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Mycobacterium tuberculosis (Mtb) causes tuberculosis and, during
infection, is exposed to reactive oxygen species and reactive nitro-
gen intermediates from the host immune response that can cause
DNA damage. UvrD-like proteins are involved in DNA repair and
replication and belong to the SF1 family of DNA helicases that use
ATP hydrolysis to catalyze DNA unwinding. In Mtb, there are two
UvrD-like enzymes, where UvrD1 is most closely related to other
family members. Previous studies have suggested that UvrD1 is
exclusively monomeric; however, it is well known that Escherichia
coli UvrD and other UvrD family members exhibit monomer–dimer
equilibria and unwind as dimers in the absence of accessory fac-
tors. Here, we reconcile these incongruent studies by showing that
Mtb UvrD1 exists in monomer, dimer, and higher-order oligomeric
forms, where dimerization is regulated by redox potential. We
identify a 2B domain cysteine, conserved in many Actinobacteria,
that underlies this effect. We also show that UvrD1 DNA-
unwinding activity correlates specifically with the dimer population
and is thus titrated directly via increasing positive (i.e., oxidative)
redox potential. Consistent with the regulatory role of the 2B
domain and the dimerization-based activation of DNA unwinding
in UvrD family helicases, these results suggest that UvrD1 is acti-
vated under oxidizing conditions when it may be needed to
respond to DNA damage during infection.

DNA helicase j Mycobacterium tuberculosis j UvrD j redox potential j DNA
repair

DNA repair plays an essential role in the ability of organisms
to maintain genome integrity in the face of environmental

stresses. One particularly flexible and conserved pathway is nucleo-
tide excision repair (NER), which detects and repairs bulky nucle-
otide lesions caused by ultraviolet (UV) light, environmental
mutagens, and a subset of oxidative lesions (1–3). In bacteria,
global genome NER is initiated when lesions are recognized directly
by UvrA, although an alternative pathway called transcription-
coupled NER depends on RNA polymerase stalling as the initia-
tion event (4–7). The removal of the lesion eventually requires
the recruitment of a helicase to the site of damage. In eukaryotes,
this function is filled by the general transcription factor IIH
(TFIIH) (8–10), while prokaryotes utilize the UvrD-family
enzymes (1, 3, 11). In addition to its role in NER, UvrD partici-
pates in a range of other pathways of DNA metabolism, such as
replication (12–15) and recombination (16–18).

UvrD has been well characterized in many contexts and from
model organisms, including Escherichia coli and Bacillus subti-
lis. It is a superfamily 1A (SF1A) helicase, as defined by core
helicase domains 1A and 1B coupled with auxiliary 2A and 2B
subdomains (19, 20). It can both translocate on single-stranded
DNA (ssDNA) and unwind double-stranded DNA (dsDNA)
under specific conditions. More precisely, while monomers of
UvrD family members (UvrD, Rep, and PcrA) are ATP-
dependent ssDNA translocases, dimeric forms of these
enzymes are required to unwind duplex DNA in vitro in the

absence of accessory factors or force (21–27). In Rep, this acti-
vation is regulated by the mobile 2B domain, as both deletion
of the 2B domain or a cross-linked 2B domain construct acti-
vate the Rep monomer for unwinding (28, 29). Activation of
the dimeric UvrD helicase is also accompanied by reorientation
of its 2B subdomain (30). Additionally, the rotational orienta-
tion of the 2B domain regulates the force-dependent unwinding
activity of both UvrD and Rep monomers (31, 32). Helicase
activation can also occur via binding with accessory factors. For
example, B. stearothermophilus RepD activates PcrA monomers
(25, 31, 32), and the mismatch repair protein MutL activates
UvrD monomers (33, 34). Furthermore, these interactions
directly affect the orientation of the regulatory 2B domain (34).
In addition to its association with other repair proteins (32),
UvrD associates with RNA polymerase through its C-terminal
RNA polymerase (RNAP) interaction domain (RID) during one
mode of transcription-coupled NER (35–37). This interaction
leads to the stimulation of RNAP backtracking and the recruit-
ment of UvrAB (37).

While many studies have been reported focusing on UvrD
family helicases from model bacteria, less is known about these
enzymes in the distantly related human pathogen Mycobacte-
rium tuberculosis (Mtb). Mtb is the causative agent of tuber-
culosis and is the leading cause of death worldwide from an
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infectious agent (38). Although DNA metabolism pathways,
such as transcription and repair, are generally conserved in bac-
teria, important differences exist (39–42). This appears to be espe-
cially true in Mtb, perhaps as it is highly evolved for a relatively
narrow niche (43). Interestingly, and in contrast to model bacteria,
Mtb contains two UvrD family enzymes: UvrD1 and UvrD2 (44,
45). UvrD1 has high homology to E. coli UvrD, including the
C-terminal RID (45, 46). Previous work on Mtb UvrD1 has shown
that it is important for survival after UV and oxidative damage as
well as for pathogenesis in mice (47). In stark contrast to other
UvrD family members, UvrD1 has been reported to be mono-
meric and to either possess helicase activity directly or require
activation via the binding of Mtb Ku (45, 46, 48).

Here, we report that UvrD1 exists in monomer, dimer, and
higher-order oligomeric forms, where dimerization is redox
dependent and is correlated with helicase activity. We identify a 2B
domain cysteine that is required for the redox-dependent dimeriza-
tion, demonstrating that the 2B subdomain is directly involved in
dimerization. Our results explain the function of UvrD1 in the con-
text of the large body of work on UvrD family proteins and suggest
a model where UvrD1 senses the oxidative conditions within
human macrophages during infection through dimerization, result-
ing in activation of its DNA-unwinding activity needed for DNA
repair and other DNA metabolic pathways (49–51).

