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Abstract
To synthesize past DNA damaged by chemicals or radiation, cells have lesion bypass DNA
polymerases (DNAPs), most of which are in the Y-Family. One class of Y-Family DNAPs
includes DNAP η in eukaryotes and DNAP V in bacteria, which have low fidelity when
replicating undamaged DNA. In E. coli, DNAP V is carefully regulated to insure it is active for
lesion bypass only, and one mode of regulation involves interaction of the polymerase subunit
(UmuC) and two regulatory subunits (UmuD′) with a RecA-filament bound to ss-DNA. Taking a
docking approach, ~150,000 unique orientations involving UmuC, UmuD′ and RecA were
evaluated to generate models, one of which was judged best able to rationalize the following
published findings. (1) In the UmuD′2C/RecA-filament model, R64-UmuC interacts with S117-
RecA, which is known to be at the UmuC/RecA interface. (2) At the model’s UmuC/RecA
interface, UmuC has three basic amino acids (K59/R63/R64) that anchor it to RecA. No other Y-
Family DNAP has three basic amino acids clustered in this region, making it a plausible site for
UmuC to form its unique interaction with RecA. (3) In the model, residues N32/N33/D34 of
UmuC form a second interface with RecA, which is consistent with published findings. (4) Active
UmuD′ is generated when 24 amino acids in the N-terminal tail of UmuD are proteolyzed, which
occurs when UmuD2C binds the RecA-filament. When UmuD is included in an UmuD2C/RecA-
filament model, plausible UmuD/RecA contacts guide the UmuD cleavage site (C24/G25) into the
UmuD proteolysis active site (S60/K97). One contact involves E11-UmuD interacting with R243-
RecA, where the latter is known to be important for UmuD cleavage. (5) The UmuD2C/RecA-
filament model rationalizes published findings that at least some UmuD-to-UmuD′ cleavage
occurs intermolecularly. (6) Active DNAP V is known to be the heterotetramer UmuD′2C/RecA,
a model of which can be generated by a simple rearrangement of the RecA monomer at the 3′-end
of the RecA-filament. The rearranged UmuD′2C/RecA model rationalizes published findings
about UmuD′ residues in proximity to RecA. In summary, docking and molecular simulations are
used to develop an UmuD′2C/RecA model, whose structure rationalizes much of the known
properties of the active form of DNA polymerase V.
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1. INTRODUCTION
Cells possess many DNA polymerases (DNAPs); e.g., humans, yeast (S. cerevisae) and E.
coli have at least fifteen, eight and five, respectively [1–3], which serve many functions. For
example, replicative DNAPs are often blocked by the DNA damage caused by chemicals
and radiation, and to avoid such lethal blockage, cells possess lesion-bypass DNAPs [1–17],
which conduct translesion DNA synthesis (TLS). Most lesion-bypass DNAPs are in the Y-
family [1–17], where human cells have three that are template-directed (DNAPs η, ι and κ),
while yeast (S. cerevisae) has one (DNAPs η) and E. coli has two (DNAPs IV and V).

Y-Family DNAPs have a conserved ~350aa core, which includes the polymerase active site
[representative references: 18–35]. As with all DNA polymerases, Y-Family members
resemble a right-hand with thumb, palm and fingers domains, although their “stubby”
fingers and thumb result in more solvent accessible surface around the template/dNTP-
binding pocket [8], which can accommodate the bypass of bulky and/or deforming DNA
adducts/lesions that typically protrude into these open spaces. Y-Family DNAPs grip DNA
with an additional domain [18–20], usually called the “little finger domain” or “polymerase
associated domain” (PAD). Steps in the mechanism of Y-Family DNAPs have been
proposed for both protein structural changes [15, 22, 24, 25, 31, 36] and for chemical
catalysis [37].

The study of E. coli Y-Family DNAPs has provided many insights about Y-Family DNAPs
in general. For example, human DNAP κ was originally discovered because its sequence
closely resembles E. coli DNAP IV [38–40], and dNTP insertion opposite a variety of
adducts/lesions is remarkably similar for the DNAP IV/κ pair suggesting they are functional
orthologs [discussed in reference 41]. DNAPs IV and κ have been shown to accurately
bypass a variety of N2-dG-adducts [42–49], including from endogenous sources, such as
reactive derivatives of cellular trioses [47] or adducts formed from lipid peroxidation
processes [49], which may be the main cellular rationale for the genesis of the IV/κ-class. E.
coli DNAP V and human DNAP η are also functional orthologs, based on their similarity of
dNTP insertion opposite a variety of adducts/lesions [41]. A case has been made that the
main cellular rationale for the DNAP V/η-class is TLS of UV-damage (discussed in
reference 41).

Our work has focused on benzo[a]pyrene (B[a]P), which is a well-studied DNA damaging
agent that is a potent mutagen and carcinogen, and an example of a polycyclic aromatic
hydrocarbon (PAH), a class of ubiquitous environmental substances produced by incomplete
combustion [50]. PAHs in general and B[a]P in particular induce the kinds of mutations that
are thought to be relevant to carcinogenesis and may be important in human cancer (51, and
references therein).

Based on genetic studies, DNAPs IV and V are both involved in the non-mutagenic
translesion synthesis (TLS) pathway with +BP in E. coli [44, 45, 46, 52], where DNAP IV is
almost certainly responsible for correct dCTP insertion, while DNAP V is most likely
involved in a subsequent extension step. In the dominant G->T mutagenic pathway, DNAP
V is most likely responsible for dATP misinsertion opposite +BP, based on studies in vitro
and in cells [44, 45, 52, 53]. Considering other lesions, DNAP V principally does correct
dNTP insertion in some cases, such as with TT-CPDs [54] and AAF-C8-dG in 5′-GCGC
sequences [45, 53], but DNAP V does incorrect or mixed correct/incorrect insertion with
other lesions, such as AAF-C8-dG in 5′-GGG sequences [45, 53], and TT(6-4)
photoproducts [45, 53, 54], where the latter is probably linked to DNAP V’s role in causing
UV-light mutagenesis [55, 56]. DNAP V also readily inserts dATP opposite non-coding AP-
sites [54], which would be the first step in a mutagenic pathway given that AP-sites are most
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often formed following depurination. DNAP V is E. coli’s lowest fidelity DNAP on
undamaged DNA [54].

Recent studies have shown that the active form of DNAP V consists of one polymerase
subunit (UmuC), two regulatory subunits (UmuD′) and one RecA monomer with ATP
bound [57, 58]. This complex has been named the “DNA polymerase V mutasome” (or “pol
V mut”), although herein we refer to it based on its structure (“UmuD′2C/RecA”).

