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1. Brief Historical Perspective of SOS Regulation
and DNA Damage-Induced Mutation in
Escherichia coli

Damage to the DNA of bacteriophaderesults in a loss
of phage viability upon infection ofEscherichia coli
However, phage viability is restored if the bacterial DNA is
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damaged prior to infection by exposure to UV radiation. This
process, referred to as Weigle or W-reactivation, is ac-
companied by an increase in the number of base substitution
mutations inl.! The rescue and mutagenesis of the damaged
lambda phage is a byproduct of the action of DNA damage-
inducible genes irE. coli, expressed as part of the SOS
regulon?—* More generally, the large increase 00-fold)
observed in both chromosomal and episomal mutagenesis
associated with SOS induction is referred to as “SOS error-
prone repair®

There are more than 40 SOS gehasd many of the gene
products are used to repair damaged DNA with base excision
repair (BER), nucleotide excision repair (NER), or recom-
bination repair. SOS genes are also involved in triggering
cell division, which occurs only after the genome has been
fully replicated and it is safe for the cell to divide. Among
the SOS genes are those encoding the specialized DNA
polymerases, Pols Il, IV, and ¥ The SOS polymerases
catalyze translesion synthesis (TLS) by replacing a replicative
Pol Il that stalls when encountering a damaged template
base. Once past the damage site, Pol Il takes over to restart
normal DNA replication. TLS, which results in mutations
targeted to the sites of DNA damage, appears to be the
biological basis of SOS mutagenesis. The regulation of SOS
is governed by the action of two key proteins, the LexA
repressor and RecA.

RecA is engaged in three distinct roles in the cell. Its
principal role is to catalyze DNA strand pairing, leading to
homologous recombinatichThere are, however, two ad-
ditional roles for RecA. One involves induction of the SOS
response, and another is necessary for triggering SOS muta-
tion.2° RecA is absolutely essential for all three processes.
A tacit assumption has been that for RecA to function in
each it must first assemble as a nucleoprotein filament on
single-stranded DNA (ssDNA). Indeed, along with death and
taxes, there appears to be an inevitability of RecA nucle-
oprotein filaments, at least with regard to RecA'’s intracellular
interactions. These activated RecA* filaments have clearly
been shown to be involved in the processes of homologous
recombinatiohand turning on SOS by acting as a coprotease
during the cleavage of LexA repressor protéin.

We begin this review by presenting a general overview
of RecA to establish its import as an essential element in
the coupled “3R” processes of replication, recombination,
and repair. We will then review past genetic evidence,
especially the work of Devort'? and Witkin!31 that
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that was found to be distinct from those during recombination
and SOS induction.
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This third essential role of RecA in SOS mutation serves University of Southern California, in the Department of Biological Sciences,
as the focal point of this review. We will discuss recent and divided efforts between developing a theory of laser-stimulated

. : . o decomposition of molecules, which led to infrared laser-driven separation
evidence showing that in contrast to recombination and SOSand enrichment of isotopes of uranium, and studies on the fidelity of DNA

induction Pol-V-catalyzed TLS r.equliBreS_ the absence of a pojymerases and SOS mutagenesis. A study to model SOS mutagenesis
RecA filament proximal to a lesiol:*® Biochemical data  in vitro, which involved an exceptionally pleasant and fruitful collaboration
using a RecA mutant, Devoret’s so-called “third role” RecA with Hatch Echols at Berkeley, resulted in the discovery of the “sloppier

g a RecA mutant, D t lled “third role” RecA h Hatch Echols at Berkel lted in the d f the “sl
mutant, will clarify how and why RecA1730 fails to elicit ~ copier” E. coli DNA polymerase V. His current research is focused on
mutaions above sportaneous background mutations i el L ehon st e teanne gl ey
|nducr$d for SOS. H?‘re' ? new role for ReéA ';: descrlbed_, involving Pol V and RecA, which is the subject of this review, and the
g_nea_t at {—ilppezti_rs to 'q\rl]opvef \t/W,(/lltsr?parﬁte e(]z thm%norge”c“inner workings” of DNA polymerases that determine their fidelity.

inding interactions with Pol V. ough one of the Ree
Pol V binding modes requires the presence of DNA and ATP, 2. Interdependent 3R System: Replication,
the other does not. We have recently shown that the Recombination, and Repair
specialized role of RecA in SOS mutagenesis is to activate !
Pol V for TLS, by serving as an obligate subunit of a PolV ~ The SOS response provides a vivid illustration of the
holoenzyme comple¥ Since Pol V is almost “dead” in the  integration of cellular DNA metabolism. The fabled three
Rs, replication, repair, and recombination, work in concert

absence of Rech its coupling to RecA monomers is
essential for mutagenic TLS. to restore the genome to normal order after it has absorbed



408 Chemical Reviews, 2006, Vol. 106, No. 2 Schlacher et al.
substantial abuse. These are coordinated to the cell cycle a
and to each other by an elaborate regulatory matrix.

When bacterial cells are subjected to sufficient DNA +
damage to induce the SOS response, a key event is the — > Q
collapse of replication forks as they encounter the multitude
of newly introduced DNA lesions in the template DNA. The

primary goal of the SOS system is to productively restart ©+

+

Q

@.

o

replication. SOS has at least two pha%&s?! SOS mu-
tagenesis occurs in the second phase, preceded by a largely
accurate phase dominated by accurate repair processes such
as excision repair and recombinational DNA repair. Mu-

c
tagenesis is thus not a required outcome of the SOS response.
Instead, mutagenic translesion replication comes into play K{Z
late in the response under circumstances in which the
nonmutagenic processes have proven insufficient to restart

replication on their own. Figure 1. DNA pairing reactions promoted by the RecA protein.
The first phase of SOS is a complex dance of multiple DNA strand exchange (top) occurs when a single-stranded DNA
enzymatic systems. At the sites of stalled or collapsed coated with RecA protein (red) invades a homologous duplex DNA.
replication forks, recombinational repair systems serve to The exchange is completed as a strand is transferred progressively
reconstruct or alter the fork structure to allow repair. A from the duplex to the single strand, creating a new duplex and a