Results
The Oligomeric State of UvrD1 Is Redox Dependent. Previous stud-
ies reported that UvrD1 exists exclusively as a monomer in
solution (45, 48). However, upon purifying UvrD1 as described

in Materials and Methods, we observed two elution peaks from
an S300 size-exclusion column run at 4 °C in Tris, pH 8.0, at
25 °C, 150 mM NaCl, and 10% glycerol and no dithiothreitol
(DTT), consistent with the molecular weights of both monomer
(85-kDa) and dimer (170-kDa) species (SI Appendix, Fig. S1).
This result is consistent with studies of E. coli UvrD, which
exhibits a monomer–dimer higher-order oligomer equilibrium
(23, 26). To examine this more quantitatively, we performed
analytical ultracentrifugation sedimentation velocity experi-
ments in Tris, pH 8.0, at 25 °C and 20% glycerol (from here on
defined as Buffer A) with 75 mM NaCl and 2.5 μM UvrD1.
The continuous sedimentation coefficient (c[s]) distribution (52)
shows three peaks that we assign to be monomer, dimer, and
higher-order oligomers (Fig. 1A and SI Appendix, Table S1).
The positions of the peaks do not change with UvrD1 concen-
tration, indicating that each peak represents a single species;
however, the amplitudes of the three peaks change with UvrD1
concentration as expected for a self-assembling monomer–
dimer oligomer system (SI Appendix, Fig. S2). The oligomeric
states of E. coli UvrD depend on the salt and glycerol concen-
trations, with the monomer population favored by higher salt
and glycerol concentrations (26). We examined the salt depen-
dence of the UvrD1 oligomeric state by sedimentation velocity
at 2.5 μM UvrD1 in a range of NaCl concentrations between 75
and 750 mM. Surprisingly, the ratio of monomer to dimer was
relatively constant throughout the salt titration apart from the
lowest salt concentrations, where higher-order oligomers were
populated at the expense of the monomer population (Fig. 1B
and SI Appendix, Fig. S3).
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Fig. 1. Oligomeric states of UvrD1. (A) Sedimentation velocity trace measured at 230 nm in Buffer A plus 75 mM NaCl in the absence of DTT reveals the
presence of monomeric, dimeric, and higher-order oligomeric species. (B) Summary of results from AUC velocity experiments using 2.5 μM UvrD1 in the
absence of DTT as a function of NaCl concentration (SI Appendix, Fig. S3). From 75 mM to 750 mM NaCl, the fraction of monomer present in the mono-
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runs measured at 280 nm with 400 mM NaCl in the presence and absence of 1 mM DTT. (D) After treatment of 2.5 μM WT UvrD1 in 75 mM NaCl with 1
mM DTT, a titration series of H2O2 from 0 mM to 5 mM was run in AUC velocity experiments (SI Appendix, Fig. S5). Increasing concentrations of H2O2

result in a decrease in the fraction found in the monomeric state (blue) and an increasing fraction found in the dimeric state (red). Higher-order oligo-
meric states (yellow) represented less than 10% under all conditions.
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In contrast, the addition of 1 mM DTT at 400 mM NaCl in
Buffer A shifted the species fraction dramatically to favor the
monomer (96%; Fig. 1C). Even at the lowest NaCl concentra-
tion of 75 mM NaCl, the addition of 1 mM DTT resulted in
a nearly uniform monomer population (90%; SI Appendix,
Fig. S4). Thus, we hypothesized that UvrD1 dimerization is
dependent on redox potential and reasoned that oxidative con-
ditions should favor dimer formation just as reductive condi-
tions favor the monomer species. To test this, we performed
sedimentation velocity experiments in the presence of oxidizing
agents after reduction by 1 mM DTT. As predicted, titration of
hydrogen peroxide (H2O2) resulted in an increase in the dimer
population (Fig. 1D and SI Appendix, Fig. S5). At 2 mM H2O2,
the population fraction of dimer saturated at ∼25%, and the
addition of more H2O2 did not lead to more dimer formation.

A 2B Domain–2B Domain Disulfide Bond Is Responsible for Redox-
Dependent Dimerization of UvrD1. The dependence of oligomeri-
zation on oxidation suggested a role for a thiol-containing
amino acids, such as methionine or cysteine. In particular, we
considered that the potential of cysteines to form disulfide
bonds could lead to the formation of dimeric and higher-order
oligomers. UvrD1 has three cysteine residues for which we esti-
mated their approximate position by generating a threaded
homology model of UvrD1 based on the structure of E. coli
UvrD (Protein Data Bank [PDB]: 3LFU, PHYRE2; Materials
and Methods and Fig. 2A). This model shows that while two
cysteines appear buried within the 1A and 1B domains (C107

and C269), a third cysteine (C451) is surface exposed within
the 2B domain. Surface calculations of our model with Chimera
(53) confirmed this, as only C451 possesses solvent-exposed
surface area in both open (based on the E. coli PDB 3LFU
structure) and closed (based on the Geobacillus stearo-
thermophilus PDB 3PJR structure) conformations (SI Appendix,
Fig. S6). We hypothesized that a disulfide bond between the 2B
cysteines of two monomers was responsible for the redox-
dependent dimerization. To test this, we constructed and purified
a C451A mutant (which we will refer to as the 2B mutant) and
examined whether it is able to form dimers. During purification of
this construct, the S300 elution profile showed only a single peak
consistent with a monomer in contrast to wild-type (WT) UvrD1
(Fig. 2B). Sedimentation velocity experiments confirmed this result,
as the 2B cysteine mutant was monomeric in both the presence
and absence of DTT (Fig. 2C and SI Appendix, Table S1). In con-
trast, a double mutant of the 1A and 1B domain cysteines (C107T/
C269T, now referred to as the 1A1B double mutant) maintained
the ability to form dimers (Fig. 2D and SI Appendix, Table S1).

The three cysteine residues found in UvrD1 are not conserved
in E. coli UvrD, despite the presence of six cysteine residues
(Fig. 3A), and E. coli UvrD does not display a redox-dependent
dimerization (SI Appendix, Fig. S7). However, the 2B domain cys-
teine identified here is conserved across various Actinobacterial
classes (Fig. 3 B and C and SI Appendix, Fig. S8). A particularly
high, but not universal, conservation was found in the Corynebac-
teriales order, which includes Mtb and other pathogenic bacteria
(54, 55). In addition, we found the same sequence in the PcrA
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helicase found in one strain of the Firmicute Clostridioides difficile
(NCTC13750), which represents another important human path-
ogen that interacts with macrophages (56, 57).

The Dimer of UvrD1 Is Required for DNA-Unwinding Activity. Previ-
ous studies of UvrD1 suggested that the monomer possesses
helicase activity (48). However, this conclusion was based on
measurements of helicase activity performed under solution
conditions distinct from those used to examine its oligomeriza-
tion state. In particular, the analysis of oligomeric state was
performed in the presence of 5 mM DTT, while helicase assays
were performed in buffer lacking DTT entirely (48). In other
studies, UvrD1 was surmised to be a monomer based on sedi-
mentation through a glycerol gradient and was reported to

have feeble unwinding activity that was dramatically activated
in the presence of Mtb Ku (45).

