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In vivo nucleotide excision repair by mycobacterial UvrD1
requires ATP hydrolysis but does not depend on cysteine
disulfide-mediated dimerization and DNA unwinding
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Abstract

Mycobacterial UvrD1 is an SF1-type ATPase that participates in nucleotide excision repair (NER). UvrD1 consists of N-terminal ATPase and C-
terminal Tudor domains. The monomeric UvrD1 characterized originally displays vigorous DNA-dependent ATPase activity but only feeble helicase
activity. A recent study demonstrated that: (i) cysteine disulfide-mediated homodimerization of UvrD1 generates a highly active helicase; and
(i) an obligate monomeric UvrD1 (by virtue of mutating the domain 2B cysteine) is active as an ATP-dependent 3'-to-5" single-stranded DNA
translocase but not as a double-stranded DNA-unwinding helicase. Here we test genetically which physical and functional states of UvrD1
are relevant for its functions in DNA repair, by complementation of an NER-defective Mycobacterium smegmatis AuvrD1 strain with a series of
biochemically-defined UvrD1 mutants. By assaying complemented strains for sensitivity to UVC, MMC, cisplatin, and psoralen-UVA, we conclude
that monomeric UvrD1 ATPase activity suffices for the NER functions of UvrD1 in vivo. Decoupling ATP hydrolysis from duplex unwinding does
not affect the repair activity of UvrD1, nor does interdiction of domain 2B cysteine disulfide-mediated dimerization or deletion of the Tudor
domain. Our results militate against a proposed model in which UvrD1's repair function is governed by the redox state of the bacterium via its
impact on UvrD1 dimerization and helicase activity.
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D235A  ATPase inactive / helicase inactive NO
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C450A  ATPase active / helicase inactive / obligate monomer YES

Introduction

The nucleotide excision repair (NER) pathway driven by the
UvrABC excinuclease complex has been extensively charac-
terized in Escherichia coli and Bacillus [1] and is conserved

UvrC and the 12- to 13-mer CPD-containing oligonucleotide
from the post-incision complex and the resulting gap is filled
in by DNA polymerase and sealed by DNA ligase.

The NER system of mycobacteria has attracted attention in

in diverse bacterial taxa, including mycobacteria. The NER
machinery locates and excises bulky DNA lesions such as
short wave ultraviolet (UVC)-induced intra-strand cyclopy-
rimidine dimers (CPDs). The damage is recognized by a UvrA
dimer, which recruits UvrB. After UvrA dissociates, UvrB sits
on the lesion and recruits UvrC, a bifunctional endonuclease
that incises the CPD-containing strand 7-nucleotides 5’ of the
CPD (via UvrC’s RNase-H like nuclease module) and 34 nu-
cleotides 3’ of the CPD (via UvrC’s GIY-YIG nuclease module)
[2]. The UvrD ATPase (UvrD1 in mycobacteria) then displaces

light of the findings that AuvrB, AuvrD1,and AuvrA AuvrD1
mutants of Mycobacterium tuberculosis are attenuated with
respect to virulence in mice [3, 4]. As expected, deletions of
uvrA, uvrB, and uvrD1 hypersensitize mycobacteria to killing
by UVC [4-7, 8]. Early studies indicated that mycobacterial
AuvrA, AuvrB, and AuvrD1 strains were also sensitive to
killing by mitomycin C (MMC) [4, 8]. MMC reacts with gua-
nine bases at 5’-CpG sites to form inter-strand G-G crosslinks
and G-monoadducts [9]. The connection between NER pro-
teins and MMC damage was fortified by the findings that

Received: February 18, 2025. Revised: March 20, 2025. Editorial Decision: March 20, 2025. Accepted: March 24,2025

© The Author(s) 2025. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact

journals.permissions@oup.com.


https://doi.org/10.1093/nar/gkaf269
https://orcid.org/0000-0002-9949-309X
https://orcid.org/0000-0001-5034-6438

2 Warren and Shuman

MMC treatment of Mycobacterium smegmatis increased the
expression of uvrB (by seven-fold), uvrA (three-fold), uvrD1
(three-fold), and uvrC (two-fold) in a PafBC transcription
factor-dependent fashion [10].

Our group has had a longstanding interest in M. smegmatis
UvrD1 (a 783-aa polypeptide), having purified and charac-
terized the enzyme biochemically and genetically in 2007 [5].
Mycobacterial UvrD1 has a C-terminal domain that mediates
a physical interaction with the nonhomologous end joining
(NHE]) factor Ku, a double-strand break end-binding pro-
tein [5]. The monomeric form of UvrD1 protein is a vigor-
ous DNA-dependent ATPase but a very weak 3'-to-5 DNA
helicase. Ku stimulates monomeric UvrD1 to catalyze ATP-
dependent unwinding of 3'-tailed duplex DNA [5, 11]. Ac-
cording to AlphaFold 3 [12], a predicted C-terminal Tudor do-
main of UvrD1 is preceded by a disordered loop (aa 692-730)
rich in serine, glycine, and proline that connects to the core AT-
Pase motor, which consists of two RecA-like domains (1A and
2A) that bind ATPeMg?* and two accessory domains (1B and
2B) (Fig. 1A). The disordered loop has no apparent equivalent
in E. coli UvrD or Bacillus PcrA [11]. Deleting the C-terminal
90-aa of M. smegmatis UvrD1 had no effect on UvrD1-(1-
693)’s DNA-dependent ATPase activity or on UvrD1-(1-693)
binding to a 3/-tailed duplex helicase substrate. Yet, the CA90
deletion diminished duplex unwinding in the presence of Ku
and precluded formation of a stable DNAeUvrD1eKu ternary
complex [11].