. C o displaced strand originating from the original duplex. The latter
dedicated origin-independent replication restart system thenstages of this reaction are facilitated by ATP hydrolysis. D-loop

puts the replication cycle back on track. The fork will ¢ormation (middle) involves the incorporation of a short oligo-
collapse again if there is additional damage downstream, andnucleotide into a duplex DNA, with one strand of the duplex

classical repair systems (nucleotide excision ref3aif,base displaced over the region of the pairing to form a structure similar
excision repaif® 27 and direct repa?? 3 operate throughout  to a “D”. The duplex DNA must be supercoiled for this reaction to
the damaged genome to remove these potential impediments?roceed efficiently. DNA strand invasion (bottom) is similar to

. - . D-loop formation but involves single-stranded DNAs too long to
If damage is sufficiently extensive that forks are caused to overcome topological constraints for full incorporation into the

stall repeatedly, then the mutagenic phase of SOS ensuesypex. Thus, a single-strand extension remains. This reaction
This involves activation of the translesion DNA polymerase mimics a key step in certain pathways for replication fork repair

v

\/.16,31-36 (Figure 3).
DNA polymerase V functions in concert with RecA protein .
and possibly other recombination functions. To appreciate ADP Disassembly Assembly
the role of RecA in DNA polymerase V activity, it is O
necessary to review its function in other contexts. ATP )

2.1. RecA Protein 5 —0000000000000000 3

. e . Figure 2. Assembly and disassembly of RecA filaments. Both
The recA gene was identified i&. coli by Clark and processes are unidirectional, proceedingcb3 along a single-
Margulies in 196% and soon shown to have multiple roles  stranded DNA. Thus, RecA monomers are added at'tpedXimal

in recombination and repaif.RecA is a 38-kDa polypeptide  end and subtracted at thefroximal end. The disassembly process
and is central to recombination functions in bacteria. 'equires ATP hydrolysis. ATP is actually hydrolyzed throughout
Structural and functional homologues of RecA exist in all the filament uniformly but can result in dissociation when it occurs
. . . L in a monomer at the disassembly end.

classes of organisms, including the RadA protein in archae-
ans® and the Rad51 and Dmcl proteins in eukaryétes. stranded DNA7“8Filament assembly requires bound ATP
RecA proteins are nearly ubiquitous in bacterial species, with but not ATP hydrolysis. RecA protein can bind directly to
the only known exceptions occurring in bacterial species duplex DNA, but nucleation is much slower than it is when
undergoing genome degeneration as part of an adaptation tasDNA is used. However, when a filament is assembled in
an endosymbiotic lifestyl€** RecA is a DNA-dependent  a single-strand gap such that nucleation has occurred in a
ATPase, and the RecA @. coli (RecAg;) hydrolyzes ATP  single-strand region, filament extension readily proceeds to
with akeat 0f 20—30 min*, depending on the nature (single encompass the adjacent duplex DNA. Filaments can also
strand or duplex) of the bound DNA:46 disassemble. The disassembly process requires ATP hy-

The recombination functions of RecA are a reflection of drolysis, and it also proceeds %o 3 such that RecA
the protein’s well-studied DNA strand exchange activities. monomers are added to one end of a filament and subtracted
RecA typically binds to single-stranded DNA, aligns that from the other (Figure 2¥°° ATP hydrolysis occurs
strand with homologous sequences in a duplex DNA, and uniformly in all RecA monomers across the filament, with
then promotes a strand exchange in which one strand of thedissociation of RecA generally occurring only at the disas-
duplex is transferred to the single strand to create a newsembling (5proximal) end. Filament assembly is faster than
duplex, and the other strand from the original duplex is disassembly, as must be the case if a filament is to form.
displaced. There are several classical assays for this activity, Within the nucleoprotein filament, bound DNA is extended
as shown in Figure 1. The exchange can readily encompasshy about 50% and underwound such that there are about 18
thousands of DNA base pairs. base pairs per helical tuff:>3 Each RecA monomer binds

The active form of RecA in DNA strand exchange to three nucleotides of DNA or DNA base pairs, so that there
reactions is a nucleoprotein filament, formed in several steps.are six RecA monomers per turn in the helical nucleoprotein
A nucleation step is generally rate-limiting, followed by an filament. There are binding sites in the filament for as many
extension of the filament in & %o 3 direction along single-  as three strands of DN&: 58 DNA strand exchange is
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facilitated via the interchange between these DNA binding \ Strand break
sites. The extent of the DNA strand exchange reactions N '
reflects the length of the RecA nucleoprotein filaments, L //
which can encompass many thousands of DNA base pairs. ==
2.2. RecA Protein in the Induction of the SOS ¢
Response
RecA nucleoprotein filaments have quite a different role >
in the induction of the SOS response. SOS is regulated by a — .
repressor protein called LexA. When it is bound to its specific
binding sites in theE. coli genome, the 48 genes of the iReCBCD + Nick repair
SOS system are repressed. The extent of repression is

dependent on the extent of LexA affinity to the binding site, == —
which differs greatly between the genes. The result is a timely
hierarchy of SOS gene expression. LexA undergoes an
inactivating autocatalytic cleavage under certain conditions *R "
ec

>
»

in vitro.5%8° Under physiological conditions, this same
autocatalytic cleavage does not occur to any significant extent

except when LexA comes into contact with a RecA nucle- B —

oprotein filamen%8° Such filaments form at DNA gaps ):\

created when replication forks stall or collapse at sites where ===

DNA damage is introduced to the cell. As the supply of ¢Fork reconstruction
active LexA is depleted by cleavage, the genes of the SOS

response undergo transcriptional induction. RecA protein _. - . _
levels rise, along with the concentrations of many other repair Figure 3. Recombinational repair of replication forks. The double
- ! . . : ; strand break repair pathway is shown, one of several that vary
functions. The LexA is cleaved into two inactive fragments. gepending on the nature of the DNA damage encountered by the
Since RecA does not function as a classical protease butfork. In this instance, a fork has encountered a strand break on one
instead facilitates an autocatalytic cleavage of LexA, the of the template strands, leading to the separation of one arm of the
RecA activity is generally referred to as a coprotease fork. The replication apparatus must disassemble, and the end of
function. The coprotease is not limited to LexA cleavage. the broken arm is processed by the RecBCD enzyme. RecBCD

