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In Mycobacterium tuberculosis (Mtb), damage-induced mutagene-
sis is dependent on the C-family DNA polymerase, DnaE2. Included
with dnaE2 in the Mtb SOS regulon is a putative operon comprising
Rv3395c, which encodes a protein of unknown function restricted
primarily to actinomycetes, and Rv3394c, which is predicted to en-
code a Y-family DNA polymerase. These genes were previously
identified as components of an imuA-imuB-dnaE2–type mutagenic
cassette widespread among bacterial genomes. Here, we confirm
that Rv3395c (designated imuA′) and Rv3394c (imuB) are individu-
ally essential for induced mutagenesis and damage tolerance.
Yeast two-hybrid analyses indicate that ImuB interacts with both
ImuA′ and DnaE2, as well as with the β-clamp. Moreover, disrup-
tion of the ImuB-β clamp interaction significantly reduces induced
mutagenesis and damage tolerance, phenocopying imuA′, imuB,
and dnaE2 gene deletion mutants. Despite retaining structural fea-
tures characteristic of Y-family members, ImuB homologs lack con-
served active-site amino acids required for polymerase activity. In
contrast, replacement of DnaE2 catalytic residues reproduces the
dnaE2 gene deletion phenotype, strongly implying a direct role for
the α-subunit in mutagenic lesion bypass. These data implicate
differential protein interactions in specialist polymerase function
and identify the split imuA′-imuB/dnaE2 cassette as a compelling
target for compounds designed to limit mutagenesis in a pathogen
increasingly associated with drug resistance.
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DNA damage-induced base substitution mutagenesis in My-
cobacterium tuberculosis (Mtb) depends on DnaE2 (1), a C-

family DNA polymerase implicated in error-prone bypass of
DNA lesions. Loss of DnaE2 activity renders Mtb hypersensitive
to DNA damage and eliminates induced mutagenesis. Moreover,
dnaE2 deletion attenuates virulence and reduces the frequency
of drug resistance in vivo. Mtb contains two DnaE-type poly-
merases; the other, DnaE1, provides essential, high-fidelity
replicative polymerase function (1). However, the basis for the
functional specialization of the DnaE subunits remains unclear
(2, 3). Although structural determinants such as active-site ar-
chitecture contribute significantly to inherent fidelity, it is pos-
sible that differential interactions with other DNA metabolic
proteins modulate polymerase function.
Bacterial genomes containing a DnaE2-type DNA polymerase

almost invariably encode a homolog of ImuB (4–6), a putative Y-
family polymerase that is usually present in a LexA-regulated
imuA-imuB-dnaE2 gene cassette (5). In Caulobacter crescentus,
both ImuB and ImuA are required for induced mutagenesis and
damage tolerance (6) whereas plasmid-encoded DnaE2 and
ImuB mediate UV-induced mutagenesis in Deinococcus deserti
(7). Although distributed widely across the bacterial domain, the
imuA-imuB-dnaE2 cassette is not found in organisms possessing

umuDC homologs (5). This suggests that the encoded proteins
perform an analogous function to DNA polymerase V (8), the
Y-family member required for damage-induced mutagenesis in
Escherichia coli (9).
Mtb contains a putative SOS-inducible operon, Rv3395c-

Rv3394c (1, 10), located ∼24.7 kb upstream of dnaE2. Rv3395c
homologs are found in a limited number of organisms and their
function is unknown, whereas Rv3394c exhibits significant ho-
mology to ImuB proteins (6), identifying the Rv3395c-Rv3394c
operon as part of a split imuA′-imuB/dnaE2 cassette (5). Rv3394c
(ImuB) contains a predicted β-clamp–binding motif, which des-
ignates the protein as a DinB3-type Y-family polymerase (11).
Notably, neither DnaE2 nor ImuA′ possesses an identifiable
clamp-binding motif (1, 12). The β-clamp modulates the re-
cruitment to the replication machinery of proteins involved in
bacterial DNA replication and repair (13), binding replicative and
specialist lesion bypass polymerases simultaneously to enable
rapid interchange (14, 15). The β-clamp–binding motif therefore
suggested that ImuB might be crucial for DnaE2 function.
In this paper,we investigate theoperationof the split imuA′-imuB/