The Lohman/Galburt group recently characterized a ho-
modimeric version of UvrD1, formed via an inter-subunit cys-
teine disulfide linkage, that is a vigorous DNA helicase with-
out Ku [13]. Their cryo-electron microscopy (cryo-EM) single-
particle reconstruction models of dimeric and monomeric
UvrD1 bound to 3'-tailed duplex DNAs (at 5-6 A resolu-
tion) provide key evidence that the two UvrD1 protomers in
the cysteine-linked dimer (formed by contacts between the 2B
domains of the protomers) are arrayed in tandem on the 3'-
tail with the lead protomer poised at the single-strand/duplex
junction [14]. By contrast, the UvrD1 monomer engages the
3’-tail and junction in a different auto-inhibited conformation
entailing DNA interactions of the 2B domain that are absent
in the active homodimereDNA structure. Chadda et al. [13]
propose that UvrD1’s repair function is tuned by the redox
state of the cell, being triggered into action under oxidizing
conditions. These new results and proposals make it acutely
important to test genetically which physical and functional
states of UvrD1 are relevant for its functions in DNA repair
in vivo.

In light of previous findings that deletion of M. smegma-
tis Ku had no impact on sensitivity to killing by UVC [15],
we envision that either: (i) the Ku-independent homodimeric
UvrD1 helicase is the true agent of NER; or (ii) the monomeric
UvrD1 ATPase suffices for NER and the homodimeric helicase
activity is dispensable.

To distinguish between these scenarios, we conduct genetic
complementation experiments whereby we express wild-type
or mutant versions of UvrD1 in AuvrD1 cells, achieved by
inserting the uvrD1 alleles at the chromosomal a#tB site un-
der the control of the native uvrD1 promoter [5]. We ex-
ploit UvrD1 mutants, including separation-of-function mu-
tants, that were characterized biochemically with respect to
DNA binding, ATP hydrolysis, and duplex unwinding [5, 11].
Domain 1A mutant D235A is ATPase-dead and helicase-dead,
but fully competent for binding to the 3’-tailed duplex helicase

substrate [5]. Domain 2A mutant E609A is fully active for
DNA binding and ATP hydrolysis but is inactive in duplex un-
winding on a 3’-tailed duplex substrate [11]. Mutants UvrD1-
(1-729) and UvrD1-(1-693) retain ATPase and DNA binding
functions but lack the predicted Tudor domain (the structure
of which we solve here) and the Tudor plus linker domains,
respectively. Most important, we test mutant C450A in which
the domain 2B cysteine shown to mediate UvrD1 dimerization
[13] (Fig. 1A) is replaced by alanine. This maneuver addresses
the key question of whether cysteine disulfide-mediated dimer-
ization is required for any or all of UvrD1’ iz vivo functions.

By assaying these complemented strains for sensitivity to
multiple clastogens, we conclude that: (i) the monomeric
UvrD1 ATPase activity suffices for all UvrD1 DNA repair
functions iz vivo; (ii) decoupling ATP hydrolysis from duplex
unwinding by E609A does not affect UvrD1’s DNA repair
functions; (iii) cysteine disulfide-mediated dimerization plays
no apparent DNA repair role in vivo; and (iv) the C-terminal
Tudor domain and the linker segment are inessential for DNA
repair in vivo. These results militate against a proposed model
in which UvrD1 repair function is under redox control.

Materials and methods

Complementation of AuvrD1 by expression of
wild-type UvrD1 and UvrD1 mutants

DNA fragments encoding wild-type or mutated UvrD1 pro-
teins under the control of the native uvrD1 promoter (a 200-
bp genomic DNA segment upstream of the translation start
codon) were inserted between the Notl and HindIIl sites
of the integration-proficient plasmid pMV306-Kan that con-
tains the bacteriophage LS a#tP-int region and a kanamycin-
resistance gene [16]. The pMV306-Kan-UvrD1 inserts were
sequenced to verify that no unintended coding changes were
acquired during amplification and cloning. The pMV306-
Kan-UvrD1 plasmids were transformed into an M. smegmatis
AuvrD1 strain that has an in-frame deletion spanning amino
acids 27-756 of the UvrD1 polypeptide [5]. Wild-type uvrD1
and AuvrD1 null cells were transformed in parallel with the
empty pMV306-Kan vector. Integrants at the chromosomal
attB site were selected on 7H10 agar plates containing 20
pg/ml kanamycin, 0.5% glycerol, 0.5% dextrose. The inte-
grated uvrD1 genes were polymerase chain reaction (PCR)-
amplified using primers complementary to plasmid sequences
flanking the open reading frame (ORF) and then sequenced to
affirm the presence of the desired wild-type or mutated uvrD1
alleles or, in the case of the vector control transformants, the
integration of the vector.