Given the observations of other UvrD family helicases (23,
25, 26, 28, 58), we hypothesized that only the dimer of UvrD1
would be capable of unwinding DNA. To test this hypothesis,
we used a stopped-flow assay to measure the time dependence
of UvrD1-catalyzed DNA unwinding (Fig. 4A). Specifically, we
used a double-stranded 18-base pair (bp) DNA with a single-
stranded dT20 30-flanking region (tail) with a Cy5 fluorophore
on the 50-end of the tailed strand and a black hole quencher
(BHQ2) on the 30-end of the complementary strand, as
described previously (33, 34). In the double-stranded form,
fluorescence from Cy5 is quenched due to the presence of the
BHQ2 (59). Upon full unwinding, the strands are separated,

A

B

C

Fig. 3. Sequence distribution across bacterial species. (A) Distribution of cysteine residues in Mtb UvrD1 compared to E. coli UvrD. (B) Sequence align-
ment of the 2B domain region containing C451. The blue sequence is conserved across all UvrD-like family members, while the sequence containing the
2B cysteine residue (red) is distinct from E. coli and B. subtilis UvrD-family enzymes but conserved in many Actinomycetes. See SI Appendix for full species
names. (C) Orders and families of Actinobacteria where the 2B cysteine can be found in available sequence data.
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and the BHQ2 strand is trapped via an excess of unlabeled
complementary “TRAP” DNA, resulting in an increase in Cy5
fluorescence. This excess of TRAP also serves to bind any
UvrD1 that dissociates from the labeled template, ensuring
single-round turnover conditions (SI Appendix, Fig. S9A).
UvrD1 was prebound to the labeled DNA template and was
loaded in one syringe. This solution was rapidly mixed with the
contents of the other syringe consisting of an excess of TRAP
strand, 5 mM Mg+2, and 1 mM ATP. The fraction of DNA
unwound as a function of time was calculated by comparing
experimental traces to a positive control consisting of fully
single-stranded Cy5-labeled DNA and a negative control in the
absence of ATP (SI Appendix, Fig. S9B).

In the absence of reducing agent, 200 nM WT UvrD1 can
unwind ∼27% of 2 nM duplex DNA in a single-round reaction
(Fig. 4B, red), consistent with the fraction dimer in these condi-
tions (Fig. 1A). In addition, the kinetics and final percent
unwound show a duplex length dependence, as is expected (SI
Appendix, Fig. S10A). Fits to an n-step model with a nonpro-
ductive fraction (SI Appendix, Fig. S10 A and B) lead to an
average unwinding rate of 64.8 ± 6.4 bp/s (SI Appendix, Table
S2). Similarly, a lag time analysis (60, 61) yielded an estimate of
the unwinding rate of 83.3 ± 12.3 bp/s (SI Appendix, Fig. S10 C
and D). In contrast, in the presence of 1 mM DTT, which shifts
the UvrD1 population to favor of monomers, no unwinding is
observed, consistent with the UvrD1 dimer being required for
unwinding activity (Fig. 4B, blue). In addition, the 2B mutant
(C451A), which we have shown is an obligate monomer even
under oxidative conditions, lacks helicase activity in both the
presence and absence of DTT (Fig. 4C, cyan and purple). Con-
sistently, the 1A1B double mutant is still able to unwind DNA in

the absence of DTT (Fig. 4C, pink). In fact, the 1A1B double
mutant unwinds a higher fraction of DNA than WT (∼63%),
consistent with the area under the curve (analytical ultra-centrifu-
gation [AUC]) results, suggesting that a higher fraction of the
enzyme is in the dimeric form in the absence of DTT (Fig. 2D).
Thus, the dimer fraction of UvrD1 formed via the 2B domain
disulfide bond is required for DNA-unwinding activity under
single-turnover conditions. Experiments under multiple-turnover
conditions (i.e., in the absence of TRAP) recapitulated these
results, as no unwinding was observed with monomeric UvrD1
(either WT + DTT or the 2B mutant) (SI Appendix, Fig. S11).
This further suggests that even multiple monomer-binding events
are not sufficient for unwinding activity.

Both Monomers and Dimers of UvrD1 Bind DNA. When considering
why UvrD1 dimerization is required for DNA unwinding, we
initially considered two hypotheses. The first hypothesis was
that monomers are unable to bind DNA at the concentrations
utilized, and the second hypothesis was that dimerization is
required for helicase activation. To determine the nature of the
DNA-bound species, we used sedimentation velocity to exam-
ine both WT UvrD1 and the 2B mutant in the absence of
reducing agent and in the presence of fluorescently labeled
18-bp dT20 DNA. The results show that both monomers and
dimers interact with the DNA and appear to bind the DNA in
the same ratio as the free oligomeric forms. Specifically, in the
presence of 1.5 μM WT UvrD1 and 1.5 μM DNA, 30% of the
DNA was bound by monomers and 31% was bound by dimers
(Fig. 5A, red, and SI Appendix, Table S3). In the presence of
1.5 μM of the 2B mutant, only monomers were bound to DNA
(Fig. 5A, blue). Even at higher molar ratios of monomeric
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UvrD1 (i.e., the 2B mutant) to DNA, only monomers are
observed bound to DNA, suggesting that DNA binding alone
does not stimulate dimerization (SI Appendix, Fig. S12). In con-
trast, when WT UvrD1 in the absence of DTT is mixed with
DNA possessing a shorter single-stranded extension (dT10), only
monomers bind (Fig. 5B and SI Appendix, Table S3), and no
DNA unwinding is observed (SI Appendix, Fig. S13). This result is
consistent with a model where each individual monomer interacts
with the ssDNA in the context of the bound dimer, as is seen
with E. coli UvrD (23). Fluorescent anisotropy experiments with
the unwinding substrate DNA (18-bp dT20) and either WTor 2B
mutant UvrD1 yielded similar concentration dependencies of
binding, consistent with the idea that the affinities of the mono-
meric and dimeric species are similar (Fig. 5C). Lastly, dissocia-
tion kinetics measured via a reduction in protein-stimulated
fluorescence enhancement are also similar between WT and the
2B mutant (SI Appendix, Fig. S14) and indicate that there is no
significant difference in residence time at the junction.