: .”unwinds the broken end and degrades the DNA so as to produce a
The bacteriophagérepressor also undergoes an autocatalytic DNA end with a 3 single-strand extension. RecBCD then loads

cleavage facilitated by RecA, as does the UmuD prdtefis. RecA protein onto the extension, leading to strand invasion (Figure
The UmuD protein fragment generated by UmuD cleavage 1). Further processing occurs to restore a viable replication fork,
is an active subunit of DNA polymerase V. employing a series of helicases, nucleases, and ligase.
2.3. RecA Protein in the Repair of Stalled >
Replication Forks \
A replication fork can stall or collapse at a variety of DNA
lesions. If the collapse occurs at a template strand break, /
one arm of the replication fork is detached (Figure 3). Repair

requires the RecBCD helicase/nuclease as well as the RecA
protein, single-strand binding (SSB) protein, and additional
recombination functions. In brief, the RecBCD enzyme binds
to the broken DNA end and moves along the DNA. The
3'-ending strand is preferentially degraded as the DNA is
unwound®~%” When the enzyme encounters the sequence
5-GCTGGTGG-3 (a Chi site), its activity is altered. The \
<\

5'-ending strand is now preferentially degraded, creating a
3'-ending single-strand extensi&h®” RecBCD then loads
the RecA protein onto this single-stranded DRPR? RecA //

then promotes a DNA strand invasion as the first step in the
repair of the collapsed replication fork (Figure 3).

At a stalled replication fork with no template strand break, Figure 4. Replication fork regression. This reaction is often a key
RecA can promote several different reactions to effect repair. part of the replication fork repair process when forks encounter
First, if there is a gap on the leading strand template, RecA DNA lesions that halt fork progression but leave the fork arms
can readily promote the regression of the fork structure attached. The original template strands are re-paired, displacing the

(Figure 4). This reaction requires ATP hydrolysis and is in newly synthesized strands and moving the fork backward. The

- 071 . newly synthesized strands themselves pair, forming a four-armed
effe<_:t a motor function of RecAx™ If a gap is left on_the junction or Holliday junction. This reaction is promoted by the
lagging strand DNA template, then the loaded RecA filament reca protein and by the RecG helicase. In both cases, ATP

(oriented in the direction opposite to what it would be on hydrolysis is required.
the leading strand) can unwind the fork for up to 4007bp.

. . Not surprisingly, RecA function is regulated on multiple
2.4. Regulation of RecA Protein levels so that it is focused on the sites requiring it.
Unchecked recombination between repeated sequences in The first level of regulation involves the RecA C-terminus.
the genome could result in the loss of the intervening DNA. Removal of 17 amino acid residues results in a RecA variant
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that is more robust in virtually every RecA functiéh.’® requires the establishment of a filament on DNA. All of the
Thus, these 17 amino acids are part of an autoregulatoryactivities of RecA in the recombinational repair of replication
suppression of RecA function. The wild-type RecA protein forks require an active RecA filament. Thus, the paradigm
does not function in DNA strand exchange in vitro unless has developed that RecA functions exclusively as a nucleo-
an unphysiological level of free Mg ion (generally 6-8 protein filament. This paradigm is challenged in the case of
mM) is included in the reaction in addition to the Kig RecA function in the context of SOS mutagenesis.

needed to chelate the added ATP. The need for addéd Mg

is eliminated when the wild-type protein is replaced by the 3. Genetics of SOS Mutations
deletion mutant, RecAC177® The deletion mutant also

exhibits a more robust coprotease activity as well as enhanced3 1. SOS Mutations Targeted to DNA Damage
functions described below. L . L
The second level of regulation involves modulation of The first _lndlcatlons of increased mutagenesisircoli
RecA function by other proteins. Most of this modulation is @nd bacteriophage after exposure to DNA damage were
directed at the RecA filament assembly and disassemblyOPServed in experiments withphage. UV irradiation oE.
processes. ThE. colisingle-stranded DNA binding protein,  Oli host prior to infection of UV-irradiated phage resulted
SSB, is a passive participant. SSB impedes the nucleationn increased survival (W-reactivation) and mutagenesis (W-
step of RecA nucleoprotein filament formation, resulting in Mutagenesis) ot phage: Studies of bacterial chromosome
a lag in binding that can be measured in hours. However, Mutagenesis showed tHatcoli strains with either an inactive
once RecA nucleation has occurred, SSB has a positive roleRECA protein (recA(Def)) or a mutant LexA protein that
in the extension phase of nucleoprotein filament formation. culd not support induction of the SOS response (lexA(nd

RecA does not bind well to regions of DNA secondary Were not mutable by UV irradiatio?¥- 92 Similarly, experi--
structure. SSB melts these duplex regions and is thenMents withA phage demonstrated that both W-reactivation

displaced by RecA in the extension phase to create aand W-mutagenesis were not observed in preirradiated cells

contiguous filament on the DNA.76 RecAAC17 readily with either recA(Def) or lexA(Ind) mutation®® These data
displaces SSB protein even in the nucleation phase. ThusWere instrumental in formulating a model referred to as “SOS

the barrier to nucleation on SSB-coated sSDNA is ensconcede!TOr-prone repair, in which it was proposed that the
in the RecA C-terminu® activation of an SOS system is required for repair and bypass

Additional proteins modulate almost every phase of RecA of UV-induced DNA lesions and that UV-induced mutations

filament assembly and disassembly. The RecO and RecR2/IS€ as a consequence of an error-prone bypass of the DNA
proteins form a complex that facilitates the nucleation of Ie5|qnsz.~3 Subsequent genetic and biochemical studies have
wild-type RecA protein onto SSB-coated ssDRAE The confirmed that SOS error-prone translesion synthesis is
RecF protein is also involved in RecA filament assembly. €ssential to the organism to cope with DNA damage by UV
RecF facilitates RecOR function under at least one set of /9ht or chemicals by repairing and bypassing replication-

conditions8! although there is no evidence for the formation blocking lesions.
of a RecFOR complex. RecF will separately form a complex _ More than 40 gene; are upregulated upon exposure to
with RecR protein, competing with RecO for RecR interac- DNA-damaging agents SOS induction is regulated by a

tion.”® The RecFR complex binds tightly to dsDNA and can two-component rgapressor/activator system of th_e LexA and
limit the extension of RecA nucleoprotein filaments into RecA proteins (Figure 5). The LexA repressor bmd; toa20
duplex regions adjacent to sSDNA gas. base pair consensus sequence in the operator region of the
The RecX protein inhibits RecA function by interfering SOS genes, suppressing thelrexpre_s%‘iBM dlre_ct screen
with RecA filament formatior§>~8 It does so by blocking for genes affecting SOS mutagenesis of cells in response to
filament extension, most likely by capping the filaméht. UV light or 4—n|troqumoll.ne 1-oxide revealed a requirement
The Dinl protein has a generally positive effect on RecA of (tjwo otger gr]enr?s best!?(is l(hexA an%gecA, Q&rpEely, llj.muc
function. Dinl binds stoichiometrically to RecA filaments, and umub, which constitute the umu Operon. . coll
exerting a substantial stabilizing effect on th&#’ In the strains with certain mutations in umub or umuC are Iarg_ely
presence of Dinl, filament disassembly is blocked, but "onmutable by UV irradiation and other SOS-inducing

assembly can proceed. In the presence of RecX, assembl gentst _ .

