replication (Supplementary Figure S5C)
and had substantial reductions in the static Pol Y1 popula-
tion (Supplementary Figures S6G and H and S7H and I). Thus,
4-NQO treatment does not appear to alter the molecular re-
quirements for Pol Y1 enrichment and stabilization at sites of
replication; the clamp-binding interaction is still required, but
catalytic activity is not.

Pol Y1 has little impact on spontaneous or
4-NQO-induced mutagenesis

Taken together, our results indicate that Pol Y1 is present
near sites of replication both during normal growth and upon
DNA damage induced by 4-NQO, and that it promotes cell
survival in the presence of 4-NQO. In E. coli, Pol IV has
no measurable effect on the rate of spontaneous mutations
(62), but it contributes to mutagenesis upon DNA damage,
including by 4-NQO (63). Thus, we asked whether the same
was true of Pol Y1. As a proxy for the overall mutation
rate, we measured the fraction of cells that developed re-
sistance to the drug rifampicin at 10 pg/ml concentration;
rifampicin resistance (Rif?) is generally conferred by mu-
tations to the RNA polymerase B-subunit, encoded by the
gene 7poB (64,65). Consistent with prior studies in B. sub-
tilis (19,33), we found that the spontaneous Rif® rate was on
the order of one per 10% cells for the untreated WT strain
(Figure 6 and Supplementary Table S9). Spontaneous muta-
tion rates for the Pol Y1 and Pol Y2 knockout strains were
essentially identical to WT in untreated cells. To quantify 4-
NQO damage-induced mutagenesis, we treated cells with a
10 uM concentration of 4-NQO for 1 h, the same condi-
tion used for microscopy. The RifR rates for each strain were
modestly higher (at most a 50% increase) upon 4-NQO treat-
ment, although this difference was only statistically significant
(P < 0.05) for the Pol Y2 knockout strain. As for spontaneous
mutagenesis, there was no statistically significant difference in
the RifR rates between strains upon 4-NQO treatment. Finally,
we calculated the induced mutation rate as the difference be-
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Figure 6. Effect of Pol Y1 and Pol Y2 on spontaneous and 4-NQO-induced
mutagenesis. Proportion of rifampicin resistant (Rif?) cells for WT and Pol
Y1 and Pol Y2 knockout strains, either untreated or treated with 10 uM
4-NQO for 1 h. For each dataset, the individual replicates are shown as
circles, the red line represents the mean value, and the error bars
represent the standard deviation.

tween the mutation rate in 4-NQO-treated and untreated cells
(Supplementary Table S9). Differences in the induced muta-
tion rate, which ranged from 0.5 to 1.0 per 108 cells, were not
statistically significant between strains. Therefore, despite the
role of Pol Y1 in promoting survival to 4-NQO treatment, it
does not appear to play a significant role in mutagenesis, at
least under these conditions.

Discussion

Y-family DNA polymerases and the TLS pathway are con-
served across a wide range of bacterial species, yet most previ-
ous work has focused on the model gram-negative bacterium
E. coli. (3) In this study, we used single-molecule fluorescence
microscopy to characterize the localization and dynamics of
the TLS polymerase Pol Y1, a homolog of E. coli Pol 1V, in
the gram-positive bacterium B. subtilis. We created a new
functional HaloTag fusion to the endogenous copy of Pol
Y1 and used quantitative fluorescence microscopy and single-
particle tracking to determine its dynamics and localization at
the single-molecule level in live cells, both in the absence of
exogenous DNA damage and upon treatment with the drug
4-NQO.