The observation of DNA-bound monomers with similar bind-
ing properties as the dimer directly eliminates the possibility that
monomers do not unwind because they do not bind at the DNA
junction and suggests that some other property of the dimer is
required for unwinding. This is consistent with other studies of
UvrD-family enzymes, as described in Discussion.

At a constant redox potential established by the addition of 2
mM H2O2, the expected protein concentration dependence of
DNA unwinding is observed (Fig. 5D). Here, the fraction of
DNA unwound saturates at ∼27%, consistent with the fraction
of dimers under these conditions (Fig. 1D), further suggesting
that the monomers and dimers compete approximately equally
for this DNA substrate under these conditions.

Both UvrD1 Monomers and Dimers Are ssDNA Translocases. As
both monomers and dimers can bind to the DNA substrate
(Fig. 5), we considered our second hypothesis that postulated
that monomers are unable to translocate along ssDNA, thus
preventing helicase activity. To test this, we examined the trans-
location kinetics of UvrD1 on ssDNA. Since UvrD1 has a 30-to-
50 DNA-unwinding polarity, the kinetics of translocation were
measured via stopped-flow assays (62, 63) by monitoring the
arrival of UvrD1 at the 50-end of a series of Cy3 50-end–labeled
oligodeoxythymidylate ssDNAs of different lengths (L = 20, 35,
45, 75, and 104 nucleotides) (Fig. 6A). Arrival of a translocating
protein at the 50-end results in an enhanced Cy3 fluorescence,
and subsequent dissociation of UvrD1 leads to a return of the
signal to baseline. A heparin concentration of 1 mg/mL was
added to prevent rebinding of free UvrD1 to the ssDNA,
ensuring single-round conditions (SI Appendix, Fig. S15A). In
addition, negative controls in the absence of ATP showed no
change in fluorescence (SI Appendix, Fig. S15A), and experi-
ments containing ATP and UvrD1 in the presence of 30-labeled
DNA showed only a decay in fluorescence, consistent with
translocation away from the dye (SI Appendix, Fig. S15B). In
conditions favoring dimeric UvrD1, the presence of ATP resulted
in the expected length-dependent peaks of fluorescence indicative
of UvrD1 translocation in the 30-to-50 direction (62, 63) (SI
Appendix, Fig. S16). However, monomeric UvrD1 generated
either by the addition of DTT or the use of the 2B mutant also
resulted in DNA length–dependent changes in the fluorescence
signal, consistent with 30-to-50 ssDNA translocation (Fig. 6 B
and C). Global analysis using an n-step sequential model (SI
Appendix, Fig. S17) (62, 64) produced better fits for the 2B-mutant
data, possibly because the WT UvrD1 still contains trace amounts
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of dimer (Materials and Methods and SI Appendix, Fig. S18). How-
ever, fits of both data sets yielded consistent estimates of the mac-
roscopic translocation rate (mkt) of 120 ± 5 nucleotides/s (WT +
DTT) and 130 ± 10 nucleotides/s (2B-DTT) for monomeric
UvrD1, which is very similar to the ssDNA translocation rate mea-
sured for E. coli UvrD monomers (62, 63). In addition, the esti-
mated dissociation rate (kd) from the fitting analysis (4.1 ± 0.1 s�1)
was on the same order of magnitude as that obtained by experi-
mental measures (8.1 ± 0.2 s�1) (SI Appendix, Fig. S18). Other fit
parameters are listed in SI Appendix, Table S4 (64).

The time courses exhibited under monomeric UvrD1 condi-
tions were distinct from those collected under oxidative condi-
tions, suggesting that the monomer and dimer populations
exhibit distinct translocation kinetics (Fig. 6 B and C and SI
Appendix, Fig. S16). Fits using the percent fraction of mono-
meric and dimeric species and the translocation parameters
obtained under monomeric conditions resulted in estimates for
the ssDNA translocation properties of the UvrD1 dimer (SI
Appendix, Table S4). Although analysis of the mixed dimer/
monomer population was challenging due to the presence of
multiple species and kinetic phases, taken together, the data
unequivocally show that both monomeric and dimeric UvrD1
translocate with 30-to-50 directionality along ssDNA.

DNA-Unwinding Activity Is Titrated by Redox Potential through
Dimer Formation. We have shown that UvrD1 dimerization can
be titrated via the addition of an oxidizing agent such as H2O2

(Fig. 1D). Furthermore, these dimers are, in the absence of
other activators, required for DNA unwinding (Fig. 4). To
determine the quantitative relationship between dimer fraction,
DNA unwinding, and redox potential in millivolts (mV), we
performed both sedimentation velocity and helicase assays
using H2O2 to titrate redox potential. The 1A1B double mutant
was used for these titrations to ensure that any effects stemmed
directly from the cysteine in the 2B domain. We tested two

different concentrations of the 1A1B double mutant (1 and 2
μM) in the presence of 1 mM DTT, which results in over 95%
monomer (Fig. 2D) and shows no DNA unwinding (Fig. 4C).
We then titrated H2O2 from 0 to 5 mM, which corresponds to
redox potentials between �270 and 130 mV. As the redox
potential became more positive (oxidizing), the fraction of
DNA unwound increased (Fig. 7 and SI Appendix, Fig. S19,
purple). As in the case of the WT UvrD1 (Fig. 1D), the fraction
of UvrD1 1A1B double–mutant dimer also increased with
increasing H2O2 (Fig. 7, orange). In fact, there is a quantitative
correlation between the fraction of DNA unwound and the
fraction of UvrD1-mutant dimer, consistent with the hypothesis
that UvrD1 helicase activity is stimulated via increasing positive
redox potentials found under oxidative conditions (Fig. 7 and
SI Appendix, Fig. S19).

Discussion
Processive DNA helicases are enzymes that couple ATP bind-
ing and hydrolysis to translocation on ssDNA and unwinding of
dsDNA and are involved in critical pathways throughout
nucleic acid metabolism. The SF1 superfamily of helicases is
the largest group of known helicases and includes UvrD, Rep,
and PcrA (19, 20). These helicases consist of two RecA-like
domains (1A and 2A) and two accessory subdomains (1B and
2B) (19, 20). Studies of SF1 helicases have shown that in the
absence of accessory factors or force exerted on the DNA, indi-
vidual monomers possess ssDNA translocase activity but not
helicase activity; helicase activity requires at least a dimeric
form of the enzyme (21, 22, 27, 28, 30, 32, 33, 62–64). Yet, the
dimerization interface is not known, as crystal structures of
UvrD and PcrA only reveal a monomer bound to DNA
(65–68).