Why has DNAP V evolved such a complex structure? As noted above, DNAP V is the most
mutagenic of E. coli’s five DNAPs when copying undamaged DNA, so it makes sense that it
would be carefully regulated to insure it only becomes active in dire circumstances when
DNA damage persists and bocks replication, which might cause cell death. Based on
literature findings, we count eight mechanisms that E. coli has evolved to regulate UmuD
′2C/RecA such that it is principally active only on damaged DNA that has not been resolved
by other less mutagenic pathways. (1) The level of the UmuC protein is normally extremely
low in E. coli, and it is only turned on as part of the “SOS Response” [59], which leads to
the induction of >50 genes to help E. coli survive DNA damage [4, 10, 11, 58–61]. SOS
induction also increases UmuD protein levels [4, 10, 11, 58–61]. (2) Some SOS response
genes help E. coli avoid the potential mutagenic consequences of DNA damage, either via
lesion removal (e.g., nucleotide excision repair) or via non-mutagenic damage avoidance
mechanisms (e.g., recombinational repair); these genes tend to be turned on early in the SOS
response [4, 10, 11, 58–61]. In contrast, DNAP V is turned on late (~30 minutes after DNA
damage first occurs), and only if cells have been unable to overcome potentially lethal DNA
damage by other less mutagenic mechanisms. (3) Although UmuD binds UmuC, this gives
an inactive form of DNAP V, while the active form of DNAP V contains UmuD′, which has
24aa removed from the N-terminus of UmuD [4, 10, 11, 58–61]. UmuD cleavage is
regulated and requires RecA participation, probably via the following mechanism [4, 10, 11,
58–61]. When DNA replication forks are blocked by DNA damage, ss-gaps are formed
downstream of the point of blockage. RecA forms filaments on these ss-gaps in order to
initiate DNA homology searches during recombinational repair. If recombinational repair
fails to resolve a replication blockage, then UmuD2C binds, and the RecA monomer at the
3′-end of the RecA-filament facilitates UmuD auto-proteolysis to give active UmuD′. [This
requires conversion of RecA to an activated form RecA*, which also facilitates cleavage of
LexA, the repressor of the SOS response.] (4) A RecA monomer at the 3′-end of a RecA-
filament associates with UmuD′2C to give active DNAP V [4, 10, 11, 58–61]. The RecA-
filament presents a roadblock, so at least one RecA monomer must be moved from its ss-
DNA binding site such that UmuC can then move to insert a dNTP opposite the DNA
damage responsible for the blocked replication fork. Thus, RecA plays two roles to ensure
that UmuD′2C only becomes activated at the site of a replication fork that has been stalled
by DNA damage for a prolonged period of time. (We note that evidence shows that active
UmuD′2C/RecA can receive its RecA from a RecA-filament either in cis or in trans [57,
58]. In cells, others have argued [62] and we believe that addition from a cis-RecA-filament
makes more sense for reasons discussed herein, though this point is not settled.) (5) Once
one or a few dNTPs have been added, the rest of the RecA-filament impedes ongoing DNA
synthesis by UmuD′2C/RecA, which is released, thus insuring that DNA synthesis is not
extensive [57, 58]. (6) When UmuD′2C/RecA is released, it becomes inactive as a
polymerase and can only become reactivated following RecA dissociation and the
subsequent addition of another RecA from a RecA-filament at a blocked replication fork
[57, 58]. (7) Once blocked replication forks are resolved, E. coli turns off the SOS response,
because RecA* is lost, thus stopping cleavage of LexA, which again becomes an active
repressor of SOS genes, including umuC and umuD [4, 10, 11, 58–61]. (8) The UmuC,
UmuD and UmuD′ proteins have short half-lives, as they are rapidly degraded by the Lon
and C1pXP proteases [4, 10, 11, 58–66].

Chandani and Loechler Page 3

J Mol Graph Model. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Because of its role in mutagenic pathways with +BP, AAF, AP sites, UV light and other
lesions, we have an interest in developing a DNAP V model to guide in the design of
experiments to understand structure/function relationships. No X-ray structure exists for
DNAP V, which prompted us to take a homology modeling approach to generate a model
for UmuC, which is the polymerase subunit of DNAP V [67, and references therein]. Herein
we report on the generation of two models for DNAP V based on extensive docking studies
between our model of UmuC and X-ray structures for UmuD [68] and RecA [69], along
with molecular dynamics simulations of ensembles of these proteins. One structure is
consistent with much of what is known about how UmuD′2C initially binds to the 3′-end of
a RecA-filament. In a second structure, the 3-terminal RecA in contact with UmuD′2C
rearranges to give a model for active DNAP V (UmuD′2C/RecA) and in the process frees up
3-to-4 nucleotides of template-ss-DNA, which would allow a short stretch of lesion-bypass
DNA synthesis.

2. METHODOLOGY
Many methods were identical to those described previously [67]. Molecular dynamics (MD)
was done with CHARMM 30 using Boston University’s IBM p690 or IBM BlueGene.
When water was added, it followed our previous protocol [67]. Structures were visualized
using InsightII or Discovery Suite (Accelrys).

The steps in the docking protocol are described in Results and Discussion, and primarily
used ZDOCK [70, http://zdock.umassmed.edu] and ClusPro [71, http://cluspro.bu.edu].
ZDOCK undertakes this search using extensive Fast Fourier transform-based docking. The
docking entities are treated as rigid bodies, the assumption being that they are native
structures and energetically at the global minimum. An extensive search of the translational
and rotational space ensues, during which the docking entities are placed in many
orientations with respect to each other. Fourier correlation, with each docking entity being
transformed to a digital signal, speeds up the calculations on large data sets. Evaluation of
the structures in ZDOCK is done by an energy scoring function, which takes into account
electrostatics, desolvation and shape complementarity. Docking was also done with ClusPro,
which also also undertakes energy evaluation (after minimization of docked structures) and
clustering, where a large number of energetically favorable docked structures are in the
neighborhood of the selected ‘best’ structure, pointing to the local minimum with the
broadest well.