Sensitivity to UVC irradiation

Mycobacterium smegmatis strains were grown to log phase
(Agoo 0.3-0.4) and serial 10-fold dilutions prepared in 7H9
media were spotted on 7H10 agar plates supplemented with
20 pg/ml kanamycin, 0.5% glycerol, 0.5% dextrose. UV irra-
diation at the doses specified in the figures was performed with
a Spectrolinker XL-1500 UV crosslinker (Spectronic Corp.)
fitted with 254 nm bulbs. Immediately after exposure, the
plates were wrapped in foil (to prevent repair by photolyase)
and incubated at 37°C for 3 days. UV sensitivity experiments
were performed with three independent biological replicates;
representative experiments are shown in Fig. 1B.
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Figure 1. Complementation of AuvrD7 UVC sensitivity by wild-type and mutant UvrD1s. (A) Schematic of the domain architecture of the M. smegmatis
UvrD1 protein. RecA-like domains 1A and 2A form the ATPeMg?* binding site. Asp235 in domain 1A engages the divalent cation cofactor for ATP
hydrolysis. Glu609 in domain 2A is essential for duplex unwinding albeit not for ATP hydrolysis [11]. A cysteine in domain 2B (Cys450 in M. smegmatis
UvrD1) is responsible for cysteine disulfide-mediated dimerization of UvrD1 [13]. The C-terminal Tudor domain is implicated in UvrD1 interaction with Ku
[5]. (B) Serial 10-fold dilutions of wild-type or AuvrD1 cells with the indicated uvrD1 alleles (or empty vector) inserted at the chromosomal attB locus
were spotted on 7H10 agar plates, which were exposed to the UVC (254 nm) doses specified (0, 2, 5, or 10 mJ/cm?). The plates were photographed

after incubation in the dark for 3 days at 37°C.

Sensitivity to MMC

Log phase cultures (1.5 ml at Agpp of 0.3-0.4) of M. smeg-
matis strains grown in 7H9 medium were supplemented with
MMC (from Sigma; prepared as a 0.8 mg/ml stock solu-
tion in dimethylsulfoxide) at the concentrations specified in
figure legends. After incubation for 2 h at 37°C with con-
stant shaking (200 rpm), the control and MMC-treated cells
were harvested by centrifugation, washed twice with drug-
free 7H9 medium, and resuspended in 7H9 medium to attain
equal optical density. Aliquots (2.5 ul) of serial 10-fold di-
lutions were spotted on 7H10 agar plates supplemented with
20 pg/ml kanamycin, 0.5% glycerol, 0.5% dextrose and incu-
bated at 37°C for 3 days. MMC sensitivity experiments were
performed with three independent biological replicates; rep-
resentative experiments are shown in Figs 3 and S.

Sensitivity to cisplatin

Log phase cultures (1.5 ml at Agpp of 0.3-0.4) of M. smeg-
matis strains grown in 7H9 medium were supplemented with
cisplatin (from US Pharmacopeia, prepared as a 2 mg/ml stock
solution in 150 mM NacCl) at the concentrations specified in
figure legends. After incubation for 1 h at 37°C with constant
shaking (200 rpm), the control and cisplatin-treated cells were
harvested by centrifugation, washed once with drug-free 7H9
medium, and resuspended in 7H9 medium to attain equal op-
tical density. Aliquots (2.5 ul) of serial 10-fold dilutions were
spotted on 7H10 agar plates supplemented with 20 pg/ml
kanamycin, 0.5% glycerol, 0.5% dextrose, and incubated at
37°C for 3 days. Cisplatin sensitivity experiments were per-
formed with three independent biological replicates; represen-
tative experiments are shown in Figs 3 and 5.

Sensitivity to trioxsalen-UVA

Log phase cultures (1.5 ml at Agpp of 0.3-0.4) of M. smeg-
matis strains grown in 7H9 medium were diluted in 10-fold
increments and aliquots (2.5 pl) were spotted on 7H10 agar
plates supplemented with 0.1 ug/ml trioxsalen (from Thermo
Scientific; prepared as a 1 mg/ml stock solution in dimethyl-
sulfoxide), 20 pg/ml kanamycin, 0.5% glycerol, 0.5% dex-
trose. The agar plates were incubated at 37°C for 2 h to
allow uptake of trioxsalen and then UVA-irradiated for the
times specified with a 100W 365 nm LED lamp (Everbeam)
placed 10 cm above the plate. Immediately after exposure, the
plates were wrapped in foil and incubated at 37°C for 3 days.
Trioxsalen sensitivity experiments were performed with three
independent biological replicates; representative experiments
are shown in Figs 3 and 4.