is blocke)(/j, but%isassembly car?proceed. Each of these twf Early genetic studies showed the umuDC genes to be
proteins thus antagonizes the function of the othdiotably, involved in error-prone bypass'o'f uv IeS|_ons. For_examplg,
one RecA function is suppressed by Dinl. When Dinl js &0 UmuC mutation in an excision repair defective strain
bound to RecA, the LexA coprotease function is intact, but 2°0lished W-reactivation of UV-irradiated lambda phége.
the UmuD cleavage reaction is blockéd®The Dinl protein 1 Wenty years later it was shown that the umuDC gene
is expressed early in the SOS respofiseaching maximum prodé,lgct's, in the form of a heterotrimeric UmiD com-
levels in 20 min or less. Dinl may be part of a regulatory plesf*loo Is an error-prone DNA polymerasé. coli Pol
system that modulates the temporal course of SOS. As long¥- - . Reconstitution of translesion synthesis reactions
as DinRecA filaments are present, UmuD should not be in vitro with purified proteins, including RecA, showed that

cleaved, and the activation of DNA polymerase V to initiate F0! V bypasses major UV lesions, TT eisyn cyclobutane
the mutagenic phase of SOS is thus postponed dimers and TT (64) photoproducts, with mutation specifici-
' ties similar to those observed in vivo for UV-induced

2.5. Predominance of RecA Filaments in RecA mutagenesi® These data provide a biochemical basis

Function supporting a direct role for Pol V in generating the types of
mutations occurring during TLS in vivo.

The RecA nucleoprotein filament is the active speciesin  The key component of the SOS system is the RecA

all of the processes considered to this point. DNA strand protein. RecA was one of the first genes to be identified as

exchange occurs within a filament. The coprotease function essential for SOS induction. Acting almost immediately in
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Figure 5. Regulation of the SOS response. LexA protein (green)

represses protein expression by binding to the SOS box in the
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mutation rated? Similarly, SOS mutator effects on undam-
aged DNA were found to occur on tte coli chromosome
and on the Fepisome DNA in SOS-constitutive strains
containing mutant recA alleles, recA441 or recA738.9-112
Subsequent studies showed that untargeted mutagenesis on
the E. coli chromosome as opposed to an infectinghage
requires different genetic factors. SOS-induced untargeted
chromosomal and episomal 'JFmutations appear to be
strictly dependent on RecA and PoF¥A3whereas mutations

on undamaged phage require UvrABC and the genes
encoding Pols | (polA) and IV (dinB}Y:4+15Untargeted SOS
mutagenesis on chromosomal DNA is characterized by large
numbers of transversions that can be corrected by mismatch
repair (MutHLS)!12116117The genetic data viewed alongside
recent biochemical data measuring error-prone polymerase
mutation specificity??108.118.11%yggest that SOS untargeted
mutations are most likely generated by spontaneous replica-
tion errors caused by inappropriate copying of undamaged
chromosomal DNA by Pol V and episomal DNA by Pol IV.

consensus operator sequence. Upon UV irradiation, RecA forms 3.2.1. SOS Polymerases and Adaptive Mutations

an activated filament on single-stranded DNA, which assists the
autocleavage of LexA. Differing LexA binding affinities to distinc-

When nondividingE. coli are placed under nonlethal

tive operon sequences of the various proteins regulate the proteinselective pressure, mutations accumulate seemingly in re-

induction in a time-dependent manner. Proteins with operators
bound weakly to LexA are induced soon after DNA damage
whereas proteins with strongly bound operators are induced later.
RecA (orange) is one of the first proteins induced in response to
DNA damage, whereas UmuDC (blue) undergoes induction much
later. Dinl regulates late Pol V expression by inhibiting RecA-
mediated cleavage of UmuD to UmUuBuring the early phase of
the SOS response.

response to DNA damage, RecA forms a nucleoprotein

sponse to the selective environméfitThis phenomenon is
known as adaptive mutation. Adaptive mutations are typically
characterized by measuring the reversion of a lacZ frameshift
mutation carried on an'Fepisome?t in a lacZ cell, and

are also accompanied by nonselected mutaﬂ%ﬂWhlle Pol

V does not appear to participate in causing adaptive
mutations'?>123the other two SOS polymerases are clearly
involved. Pol IV is upregulated during stationary phése
and is required for most{80%) adaptive mutations, which

filament on ssDNA and functions as a coprotease to cleaveare typically—1 frameshift deletion&>126 Small deletions

and thereby inactivate the LexA repres$bi® Its direct
involvement in mutagenesis was revealed by its ability to
act in a manner similar to cleave UmuD to mutagenically
active UmuD, %22 required to make Pol V (UmuEC).
However, in 1989 Dutreix and co-workers identified a mutant
RecA, RecA1730 that was proficient in homologous recom-
bination and LexA/UmuD cleavage upon overexpression but
failed to exhibit an increase in mutagenégisturther
characterization of this mutant RecA led to the conclusion
that there must be an independent third role for RecA
responsible SOS mutator activity. This newly revealed
mutagenic role for RecA is separate from LexA and UmuD
processing and is dependent on interactions with the UmuD
and UmuC proteing! As discussed in section 4, the
mutagenic role of RecA involves a direct stimulation of Pol
V activity, which in contrast to its roles in homologous

recombination and induction of SOS, occurs in the absence

of a RecA nucleoprotein filament1%4
Pols Il and IV are also induced in response to DNA
damage as part of the SOS regufoand while neither

polymerase seems to copy UV-induced chromosomal dam-
age, they do cause mutations in damaged plasmid DNA and

may also cause chromosomal mutations targeted at non-UV-
induced lesion&?1%8 However, in contrast to Pol V, RecA
is not involved in either Pol-1l- or Pol-IV-catalyzed TLS.