After rigid RecA was docked to rigid UmuC, the primer/template DNA (13/17 nucleotides)
was added back to UmuC. [DNA had to be removed from the protein during docking for two
reasons. First, the docking programs can only do searches involving structures made up of
amino acids. Second, even if DNA could be included, it would have been a bad idea,
because DNA is a polyanion, and it would be a strong beacon for positively charged regions
in proteins, which would not allow optimal searching out of protein-protein interaction
surfaces.] The best six structures (see Results and Discussion) were prepared for simulation,
with DNA being added back to UmuC, along with three Mg++ (two chelating dCTP) and
enough Na+ to bring net charge to zero, as well as five layers of water molecules to soak the
complex. The ensemble was minimized (adopted basis Newton-Raphson, 200 steps) and
heated to 300K over 40psec with DNA restraints (5.0kcal/mol per atom), followed by
molecular dynamics for 50psec at 300K with DNA restraints reduced to 0.5 kcal/mol.

Thereafter the first monomer of rigid UmuD′ was docked to each of the six UmuC/RecA
structures, which had been artificially turned into a single rigid protein entity. The best
twelve UmuD′C/RecA structures were subjected to the same minimization/heating/
molecular dynamics protocol, and a second rigid UmuD′ was docked. The best eight UmuD
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′2C/RecA structures (see Results and Discussion) were chosen and a new protocol was
followed. By a procedure described below, three additional RecAs were added (RecA2-
RecA4) to simulate the RecA-filament, including the 12 nucleotides of RecA-associated ss-
DNA. Finally, the minimum number of nucleotides (i.e., three) between template-G:dCTP in
the active site of UmuC were added, along with two nucleotides on the 5′-side of RecA4 to
give a final length of 32 nucleotides in the ss-DNA strand, which includes the UmuC
template strand. The final DNA sequence was:

The best eight structures, when prepared for simulations, contained three Mg++, 52 Na+ and
~9000 molecules of H2O, and were minimized (adopted basis Newton-Raphson, 200 steps)
and heated to 300K over 40psec with DNA restraints (5.0kcal/mol per atom), followed by
molecular dynamics for 50psec at 300K with DNA restraints reduced to 0.5 kcal/mol.
Thereafter, molecular dynamics was continued at 300 K for 150psec and 100 psec with,
respectively, a 0.5 kcal/mol and 0.1 kcal/mol of restraint on DNA. Finally, each ensemble
was subjected to 600psec of unrestrained molecular dynamics at 300K.

A number of variations to this approach were also followed, though they all led to virtually
the same final structures. (1) In addition to ZDOCK, another docking method, ClusPro, was
also used [71]. All methods gave similar results. (2) When DNA was removed from UmuC,
a large number of positively charged, DNA binding residues were exposed, and both RecA
and UmuD′ frequently docked to regions containing positively charged residues. To
diminish the fraction of such unlikely docking structures, relevant DNA-interacting lysines
and arginines (K45, K57, K143, K147, K154, K155, R190, K194, R224, K244, R256, R273,
K277, R286, K311 and K342) were mutated to methionine to remove the charge but retain
bulk. This approach approximately tripled the number of viable structures that emerged from
any particular docking protocol. The methionines were changed back to lysine and arginine
before adding DNA and carrying out molecular dynamics. (3) Three other orders of docking
were also employed: [UmuC + RecA + UmuD′2], [UmuC + UmuD′ + RecA + UmuD′],
and [UmuC + UmuD′2 + RecA]. We note that when UmuD′ was docked as a dimer, most
of the resulting structures interacted with UmuC/RecA via the UmuD′ N-terminal region,
which is unlikely and in fact unrealistic, since N-terminal region must point into solution.
Thus, we found that practically we had to dock one monomer at a time. (4) A variety of
RecA mutants [72] were studied, including S117F-RecA (recA1730), E38K-RecA
(recA730), F217Y-RecA (RecA4142), E38K/I298V-RecA (recA441), E38K/I298V/D32G-
RecA (recA629), V37M-RecA (recA803), E38K/I298V-RecA (recA441), L277N-RecA
(recA2277), G278P-RecA (recA2278), L283P-RecA (recA2283), L283E-RecA
(recA2283E), I284D-RecA (recA2284), and V275F-RecA (recA2278-5). While interesting,
these studies were not revealing enough to include with a few exceptions (Results and
Discussion). (5) UmuD contains 139aa and the N-terminal 24aa are proteolyzed to give
UmuD′. The X-ray structure of UmuD used in this study (1AY9 [68]) only contains
aa32-139, where aa50-139 form a globular core and aa32-49 appear as an extended tail.
UmuD′ docking was conducted with four variations: aa32-139, aa41-139, aa43-139 and
aa50-139. Figure 1 shows only the core-UmuD′, as the tail has no obvious structure. (6) The
little finger domain (LFD) of Y-family DNAPs is attached to the rest of the protein by a long
amino acid tether (approximately aa235-250), and various X-ray structures show that the
LFD can potentially swing out of the way. UmuC structures with the LFD in various
orientations were also used for docking.
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The RecA1 coordinates for the UmuD′2C/RecA structure were from the B-subunit of the X-
ray tetramer 3CMX [69], which is the only complete monomer. In independent docking
studies using ClusPro, the A-subunit (receptor) was interacted with the B-subunit (ligand),
and the best dimer structure had an orientation virtually identical to the A/B structure in the
3CMX X-ray structure. (Prior to this docking, the B-subunit coordinates were used as a
guide to replace missing residues in the A-subunit.) The A-subunit/B-subunit structure
created using ClusPro was superimposed on the refined UmuD′2C/RecA structure to
generate UmuD′2C/RecA1/RecA2, and this method was repeated until a total of four RecA
subunits were present (UmuD′2C/RecA1/RecA2/RecA3/RecA4). The four RecA subunits
had a structure that was virtually identical to the four RecA subunits in the 3CMX X-ray
structure, and this fact suggested that the docking protocol was working effectively.

Starting coordinates for UmuC(V) were derived from refined structures in our previous
work [67], using the DNA sequence we have been focusing on lately [73]. UmuC has 422aa,
while our UmuC model only contains the core 353aa found in all Y-Family DNAPs, since
UmuC was built by homology modeling [41, 67]. We have been unable to find a suitable
model for the remaining C-terminal 69 amino acids of UmuC, so they have not been
included in the UmuD′2C/RecA models.