Sensitivity to angelicin—-UVA

Log phase cultures (1.5 ml at Aggo of 0.3-0.4) of M. smeg-
matis strains grown in 7H9 medium were supplemented with
20 pg/ml angelicin (from Sigma; prepared as a 1 mg/ml
stock solution in ethanol). After incubation for 2 h at 37°C
with constant shaking (200 rpm), the cells were serially 10-
fold diluted in 7H9 medium containing 20 pg/ml angelicin.
Aliquots (2.5 pl) of serial 10-fold dilutions were spotted on
7H10 agar plates supplemented with 0.5% glycerol, 0.5%
dextrose. The agar plates were then UVA-irradiated for the
times specified with a 100 W 365 nm LED lamp (Everbeam)
placed 10 cm above the plate. Immediately after exposure, the
plates were wrapped in foil and incubated at 37°C for 3 days.
Angelicin sensitivity experiments were performed with three
independent biological replicates; representative experiments
are shown in Fig. 3.
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Recombinant UvrD1 Tudor domain

The ORF encoding the C-terminal segment (aa 731-783)
of M. smegmatis UvrD1 (Msmeg_5534) was PCR-amplified
from genomic DNA with primers that introduced a BglII site
upstream of aa 731 and a HindIII site downstream of the
native stop codon. The PCR products were digested with
Bglll and HindIII and ligated into pET28b-His;oSmt3 that
had been digested with BamHI and HindlIIl. The resulting
pET28b-His;oSmt3-UvrD1-C plasmid encodes UvrD1-(731-
783) fused to an N-terminal His;oSmt3 tag under the tran-
scriptional control of a T7 RNA polymerase promoter. The
pET28b-His;pSmt3-UvrD1-C plasmid was transformed into
E. coli BL21(DE3) cells. Cultures (2-L) amplified from single
kanamycin-resistant transformants were grown at 37°C in LB
(Luria-Bertani) broth containing 60 pg/ml kanamycin until
the Agoo reached 0.7. The cultures were chilled on ice for 1
h, then adjusted to 2% (v/v) ethanol and 0.5 mM isopropyl-
B-D-thiogalactopyranoside and incubated for 16 h at 18°C
with constant shaking. All subsequent procedures were per-
formed at 4°C. Cells were harvested by centrifugation and re-
suspended in 50 ml of buffer A (50 mM Tris—=HCI, pH 8.0,
500 mM NaCl, 20 mM imidazole, 1 mM DTT (dithiothre-
itol), 20% glycerol) containing 1 protease inhibitor cocktail
tablet (Roche). Lysozyme was added to a concentration of
1 mg/ml and the suspension was Dounce-homogenized prior
to sonication to reduce viscosity. The insoluble material was
pelleted by centrifugation at 38000g for 45 min. The super-
natant was mixed for 1 h with 5 ml of Ni-NTA agarose resin
(Qiagen) that had been equilibrated with buffer A. The resin
was recovered by centrifugation and resuspended in 40 ml of
buffer B (50 mM Tris—=HCI, pH 8.0, 250 mM NaCl, 20 mM
imidazole, 1 mM DTT, 10% glycerol). The resin was recov-
ered by centrifugation and resuspended in 40 ml of buffer
B. This wash step was repeated three times. The recovered
resin was poured into a column. After washing the column
with 30 ml of buffer B, the bound material was eluted with
buffer C (50 mM Tris—HCI, pH 8.0, 250 mM NaCl, 500 mM
imidazole, 1 mM DTT, 10% glycerol). The polypeptide com-
positions of the eluate fractions were monitored by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis. The elu-
ate fractions containing His;oSmt3-UvrD1-(731-783) were
pooled and supplemented with Smt3-specific protease Ulpl
[His1oSmt3-UvrD1-(731-783):Ulp1 ratio of 1000:1] and then
dialyzed overnight in 11 of buffer B. The tag-free UvrD1-(731-
783) protein was then separated from His;oSmt3 by apply-
ing the dialysate to a 5-ml Ni-NTA agarose column that had
been equilibrated with buffer B. The flow through fractions
containing UvrD1-(731-783) were pooled, concentrated to 4
mg/ml by centrifugal ultrafiltration (Amicon filter, MWCO
3500 Da), and subjected to gel filtration through a 24-ml
Superdex-200 column equilibrated in buffer D (25 mM Tris—
HCI, pH 8.0, 150 mM NaCl, 1 mM DTT). Peak fractions were
pooled, concentrated by centrifugal ultrafiltration, frozen, and
stored at —80°C. Protein concentrations were determined with
the BioRad dye reagent using bovine serum albumin as the
standard. The yield was 1.5 mg of UvrD1-(731-783).