dnaE2 cassette in mycobacteria. Our results establish essential roles
for ImuA′ and ImuB inDnaE2-dependentmutagenesis and damage
tolerance.We also confirm the identity of the β-clamp–bindingmotif
in ImuB and identify a role for the extended ImuB C-terminal do-
main in binding both DnaE2 and ImuA′. Although structurally
similar to Y-family polymerases, homology modeling indicates that
ImuBproteins lack highly conserved active-site residues required for
polymerase activity. Instead, disruption of the ImuB–β-clamp in-
teraction reproduces the imuB gene deletion phenotype, suggesting
an essential role for ImuB in mediating access of the other cassette
components to the replication fork. In contrast, through targeted
replacement of active-site residues, we elucidate a direct catalytic
role for DnaE2 in mutagenic lesion bypass. These observations
confirm the functionality of the split imuA′-imuB/dnaE2 cassette and
identify differential protein interactions as determinants of specialist
polymerase function in Mtb.

Results
DNA Damage-Induced Expression of the Split imuA′-imuB/dnaE2
Cassette. All mycobacteria contain a split imuA′-imuB/dnaE2
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cassette (5), except Mycobacterium leprae, which has lost these
genes through genome decay (16). The genomic location varies
across mycobacterial species: inMycobacterium smegmatismc2155
(Msm), imuA′, and imuB are situated only 10.8 kb upstream of
dnaE2. However, the encoded proteins are highly conserved, and
a LexA-binding site is located in the promoter region upstream of
imuA′ in Mtb (17) andMsm (Fig. S1B). Previous studies identified
all three cassette components in the Mtb SOS regulon (1, 10), and
expression of dnaE2 was shown to parallel recA induction (1). We
analyzed transcript abundances of the cassette components rela-
tive to a sigA control (18) during mid log-phase growth of Mtb and
following UV exposure (Table S1) and compared with the non-
inducible Y-family polymerases, dinB1 and dinB2 (10). All cassette
genes were significantly up-regulated within 6 h of UV treatment
and remained elevated at 24 h. dnaE1, which encodes the essential
replicative α-subunit (1), was also up-regulated following UV ir-
radiation. Although there is no identifiable SOS box (17), a pro-
moter motif regulating the LexA-independent damage response
(10) is situated immediately upstream of dnaE1 (19), consistent
with damage induction.

ImuA′ and ImuB Are Individually Essential for DnaE2 Function in
Mycobacteria. To investigate the roles of imuA′ and imuB in
DNA damage-induced mutagenesis, allelic exchange mutants of
Mtb H37Rv were constructed in which imuB alone, or both imuA′
and imuB, were deleted and replaced by an antibiotic resistance
marker (Fig. S1A). Neither mutant exhibited a phenotype under
standard in vitro growth conditions. However, UV-induced mu-
tagenesis was eliminated in both strains (Fig. 1A) as determined by
mutation frequencies to rifampicin resistance (RifR). The damage-
induced mutator phenotype was restored by complementation
with a fragment carrying both imuA′ and imuB genes integrated at
the attB site. Moreover, loss of imuA′-imuB reproduced the dnaE2
deletion phenotype (1), confirming the functionality of the split
imuA′-imuB/dnaE2 cassette. To determine the individual require-
ments for imuA′ and imuB, the similar genomic arrangement in
Msm was exploited (Fig. S1B). Deletion of imuB significantly re-
duced the UV-induced RifR frequency in Msm (Fig. 1B), mim-
icking inactivation of dnaE2 (1). The same phenotype resulted
from deletion of imuA′ and was complemented by integration of
a wild-type copy of imuA′. These data established the individual
essentiality of ImuA′ and ImuB for induced mutagenesis and
confirmed the designation of the mycobacterial ImuA′ as a distant
homolog of ImuA (5, 6). Msm imuA′ and imuB deletion mutants
were hypersensitive to mitomycin C (MMC), a genotoxic agent
known to induce the SOS response in mycobacteria (1) (Fig. S1C).
Deletion of all three components (ΔdnaE2ΔimuA′ΔimuB) did not
increase damage sensitivity relative to individual deletion mutants
(ΔimuA′,ΔimuB, orΔdnaE2) (Fig. S1C). Moreover, integration of
wild-type copies of the deleted genes at the attB (imuA′-imuB) and
attL (dnaE2) sites reversed the MMC-hypersensitive phenotype of

theΔdnaE2ΔimuA′ΔimuB triplemutant, confirming that all three
genes operate in a single pathway.