3.2. SOS Untargeted Mutagenesis

are characteristic of Pol IV’'s mutational spectrum in
vitro.1*%127 In contrast, Pol II, through its'3&xonuclease
proofreading function, serves to regulate the level of adaptive
mutations by causing an approximate 5-fold reduction in
magnitude-?®

3.2.2. SOS Polymerases during Long-Term Survival and
Fitness

In the absence of SOS induction Pol V has not been
detected €15 molecules/cell), whereas Pols Il and IV are
present at significant constitutive levéf8.Pol Il is main-
tained at about 50 molecules/cell, and its number is increased
by 7-fold following SOS inductiod®*131Pol IV levels are
about 250 molecules/cell and increase about 10-fold when
SOS is turned of?? All three SOS polymerases appear to
be upregulated during stationary phase in the absence of
exogenous DNA damagé*133134Aside from their ability
to perform TLS, the error-prone enzymes play an important
role in promoting genetic diversity under normal physiologi-
cal conditions inE. coli grown deep into stationary phase.

Single and multiple Pol Il, Pol IV, and Pol V mutants,
when cultured individually, can survive for months on end
in stationary phase without addition of supplementary
nutrients. However, when cocultured in the presence of wild-
type E. coli, the mutant cells deficient in any one or any
combination of SOS polymerases fail to survive for more
than about 1614 days'23 Clearly, even a single dysfunc-

The induction of SOS is accompanied by a large increasetional SOS polymerase confers a significant disadvantage
in untargeted mutations at DNA sites that appear to remain for the bacteria when they are competing with the wild-type

undamaged. For example, infection of a pre-UV-irradiated
E. colihost with undamagedi phage creates increased phage

for limited energy resources. Double and triple error-prone
polymerase mutants suffer even a greater loss in fitness when
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competing with wild-type cell$3® Studies of long-term  singleS dimer!45152Recently, just such a ternary complex
survival of bacterial cells during stationary phase have has been identified with Pol Ill, Pol IV, angl.1%3

established that the cell populations undergo a highly Interactions with the conserved consensus sequence alone
dynamic process known as the “growth advantage in station-might not be sufficient for polymerase activity in vivetIn

ary phase” (GASP) phenotype. GASP is defined as the ability addition to the conserved binding pocket common to all
of aged cells, experiencing a long stationary period, to out polymerases, each polymerase contains a unique binding site
compete a young cell population in survival and is thought for the $152155156sypunit. The crystal structure revealed
to result from the appearance of and selection for advanta-interactions between Pol IV anglon the interface between
geous mutation&513All mutants in SOS polymerases are the twog subunits in addition to the main binding occurring
shown to be defective in expressing a strong GASP between the C-terminal tail of Pol IV’s little finger domain
phenotype?®® The reduced fitness of SOS polymerase and the hydrophobic channel of tAeclamp. This secondary
mutants demonstrates their microevolutionary importance asinterface may maintain the polymerase in an inactive
reflected in their ability to help generate sufficient genetic orientation and could regulate a switch between poly-
diversity, enabling a cell to cope with long-term nutrient merase$2 perhaps by a tool-belt mechanism in which a
deprivation. However, since the GASP phenotype is influ- stalled Pol lll is replaced by an error-prone polymerase just
enced by a variety of mutations, it does not result solely long enough for TLS to occur, whereupon Pol Ill takes over
from error-prone synthesis performed by the three SOS-to complete replication.

regulated polymerases. Competitive versus tool-belt switching may not be mutu-
ally exclusive mechanisms, and each might operate under
4. Biochemistry of SOS Mutation different sets of circumstances, such as whether replication
is taking place on chromosomal or extrachromosomal DNA
4.1. Polymerase Trafficking at Blocked and whether cells are dividing in log or stationary phase or
Replication Forks perhaps not dividing. It is known, for example, that TLS

h fth decade. it has b | h bypass efficiencies in vivo depend on the identity of the
In the course of the past decade, it has became clear thajgqjqn and the polymerase used to copy it; for example, Pol
DNA replication and repair no longer can be considered t0 \; 4pasic sites. TT dimers. and-& photoproducts much

be separate processes but that the two intercept and comples, .o efficiently than either Pol I or Pol I'¥¥2whereas bulky

ment each other on numerous levels. The most prominentyqqy,cts such as acetyl aminofluorenes (AAFs) and benzopy-
example for this connection is RecA as discussed above, With,onas are better substrates for Pols 1l andA#o8 Making

:cts i\(/ario_us roles forshgrgqlodgou_s rech;mbiSation, replicationd matters even more complex are genetic data showing that
ork maintenance, Induction, Umub processing, and p| v/ is almost entirely responsible for SOS mutations

PQI N stimulation. Another protein, thé—cl_amp, which . occurring on chromosomal DNA in exponentially dividing
originally was thought to be only a prominent factor in cells?®9”whereas Pol IV appears not to mutate the chromo-
replication, also turned out to be a major player in bridging ¢5me during exponential growtk:157.158A consequence of

the two processes. _ a competitive switching mechanism is that the “best” repair
TheS-clamp is a ring-shaped dimer that tethers Pol Il 10 gy7yme may not always be chosen to copy a specific lesion.
a DNA template primer '3end, thereby increasing poly-  gyidence favoring competitive polymerase selection in vivo
merase processivity from about 10 nucleotides (nt's) 0 pag heen obtained with plasmid DNA, where the relative
several thousand nt's per template binding evéht= g numbers of Pol Il and Pol V in the cells were found to
also stimulates the SOS induced polymerases, Pol Il, IV, jatermine whether AAF guanine adducts are copied in an

and V1931181401441 of the polymerases, in addition to error-prone or error-free mann®¥f A large increase in-2
MutS and DNA ligase, possess a pentapeptide motif having ¢y meshift mutations occurred when Pol Il was expressed at

a consensus sequence QL(SD)LF used for bi”di”glfso thepigher levels than Pol V, whereas frameshift mutations were
hydrophobic pocket located on egéimonomer surfac&?* absent when Pol VV/Pol |l ratios were reverd&However,