Previous studies of Mtb UvrD1 concluded that it is mono-
meric, as shown by size-exclusion chromatography (SEC) and
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equilibrium sedimentation, and is capable of unwinding dsDNA
in this form (45, 48). However, in one case, SEC and equilib-
rium sedimentation were performed in the presence of the
reducing agent DTT, whereas DNA-unwinding assays were per-
formed in its absence (48). In the other case, helicase activity of
UvrD1 was attributed to monomers and was dependent on its
binding partner Ku (45). When we purified Mtb UvrD1 without
reducing agent, it eluted as two peaks on SEC, corresponding
to the expected molecular weights of both monomer and dimer
(SI Appendix, Fig. S1A). AUC experiments show that, while salt
concentration had almost no effect on the amount of the
dimeric form, the addition of DTT results in a dramatic shift
to a single monomeric peak, suggesting that Mtb UvrD1
undergoes a cysteine-dependent dimerization (Fig. 1). We also
observe a higher oligomeric species increasing in a concentration-
dependent manner in sedimentation velocity experiments
performed under oxidizing conditions. We do not observe
higher-order oligomers of Mtb UvrD1 binding to the tailed
construct used in our unwinding assays (Fig. 5A), but we can-
not eliminate the possibility that this form could bind to DNA
possessing longer single-stranded tails.

We identified a critical cysteine residue in the 2B domain of
UvrD1 (C451) that is required for UvrD1 dimerization (Fig. 2).
More specifically, the C451A mutation abrogated both dimer-
ization and helicase activity, pointing to the existence of a
2B–2B disulfide–bonded dimer. The 2B domain of UvrD-like
helicases has been described as an autoinhibitory domain (28,
32) that can adopt a range of rotational conformational states
relative to the rest of the protein (30, 31, 34, 36, 69). The differ-
ent 2B domain conformational states of the monomer are
influenced by salt concentration, DNA binding, enzyme dimer-
ization, and the binding of accessory protein factors (26, 34, 69,
70). For example, crystal structures of Rep bound to ssDNA
showed Rep monomer bound to DNA in two different confor-
mations (66). In one of the conformations, the 2B domain is in
an “open” conformation, while in the other, the 2B domain is
reoriented by a 130° swivel motion around a hinge region to
contact the 1B domain. This swiveling motion closes the

binding groove located between 1A, 1B, and 2A domains
around the DNA template. Consistently, single-molecule and
ensemble fluorescence resonance energy transfer studies have
also shown that the 2B domain of a monomer can be in closed
or open conformations (31, 34, 69–71). Furthermore, removing
the 2B domain from Rep causes the Rep monomer to gain heli-
case activity (32). These observations and others have led to
the hypothesis that the 2B domain is autoinhibitory for mono-
mer helicase activity but serves as the interface between subu-
nits within the functional Rep and UvrD dimers (19, 28, 30,
72). In this context, dimerization reorients the 2B domain to
relieve its inhibitory properties, resulting in active dimers.

The formation of a 2B–2B disulfide bond in the case of Mtb
UvrD1 fits well in this model, where 2B–2B-driven dimeriza-
tion results in an active helicase conformation. Further support
for this idea can be found in the specific location of C451.
Mutations to 2B domain threonine residues, such as T426 of B.
stearothermophilus PcrA and T422 of E. coli UvrD, disrupt
helicase activity (73). This threonine residue is conserved in
non-Actinobacteria UvrDs, is absent from UvrD-like proteins
containing the cysteine residue described here, and is located
two amino acids upstream to the C451 of Mtb UvrD1. The simi-
lar location of these residues suggests that UvrD-like helicases
share a common 2B–2B dimerization interface and that mutat-
ing this threonine may destabilize the dimeric form of the
enzyme. Interestingly, the 2B domains of the SF1 family mem-
bers RecB and RecC interact in a RecBCD helicase complex
(74). We aligned the UvrD1 2B domain sequence with the 2B
domain sequences of E. coli RecB and RecC, which lack a 2B
cysteine equivalent to C451. When we mapped residues that
aligned close to the 2B cysteine onto the structure of RecBCD
(PDB: 5LD2) (74, 75), we observed that these regions in RecB
and RecC are only 10 to 15 Å apart. Again, this is consistent
with our identification of the region surrounding the 2B cyste-
ine of UvrD1 as an interface for 2B–2B domain–based activa-
tion of UvrD1-like helicases.

As noted, the 2B cysteine we have identified in Mtb UvrD1
appears unique to certain classes of Actinobacteria (Fig. 3).
The 2B domain of E. coli UvrD does contain a cysteine residue
at a different location (C441). However, experiments with
E. coli UvrD showed no effect on oligomeric state with changes
in redox potential (SI Appendix, Fig. S7).

Another pathway for stimulation of unwinding by UvrD fam-
ily enzymes requires the binding of activating partners. The
mismatch repair protein MutL can activate the monomer heli-
case activity of E. coli UvrD as well as stimulate the activity of
UvrD dimers, and activation is accompanied by a change in the
rotational state of the 2B domain (33). This interaction also
leads to enhanced processivity, which enables UvrD to unwind
longer stretches of DNA when functioning with MutL (32).
Similarly, the accessory factor PriC can activate the Rep mono-
mer helicase and stimulate the Rep dimer helicase (76). By
analogy, the nonhomologous end joining factor Mtb Ku has
been reported to bind to the C-terminal region of UvrD1 (45),
suggesting a role for UvrD1 in double-strand break repair. As
the results from our study show that UvrD1 can exist as a
monomer or dimer depending on the redox potential, we are
currently investigating whether Ku can activate the UvrD1
monomer helicase and/or stimulate dimer activity and whether
it does this via modulation of the 2B domain conformation.