ImuB Lacks Active Site Residues Required for DNA Polymerase Activity.
ImuB occupies a distinct branch of the UmuC subfamily of Y-
family polymerases (6) and possesses all structural domains typical
of Y-family members, including the defining little finger (20) (Fig.
2A). A putative β-clamp–binding motif (354QLPLWG359) that is
located between the Y polymerase-like N-terminal region and the
C-terminal extension characteristic of ImuB proteins identified
Mtb ImuB as founder of the DinB3-type Y-family polymerases
(11) (Fig. S2). Although classified as a Y-family member, com-
parative sequence analyses and homology modeling indicate that
the expected carboxylates (21) are replaced by other residues in the
ImuB active site (Fig. 2B). The absence of the complete triad of
active-site acidic residues is a feature of all ImuB homologs ana-
lyzed (Fig. S2) and strongly implies that these proteins cannot
function as DNA polymerases (22). In turn, this observation sug-
gests a model for translesion synthesis in which DnaE2 itself cat-
alyzes lesion bypass (6).

Catalytic Activity of DnaE2 Is Required for Induced Mutagenesis in
Mtb. All three DNA polymerase IIIα active-site acidic residues
(23, 24) are present in Mtb DnaE2 (D439, D441, D579; Fig. S3). To
determine the requirement for DnaE2 polymerase activity in
damage tolerance and induced mutagenesis in mycobacteria,
a site-directed Msm mutant was generated in which catalytic
function was crippled by replacement of two corresponding ac-
tive-site aspartates with alanines (441DID443→ 441AIA443). The
chromosomal dnaE2AIA mutation eliminated UV-induced mu-
tagenesis (Fig. 3A) and rendered Msm hypersensitive to MMC
(Fig. 3B). The fact that the dnaE2AIA mutation phenocopied the
ΔdnaE2 knockout strongly implied a direct role for DnaE2 in
catalyzing translesion synthesis.

QLPLWG Clamp-Binding Motif Mediates the Interaction of ImuB with
β.A β-clamp–binding motif (946QFDLF950) (12) is situated in the
β-binding domain of Mtb DnaE1 (Fig. S3). The corresponding
region in Mtb DnaE2 (924RPDRLPGVG932) is invariant in my-
cobacterial genomes, but does not resemble known β-binding
motifs (11, 12). We showed recently (25) that the dnaN-encoded
β-subunit interacts with DnaE1 and with itself in yeast two-hy-
brid (Y2H) assays, but does not bind DnaE2 (Fig. 4). Similarly,
Mtb ImuA′ failed to bind β, whereas an interaction between
ImuB and the β-clamp was readily detected. In combination,
these data establish ImuB as the only cassette component with
β-binding capacity in Mtb. The observed interaction was con-
sistent with the β-binding motif (354QLPLWG359) in ImuB that
characterizes the DinB3 family (11) and is highly conserved
among mycobacterial ImuBs. Moreover, a Q354A mutation
(ImuBALPLWG) eliminated the ImuB–β interaction in the Y2H
system (Fig. 4), confirming a role for this motif in clamp binding.

Fig. 1. ImuA′ and ImuB are essential for induced mutagenesis. UV-induced mutation frequencies to rifampicin resistance (RifR) in (A) Mtb at 24 and 48 h and
(B) Msm at 4.5 h post UV treatment. Data represent single experiments performed in triplicate.
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Protein Interactions of the Split imuA′-imuB/dnaE2 Cassette Components
inMtb.Y2H analyses identified an ImuA′–ImuB interaction that was
retained in the ImuBALPLWG mutant (Fig. 4), confirming the speci-
ficity of the 354QLPLWG359 motif for binding β. In addition, both
ImuB and ImuBALPLWG interacted with DnaE2, whereas DnaE2
and ImuA′ failed to interact with any protein analyzed other than
ImuB. The active-site mutant form of DnaE2, DnaE2AIA, retained
the ability to bind ImuB (Fig. 4), confirming that loss of DnaE2
catalytic activity—and not disruption of the inferred ImuB–DnaE2
interaction—was responsible for the phenotypes of the Msm
dnaE2AIA mutant strain (Fig. 3). Interactions of ImuB with DnaE1
and with itself were also elucidated (Fig. 4), identifying multiple
partners for ImuB (Fig. S4A).