Structure of the UvrD1 Tudor domain

Crystals of UvrD1-(731-783) were grown by sitting drop va-
por diffusion at 22°C. Aliquots (1 pl) of 430 uM UvrD1-
(731-783) in buffer D were mixed with an equal volume of
reservoir solution containing 0.2 M NaCl, 0.1 M Bis—Tris,

pH 5.5, and 25% PEG-3350. Crystals were harvested and
made into a seed stock using a seed bead kit (Hampton Re-
search). Aliquots (1 ul) of 430 uM UvrD1-(731-783) were
then mixed with 1 ul seed stock and 2 ul of reservoir so-
lution containing 0.2 M NaCl, 0.1 M Bis-Tris, pH 5.5, and
25% PEG-3350. Crystals that grew after 2—4 days were cry-
oprotected in paraffin oil and then flash-frozen in liquid ni-
trogen. X-ray diffraction data from a single UvrD1-(731-783)
crystal were collected at the Advanced Photon Source beam-
line 24-ID-C. The crystal diffracted to 2.59 A resolution, be-
longed to space group P22,24, and contained five protomers
in the asymmetric unit. Reduction of the crystallographic data
were performed using XDS [17] and AIMLESS [18, 19]. The
UvrD1-(731-783) structure was determined by molecular re-
placement, implemented in PHASER [20], using an AlphaFold
predicted structure of UvrD1-(731-783) as the search model.
The structure was iteratively improved in REFMAC [21] in-
terspersed with manual adjustments of the model in COOT
[22]. The refined model (R ok /Riree Of 23.4/29.8) comprised
continuous polypeptides from aa 731 to 781 for promoters
B, C, D, and E. In protomer A, residues Gly766 and Ser767
at the tip of a B-hairpin loop were disordered. The crystallo-
graphic data collection information, refinement statistics, and
model coordinates are available via the RCSB Protein Data
Bank (PDB ID 9DQS; released 16 October 2024).

Results

UVC resistance requires UvrD1’s ATPase but does
not depend on chemomechanical coupling to DNA
unwinding.

UVC exposure causes intra-strand DNA lesions—CPDs and
64 photoproducts—that are repaired in M. smegmatis via
NER, as evinced by the exquisite sensitivity of AuvrD1 cells
vis-a-vis wild-type cells to killing by escalating doses (2, 5, or
10 mJ/cm?) of 254 nm UV light. (Fig. 1B). UVC resistance was
restored when the wild-type uvrD1 gene, under the control of
its native promoter, was inserted into the a#tB chromosomal
locus of the AuvrD1 strain (Fig. 1B). There was no rescue of
UVC resistance by the uvrD1-D235A allele that encodes an
ATPase-dead, helicase-dead version of UvrD1 that nonethe-
less retains activity in DNA binding [5] (Fig. 1B). Asp235, a
constituent of superfamily 1 (SF1) helicase motif II (DExQ),
coordinates the divalent cation cofactor for ATP hydrolysis
[11]. By contrast, UVC resistance was fully complemented by
the uvrD1-E609A allele that encodes an DNA binding-active,
ATPase-active, helicase-dead version of UvrD1 [11] (Fig. 1B).
Glu609, located in helicase motif V, is modeled to contact the
ATP ribose 3’-OH and the motif IV Arg308 side chain that
is essential for ATP hydrolysis; mutation of Glu609 to ala-
nine uncouples ATP hydrolysis from duplex unwinding [11].
These results signify that ATP hydrolysis is essential for UvrD1
function in NER whereas duplex unwinding (as gauged by
displacement of a 24-bp duplex with a 3’ single-strand tail)
is not.

The UvrD1 C-terminal Tudor and linker modules are
dispensable for UVC resistance

At the time of the initial characterization of UvrD1, the struc-
ture of the C-terminal domain of UvrD/PcrA-like helicases
was not known. Here, we solved a 2.6 A crystal structure of
the 53-aa C-terminal segment of M. smegmatis UvrD1, from



aa 731-783, and found that it adopts a Tudor domain fold,
comprising a S-strand antiparallel B-barrel (PDB 9DQS; Fig.
2). This accords with structures determined for C-terminal Tu-
dor domain folds in Bacillus PcrA, E. coli UvrD, and Thermus
UvrD [23-25] (Fig. 2). The Tudor domain mediates interac-
tions of UvrD/PcrA with RNA polymerase and UvrB [23-26].
It was suggested recently that the Tudor domain exerts an au-
toinhibitory effect on mycobacterial UvrD1’s unwinding ac-
tivity and that the interaction of Ku with the Tudor domain
relieves this inhibition [27].

Here we tested complementation of the AuvrD1 UVC sen-
sitivity phenotype by introducing into a#tB the C-terminally
truncated alleles uvrD1-(1-729), which lacks the Tudor do-
main, and uvrD1-(1-693), which lacks the disordered loop
and the Tudor domain. Both truncated proteins restored UVC
resistance to AuvrD1 cells (Fig. 1B). Thus, any protein inter-
actions imputed to the UvrD1 Tudor domain are deemed to be
unnecessary for UvrD1’s function in the repair of UVC dam-
age.