Given the low fidelity and slow rate of synthesis of most
TLS polymerases, their access to the DNA template during
normal replication can be harmful (66). Although TLS poly-
merases promote mutagenesis if overexpressed (19,67), in E.
coli they make little contribution to the basal mutation rate at
normal expression levels (62). An emerging model suggests an
explanation for these observations in terms of a spatial com-
ponent to the regulation of TLS polymerases in E. coli; in this
model, TLS polymerases are restricted from the replication
fork during normal growth and only enriched, if at all, upon
perturbations to replication (Figure 7, top panels) (11,14-17).
In contrast, we found that B. subtilis Pol Y1 is moderately
enriched at or near sites of replication during normal growth
(Figure 7, bottom left panel). By measuring the diffusion of Pol
Y1 molecules, we showed that the static Pol Y1 population is
particularly enriched at these sites, suggesting that Pol Y1 is
interacting either with DNA or with other DNA-bound pro-
teins at or near the replication fork. Unlike E. coli TLS poly-

9625

merases, Pol Y1 is not upregulated by the SOS DNA damage
response (19,22). Taken together with our imaging results, this
observation supports the possibility that Pol Y1 is playing a
role in normal replication, possibly in alleviating replication-
transcription conflicts or in the transcription-coupled NER
pathway (26). Notably, the transcription/repair coupling fac-
tor Mfd is found to be associated with the nucleoid even in
the absence of exogenous DNA damage in E. coli (68). More
broadly, these results indicate that there are different patterns
of spatial regulation of TLS polymerases across different bac-
terial species and suggest that studies in other species may re-
veal different mechanisms.

In E. coli, changes in the localization and dynamics of TLS
polymerases have been observed upon DNA damage or other
perturbations to replication; in particular, Pol IV is strongly
recruited to sites of replication upon induction of DNA dam-
age by methyl methanesulfonate (MMS) or ultraviolet (UV)
light (Figure 7, top right panel) (16). In this study, we charac-
terized the localization and dynamics of Pol Y1 after different
treatments with the drug 4-NQO; consistent with previous
work (26), we found that Pol Y1, but not Pol Y2, mediates
cell survival to 4-NQO treatment. Surprisingly, we observed
little or no change in Pol Y1 behavior, including its colocaliza-
tion with sites of replication and its dynamics, upon 4-NQO
treatment (Figure 7, bottom right panel). In contrast to Pol
IV, Pol Y1 is not transcriptionally upregulated by the SOS
DNA damage response (19,22). Although SOS induction of
Pol IV plays an important role in its response to DNA dam-
age, selective recruitment of Pol IV to the replication fork
upon replication stalling was observed in a constitutively SOS-
induced strain where Pol IV levels were unchanged upon DNA
damage (15,16). Thus, the lack of SOS induction of Pol Y1
is likely not sufficient to explain the lack of response to 4-
NQO treatment. These results raise the possibility that Pol Y1
promotes cell survival upon DNA damage through different
mechanisms than Pol TV.

Like replicative DNA polymerases, TLS polymerases func-
tion with the assistance of accessory proteins. In E. coli,
the interaction between TLS polymerases and the replica-
tion processivity factor, the sliding clamp, is essential for
TLS (3,58,60). Recent single-molecule imaging experiments
have revealed that the clamp interaction contributes to the
enrichment of Pol IV at sites of replication upon DNA dam-
age (15). However, interactions with another replication pro-
tein, SSB, are the primary driver for Pol IV localization (Fig-
ure 7, top right panel) (14). Like Pol IV, Pol Y1 contains a
conserved CBM, suggesting that it interacts with the DnalN
clamp (19); indirect evidence for this interaction has also been
provided by a yeast two-hybrid screen (24). We characterized
two Pol Y1 mutants with modifications to its CBM that are
predicted to eliminate clamp binding and found that both mu-
tants were as sensitive to treatment with 4-NQO as was a Pol
Y1 knockout, indicating that the clamp interaction is criti-
cal for Pol Y1-mediated damage tolerance. These results are
consistent with the sensitization of Pol IV-CBM mutants in E.
coli (58), where a direct physical interaction between Pol IV
and DnaN has been established (69). Further, single-molecule
imaging of these CBM mutants revealed a reduction in the
static population of Pol Y1 and a loss of Pol Y1-DnaX colocal-
ization, both during normal growth and upon 4-NQO treat-
ment. Taken together, these results strongly suggest that Pol
Y1 is interacting with DNA-bound clamps at or near the repli-
cation fork (Figure 7, bottom panels), but they do not exclude
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the possibility that other protein-protein interactions, partic-
ularly with SSB, play a role in Pol Y1 activity.