C-Terminal Region of ImuB Is Required for Interaction with Other
Cassette Components.We could not detect a relationship between
the C-terminal region of Mtb ImuB and any known protein
structure. However, this region contains stretches of predicted
structural disorder (Fig. S4B) that are a hallmark of protein–
protein interaction sites (26). We generated Y2H constructs in
which nonsense codons were introduced into ImuB to preserve
N-terminal Y-family structural domains while progressively
eliminating C-terminal segments (Fig. 4). In Mtb ImuBC168, the
entire 168-amino-acid C-terminal region is eliminated down-
stream of the intact 354QLPLWG359 motif. The truncated ImuB
retained its interaction with β, confirming the identity of the clamp-
binding motif. In contrast, the ability to bind β was eliminated in
ImuBCB in which both the C-terminal region and the 354QLPLWG359

motif were deleted (Fig. 4). Both truncation mutants, ImuBC168 and

ImuBCB, lost the ability to bind DnaE1, DnaE2, and ImuA′,
confirming the involvement of the C-terminal region of ImuB in
multiple protein interactions. To evaluate the requirement for
the C-terminal–dependent ImuB interactions in cassette function,
we constructed integrating vectors carrying wild-type Msm imuA′
and mutant imuB alleles with equivalent C-terminal truncations
(imuA′-imuBC168 and imuA′-imuBCB). Both constructs restored
full function to theMsmΔimuA′mutant, but failed to complement
the induced mutagenesis (Fig. S5A) and damage tolerance (Fig.
S5B) phenotypes of the single ΔimuB and double ΔimuA′ ΔimuB
knockout strains, thereby supporting a critical role for ImuB–
DnaE2 and/or ImuB–ImuA′ interaction(s) in pathway function.
By mapping the ImuA′ sequence onto the RecA structure (Fig.
5A), we also designedN- andC-terminal truncations of ImuA′ and
assessed their effects on the interaction with ImuB (Fig. 4). Re-
moval of 31 (ImuA′N31) or 48 (ImuA′N48) amino acids from the N
terminus (eliminating the predicted N-terminal subdomain; Fig.
5A andFig. S6) hadno impact on the ability of ImuA′ to bind ImuB
in Y2H assays (Fig. 4). In contrast, a 44-amino-acid C-terminal
truncation (ImuA′C) eliminated ImuB binding. The correspond-
ing truncation in Msm imuA′ abrogated the ability of a com-
plementing vector to restore damage tolerance to the ΔimuA′
deletion mutant (Fig. 5B). However, as the C-terminal truncation
might have affected the structural integrity of the protein, it is
uncertain whether this region alone or the entire structural do-
main is required for the ImuA′–ImuB interaction.

ImuB–β-Clamp Interaction Is Required for Induced Mutagenesis. A
survey of representative imuB/dnaE2-containing bacteria revealed
clamp-binding motifs in ImuB and DnaE2 proteins (Figs. S2 and
S3), suggesting that at least oneof these componentsmust bind β for
cassette function. To test this hypothesis, we constructed an in-
tegration vector carrying wild-type imuA and imuBALPLWG, which
encodes ImuB with a mutated β-binding motif (352ALPLWG357),
and evaluated its ability to complement the Msm ΔimuA′ ΔimuB
doublemutant. The equivalentmutation had disrupted the ImuB–β
interaction in Y2H assays (Fig. 4). However, a single Q352A sub-
stitutionhadno impacton theability of the complementing vector to
restore damage tolerance and induced mutagenesis to wild-type
levels inMsm (Fig. S7), probably reflecting the inability of the yeast
system to reproduce all elements contributing to protein–protein
interactions in the natural mycobacterial host. Therefore, we con-
structed additional alleles containing multiple mutations that tar-
geted hydrophobic and/or aromatic residues in the putative ImuB
β-binding motif. Two alleles containing double mutations, imu-
BAAPLWG and imuBALPLGG, retained ImuB function (Fig. 6).
However, mutation of the first five β-binding motif residues in
imuBAAAAGG eliminated the ability of the resulting vector to com-
plement the induced mutagenesis (Fig. 6A) and damage tolerance
(Fig. 6B) phenotypes ofΔimuA′ΔimuB, strongly suggesting that the
ImuB–β-clamp interaction is required for cassette operation.