Mtb actually has two UvrD family members in its genome,
UvrD1 and UvrD2, with UvrD1 being the homolog to E. coli
UvrD (45–47, 77) and UvrD2 consisting of an N-terminal SF1
helicase motor linked to a helicase and RNase D C-terminal
domain and tetracysteine motif domains (44, 78). The cysteines
within the tetracysteine motif bind zinc, and the domain is
required for helicase activity of UvrD2 in vitro (44). However,
in this case, the activity appears to be dependent on the
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presence of the domain and not the presence of the individual
cysteines themselves. Interestingly, while WT UvrD2 does not
show a dependence on Ku, a truncated construct lacking the
tetracysteine domain can be activated by Ku (44). Therefore,
while both UvrD1 and UvrD2 utilize cysteine residues for heli-
case activity, they do so via distinct biochemical mechanisms.

During infection, Mtb resides within alveolar macrophages
and neutrophils where it is exposed to reactive oxygen inter-
mediates (ROI) and reactive nitrogen intermediates (RNI) that
cause DNA damage (49, 79, 80). Mtb lacks mismatch repair
(81), and the response of Mtb to these insults likely involves
NER pathways (79). During NER, UvrD1 unwinds the dam-
aged DNA strand to remove bulky lesions that have been rec-
ognized by UvrA/UvrB and excised by UvrC (2). Analysis of
gene expression data has shown UvrA to be highly expressed
during oxidative stress (82). In addition, both uvrD1/uvrB and
uvrD1/uvrA double mutants in M. smegmatis have been shown
to be more sensitive to tertiary butyl hydroperoxide and acidi-
fied nitrite than WT strains (46, 83). All of these observations
suggest a role of NER enzymes, including UvrD1, during oxida-
tive stress in Mtb. This is distinct from E. coli, in which repair
of RNI- and ROI-induced DNA damage is accomplished by
base excision repair and homologous recombination (84). Thus,
the redox-dependent dimerization of UvrD1 we report here
may represent an important mechanism in Mtb underlying the
repair of oxidative-dependent DNA damage during infection.

Materials and Methods
Cloning, Overexpression, and Purification of Mtb UvrD1. Mtb UvrD1 (Rv0949)
from H37Rv was cloned in the expression vector pET with a SUMO-His tag at
the N terminus and kanamycin resistance. It was PCR amplified with BamH1 at
the 50-end and HindIII at the 30-end. The UvrD1 2B domain cysteine-to-alanine
substitution and 1A1B double cysteine-to-threonine substitution mutations
were introduced into the Mtb UvrD1 plasmid by PCR amplification using pri-
mers and a site-directed mutagenesis kit (Agilent, 200521). Sequences for all
primers and a list of plasmids can be found in SI Appendix, Table S5. The
inserts of all UvrD1 plasmids were sequenced to exclude the acquisition of
unwanted coding changes during amplification or cloning. The pET-Mtb
UvrD1 plasmids were transformed into E. coli BL21(DE3). Cultures (3 L) were
grown at 37 °C in a Luria-Bertani medium containing 50 mg/mL kanamycin
until the absorbance at 600 nm (A600) reached ∼0.5. The cultures were chilled
on ice for about 1 h, and the expression of recombinant protein was induced
around 0.55 optical density (OD) with 0.25 mM isopropyl-β-D-thiogalactopyra-
noside, followed by incubation at 16 °C for 16 h with constant shaking. The
cells were harvested by centrifugation, and the pellets were either stored at
�80 °C or used for subsequent procedures that were performed at 4 °C. The
bacterial cells from the 3-L culture were resuspended in 50 to 75 mL of lysis
buffer (50 mM Tris-HCl, pH 7.5, 0.25 M NaCl, and 10% sucrose). Lysozyme and
Triton X-100were added tofinal concentrations of 1mg/mL and 0.1%, respec-
tively. At the time of lysis, a complete ethylenediaminetetraacetic acid (EDTA)-
free protease inhibitor mixture (Sigma, 118735800) was added to the lysate.
Next the lysates were sonicated, and insoluble material was removed by cen-
trifugation at 23,400 g for 45 min. The soluble extracts were applied to 2-mL
columns of nickel-nitrilotriacetic acid agarose (Ni-NTA) (QIAGEN, 30210) that
had been equilibrated with lysis buffer without protease inhibitors. The col-
umns were washed with 10× column volume of wash buffer (50 mM Tris-HCl,
pH 8.0, 0.25 M NaCl, 0.05% Triton X-100, and 10% glycerol) and then eluted
stepwise with wash buffer containing 50, 100, 200, 500, and 1,000 mM imidaz-
ole. The polypeptide compositions of the column fractions were monitored by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The
His-SUMO–tagged UvrD1 polypeptides were recovered predominantly in the
100- and 200-mM imidazole eluates. Fractions containing the UvrD1 protein
were pooled, and His-tagged Ulp1 protease was added (at a ratio of 1:500
[wt/wt] protease per protein) and dialyzed against dialysis buffer (50 mM Tris-
HCl, pH 8.0, 1 mM EDTA, 0.1% Triton X-100, and 10% glycerol) containing 150
mM NaCl overnight. The SUMO-cut UvrD1 was then incubated with Ni-NTA
agarose for about 3 h, and the untagged UvrD1 (cleaved) was recovered in
the flow-through and wash fractions. After pooling and concentrating the
fractions by VIVASPIN centrifugal filters (30-kDa cutoff, Sartorius, VS2021), the
protein was loaded on a heparin HiTRAP column (Cytiva, 17040701) (5 mL × 2)
preequilibrated with dialysis buffer containing 150 mMNaCl. Upon running a
linear gradient from 200 to 800mMNaCl, the protein eluted at ∼400mMNaCl.

The fractions with a single band on a reducing SDS-PAGE corresponding to the
molecular weight of a monomer were pooled together and concentrated to
load on the S300 sizing column (HiPrep 16/60 Sephacryl S-300 HR column, Cyt-
via, 17116701) in buffer (150 mM NaCl, 10% glycerol, and Tris, pH 8.0) at 25 °C
without DTT. The peak fractions were pooled and stored at �80 °C at concen-
trations of about 15 to 20 μM. Both the 2B mutant and 1A1B double mutant
were overexpressed and purified in amanner similar to theWTUvrD1 protein.

Homology Modeling of Mtb UvrD1. The predicted structure ofMtb UvrD1 was
obtained using PHYRE2 (85) by submitting the amino acid sequence of Mtb
UvrD1. The PDB reference used for modeling the open structure ofMtbUvrD1
was E. coli UvrD 3LFU and for modeling the closed structure was B. stearother-
mophilus PcrA helicase complex 3PJR. Solvent accesible surface area (SASA)
calculations were done in Chimera (53).