UmuD′ proximal to RecA1 was docked using the A subunit of the 1AY9 X-ray dimer [68],
and the distal UmuD′ was the B-subunit. Though a variety of UmuD′/UmuD′ dimerization
orientations emerged, all of the lowest energy structures adopted virtually the same
symmetrical dimer interface as present in the X-ray structure (as shown in Figure 2a of
reference 68), notably with hydrogen bonding between both sets of K55/E93 residues and
with F94/F94 face-stacking. The following procedure was followed to add the N-terminal
49aa tail and make full-length UmuD, which was done to investigate how RecA1 might
facilitate UmuD cleavage at C24-G25 to give UmuD′. The portion of the N-terminus
present in the UmuD X-ray structure (aa32-49) was added back, and the tail was extended to
G24 (using insightII). NOE restraint potentials in Charmm (300kcal/mol) were added
between C24 and K97 to bring the cleavage site (C24/G25) toward the active site (S60/K97)
in UmuD, and the structure was heated to 300K over 40psec, after which 50 psec of
molecular dynamics at 300K was performed. Finally the structure was minimized.
Thereafter, the tail was extended to Methionine 1. As described in Results and Discussion,
R243 in RecA is crucial for UmuD cleavage; a search for interactions to explain this fact
revealed a plausible structure with Coulombic interactions between UmuD/RecA1 (E11/
R243 and D8/K245), and between UmuD/RecA2 (K5/E235). NOE constraints (300kcal/
mol) were placed on these three interactions (E11/R243, D8/K245 and K5/E235), and the
structure was heated to 300K over 40psec, after which 50 psec of molecular dynamics at
300K was performed. Finally the structure was minimized. Loop refinement was performed
with Swiss-Model [74, http://swissmodel.expasy.org/].

In summary, structures and their refinement were as follows. (1) Input RecA and UmuD
structures were derived from X-ray structures, which should be accurate and reliable. (2)
The input UmuC structure was taken from our previous work, in which it was equilibrated
for >1ns [67]. (3) The final ensemble structure went through a process of heating and
gradual release of harmonic constraints over 340 ps, followed by 600 ps of unrestrained
molecular dynamics. (4) Intermediate structures were subjected to short molecular dynamics
heating (40ps) and equilibration (50ps at 300K), whose objective was (a) to check if any
spurious contacts had been created and to resolve them, and (b) to ensure that the hydrogen
atoms on all interfacial residues attained proper geometries. Given the large number of
intermediate structures generated, it would have been impractical to do more molecular
dynamics on intermediates.
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3. RESULTS AND DISCUSSION
3.1 Docking Steps Leading to the UmuD′2C/RecA4 Model

A systematic molecular docking approach was taken to generate a UmuD′2C/RecA4 model
(details in Methods). In toto, ~150,000 structures were generated and evaluated. In addition
to the docking approach described below, variations were also pursued (Methodology),
though all variations led to the same final outcome.

After removal of all DNA, 60 different rotational faces of a rigid RecA monomer were
docked to 60 different rotational faces of a rigid UmuC; this was accomplished using
ZDOCK with the Euler angle of the rotation axis set to 15 degrees. [DNA had to be removed
for reasons discussed in Methodology.] DNA was added back to the resulting 3600
structures, and the 24 lowest energy examples were viewed. Impossible structures were
eliminated (e.g., those in which DNA collided with protein) and similar structures were
coalesced; six unique and viable structures emerged, which were each refined by molecular
dynamics and minimization. The DNA was removed from each of these six UmuC/RecA
structures, and a rigid UmuD′ monomer was docked using ZDOCK, again setting the Euler
angle of the rotation axis to 15 degrees, thus giving [6 × 3600] UmuD′1C/RecA structures.
The 24 lowest energy structures from each of the six sets were viewed after adding back
DNA. Again based on the dual criteria of eliminating impossible structures and coalescing
similar structures, the total number of UmuD′1C/RecA structures was reduced to twelve.
These twelve structures were refined by minimization and molecular dynamics, and then
viewed again. Four structures were chosen for the next step based on the following criteria:
(1) the 5′->3′ orientation of ss-DNA in RecA had to be compatible with the 5′->3′
orientation of the template strand in UmuC; (2) the UmuD′1C/RecA structure had to leave
enough room to dock a second molecule of UmuD′; and (3) the structure must have
significant and meaningful contour contacts between each of the interacting monomers.
After removal of DNA, a second UmuD′ monomer was docked using ZDOCK, again
setting the Euler angle of the rotation axis to 15 degrees, which gave [4 × 3600] UmuD′2C/
RecA structures. The 24 lowest energy structures in each of the four sets were viewed after
DNA was added back, and after implausible structures were excluded and similar structures
were coalesced, eight reasonable UmuD′2C/RecA structures emerged, each of which was
refined by molecular dynamics and minimization. The coordinates for each of these eight
structures are available upon request.

These eight structures were evaluated. One structure stood out, since it could rationalize
much of the available data about UmuC/UmuD′/RecA interactions, while the other seven
structures could not. Using this preferred structure, three more RecA monomers were added
(Methodology) to approximate the 3′-end of a RecA-filament. Figure 1A shows the
resulting UmuD′2C/RecA4 structure.

3.2 The UmuC Interface with RecA
The UmuD′2C/RecA4 model shows extensive contacts between RecA1 and two regions of
UmuC, namely aa32-34 and aa59-64 (Figure 2). RecA1 is primarily yellow in Figure 2A
(with some amino acids highlighted in blue), while RecA2 is primarily turquoise (with some
amino acids highlighted in green and brown). Only a few UmuC amino acids are shown in
Figure 2; R64, R63 and K59 are shown in red in Figures 2A-2C, while N32, N33 and D34
are shown in brown Figure 2C. The former set is discussed first. To simplify viewing in
Figure 2, all RecA residues are shown as van der Waals radii, while all UmuC residues are
shown as sticks.

S117F-RecA (recA1730) is deficient in lesion bypass and has been shown to bind less
tightly to UmuD′2C, which has been taken as evidence that S117-RecA is in contact with
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UmuD′2C [57, 75–79]. S117, along with several other amino acids (blue in the otherwise
yellow RecA1 in Figure 2A), interact with three basic amino acids on the surface of UmuC:
R64, R63 and K59 (red). Figure 2B shows a close-up of these interactions. The hydroxyl-
oxygen of S117-RecA1 forms a hydrogen bond with a hydrogen on the guanidinium moiety
of R64-UmuC, which also forms hydrogen bonds with two other RecA1 residues: D120
(carboxylate-oxygen) and N124 (amide-oxygen). The guanidinium moiety of R63-UmuC
forms hydrogen bonds with the RecA amino acids P119 (carbonyl-oxygen), D120
(carbonyl-oxygen) and D120 (carboxylate-oxygen). The terminal amino group on K59-
UmuC forms hydrogen bonds with the RecA amino acids E96 (carbonyl-oxygen), A147
(carbonyl-oxygen) and A148 (carbonyl-oxygen).