Fig. 3. DnaE2 catalytic activity is required for induced
mutagenesis and damage tolerance. (A) UV-induced
mutation frequencies to rifampicin resistance (RifR). (B)
Sensitivity to MMC treatment. Log-fold dilutions were
plated on antibiotic-free medium or on medium con-
taining MMC at 0.02 and 0.04 μg·ml−1. Data are from
a representative experiment performed in triplicate.

Fig. 2. ImuB is a homolog of Y-family polymerases but lacks active-site acidic
residues. (A) Comparison of the Mtb ImuB homology model with the X-ray
structure of Sulfolobus solfataricus Dpo4 complexed with DNA and incoming
nucleotide (PDB id: 1jx4) (21). ImuB is colored from N terminus (blue) to C ter-
minus (red). (Center) The superimposed structures. (B) Close-up of the active site
of Dpo4 and corresponding residues in ImuB. Only the palm domain is shown in
both structures. The incoming nucleotide in the Dpo4–DNA complex is colored
pink, and the magnesium ion is shown as a cyan sphere.
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Discussion
The phenotypes associated with knockout of Mtb dnaE2 sug-
gested a functional analogy with E. coli DNA polymerase V (1).
Here, we extended those observations, demonstrating the essen-
tiality of ImuA′ and ImuB for damage tolerance and induced
mutagenesis and establishing that these proteins act in the same
pathway as DnaE2. We also confirmed the inducible expression
of dnaE2, imuA′, and imuB and identified dnaE1 as a component
of the Mtb damage response. Previous studies included DnaE2
and ImuB among three damage-responsive DNA polymerases
in Mtb (1, 10), the other being a putative DNA polymerase X
(Rv3856c). However, the absence of active-site carboxylates
appears incompatible with catalytic function in ImuB, whereas
a truncated polymerase domain probably precludes polymerase
function in Rv3856c (Fig. S8). Therefore, in contrast to E. coli
DNA polymerase V, which is part of an SOS regulon that
includes the additional specialist DNA polymerases II (B family)
and IV (Y family) (reviewed in ref. 27), the polymerases induced
as part of the Mtb damage response seem to be limited to two
α-subunits, DnaE1 and DnaE2.
Point mutations in the DnaE2 active site eliminated induced

mutagenesis and damage tolerance, reproducing the dnaE2 de-
letion phenotype. In combination with the prediction that ImuB
lacks polymerase activity, this observation implies that DnaE2
catalyzes translesion synthesis.UnlikeY-family polymeraseswhose
structures are adapted to specialist lesion bypass (20), sequence
analysis reveals few clues to DnaE2 function. All major DNA
polymerase IIIα structural/functional domains (23, 24) are readily
identified inDnaE2, except for the very C-terminal region which in
E. coli has been implicated in the interaction of α with the clamp-
loader subunit, τ (28, 29). A strong α–τ interaction enables simul-
taneous leading and lagging-strand synthesis by the DNA poly-
merase III holoenzyme (13), and the absence of this region in
DnaE2 and all other nonessential dnaE-type α-subunits (Fig. S3)
might correlate with an inability to substitute essential replicative
function. Evidence implicating a defective α–τ interaction in an
E. coli mutator phenotype (30) further reinforces the potential

contribution of τ-binding to the functional specialization of DnaE
subunits.
Mtb DnaE2 does not bind β. However, a highly conserved motif