In vitro and in vivo studies suggest that this interaction is 5 more stringent selection among polymerases could occur

essential to ensure strong polymeraBNA binding and  for chromosomal replication where accessftanight be
enhanced processivity" % Pol IV, which by itself binds  egtricted, in which case a tool-belt mechanism might be in
poorly to both DNA and dNTP substrates, also exhibits a ¢5,ce.

large increase in ANTP binding affinity in the presence of

148

The -clamp presumably acts as a platform, on which
translesion synthesis polymerases switch with Pol I, when
the replicative polymerase becomes stalled at a damaged The familiar trombone model for DNA replication reflects
template base. Since each protein appears to interact withcoupled leading and lagging strand DNA synthesis occurring
the clamp at the same site and since the Pol Il core doesat the replication fork (Figure 6a). Collapse of the replication
not simply dissociate frori-clamp when loaded on a primed  fork and uncoupling of DNA synthesis is believed to occur
template for at least 30 mit?15°a competitive model was  when a damaged DNA base is encountered on either strand.
proposed in which various polymerases compete for the About 15 years prior to the initial identification of UmuiQ
hydrophobic binding site on the clamf#:'4”In an in vitro as a DNA polymerase?190.1013 model by Bridges and
model system used to copy primed circular DNA containing Woodgaté®® proposed that the Umu proteins, acting in
a site-directed lesion, Fujii and Fuékisobserved sequential  conjunction with a RecA filament, helped shepherd a blocked
usage of g-clamp by Pol lll and Pol V. Alternatively, since  Pol Il past the site of a lesion by reducing Pol Ill fidelity,
the dimeric nature of thg-clamp provides two hydrophobic  perhaps by inhibiting proofreading. Woodgate and Lawrence
pockets available for proteins to bind, a tool-belt model could have shown that proofreading-deficient Pol Ill is in fact able
allow two polymerases to be present simultaneously on ato fully replicate a plasmid containing a single TT dimé&.

4.2. “Cowcatcher” Model for Pol-V-Catalyzed
Translesion Synthesis
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Figure 6. Replication fork encountering a DNA template lesion.
(a) “Trombone model” of. coli Pol Il replisome, consisting of
Pol 1l core (blue), the processivitg-clamp (dark red), and
loading complex (green), together with DnaB helicase (yellow) and
RecA filament (orange), shown encountering a lesion (ziz zag line)
on the leading strand. (b) Schematic diagram of lesion bypass during
late SOS response. When replicative Pol Il stalls at a damaged
base, SSB (green) will coat the single-stranded regions arising
presumably by ongoing helicase activity. Pol V replaces Pol Il on
the processivity clampftclamp), copies past the damaged site,
with an absolute requirement for RecA, and is in turn replaced by
Pol 1l to resume normal DNA replication.

But proofreading deficient Pol Il catalyzed TLS does not
involve Pol V. Under normal conditions during late SOS
phase in the cell, Pol V presumably replaces Pol Il on the
fp-clamp and copies past the lesion. Once past the lesion,
Pol V is in turn replaced by Pol Il to resume normal DNA
replication (Figure 6b).

Devoret’'s genetic data showed that SOS mutagenesis

requires the presence of RecA prot&i? It was therefore
natural to assume that assembly of a nucleoprotein filament
had to occur. RecA was known to work as a filament during
homologous strand exchange, cleavage of LexA to turn on
the global SOS response, and cleavage of UmubD to turn on
SOS mutagenesis. Continued unwinding of the DNA by the
DnaB helicase immediately ahead of a stalled replication fork
could provide a stretch of ssDNA downstream from the
lesion on which a RecA filament could readily assemble
(Figure 6a).

There is, however, an obvious topological difficulty
copying an intact nucleoprotein filament by Pol V attached
to -clamp. How, for example, could a filament o100 A
in diamete? be threaded throughclamp with an opening
of only 38 A%38|ndeed, formation of a stable RecA filament
with non-hydrolysable ATPS effectively blocked Pol V
DNA synthesis in vitro (Figure 7, lane 1).

The “cowcatcher” modét addressed this issue, using the
E. coli SSB protein as a reagent in the in vitro assay to

Chemical Reviews, 2006, Vol. 106, No. 2 413

30-mer  32p 30-mer
240-mer GX ’
50 nt
end— =1 :

12 3 4
SSB|_| 4] -
By |=|-|+|+

RecA

ATPYS

Figure 7. Pol-V-catalyzed TLS in the presence of a AR
stabilized RecA nucleoprotein filament. Pol-V-catalyzed translesion
synthesis was measured on a primer template containing an abasic
site (a terahydrofuran moiety) on a 50 nucleotide template overhang
in the presence of RecA protein, slowly hydrolyzable AB?SSB,
andg/y. The TLS process requires that Pol V acting in conjunction
with SSB facilitates disassembly of a stabilized RecA nucleoprotein
filament, in a 3to 5 direction, in a reaction that does not involve
ATP hydrolysis, as described by the “locomotive cowcatcher”
model depicted in Figure 6b, middle sketch. Reprinted with
permission fromNature(http://www.nature.com), ref 15. Copyright
2001 Nature Publishing Group.

SOS mutagenesis in vivo remains an open question. What
seems clear from the data, however, is that a stabilized RecA
nucleoprotein filament if present must be disassembled to
permit TLS.

4.3. A “Fly in the RecA Filament Ointment”

destabilize the RecA filament allowing atypical disassembly  The requirement for RecA filament disassembly ahead of
in the 3 to 5 direction immediately ahead of an advancing the polymerase raised another challenging question: How
Pol V (Figure 7, lane 2 and 4), which therefore allows Pol- can the tip of a RecAilament be necessary if flament
V-mediated TLS to occut®> We have characterized the destruction is needed for synthesis to occur? In Figure 8,
concerted action of Pol V and SSB by analogy with a the paradigm of a necessity for a RecA filament in lesion
“locomotive cowcatcher®® a large triangular piece of metal bypass is challenged. Pol-V-catalyzed TLS is clearly ob-
affixed to front of a locomotive, designed to clear cows from served at a stoichiometry ef1 RecA molecule per 50 nt's
the track of on an advancing train. As each RecA is ejected (Figure 8a). Filamentation is absent under these conditions
in turn from the filament, contact is presumably maintained as shown by the absence of a conversion from UmuD to
between the advancing Pol V and the RecA monomer at theUmuD' (Figure 8c). The coproteolytic cleavage of UmuD
receding 3filament tip. Whether or not SSB has a role in to form UmuD is a definitive property of RecA nucleopro-
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Figure 8. “Fly in the RecA filament ointment”. (a) Pol V synthesis and TLS measured on a 64 nt ssSDNA template overhang containing
an abasic lesion X, located 50 nt from thet®mplate end, in the presence of AJ®, SSB, and different RecA/DNA nt ratios, as indicated.