An interface between the UmuC/aa59-64 region and the RecA/aa96-148 region is sensible
for several reasons. Arginines R63 and R64 and lysine K59 must be on the UmuC protein
surface, since the amino acid sequence in this region of UmuC aligns with a region that is
known to be on the surface of other Y-Family DNAPs based on their X-ray structures [41].
The uniqueness of the K59-R64 region stands out as a plausible place for UmuC to form a
unique interaction with RecA for the following reasons (refer to Figure 3): (1) Other Y-
Family DNAPs have at most one basic amino acid projecting from the protein surface in this
region; (2) UmuC has two extra amino acids in this region based on amino acid alignment;
and (3) UmuC conforms least to a consensus AKxxCP sequence in this region.

Recently, alanine-scanning mutagenesis was conducted in two UmuC loops (aa31-38 and
aa50-54), and based on a UV hypersensitivity screen, the residues N32, N33 and D34 of
UmuC were judged likely to be in contact with RecA [80], which is consistent with our
model. Figure 2C shows the aa32-34 region of UmuC (brown). Amide hydrogens on N32-
UmuC interact with E68-RecA1 (carboxylate-oxygen). Amide hydrogens on N33-UmuC
interact with E96-RecA1 (carboxylate-oxygen) and with Q194-RecA1 (amide-oxygen).
Carboxylate oxygens on D34-UmuC interact with hydrogens on the guanidinium moiety of
R196-RecA1. Amino acids N32/N33/D34 are at the tip of the aa31-38 loop in UmuC, and
no other residues in this loop are in contact with RecA1. In the UmuD′2C/RecA4 model,
none of the residues in the UmuC-aa50-54 loop are in contact with RecA1. Thus, our UmuD
′2C/RecA4 model shows contacts with RecA1 that are consistent with the findings in the
alanine scanning/UV hypersensitivity screen [80]. Note that E96-RecA1 (turquoise in
Figures 2B and 2C) serves as a bridge, in that E96 interacts both with N33-UmuC in the
aa31-38 loop and with K59-UmuC in the aa59-64 region.

To identify amino acids in RecA that might interact with UmuD′2C, the following screen
was developed [81]. Constitutive UmuD′2C overexpression in E. coli causes UV-sensitivity
by inhibiting recombinational repair. Revertants that overcome the UV-sensitivity to UmuD
′2C overexpression are named “RecA[UmuR]”, which could arise if the RecA allele were to
bind less tightly to UmuD′2C. Though S117F was originally isolated by other means [79], it
was also isolated in the screen for RecA[UmuR] mutants [81]. Near S117 are a cluster of
other RecA[UmuR] mutants (i.e., C116T, L114V, N113K and D112G). In our UmuD′2C/
RecA4 model, these amino acids are not part of the RecA-UmuC interface. Rather, based on
the RecA X-ray structure [69], aa112-116 are at the RecA-RecA interface as shown in
Figure 2A, where aa112-116 of RecA2 are highlighted in brown and lie under a segment of
RecA1 (aa26-30). The developers of the RecA[UmuR] screen pointed out that mutants with
stronger RecA-RecA interactions might also be isolated in their screen [81], and this seems a
likely explanation for why C116T, L114V, N113K and D112G were isolated, though this
notion has not been investigated experimentally. Based on the X-ray structure, S117-RecA
is not part of the RecA-RecA interface. Most of the other RecA residues at the UmuC/RecA
interface (shown in blue/turquoise in Figure 2C) also do not participate in the RecA-RecA
interface. (The exceptions are E68-RecA and E96-RecA, which participate in both RecA-
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RecA and UmuC-RecA interactions.) The RecA[UmuR] genetic screen also isolated the
mutants S44L and V274M. In fact, S44 and V274 contact each other in the interior of a
RecA monomer, where they cannot possibly interact with either UmuC or another RecA
monomer. This finding demonstrates that the location of RecA[UmuR] mutants does not
necessarily reveal definitive information about RecA residues that are involved in either
UmuC-RecA or RecA-RecA contacts.

In the UmuD′2C/RecA4 model, a few other UmuC residues also interact with RecA1,
including K25 with D100-RecA, C65 with Q118-RecA, G66 with D100-RecA, W55 with
E96-RecA, and F56 with both A148- and R196-RecA.

The UmuC/RecA interface in Figure 2 makes sense for other reasons. RecA has binding
sites for three strands of DNA; one site is thought to be for ss-DNA, while the other two are
thought to be for ds-DNA [72]. Our UmuD′2C/RecA4 model (Figure 1A) allows the ss-
DNA tail leaving RecA1 in a 5′->3′ orientation to smoothly connect to the ss-DNA primer
entering UmuC. In fact, the model requires as few as three nucleotides of ss-DNA to get
from the template:dNTP base pair in the UmuC active site to the ss-DNA bound to RecA1.
(More than three nucleotides can also be accommodated.)

3.3 UmuD and UmuD′ Interactions with RecA
Several UmuD′ structures have been published [68, 82, 83]. During docking, we used the
monomeric X-ray coordinates, because they best orient S60 and K97 for their roles as
catalytically active residues that cleave UmuD to give UmuD′ [66]. A variety of UmuD′
dimerization orientations have been observed [68, 82, 83] or computed [84]. In the UmuD
′2C/RecA4 model, the computed lowest energy UmuD′ dimerization orientation adopted a
structure with virtually the same symmetrical dimer interface as present in the X-ray
structure (as shown in Figure 2a of reference 68), notably with hydrogen bonding between
both sets of K55/E93 residues and with F94/F94 face-stacking.

Because cleavage of UmuD to UmuD′ is stimulated by RecA when bound to ss-DNA (see
Introduction), it is generally believed that cleavage of UmuD to UmuD′ occurs when
UmuD2C is bound to a RecA-filament. Thus, our model should provide a reasonable
mechanism by which the cleavage site in UmuD (C24-G25) can lie in the proteolysis active
site of UmuD (S60/K97). UmuD has a globular core (aa50-139) and a long N-terminal tail
(aa1-49), which, if fully extended, could stretch up to ~125Å. In our UmuD′2C/RecA4
model, the orientation of UmuD′2 is such that the N-terminal tails point away from RecA.
Figure 4 shows a portion of the model with the full-length N-terminal tail added to one
monomer to give full-length proximal-UmuD (see Methods). If the N-terminal tail is folded
back over the surface of core-UmuD, for which there is evidence [84, 85], Figure 4 shows
the following plausible interactions: E11-UmuD with R243-RecA1; D8-UmuD with K245-
RecA1; and K5-UmuD with E235-RecA2. [If the N-terminal tail were included in Figure
1A, it would be wrapped behind UmuD′.] The E11-UmuD/R243-RecA1 interaction is of
particular interest, because several lines of evidence suggest that UmuD forms a key
interaction with R243-RecA1, which is crucial for UmuD cleavage [86]. This positioning
allows the C24-G25 cleavage site to bind in the S60/K97 (dark green) proteolysis active site
(red oval in Figure 4). Thus, the positioning of UmuD in the UmuD2C/RecA4 model
provides a plausible way of rationalizing RecA stimulated cleavage of UmuD to UmuD′.