Cysteine disulfide-mediated dimerization is
dispensable for UVC resistance

Chadda et al. identified Cys451 in the 2B domain of M. tuber-
culosis UvrD1 as the residue responsible for cysteine disulfide-
mediated dimerization of UvrD1 and the ensuing activation of
the homodimeric UvrD1 helicase [13, 14]. The M. tuberculosis
UvrD1-C451A mutant enzyme is exclusively monomeric, ac-
tive as an ATP-dependent 3'-to-5’ translocase on single-strand
DNA, but inactive as a helicase per se [13]. The equivalent
cysteine residue in M. smegmatis UvrD1 is Cys450. We in-
serted into the attB chromosomal locus of the AuvrD1 strain
a uvrD1-C450A allele encoding a full-length UvrD1 protein
that cannot form the cysteine disulfide linkage. Expression
of UvrD1-C450A restored UVC resistance (Fig. 1B). We con-
clude that the cysteine disulfide-mediated UvrD1 homodimer-
ization described by Chadda er al. [13, 14] is not pertinent
to UvrD1’s NER function iz vivo. As a control we replaced
Cys484 with alanine and found that the uvrD1-C484A allele
also complemented the UVC sensitivity of the AuvrD1 strain
(Fig. 1B).

NER protects against DNA damage caused by
MMC, cisplatin, and psoralen-UVA

Here we compared the effects of AuvrD1 and AuvrB on sen-
sitivity to three DNA-damaging agents that form a mixture of
inter-strand crosslinks (ICLs) and base monoadducts. MMC
reacts with guanine-N2 in the DNA minor groove at 5’-CpG
sites to form inter-strand G-G crosslinks and G-monoadducts
[9]. Cisplatin forms inter-strand G-G crosslinks, intra-strand
G-G and G-A crosslinks, and G-monoadducts via reaction
with purine-N7 in the major groove [28]. Trioxsalen is a bi-
functional psoralen with two photoactive sites that interca-
lates into DNA and sequentially forms single-strand adducts
and inter-strand crosslinks after photoactivation with 365 nm
UV light (UVA), via cycloaddition to the 5,6 double bond
of pyrimidines, preferentially at the thymine bases of 5'-TA
dinucleotides [29]. We found that AuvrD1 and AuvrB ren-
dered M. smegmatis sensitive to killing by MMC, cisplatin,
and trioxsalen-UVA (Fig. 3A). AuvrB cells were apparently
more sensitive than AuvrD1 cells to killing by MMC and cis-
platin; this disparity was not evident with respect to killing by
trioxsalen-UVA (Fig. 3A).
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Angelicin is a monofunctional psoralen that, because of its
angular structure, is unable to form ICLs and produces al-
most entirely monoadducts [30]. Studies in E. coli showed
that AuvrA, AuvrB, and AuvrC mutants are hypersensitive to
killing by angelicin [30], suggesting that angelicin-pyrimidine
monoadducts are repaired via NER. To see if this is the case in
mycobacteria, we tested M. smegmatis mutants lacking UvrB
or UvrD1 for sensitivity to a 2-h exposure to 20 pg/ml an-
gelicin in liquid medium, after which dilutions were spotted
on agar medium and the plates were treated with UVA for 0,
1, 2, or 4 min. Survival was gauged after 3-day incubation
at 37°C. In parallel, we tested the angelicin sensitivity of M.
smegmatis mutants lacking Lhr and Nei2, which are encoded
in a DNA damage-inducible Ihr-nei2 gene operon that pro-
tects M. smegmatis from killing by ICLs [31, 32]. Lhr is a
3’-to-5" DNA helicase with a distinctive homotetrameric qua-
ternary structure [33, 34]. Nei2 is a DNA glycosylase/lyase
[31, 32]. Genetically interdicting the activity of the Lhr heli-
case sensitizes mycobacteria to killing by MMC, cisplatin, and
trioxsalen—-UVA. By contrast, the Nei2 glycosylase functions
uniquely in evasion of damage caused by trioxsalen—-UVA [31,
32]. Ablating Lhr and Nei2 does not sensitize M. smegmatis
to UVC [31, 32].

We found that AuvrD1 and AuvrB strains treated with an-
gelicin were sensitive to killing by 2 and 4 min exposure to
UVA, whereas the wild-type control and the Albr and Anei2
strains were virtually identical in their resistance to angelicin—
UVA (Fig. 3B). Note that 4 min of UVA had no impact on
any of the strains in the absence of prior treatment with an-
gelicin. These results signify that Lhr and Nei2 are specifically
dedicated to defense against psoralen ICLs and are not impli-
cated in the repair of psoralen monoadducts, which are ap-
parently substrates for NER via UvrD1 and UvrB. We infer
that the sensitivity of AuvrD1 and AuvrB cells to MMC and
cisplatin arises because the NER machinery excises the purine
base monoadducts generated by MMC and cisplatin.

UvrD1 repair of MMC, cisplatin, and psoralen-UVA
damage depends on ATP hydrolysis but not on
cysteine disulfide-mediated dimerization or duplex
unwinding

The sensitivities of the AuvrD1 strain to killing by trioxsalen—
UVA (Fig. 4), and MMC and cisplatin (Fig. 5) were fully
reversed by expression of either wild-type UvrD1, UvrD1-
E609A, UvrD1-C450A, UvrD1-(1-729), or UvrD1-(1-693),
all of which are ATPase-active, but not by the ATPase-dead
UvrD1-D235A mutant.