(b) Primer utilization @) and lesion bypass efficiencie®) calculated from the data in Figure 8a. (c) Conversion of UmuD to UniyD

the coproteolytic action of a RecA nucleoprotein formed at a ratio of 1 RecA molecule per 3 nt's ssDNA (left gel). At a RecA-to-nucleotide
ratio of 1:50, no conversion of UmuD to Umuls detected (right gel), while Pol-V-catalyzed TLS occurs (Figures 8a and 8b).

tein filaments$?63.161 Although a much more robust lesion Supposedly, the inability of Devoret’s mutant RecA1730
bypass reaction occurs when conditions are optimal for to support SOS mutagenesis could be caused by a defect in
filament assembly with~1 RecA molecule per 3 nt's the interaction of the mutant RecA at theip of the filament
(Figures 8a and 8b) where conversion of UmuD to UrhuD with Pol V. However, since Pol-V-catalyzed TLS occurs in
happens (Figure 8c), it suggested that the presence of ahe absence of a RecA filament (Figure 9a), the time was
nucleoprotein filament is not essential for Pol-V-catalyzed ripe to dispense with preconceived notions about RecA
TLS. filaments and to characterize the biochemical interactions
The reactions in Figure 8 were performed in the presence ©f R€CA with Pol V¢
of slowly hydrolyzable ATRS and therefore required (SSB). - - . . )
Obviously, ATH’S does not exist in vivo. Therefore, the key 44 Enlgmatlc Third R(_)Ie for RecA in TLS:
question is whether RecA in the presence of hydrolyzable Stimulating Pol V' Activity
ATP disassembles rapidly enough for Pol-V-mediated TLS  The activity of Pol V exhibits strong dependence on RecA
to occur. In the case of wild-type RecA, Pol-V-catalyzed concentration (Figure 10, left gel). Of course, Pol V is a
TLS occurs in the absence of a RecA nucleoprotein filament DNA polymerase in the absence of RecA prot&itf%10%hut
(Figure 9a) but does not occur when a RecA filament is it is a fairly feeble one. A comparison of Pol V stimulation
present (Figure 9% Notably, the short (9 nt) template by wild-type (WT) RecA and RecA1730 (S117F) reveals
overhang on which TLS occurs cannot support RecA the biochemical basis for the absence of SOS mutagenesis
filament formation, as shown by the absence of conversion with the mutant RecA, namely, that Pol V is virtually “dead”
of UmuD to UmuD, whereas the longer (21 nt) template in the presence of the nonmutable RecA1730 (S117F) (Figure
overhang on which TLS fails to occur does support filament 10, right gel)
assembly, as shown by the avid UmuD to Umabnversion. These data allow us to propose that the enigmatic third
Thus, a RecA filament, even under more physiological role of RecA in SOS mutagenesis is principally to activate
conditions where RecA can dynamically assemble and Pol V. Wild-type RecA protein stimulates the specific activity
disassemble, is counterproductive to lesion bypass. of Pol V by about 350-fold® The activation of Pol V by
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Figure 9. Pol-V-catalyzed lesion bypass requiring RecA but not a RecA filament. (a) TLS measured using primer template DNA containing
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a 9 nt template overhang, in the presence of continuously regenerating ATP and different RecA concentraia®B (01 RecA protein).
When identical reaction conditions were used, no conversion of UmuD to Uma®observed at low (600 nM) or high (2000 nM) RecA

concentrations, confirming the absence of a RecA filament. (b) Pol-V-catalyzed TLS failing to occur on primer template DNA having a 21

nt ssDNA overhang. Under identical reaction conditions, conversion of UmuD to Uma®observed at low and high RecA concentrations,

demonstrating that in the absence of any other accessory proteins the presence of a RecA nucleoprotein filament inhibits Pol-V-catalyzed

TLS. Reprinted with permission from ref 16. Copyright 2005 Elsevier.
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Figure 10. Third role for RecA during translesion synthesis: the
direct stimulation of Pol V activity. Pol-V-catalyzed synthesis
requires RecA and ATP (left gel). In contrast, mutant RecA1730
(S117F) fails to stimulate Pol V under any conditions. The
concentrations of RecA were varied between 0 and 2000 nM.
Reprinted with permission from ref 16. Copyright 2005 Elsevier.

I

RecA is both necessary and sufficient for TLS when RecA
filamentation is precluded (Figure ¥ An examination of

However, RecA protein and RecA mutants exhibit optimal
stimulation of Pol V at concentrations too low and with DNA
templates too short to support RecA filament formation. In
addition, concentrations and conditions that tend to support
RecA filament formation tend to inhibit Pol V function
(Figure 9)1516.104These observations led us to explore the
interaction between RecA and UmuD.

We have recently found that RecA and Pol V are able to
interact in the absence of DNR&.This interaction, referred
to as mode 1 binding, takes place in the absence of ATP.
Mode 1 binding is measured as an increase in rotational
anisotropy (fluorescence depolarization) of a fluorescent-
tagged RecA molecule when bound to Pol V (Figure 11a).
An increase in steady-state rotational anisotropy reflects the
reduction in rotational diffusion when Pol V forms a complex
with RecA. In other words, a bound Reefol V complex
rotates more slowly in solution than free RecA.

A second mode of binding between Pol V and RecA
occurs in the presence of primer/template (p/t) DNA, detected
as an increase in the rotational anisotropy of a fluorescent-
tagged DNA molecule interacting with both Pol V and RecA
proteins (Figure 11b). Although Pol V is able to bind to DNA
on its own (Figure 11b, inset), the presence of RecA and a
nucleotide cofactor enhances the binding affinity 2-fold,
represented by a 2-fold drop Ky. Mode 2 binding requires
the presence of ATP but not ATP hydrolysis (Figure 1%b).

the interactions between RecA and Pol V sheds further light Notably, the DNA-dependent binding is the same for Pol V

on this process.