Figure 4 shows the tail of proximal-UmuD in the proximal-UmuD active site (red oval). If
distal-UmuD were included in Figure 4, it would be to the right of proximal-UmuD. A
related distal-UmuD structure was also generated. When the distal-UmuD tail is directed
into its own active site, the tail points away from RecA1 and, thus, its cleavage could not be
facilitated by interacting with RecA. In fact, the distal-UmuD tail can only interact with
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RecA1 if it is directed into the proximal-UmuD active site. Thus, the structure in Figure 4
predicts that one tail cleavage would be intramolecular (i.e. the proximal-UmuD tail in the
proximal-UmuD active site) and one cleavage would be intermolecular (i.e., the distal-
UmuD tail in the proximal-UmuD active site). Evidence shows that UmuD cleavage can
occur intermolecularly [64], though this evidence does not speak to whether intramolecular
cleavage is also possible.

A variety of residues in UmuD and UmuD′ have been changed to cysteine and disulfide
bond formation studied to map potential sites of protein-protein interactions [84]. For
example, this approach was used to show that each of the residues D20C, V22C, C24 and
S28C must be close to F94C, which led to a model of how the N-terminus of UmuD must
drape over its core. None of these residues (i.e., D20, V22, C24 or S28) are close to F94 in
the model shown in Figure 4. This may indicate a problem with the model; alternatively, the
disulfide study was done in the absence of RecA, and the structure of UmuD′s N-terminal
tail might be different in the presence of RecA. In fact, the proposed knotted fold of UmuD
′s N-terminal tail based on the disulfide study (i.e., Figure 6B in reference 84) precludes it
from being long enough to interact with RecA, at least based on any of our lowest energy
structures for the UmuD/RecA interface. Finally, a cryo-EM study visualized UmuD′2C
interacting with the terminus of RecA-filament [87], but the resolution of this structure was
not sufficient for it to provide insights relevant to our proposed structure.

In the UmuD′2C/RecA4 model, interactions between UmuD′ and RecA are modest. The
proximal UmuD′ monomer has several interactions with RecA. S71-UmuD′ interacts with
E235-RecA (carbonyl oxygen) and with N236-RecA (amide-hydrogen). The methyl group
on T69-UmuD′ forms hydrophobic interactions with methylenes in the E235-RecA and
N236-RecA. The distal UmuD′ monomer does not interact with RecA. [The contacts noted
above between E11, D8 and K5 of UmuD and R243,K245, and E235 of RecA, respectively,
are not present once the first 24 amino acids of UmuD are proteolyzed to give UmuD′.]

3.4 A RecA1 Conformational Change from Mode 1 to Mode 2
One study [88] showed that when a cross-linking azido moiety (p-azidoiodoacetanilide,
AIA) was attached to UmuD at residues V34, S56, S67, S81 or S112, UmuD became
crosslinked to RecA, which was taken as evidence that these sites in UmuD are likely to be
in proximity to RecA [88]. [The AIA moiety was attached after these amino acids were
converted to cysteine.] In contrast, AIA attached to UmuD at S19, C24, L44 and S60 did not
yield significant crosslinking with RecA.

In the UmuD′2C/RecA4 model shown in Figure 1A, RecA is neither near the sites that
crosslink (V34, S56, S67, S81 and S112) nor near the sites that do not cross-link (S19, C24,
V34, L44 and C60). This suggests either that the model is wrong or that something else must
be invoked. Evidence suggests that RecA interacts with UmuD′2C in two modes: in “Mode
1” RecA is primarily in contact with UmuC, while in “Mode 2” RecA is primarily in contact
with UmuD′2 [89]. The UmuD′2C/RecA4 model depicted in Figures 1A and 2 is more
consistent with Mode 1. The cross-linking data, however, might be revealing about
interactions in Mode 2.

Given the UmuD′2C/RecA4 model (Figure 1A), DNA synthesis seems impossible, because
the entire RecA-filament would have to slide, unless RecA1 rearranged in order to free up
template-ss-DNA for DNA synthesis. A RecA1 rearrangement is an attractive possibility,
given that active DNAP V is known to include one RecA monomer bound to UmuD′2C [57,
58], which suggests a rearrangement might occur. Finally, a RecA1 rearrangement might
explain the existence of two RecA binding modes. We know of no explicit evidence for a
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RecA rearrangement, though some kind of rearrangement must occur if Modes 1 and 2 are
both biologically relevant.

In the docking phase of our work, different docking combinations were tried, including
RecA with UmuD′2C and UmuD′2 alone. Four potential low-energy structures emerged in
which RecA1 was more associated with UmuD′2 and not in contact with RecA2-RecA4.
[The coordinates for all four structures are available upon request.] We favor the structure in
Figure 1B for reasons discussed in the next several paragraphs.

Of the options for the Mode 2 structure, the positioning of RecA1 in Figure 1B is closest to
its original positioning in Figure 1A, and RecA1 could rearrange via the following simple
mechanism. In Figure 1A, RecA1’s N-terminal tail (aa1-38, scarlet ribbon) contacts RecA2
(as revealed in the X-ray structure), while in Figure 1B the N-terminal tail interacts with
UmuD′2. One could imagine RecA1’s N-terminal tail releasing from RecA2 and attaching
to UmuD′2, with core-RecA1 turning over into its new position either concurrently or
subsequently. The RecA1 residues K6, F21, I26, L29 and M35 interact prominently with
RecA2 in the putative Mode 1 structure in Figure 1A, and the same residues interact with
UmuD′2 in the putative Mode 2 structure in Figure 1B. Figure 5 shows a simple model for
the steps leading from RecA1 in the putative Mode 1 structure (Figure 1A) to the putative
Mode 2 structure (Figure 1B). The “backside” orientation of the UmuD N-terminal tail
would tend to inhibit the ability of RecA1 to rearrange; however, once cleavage occurs, the
contacts between UmuD/RecA would be eliminated and RecA1 could turn over to the Mode
2 structure and become active DNAP V.