is located immediately downstream of the predicted OB fold do-
main in DnaE2 proteins (Fig. S3), which suggests the potential for
other intermolecular interactions. In E. coli, replicative poly-
merase fidelity is enhanced by the association of the α-subunit with
the dnaQ-encoded proofreading exonuclease, and disruptions to
proofreading activity enableDNApolymerase III-mediated lesion
bypass in the absence of DNA polymerases IV and V (31, 32). In
combination, these observations suggest that differential inter-
actions with DnaQ-like proteins might determine DnaE subunit
function inMtb. Additional 3′-5′ exonuclease activity was recently
located to the PHP domain of DnaE-type polymerases (33), al-
though the contribution of this function to polymerase fidelity
remains to be determined. The corresponding domain of Mtb
DnaE1 retains all amino acids associated with exonuclease activity
(34–36), whereas key residues are absent in DnaE2. Notably, the
residues present in Mtb DnaE1 are conserved in the sole DnaE
polymerase in M. leprae (Fig. S3), an organism marked by a com-
plete lack of DnaQ homologs (37). Therefore, although the
functional consequence of these differences remains to be eluci-
dated, it is tempting to speculate that loss of conserved residues in
the DnaE2 PHP domain impacts relative fidelity.
Our evidence indicates a central role for ImuB in cassette

function that is independent of polymerase activity. Structurally,
ImuB resembles Y-family polymerases; however, the active-site
architecture is inconsistent with catalysis and instead reinforces
the likely importance of protein interactions for ImuB function.
Consistent with this idea, we identified multiple partners for
ImuB, including DnaE1 and DnaE2, as well as ImuA′ and the
β-clamp. We also established the capacity of ImuB to interact
with itself and implicated the C-terminal extension in this self-
association and in the interaction of ImuB with DnaE1, DnaE2,
and ImuA′. The fact that the C terminus binds multiple partners
suggests that this region mediates protein interactions that distin-
guish ImuB from other Y-family members. Our Y2H experiments
also confirmed the role of the DinB3-type QLPLWG motif in the
interaction of ImuB with β. Notably, disruption of this motif in the

Fig. 5. ImuA′ is required for damage tolerance. (A) Comparison of the Mtb ImuA′ homology model and the X-ray structure of E. coli RecA (PDB id: 1u94) (57).
ImuA′ is colored according to truncation variants: blue and cyan indicate N-terminal truncations, and red is the C-terminal truncation. (B) Deletion of 44 C-
terminal amino acids (imuA′C) renders Msm sensitive to MMC treatment. Log-fold dilutions were plated on antibiotic-free medium (Left and Right, Rows 1
and 4), 0.02 μg·ml−1 (Left and Right, Rows 2 and 5), and 0.04 μg·mL−1 (Left and Right, Rows 3 and 6) MMC. Data are from a representative experiment
performed in duplicate.

Fig. 4. Interactions of cassette components. Summary of Mtb protein interactions detected (●) or absent (×) on highest stringency growth medium as
identified in this study and previously (25). ND, not determined. An open circle (o) indicates interactions maintained where bait or prey vector contains full-
length ImuB; ImuB self-association is eliminated when both vectors carry the ImuBC168 allele. A blue bar indicates the position of the β-clamp–binding motif
(354QLPLWG359) deleted in ImuBCB and mutated (XXX) in ImuBALPLWG. The 439AIA441 mutation in Mtb DnaE2 is indicated (XXX). Lines are to scale.
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imuBAAAAGG allele eliminated cassette function, strongly implying
that ImuB—through β—is required to mediate access of DnaE2
to the replication fork. It is difficult, therefore, to reconcile the
highly conserved ImuB (Fig. S2) andDnaE2 (Fig. S3) proteins with
conflicting reports of biological function: specifically, the observa-
tion that ImuBandDnaE2 fulfill antagonistic roles inPseudomonas
putida (22), whereas the homologous Pseudomonas aeruginosa
proteins are dispensable for damage tolerance (38) but not for in-
ducedmutagenesis (39). The results of Sanders et al. (39) aremore
consistent with the data presented here in that they indicate es-
sential, and interdependent, roles forDnaE2 and ImuB proteins in
damage tolerance and induced mutagenesis.
In E. coli, RecA constitutes a key component of the DNA poly-