Phylogeny Analysis of Mtb UvrD1. The protein sequence of Mtb UvrD1
obtained from UniProt (https://www.uniprot.org/uniprot/P9WMQ1.fasta) was
used to BLAST against various genus and species of classes of the phylumActino-
bacteria (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Two to three genera of orders
in which the cysteine in the 2B domain is conserved were chosen and aligned in
Clustal omega (86), and the phylogenetic tree was plotted using NJ plot (87).

Analytical SEC. Onemilliliter ofMtbUvrD1 (30 μM)was injected in an S300 gel
filtration column at a flow rate of 0.25 mL/min, monitoring absorbance at 280
nm for a measure of the elution volume (V) in buffer (150 mM NaCl, 10%
glycerol, and Tris, pH 8.0). The value of Ve/Vo (elution volume/void volume)
was interpolated using the generated standard curve (Bio-Rad gel filtration
standard, 1511901) to yield the estimated molecular weight of Mtb UvrD1
monomer (90-kDa) and dimer (170-kDa) fractions.

DNA Substrates. ssDNA, which was labeled with Cy5, Cy3, fluorescein (FAM),
or BHQ2, was ordered from IDT. For annealing of the oligos, the Cy5 label at
the 50-end of the ssDNA was mixed with an equimolar concentration of unla-
beled complementary strand or complementary strand labeled with BHQ2 in
10 mM Tris, pH 8.0, and 50 mM NaCl, followed by heating to 95 °C for 5 min
and slow cooling to room temperature.

Synthesis of Poly-dT. The homodeoxypolynucleotide poly-dT substrate was
used to measure the dissociation rate from internal sites of ssDNA. Since the
poly-dT from commercial sources is polydisperse, we prepared samples using
enzyme-terminal deoxynucleotidyl transferase (TdTase) from calf thymus
glands to catalyze polymerization of deoxynucleotide triphosphate into poly-
dT of more well-defined lengths (88). The protocol includes mixing dT100 with
potassium cacodylate buffer, potassium chloride, cobalt chloride, inorganic
pyrophosphatase (Thermo Fisher Scientific, EF0221), deoxythymidine-50-triphos-
phate (Thermo Fisher Scientific, R0171), and TdTase (Thermo Fisher Scientific,
10533065). The reaction was kept at room temperature for 3 to 4 d, and poly-
dT was purified using phenol–chloroform extraction and suspending the air-
dried pellet inwater. Theweight average length of the poly-dTwas determined
by measuring the weight average sedimentation coefficient by boundary sedi-
mentation velocity experiments using AUC. The weight average length deter-
mined from this method is 964 nucleotides andwas determined using amethod
from themeasuredweight average sedimentation coefficient on poly-U (89).

Analytical Ultracentrifugation. The analytical ultracentrifugation sedimenta-
tion velocity experiments were performed using a Proteome Lab XL-A analyti-
cal ultracentrifuge equipped with an An50Ti rotor (Beckman Coulter). The
sample (380 μL) and buffer (410 μL) were loaded into each sector of an Epon
charcoal-filled two-sector centerpiece. All experiments were performed at
25 °C and 42,000 rpm. Absorbance datawere collected by scanning the sample
cells at intervals of 0.003 cm, monitoring either at 230 nm, 280 nm or 650 nm
depending on protein/DNA concentration, to maintain an absorbance signal
between 0.1 and 1. Both the DNA and protein samples were dialyzed in buffer
(75 mM NaCl, 20% glycerol, and 10 mM Tris, pH 8.0) except the salt titration
where the protein was dialyzed in different salts in 20% glycerol and 10 mM
Tris, pH 8.0.

Continuous sedimentation coefficient distributions, c(s), were calculated
using SEDFIT(6, 92), truncating the fit at 7.0 radial position to avoid contribu-
tions of glycerol buildup (90). This analysis yielded individual sedimentation
coefficients for each monomer, dimer, and higher-order species as well as a
weighted average frictional coefficient (f/fo) for the entire distribution (SI
Appendix, Table S1). Calculated sedimentation coefficients were converted to
20 °C water conditions (s20,w) according to

s20,w ¼ sexp
gexp
g20,w

1� �t20 q20,w
1� �texp qexp
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where q20,w and g20,w are the density and viscosity of water at 20°C, qexp and
gexp are the density and viscosity of the buffer at the experimental tempera-
ture of 25°C, and �t20 and �texp are partial specific volumes of the protein at
20°C and at 25°C. Buffer densities, (qexp) and viscosities (gexp) were calculated
from buffer composition using SEDNTERP (91). Partial specific volumes (�texp)
for Mtb UvrD1 and point mutations were calculated in SEDNTERP using the
amino acid composition. Integration of the entire c(s) distribution versus the
integration of an individual sedimentation species was performed and used to
calculate the population fraction (92).

For AUC experiments done in the presence of Cy5-labeled DNA, the absor-
bance signal was collected by scanning the sample cells at 650 nm. Partial
specific volumes (�texp) for labeled DNA and the UvrD1–DNA complex were cal-
culated according to

�t ¼ ð∑n
i¼1ni Mi �t iÞ

∑n
i¼1ni Mi

:

For AUC experiments conducted at different redox potentials, the protein was
first dialyzed in Buffer A with 75 mM NaCl, and then 1 mM DTT was added at
a respective concentration and titrated with a range of H2O2 from 0.5 to 2
mM. Redox potential wasmeasured via aMetler Toledo Redoxmicroelectrode
(UX-35902-33). After H2O2 treatment, protein was incubated at room temper-
ature for 2 h before performing AUC.