Let us reconsider the AIA crosslinking data in light of the structure in Figure 1B, where a
close-up of UmuD′2C/RecA is shown in Figure 6. Though many factors might affect the
quantitative level of crosslinking, as pointed out by the authors [88], certainly proximity
would be important, given that the AIA moiety is only ~9Å long when fully extended.
Attachment of AIA to S81-UmuD led to the greatest amount of crosslinking to RecA. In the
UmuD′2C/RecA model (Figure 6), there are no obstructions between RecA1 and the R-
group of S81 in either UmuD′ monomer, and S81 in the proximal UmuD′ monomer is
closer than 9Å to RecA amino acids R60 and K250, while S81 in distal UmuD′ is closer
than 9Å to RecA1 amino acids A1 and I2. S67-UmuD′ had the second greatest level of
crosslinking [88]; there are no obstructions between Reac A1 and S67 on proximal UmuD′,
and S67 is closer than 9Å to RecA1 residues R176 and Y218. S112-UmuD′ showed the
third greatest level of crosslinking [88]; there are no obstructions between RecA1 and S112
on proximal UmuD′, and S112 is closer than 9Å to RecA1 residues S172, R176, G212,
A214, L215 and Y217. S57-UmuD showed the least crosslinking with RecA [88]; an AIA-
moiety on S57 would be obstructed from reaching all but a small portion of the N-terminal
tail of RecA, and the closest RecA1 amino acid (K6) is ~19Å away. S60-UmuD′ does not
crosslink [88]; S60 is completely obstructed, since it is on the face opposite RecA1 and is
buried in the active site crevice. Thus, the UmuD′2C/RecA model in Figures 1B and 5
seems qualitatively consistent with the AIA crosslinking findings. [In the UmuD′2C/RecA
model, UmuD′ amino acids C24, V34 and L44 would be in the disordered N-terminal tail,
making them hard to evaluate.]

In the UmuD′2C/RecA model in Figure 6, the two UmuD′ monomers are decidedly
asymmetric, with proximal UmuD′ (lighter green) having much more contact with RecA1.
Recent work suggests that UmuD′ can be active as a monomer [90]. It is not unreasonable
to imagine that an UmuD′C/RecA complex lacking distal UmuD′ (darker green in Figure 6)
might still retain activity.
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Our model in Figure 4, which shows how UmuD might interact with RecA in order to
facilitate UmuD-to-UmuD′ proteolysis, must be evaluated in terms of known non-cleavable
UmuD mutants [91, 92], which fall into two categories: (1) inactive for lesion bypass and (2)
active for lesion bypass. As depicted in Figure 5, the “backside” orientation of the UmuD N-
terminal tail would tend to inhibit the ability of RecA1 to rearrange; however, once cleavage
occurs, the contacts between UmuD/RecA would be eliminated and RecA1 could turn over
to the Mode 2 structure and become active DNAP V. Non-cleavable UmuD mutants might
lock RecA1 in the inactive Mode 1 structure. Three non-cleavable UmuD mutants (P27S,
G65R and G92D) result in inactive DNAP V [84, 91], and viewing these residues in the X-
ray structure suggests why each is non-cleavable. P27 (red in Figure 4) enforces a protein
backbone kink, which appears to facilitate the ability of the cleavage site (C24-G25) to enter
the active site. G65 (red in Figure 4) has φ/ψ angles that are unique to glycines, which
allows a tight loop to form in order to properly orient S60 as part of the UmuD active site.
Similarly, G92 (red in Figure 4) has φ/ψ angles unique to glycine that allow the proper
orientation of a loop near active site residue K97. Thus, while the non-cleavability of the
P27S, G65R and G92D mutants can be rationalized, these rationale do not provide insight
about the plausibility of the UmuD2C/RecA model in Figure 4. One non-cleavable UmuD
triple mutant (T14A/L17A/F18A) behaves like UmuD′, in that it is always active [92].
Residues T14, L17 and F18 (brown in Figure 4) are close to aa-230-233 in RecA1 (dark
brown ribbon), and if this interaction were lost in the T14A/L17A/F18A-UmuD triple
mutant then perhaps the affinity of UmuD for RecA1 would be low enough to permit the
RecA1 rearrangement from Mode 1 to Mode 2 without UmuD cleavage.

3.5 The UmuD′2 Interface with UmuC
Due to the difficulty of purifying active UmuD′2C, only limited studies have been attempted
on its structure, and we are not aware of any published work that reveals potential contact
points between UmuD′ and UmuC. In our UmuD′2C/RecA model, the UmuD′ proximal to
RecA1 interacts with UmuC amino acids 82, 90, and 126-132, while the UmuD′ distal to
RecA1 interacts with UmuC amino acids 89, 93, 94 and 239.

3.6 Implications of the UmuD′2C/RecA Models for Lesion Bypass
The UmuD′2C/RecA4 structure in Figures 1A and 2 can rationalize why S117F-RecA
(recA1730) might have decreased affinity for UmuD′2C [57, 75–79], since it could no
longer effectively interact with R64-UmuC. S117-RecA is in a region of RecA1 (aa96-148)
that shows a plausible interface with aa59-66 of UmuC. Figure 2C shows RecA1 interacting
with another region involving residues N32/N33/D34 of UmuC, which is consistent with
published findings [80]. As illustrated in Figure 4, the model also provides a plausible
structure, whereby amino acids at the N-terminus of UmuD (i.e., E11, D8 and K5) could
interact with RecA (i.e., with R243, K245 and E235, respectively), in such a way that the
cleavage site in proximal-UmuD (C24/G25) is brought into the proximal-UmuD active site
(S60/K97). The putative E11-UmuD/R243-RecA1 interaction provides a sensible rationale
for the observation that R243 is important to the cleavage of UmuD to give UmuD′ [86].
The tail of distal-UmuD could only interact with RecA1 if it were cleaved in proximal-
UmuD′s active site, which provides a plausible structural explanation for the observation
that at least some UmuD cleavage can occur intermolecularly [64]. Once cleavage occurs,
RecA1 could move from being primarily associated with UmuC (Mode 1, Figures 1A an 2)
to being primarily associated with UmuD′2 (Mode 2, Figures 1B and 6), which is a structure
that can rationalize how RecA could become cross-linked when an AIA moiety was attached
at UmuD residues S56, S67, S81 and S112 [88]. In going from the structure in Figure 1A to
the structure in Figure 1B, RecA1 is removed from template-ss-DNA, thus freeing up three
nucleotides previously covered by the RecA1 monomer, which would allow UmuC to insert
a dNTP opposite the lesion in its active site, followed by several dNTP extension steps. At
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that point, UmuD′2C/RecA would come into contact again with the RecA-filament. Since
RecA1 is occupying the RecA binding site on UmuD′2/C, it seems unlikely that RecA2
could be removed from the end of the RecA-filament, and UmuD′2C/RecA might ultimately
be released, thus limiting its role in DNA synthesis. Regarding the latter point, it is known
that DNAP III cannot resume normal DNA synthesis until a lesion-bypass polymerase does
insertion opposite a lesion, along with 3-to-5 extension steps [93–95], which seems
consistent with the number of total incorporations that would be possible following the
RecA1 rearrangement.
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Abbreviations