Discussion

Simultaneous initial reports of the biochemical characteriza-
tion of UvrD1 from M. smegmatis and M. tuberculosis (35,
35] described a vigorous monomeric single-stranded DNA
(ssDNA)-dependent ATPase (K, values of 110 uM and 63
UM ATP; ke, values of 110 s™' and 43 s™!, respectively). The
3’-to-5" helicase activity of M. tuberculosis UvrD1 on a va-
riety of 3'-tailed duplex substrates was demonstrated under
conditions of extreme enzyme excess (UvrD1:DNA molar ra-
tio of 200:1 in most cases) [35]. Whereas M. smegmatis UvrD1
was unable to unwind a 3'-tailed duplex when present at two-
fold excess over the helicase substrate, it quantitatively un-
wound the tailed duplex in the presence of a molar equivalent
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Mycobacterium UvrD1

B

Bacillus PcrA

Thermus UvrD

MsmUvrDl MVLQPGDRVTHDKYGLGRVEEVAGTGESAMSLIDF-GSAGRVKLMHNHAPLQKL

BstPcra
EcoUvrD
TthUvrD

GWKVGDRANHRKWGIGTVVSVRGGGDDQELDIAFPSPIGIKRLLAKFAPIEKV
GYKLGQRVRHAKFGEGTIVNMEGSGEHSRLOVAF-QGQGIKWLVAAYARLESV
FRGGERVVHPRFGPGTVVAAQG----DEVTVHF-EGFGLKRLSLKYAELKPA

Figure 2. Structure of the C-terminal Tudor domain of UvrD1. (A) The tertiary structure of the M. smegmatis UvrD1 C-terminal Tudor domain (aa
731-783; PDB 9DQS) is depicted as a cartoon model with magenta [3 strands, flanked by the homologous Tudor domains of Bacillus stearothermophilus
PcrA (PDB 5DMA) and Thermus thermophilus UvrD (PDB 7EGT). (B) Structure-based alignment of the primary structures of the Tudor domains of

UvrD1, PcrA, and UvrDs from T. thermophilus and E. coli.

of Ku homodimer to UvrD1 [5]. EMSA assays established that
monomeric UvrD1 per se binds the 3'-tailed duplex and re-
cruits Ku to form a discrete higher order ternary complex [3,
11].

We now know via the work of Chadda et al. [13, 14, 27],
that cysteine disulfide-mediated homodimerization of UvrD1
results in a highly active helicase per se, one that is much
faster than the Ku-activated monomeric UvrD1 helicase. An
obligate monomeric version of UvrD1 (by virtue of mutat-
ing the domain 2B cysteine to alanine) remains active as an
ATP-dependent 3'-to-5' translocase on single-strand DNA (at
a rate of 130 ntes™!) but not as a DNA unwinding helicase
[13]. These biochemical findings, along with recently reported
cryo-EM structures of monomeric and homodimeric UvrD1
engaged on DNA [14], provide important new insights into
helicase mechanism. Yet, the outstanding question is whether
and how they bear on mycobacterial physiology and the role
of UvrD1 in DNA repair.

The short answer is that they don’t. To wit, by genetic com-
plementation of the clastogen-sensitive M. smegmatis AuvrD1
strain, we find that whereas the ATPase activity of UvrD1
is essential for UvrD1’s NER function against base dam-
age inflicted by UVC, MMC, cisplatin, and psoralen-UVA,
UvrD1’s repair activity is unaffected by mutations that un-
couple ATP hydrolysis from duplex unwinding (E609A) or
preclude disulfide-mediated homodimerization and hence he-
licase activity (C450A). Indeed, we show that the N-terminal
ATPase domain per se (that lacks the C-terminal Tudor do-
main and the interdomain linker) suffices for UvrD1’s NER
function in vivo.