We also investigated the effect of Pol Y1 catalytic activity
on its localization and dynamics. In E. coli, imaging studies
of Pol IV have reached different conclusions about the role of
catalytic activity in localization; one found a complete loss
of Pol IV foci upon DNA damage for a catalytically inac-
tive mutant (11), whereas another found only a modest de-
crease in Pol IV colocalization with sites of replication (15).
Here, we observed that a catalytically inactive Pol Y1 mu-
tant, although broadly similar to WT Pol Y1 in its behav-
ior, showed several hallmarks of increased stability at sites of
replication. Although the changes were modest, Pol Y1-cat-
mut had greater enrichment at sites of replication relative to
WT Pol Y1 and a larger static population in diffusion coef-
ficient measurements, both during normal growth and upon
4-NQO treatment. Likewise, there was an increase in the bind-
ing lifetime of static Pol Y1-cat-mut molecules relative to WT
during normal growth. These results support a picture where
stabilization of Pol Y1 near the replication fork does not re-
quire DNA synthesis.

In E. coli, Pol IV contributes to mutagenesis upon DNA
damage or when overexpressed (63), but it does not increase
the mutation rate at normal expression levels in the absence
of damage (62). Prior work has explored the effect of Pol
Y1 on both spontaneous and damage-induced mutagenesis,
with some conflicting results. Consistent with our findings,
two studies reported little or no effect of Pol Y1 on the spon-
taneous mutation rate (18,19). However, one study found
that Pol Y1 contributed to UV-induced mutagenesis (18),
whereas the other did not (19). There is also evidence that Pol

Y1 promotes lagging-strand mutagenesis when replication-
transcription conflicts are induced at specific loci (26). Al-
though further work is needed to determine the effect of Pol
Y1 on mutagenesis under different conditions, the minimal
effect of Pol Y1 on spontaneous or 4-NQO-induced mutage-
nesis is somewhat surprising given our findings that Pol Y1 is
constitutively enriched near replication forks through its in-
teraction with the DnaN clamp and may suggest that other
mechanisms limit the access of Pol Y1 to the template.
Taken together, our results show that there are significant
differences in the activity of B. subtilis Pol Y1 in comparison
to its E. coli homolog Pol IV (Figure 7). This work is the first
step toward elucidating the mechanisms of TLS polymerases
in B. subtilis at the single-molecule level, but many key ques-
tions remain. First, is the lack of damage-induced Pol Y1 en-
richment at sites of replication unique to 4-NQO treatment,
or is it common to all types of DNA damage? Although be-
yond the scope of this work, future studies should explore the
response of Pol Y1 to different types of replication perturba-
tions, including diverse forms of DNA damage. Second, what
other protein-protein interactions, if any, play a role in Pol Y1
activity? We have shown that the interaction with the DnaN
clamp is essential to 4-NQO damage tolerance and drives Pol
Y1 localization and dynamics in vivo. Although at least 12
SSB-interacting proteins have been identified in B. subtilis, Pol
Y1 is not among them (20,70). By analogy to the E. coli TLS
polymerases, however, the possibility of an interaction with
SSB should be explored. Additionally, there is experimental or
computational evidence for interactions with RecA (25) and
Pol I (24) that merit further investigation. Finally, what are the
primary cellular functions of Pol Y1? Its lack of SOS induction
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and constitutive enrichment near sites of replication suggest
that it may have an important role beyond replication-coupled
TLS. In particular, future studies should explore Pol Y1 in-
volvement in resolving replication-transcription conflicts, in-
cluding a possible role in the transcription-coupled NER path-
way. Answering these and other questions about TLS poly-
merase activity in B. subtilis will help broaden bacterial mod-
els for TLS beyond E. coli and provide new insight into how
cells maintain a balance between genome stability and muta-
genesis under stress.
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