B[a]P benzo[a]pyrene

+BP [+ta]-B[a]P-N2-dG (Figure 1)

-BP [-ta]-B[a]P-N2-dG (Figure 1)

TLS translesion synthesis: the insertion of a base opposite a DNA adduct, as well
as subsequent elongation

DNAP DNA polymerase

S1-dNTP dNTP active shape 1

S2-dNTP dNTP active shape 2

MD molecular dynamics

TT-CPD thymine-thymine cyclopyrimidine dimer
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Highlights

Y-Family DNA Polymerase V models, which explain most experimental findings

Model for DNA Polymerase V at a RecA filament prior to UmuD cleavage

Structural model for UmuD cleavage to give active DNA Polymerase V

Model for active DNA Polymerase V, which is the tetramer UmuD′2C/RecA
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Figure 1.
UmuD′2C/RecA Models. (A) UmuD′2C is bound to the 3′-end of a RecA-filament, with
RecA1 (yellow) primarily in contact with UmuC (Mode 1). From right-to-left, ribbons
represent distal UmuD′ (dark green), proximal UmuD′ (green), UmuC (pink), RecA1
(yellow), RecA2 (turquoise), RecA3 (tan) and RecA4 (blue). The N-terminal 38 amino acids
of RecA1 are highlighted in scarlet. DNA is red. (B) Structure for active UmuD′2C/RecA,
in which RecA1 is rearranged to become primarily associated with UmuD′2 (Mode 2), thus
freeing up three template nucleotides such that UmuC (pink) could initiate DNA synthesis.
The N-terminal tail of UmuD′ (aa25-49), which is extended, is not shown. The C-terminus
of UmuC (aa354-422), for which there is no model, is not present. The positioning of the N-
terminus and C-terminus of RecA1, UmuC and both UmuD′s are indicated.
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Figure 2.
A portion of the UmuD′2C/RecA4 model from Figure 1A, showing how two regions of
UmuC interact with RecA to form the UmuC-RecA1 interface. Panel A shows van der
Waals radii both for RecA1 (yellow, blue and dark blue) and for RecA2 (turquoise, green,
dark green and brown), while three UmuC residues (K59, R63 and R64) are shown as sticks
along with a ribbon (purple) of a portion of the UmuC structure. The three basic amino acids
R64/R63/K59 (red) on the surface of UmuC interact with seven amino acids of RecA1
(blue: E96, P119, S117, D120, Q124, A147 and A148). Panel B shows a close-up of amino
acids R64/R63/K59 in UmuC (red) interacting with the RecA1 amino acids P119/S117/
D120/Q124/A147/A148 (blue) and E96 (turquoise). Panel C shows a different orientation of
the same interactions as in panel B, along with UmuC amino acids N32/N33/D34 (brown)
interacting with RecA1 amino acids E68/Q194/R196 (blue) and E96 (turquoise).
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Figure 3.
Amino acid alignment of six Y-family DNAPs, for which X-ray structures exist, along with
EcDNAP IV and EcUmuC, for which modeled structures exist, in a region that includes the
B-α-helix (turquoise), C-α-helix (turquoise) and 4-β-strand (yellow). Conserved amino
acids are boxed. Note that EcUmuC has an additional two amino acids (R63 and R64) and
conforms least to the conserved AKxxCP sequence in this region.
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Figure 4.
Structural model for how RecA might facilitate the cleavage of UmuD in its active site (red
circle), where the catalytically important residue (S60/K97, dark green) cleave between
amino acids C24 and G25 (green) to give UmuD′. A portion of RecA1 (aa230-250, yellow
ribbon) and RecA2 (aa230-250, turquoise ribbon) are also shown. The N-terminal 49 amino
acids of UmuD form a long tail, and evidence suggests it is in contact with core-UmuD
(aa50-139) [84, 85]. Evidence also suggests that some portion of UmuD interacts with R243
in RecA to facilitate UmuD cleavage [86]. The N-terminal tail of UmuD is long enough and
the spacing is reasonable to allow interactions involving: E11-UmuD with R243-RecA1;
D8-UmuD with K245-RecA1; and K5-UmuD with E235-RecA2 E11. When these
interactions are made, the cleavage site in UmuD (C24-G25, green) can sit in the proteolysis
active site of UmuD (S60/K97, dark green), as indicated by the red oval. The figure also
shows P27, G65 and G92 (red), which when mutated each give non-cleavable UmuD (see
text). A UmuD triple mutant involving T14/L17/F18 (brown) is also non-cleavable (see
text). The significance of D20 and V22 (gray sticks), along with F94 (black sticks) are
discussed in the text.
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Figure 5.
Steps leading to the putative Mode 1 to Mode 2 rearrangement. In Mode 1, the N-terminal
tail of one UmuD (green) can potentially bind to the backside of RecA1 (yellow) and inhibit
the RecA1 rearrangement, until UmuD is proteolyzed to UmuD′, which yields a shorter N-
terminal tail that can no longer interact with RecA1 (see text) and might allow
rearrangement to Mode 2.
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Figure 6.
Close up of UmuD′2C/RecA, which is the active form of DNAP V, as derived from the
model in Figure 1B (Mode 2). The N-terminal tail of RecA1 (aa1-38, scarlet) is shown to be
in contact with UmuD′ and is close to S56, S67, S81 and S112 (red), as suggested by
published findings [88]. RecA1 residues, which are closer than 9Å to S56, S67, S81 and
S112 of UmuD′, are shown as sticks in a color-coordinated fashion (see text).
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