There is precedent for this scenario in the case of the
essential mycobacterial DNA helicase UvrD2. UvrD2 is a
monomeric protein with vigorous DNA-dependent ATPase
and 3’-to-5" DNA helicase activities in the absence of any ac-
cessory proteins [5]. The UvrD2 protein is essential for via-
bility of M. smegmatis and M. tuberculosis, i.e. attempts to
disrupt the uvrD2 gene were unsuccessful unless a second
copy of uvrD2 was present elsewhere in the chromosome
[36, 37]. UvrD2 has a distinctive architecture composed of
an N-terminal SF1 ATPase/helicase domain and a C-terminal
HRDC domain, connected by a CxxC-(14)-CxxC tetracys-
teine module. Whereas the UvrD2 HRDC domain is not re-
quired for ATPase or helicase activities in vitro, deletion of
the tetracysteine module abolishes duplex unwinding while
preserving ATP hydrolysis [36]. Single alanine mutations in
the helicase domain of UvrD2 were identified that either: (i)
abolished ATP hydrolysis and helicase activity; or (ii) abol-
ished helicase activity without affecting DNA-dependent ATP
hydrolysis or translocation on ssDNA (i.e. a motif V E508A
mutation equivalent to E609A in UvrD1) [37]. When such
biochemically defined UvrD2 mutants were deployed to test
complementation of AuvrD2 lethality in M. tuberculosis, it
was discovered that neither the HRDC domain nor the tetra-
cysteine module was needed, and that the ATPase activity of
UvrD2 was essential for viability but the helicase activity was
dispensable [37]. A potential role for the UvrD2 HRDC do-
main during mycobacteriophage infection of M. abscessus was
suggested by the isolation of phage-resistant host mycobacte-
ria bearing frame-shift or missense mutations in the M. ab-
scessus UvrD2 HRDC domain [38].
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A Mitomycin C (ug/ml)
0 0.05 0.1
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0.1 pg/ml Trioxsalen; 365 nm UV exposure time (sec)
0 10 15
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Figure 3. NER protects against DNA damage caused by MMC, cisplatin, and psoralen-UVA. (A) Sensitivity to MMC, cisplatin, and trioxsalen-UVA.
Wild-type, AuvrD1, and AuvrB cells were treated with: (top panel) 0, 0.05, or 0.1 pug/ml MMC for 2 h at 37°C; or (middle panel) 0, 10, or 20 pug/ml
cisplatin for 1 h at 37°C. After harvesting and washing to remove clastogen, serial 10-fold dilutions were spotted on 7H10 agar plates to gauge survival.
(Bottom panel) Serial 10-fold dilutions of wild-type, AuvrD1, and AuvrB cells were spotted on 7H10 agar plates containing 0.1 pg/ml trioxsalen and then
exposed to 365 nm light for 0, 10, or 15 s. The plates were photographed after incubation for 3 days at 37°C. (B) Sensitivity to angelicin~-UVA. Wild-type,
Alhr, Anei2, AuvrD1, and AuvrB cells were treated with 20 ug/ml angelicin for 2 h at 37°C, after which serial 10-fold dilutions were spotted on 7H10
agar plates and exposed to 365 nm light for 0, 1, 2, or 4 min. Control cells that had not been treated with angelicin were spotted in parallel and exposed
to 365 nm light for 4 min. The plates were photographed after incubation for 3 days at 37°C.

365 nm UV exposure time (s)

15
WT + vector
AuvrD1 + vector
AuvrD1 + uvrD1
AuvrD1 + uvrD1-D235A
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AuvrD1+ uvrD1-(1-693)
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Figure 4. Complementation of AuvrD17 trioxsalen-UVA sensitivity by wild-type and mutant UvrD1s. Serial 10-fold dilutions of wild-type or AuvrD1 cells
with the indicated uvrD1 alleles (or empty vector) inserted at the chromosomal attB locus were spotted on 7H10 agar plates containing 0.1 pg/ml
trioxsalen and then exposed to 365 nm light for 0, 15, or 30 s. The plates were photographed after incubation for 3 days at 37°C.
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Figure 5. Complementation of AuvrD7 MMC and cisplatin sensitivity by wild-type and mutant UvrD1s. Serial 10-fold dilutions of wild-type or AuvrD1
cells with the indicated uvrD1 alleles (or empty vector) inserted at the chromosomal attB locus were treated with: (A) 0, 0.1, or 0.2 pug/ml MMC for 2 h
at 37°C; or (B) 0, 10, or 20 ug/ml cisplatin for 1 h at 37°C. After harvesting and washing to remove clastogen, serial 10-fold dilutions were spotted on

7H10 agar plates to gauge survival.

Our findings here that the UvrD1 C-terminal Tudor do-
main is inessential for mycobacterial NER resonate with stud-
ies of E. coli UvrD which showed that: (i) a truncated UvrD-
(1-647) protein lacking the Tudor domain was active in dis-
placing UvrC and a 12-mer lesion-containing oligonucleotide
from the post-incision complex during NER 7 vitro; and (ii)
expression of UvrD-(1-647) in E. coli AuvrD1 cells restored
resistance to killing by UVC up to 15 J/m? [39].

In conclusion, it is now evident that UvrD1 does not have
to be either a cysteine-linked dimer or a helicase (as defined by
standard helicase assays) to fulfill its NER functions iz vivo.
We feel that our genetic results weigh against a model [13]
whereby UvrD1 activity in DNA repair is governed by the re-
dox state of the cell via its impact on UvrD1 dimerization.

Of course, we cannot exclude the prospect that cysteine
disulfide-mediated homodimerization and duplex unwinding
are relevant to some hypothetical iz vivo function of UvrD1
other than NER. In E. coli, UvrD plays a key role in the
methyl-directed mismatch repair pathway spearheaded by
MutL, MutS, and MutH, whereby interaction with MutL
stimulates UvrD helicase activity and its displacement of the

nicked mismatched strand [40, 41]. Yet, this scenario does
not apply in mycobacteria, which lack the MutL/MutS system
and instead rely on a distinct mechanism of mismatch repair
catalyzed by the endonuclease NucS [42].
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