4.5 Pol V-RecA Interactions

Since RecA is required for Pol-V-catalyzed TLS whereas

as that for the UmuDsubunit of Pol V (Figure 11b, inset)
in the absence of UmuC, which suggests that mode 2 binding
involves a ternary complex with RecA, DNA, and the UmuD
subunit of Pol V. Mode 1 binding is likely to involve an
interaction between RecA and UmuC on the basis of the

RecA filaments are not needed, then how do RecA and Polinability of RecA to bind to UmuDin the absence of DNA

V interact? It is commonly believed that RecA-mediated
interactions involve at least one step in which RecA binds
cooperatively to ssDNA with ATP present as a cofaétor.

and ATP (Figure 11a). However, it is difficult to measure
this interaction directly owing to the insolubility of UmuC
in aqueous solutioff:162.163
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Figure 11. Pol V—RecA interactions. (a) RecAPol V mode 1 interaction. Fluorescent-labeled RecA binding to P@®\h(the presence

of ATPyS andO without ATP) or to UmuD (A in the presence of AT¥S anda without ATP) was measured as a change in steady-state
rotational anisotropy. While UmuRioes not interact with RecA in the absence of DNA, Pol V (U@ binds to RecA with an apparent
dissociation constamy ~ 200nM, suggesting the likelihood that UmuC interacts with RecA in solution. (b) RE@AV mode 2 interaction.

In the presence of ATFS and 2000 nM WT RecA, Pol \&) binds to a fluorescent-tagged primer template DNA with roughly the same
affinity (Kq ~ 250 nM) as does Umu{a, K4 &~ 300 nM). In the inset, Pol V in the absence of Rec® pr in the absence of RecA and
ATPyS (@) binds with a 2-fold lower affinity to the DNAKy ~ 500 nM), while UmuD fails to interact with DNA completely in the
absence of RecAA) and ATP/S (¥). Reprinted with permission from ref 16. Copyright 2005 Elsevier.

4.6. Pol V—-RecA, a Minimal Mutasome

By analogy with a replisome (Figure 6a), which refers to

the protein complex assembled at the replication fork that

copies DNA with high fidelity, Echols coined the term
“mutasome® to specify the proteins involved in low-fidelity

TLS. The composition of the mutasome, postulated 12 twelve

years prior to the discovery of Pol V, included UmuC,
UmuD, Pol Il holoenzyme (including the sliding-clamp),
and RecA in the form of a nucleoprotein filament and ATP.
There can be no doubt thdtclamp is required for TLS in
vivo,146.1%4put it is not an essential biochemical element for
copying damaged DNA in vitré>161%|nstead,5-clamp is
used as a docking site for Pol HPol V exchange prior to

Mode 1

\

Mode 2

/

RecA

ATP

Figure 12. Pol V—RecA minimal mutasome model. Pol V
(UmuD',C) and RecA, are the only proteins necessary for TLS.

and after TLS. Thus, we can see that, even at this very earlyRecA interacts with Pol VV in a DNA- and ATP-independent fashion

stage of biochemical analysis, Echols’ view of the mutasome

(mode 1), and another RecA binds UnigDrequiring ATP and
DNA (mode 2). Reprinted with permission from ref 16. Copyright

was essentially correct, although not surprisingly subsequent, oz ‘cisevier.

revisions had to be made to the original mot#ef1°°These
revisions are embodied in a “minimal mutasome” métiel

synthesis in the absence of either ATP or non-hydrolyzable

(Figure 12), containing just those elements needed to copyATPyS216

past a DNA template lesion: Pol V (UmUZ), RecA, and
ATP. In the model, there is likely to be two RecA monomers

5. Future Perspectives

present, but a RecA nucleoprotein filament does not need to  The genetic integrity of simple and complex organisms is

be assembled (Figure 1¥)1°*One RecA molecule is bound

to Pol V through the UmuDsubunit (mode 2 binding),

requiring p/t DNA and ATP but not ATP hydrolysis. A

second RecA molecule is bound to Pol V, probably via
UmuC (mode 1 binding), that does not involve either DNA
or ATP. Despite having characterized DNA- and ATP-
independent binding of RecA to Pol V using rotational
anisotropy (Figure 1la) along with scanning force field
microscopy:® we cannot presently say whether mode 1
binding is actually part of the TLS process. Mode 2 binding
is clearly required for TLS; there is no detectable DNA

closely tied to the action of the recombination proteins RecA
in E. coliand Rad51 in eukaryotes. This review describes,
as a work in progress, the even more intimate emerging role
of RecA in translesion synthesis i coli, as alluded to in
a recent review by Bryn Bridgeé&? Recently, new properties
of RecA have been discovered, properties for which RecA
need not assemble on single-stranded DNA in the form of a
nucleoprotein filament on a template strand undergoing
replication.

The nonfilamentous properties of RecA, which are re-
quired for activating Pol V, allowing it to copy past DNA
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template lesions, have served as the focal point of this review.
Strictly speaking, our data show that the assembly of a RecA
nucleoprotein filament acts to block Pol V from copying

undamaged and damaged DNA. Thus, if a filament were to
assemble on the template strand proximal to a lesion, then
it would have to be disassembled to allow TLS. The data
further suggest that RecA nucleoprotein filament assembly
per se on the template strand is not a prerequisite for TLS
and thus differs from previous models. Recent studies

suggesting that a RecA filament is required for Pol-V-
catalyzed TLS>1%6were performed in the presence of sliding
pB-clamp, SSB, and ATP, thus facilitating filament assembly

and disassembly. We posit that lesion bypass in these

experiments is likely taking place on templates lacking a
RecA filament, i.e., on templates on which a RecA filament
has been disassembled.

Perhaps our most salient result is that RecA is a required

cofactor for the stimulation of Pol V activity. Pol V fails to
perform TLS in the absence of RecA, and its activity is

severely compromised on undamaged DNA. However, the

precise mechanism for activation of Pol V is not known.
RecA and Pol V interact in the absence of DNA, we think
via UmuC, and further interact in the presence of DNA, via

UmuD'. We suppose, as depicted in Figure 12, that there

could be two distinct modes of interaction, each possibly
involving a separate RecA monomer. Alternatively, the two
modes might reflect different sides of the same coin, in which

mode 1 is converted to mode 2, so that just one molecule of (24)
RecA is needed to activate Pol V. One might imagine that

a molecule of RecA binds initially to the UmuC subunit of
Pol V and that this same RecA binds subsequently to UmuD
when Pol V binds to a primer template DNA molecule.
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