merase V “mutasomal complex” comprising UmuD′2C-RecA-ATP
(8). Mtb ImuA′ resembles RecA at a structural level, but lacks the
characteristic C-terminal domain. We observed the direct in-
teraction of ImuA′ with ImuB involving the C-terminal regions of
both proteins; however, no evidence of ImuA′ self-association was
detected that might indicate RecA-like filamentation (40). Instead,
structural peculiarities such as the absence of a RecA-like nucleo-
tide-binding motif, as well as extensive differences in the regions
corresponding to RecA DNA-binding loops, suggest the possible
functional specialization of ImuA′. Therefore, although broadly
consistent with the identification of the imuA′-imuB-dnaE2 cassette
as the nonorthologous replacement of the umuDC system (5), our
data reveal a “mutasome” comprising distinct components: a dam-
age-inducible α-subunit that does not bind β but catalyzes translesion
synthesis, a putative polymerase-inactive Y-family homolog that
binds β as well as the other cassette components, and a predicted
DNA-binding protein. Fundamental questions therefore remain
regarding the relevance of the inferred protein–protein interactions
to cassette function, the temporal order of those interactions, the
potential for complex formation, and the possibility that the com-
ponents are subject to additional regulation.
Mtb engages multiple strategies to subvert tuberculosis (TB)

chemotherapy (41), which favors the emergence of antibiotic re-
sistance (42). One approach to the development of antimicrobials
is to disarm mechanisms of induced mutagenesis (43). The
encoded components of the split imuA′-imuB/dnaE2 cassette are
essential for induced mutagenesis and so present compelling
targets for the discovery of anti-TB drugs.

Materials and Methods
Bacterial Strains and Growth Conditions. Strains, plasmids, and oligonucleo-
tides are described in Tables S2 and S3. Mtb was grown onMiddlebrook 7H10
(Merck) supplemented with 0.5% glycerol and Middlebrook Oleic Acid Dex-
trose Catalase (OADC) enrichment (Merck) or in Middlebrook 7H9 supple-

mented with 0.2% glycerol, Middlebrook OADC, and 0.05% Tween 80. For
Msm, 0.1% Tween 80 was used.

Yeast Two-Hybrid Analyses. Protein–protein interactions were assessed using
the Clontech Matchmaker Y2H system. Fusion of Mtb ImuB to the binding
domain resulted in autoactivation on low-stringency growth medium;
therefore, all interactions involving Mtb ImuB were inferred from experi-
ments using an ImuB–activation domain fusion construct only. All other
proteins were cloned as activation domain and binding domain fusions.

Construction of Mutant Strains of Mtb and Msm. Mtb and Msm mutants were
constructed by allelic exchange (44) using suicide plasmids described in Table
S2. Alleles for site-directed mutagenesis were generated by the megaprimer
method (45). Genetically complemented derivatives were generated by in-
tegration of L5 or Tweety-based vectors at attB (46) or attL (47).

DNA-Damaging Treatments and Determination of Mutation Frequencies. UV-
induced mutation frequencies were determined as described (1). Survival
assays were performed by plating 10-fold serial dilutions of log-phase Msm
cultures on solid media containing MMC.

Gene Expression Analysis. Bacteria were grown in 7H9 medium and aliquots
sampled during different phases of growth. Real-time quantitative reverse
transcription–PCR was carried out with the primer pairs detailed in Table S3,
as described (25).

Homology Modeling. Models were generated using previously described
methods (48). Briefly, structural templates were selected by PSI-BLAST (49),
and the position-dependent reliability of alignments was estimated by PSI-
BLAST-ISS (50). In addition, HHsearch (51), COMPASS (52), and COMA (53)
were used to reduce uncertain regions in alignments with structural tem-
plates. The agreement of all three algorithms was required before regions
were considered reliably aligned. Three-dimensional models were refined by
iterative steps of construction and assessment of different alignment var-
iants for unreliable regions and/or combinations of structural templates.
Models corresponding to different sequence-structure alignment variants
were built by Modeler (54), and residue side chains were positioned with
SCWRL3 (55). Modeled structures were assessed iteratively with Prosa2003
(56) until no further improvement in energy scores was possible and the
visual assessment revealed no significant flaws.
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