Stopped-Flow dsDNA-Unwinding Assay. All stopped-flow experiments were
carried out at 25 °C using an Applied Photophysics instrument SX-20, total shot
volume of 100 μL, and dead time of 1 ms. All experiments were carried out in
buffer with Tris, pH 8.0, 75 mM NaCl, and 20% glycerol in the absence or pres-
ence of 1 mM DTT. Cy5 fluorophore was excited using a 625-nm light-emitting
diode (LED; Applied Photophysics Ltd.), and its fluorescence emission was mon-
itored at wavelengths >665 nm using a long-pass filter (Newport Optics). The
traces represent the average of five independent shots and at least two differ-
ent protein purifications. In this assay, a double-stranded 18-bp DNA with a
T20/T10 tail with Cy5 fluorophore is attached to the long strand, and BHQ_2 is
attached to the short strand (SI Appendix, Table S6). The concentrations men-
tioned are the final concentrations after mixing the contents of both syringes.
UvrD1 (200 nM) was incubated with 2 nM DNA in one syringe, which was then
rapidly mixed with the contents of another syringe that consisted of TRAP, a
complementary DNA strand in excess protein (25×, 5 μM), Mg+2 (5 mM), and
ATP (1mM). The concentrations of ATP and Mg+2 used were determined to be
optimal for the Mtb UvrD1 unwinding assays (48). DNA strand separation is
accompanied by an increase in the fluorescence signal. The unwinding signal
was normalized to the signal from positive and negative controls to get the
fraction of DNA unwound. The positive control was 2 nM dsDNA with BHQ2
on the short strand and Cy5 on the long strand that is denatured in the pres-
ence of TRAP, and 200 nMUvrD1was added at room temperature to get maxi-
mum fluorescence signal. The negative control was the average fluorescence
value recorded for the fully annealed DNA (2 nM) with UvrD1 (200 nM) shot
against buffer alone. To get DNA unwinding with a change in redox potential,
the protein was dialyzed, treated with DTT, and titrated with H2O2 in a similar
way as was done for AUC experiments and incubated with DNA. This
protein–DNAmix was then used for unwinding experiments.

Stopped-Flow ssDNA Translocation Assays. The kinetics of UvrD1 monomer
and dimer translocation was examined in a stopped-flow experiment by moni-
toring the arrival of UvrD1 of a series of oligodeoxythymidylate lengths (L = 20,
35, 45, 64, 75, 94, and 104 nucleotides) labeled at the 50-end with Cy3 (SI
Appendix, Table S6) (62). Cy3 fluorescence was excited using a 535-nm LED with
a 550-nm short-pass cutoff filter, and emission was monitored at >570 nm using
a long-pass filter (Newport Optics). UvrD1 was preincubated with ssDNA in one
syringe, and reactions were initiated by 1:1 mixingwith 1mMATP, 5mMMgCl2,
and heparin at a concentration of 1 mg/mL to prevent rebinding of UvrD1 (50
nM) to DNA (100 nM). Excess DNA-to-UvrD1 ratio was used to prevent binding
of more than one UvrD1 monomer on DNA (62). Global analysis of time courses
using the n-step sequential model was done to calculate various translocation

parameters. For making heparin solution to be used as a TRAP for protein,
ensuring single-round conditions, heparin sodium salt (porcine intestinal
mucosa, Millipore Sigma, H3393) was dialyzed into Buffer A plus 75 mM NaCl,
and concentrations were determined by an Azure A standard curve (93).

Tryptophan Fluorescence-Based Dissociation Kinetics. Dissociation kinetics of
UvrD1 were monitored by the increase in UvrD1 tryptophan fluorescence
excited using a 290-nm LED (Applied Photophysics Ltd.), and emission was
monitored at >305 nm using a long-pass filter. The observed dissociation rate
from internal ssDNA sites for UvrD1 monomer (with 1 mMDTT) and dimer (no
DTT) was measured using dT100 and poly-dT oligos (average length of 964
nucleotides; Synthesis of Poly-dT), respectively. In one syringe, UvrD1 (100 nM)
was added with DNA (50 nM) (concentrations listed are after equal volume
mixing). In another syringe, ATP, MgCl2, and heparin were added at the same
concentrations as translocation assays, and the observed dissociation kinetic
traces were best fit to a single exponential using ProData Viewer (Applied Pho-
tophysics). All experiments were performed at 25 °C in Buffer A with 75 mM
NaCl and represent the average of five independent shots (88) For measuring
dissociation kinetics from the single-stranded/double-stranded junction, 50 nM
18-bp DNA with a dT20 tail and a Cy3 fluorophore at the 30-end of the long
strand was preincubated with 400 nM UvrD1 (final concentrations after mix-
ing) and shot against buffer with TRAP (5 μM)without ATP. The dissociation of
UvrD1 from the DNAwas monitored over time and fit using a single exponen-
tial function. All experiments were performed at 25 °C in Buffer A with 75 mM
NaCl, and the data presented are from an average of five independent shots.

ssDNA Translocation and Unwinding Fitting Analysis. The translocation and
the unwinding data were fit using the code from https://github.com/
ordabayev/global-fit, and unwinding and translocation rates were calculated.
Globalfit is a wrapper around lmfit (https://lmfit.github.io/lmfit-py/), providing
an interface for multiple curves fitting with global parameters. Python 3 was
installed via Anaconda along with modules such as numpy, scipy, matpotlib,
lmfit, emcee, corner, os, and pandas, and then the globalfit model was used
to fit the data for unwinding using the n-step unwinding model and translo-
cation using a two-step dissociation model (64).

Steady-State Anisotropy Measurements. All fluorescence titrations were per-
formed using a spectrofluorometer (ISS) equipped with Glan–Thompson polar-
izers. Measurements of the anisotropy and total fluorescence intensity of
FAM-labeled dsDNA 18 bpwith a dT20 single-stranded tail were recorded using
excitation and emission wavelengths of 490 and 522 nm, respectively, using

r ¼ IVV � GIVH
IVV þ 2GIVH

,

where ITOT = IVV + 2GIVH, where r is anisotropy, ITOT is total intensity, IVV and
IVH are fluorescence intensity of vertically and horizontally polarized emission
and G is the G factor (94). The recorded value of G factor remained between
0.85 and 0.9 throughout the titrations. Titrations were performed using a
Starna cells cuvette (16.100F-Q-10/Z15) with dimensions 12.5 × 12.5 × 45 mm
and a pathlength of 1 cm. The protein was mixed three to four times with
DNA during titrations and allowed to sit for 5min before recording anisotropy
values. The total volume of added protein was 30% of the initial volume, and
as a control, dilution with buffer with the same volume of DNA alone did not
change the anisotropy value. All titrations were conducted in Buffer A at 25 °C
in 75 mM NaCl. The data represent the average from three independent
experiments for WT-DTT and two independent experiments for the
2Bmutant.

Data Availability. All study data are included in the article and/or SI Appendix.
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