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Abstract
DNA damage may compromise genome integrity 
and lead to cell death. Cells have evolved a variety 
of processes to respond to DNA damage including 
damage repair and tolerance mechanisms, as well as 
damage checkpoints. The DNA damage tolerance (DDT) 
pathway promotes the bypass of single-stranded DNA 
lesions encountered by DNA polymerases during DNA 

replication. This prevents the stalling of DNA replication. 
Two mechanistically distinct DDT branches have been 
characterized. One is translesion synthesis (TLS) in 
which a replicative DNA polymerase is temporarily 
replaced by a specialized TLS polymerase that has 
the ability to replicate across DNA lesions. TLS is 
mechanistically simple and straightforward, but it is 
intrinsically error-prone. The other is the error-free 
template switching (TS) mechanism in which the stalled 
nascent strand switches from the damaged template 
to the undamaged newly synthesized sister strand for 
extension past the lesion. Error-free TS is a complex but 
preferable process for bypassing DNA lesions. However, 
our current understanding of this pathway is sketchy. 
An increasing number of factors are being found to 
participate or regulate this important mechanism, which 
is the focus of this editorial.  
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Core tip: DNA damage may compromise genome in-
tegrity and lead to cell death. Cells have evolved a 
variety of processes to respond to DNA damage including 
damage repair and tolerance mechanisms. The DNA 
damage tolerance (DDT) pathway promotes the bypass 
of single-stranded DNA lesions encountered by DNA 
polymerases during DNA replication. This prevents the 
stalling of DNA replication. Two mechanistically distinct 
DDT branches, translesion synthesis and template 
switching have been characterized. However, our current 
understanding of DDT is far from complete and that of 
template switching is especially sketchy. This editorial 
focuses on recently identified components and regulators 
of DDT. 
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DNA DAMAGE TOLERANCE 
MECHANISMS
The genomic DNA of a living organism is subject to 
damage by both internal and external chemical and 
physical agents, leading to various types of lesions. 
Cells employ DNA damage repair and tolerance/
bypass mechanisms as well as damage checkpoints 
to respond to these lesions[1]. DNA double-stranded 
breaks (DSBs) can be repaired by homologous 
recombination (HR) or non-homologous end joining, 
while single-stranded DNA (ssDNA) lesions are subject 
to repair by nucleotide excision repair, base excision 
repair, or DNA mismatch repair[2-6]. DNA damage 
such as base modification, if left unrepaired in S 
phase of the cell cycle, stalls the progression of DNA 
replication, because the replicative polymerases are 
not able to recognize the modified bases and use them 
as template for nucleotide incorporation. The DNA 
damage tolerance (DDT) mechanism (also known as 
DNA damage bypass or post-replication repair) enables 
DNA replication to circumvent the lesions, thereby 
allowing the completion of DNA replication, and leaving 
the damages to be repaired later[7,8].

Recent studies indicate that DNA damage makes 
DNA synthesis on both the leading and lagging strands 
discontinuous as a result of the uncoupling of DNA 
polymerase and DNA helicase or the reinitiation of DNA 
synthesis at a distance from the lesion[9-11]. This creates 
a ssDNA gap behind the replication fork with the DNA 
lesion at the 3’ end of the gap (Figure 1A). This ssDNA 
gap can be filled by two distinct DDT mechanisms. One 
is translesion synthesis (TLS) in which the replicative 
DNA polymerase is temporarily replaced by a special 
TLS polymerase pol ζ or η that can replicate across 
DNA lesions[12] (Figure 1B). As TLS polymerases lack 
proofreading activity and have flexible active sites 
that can recognize modified nucleotides, they may 
incorporate the wrong nucleotides (Figure 1B). As 
such, TLS synthesis is potentially mutagenic and 
error-prone. In fact, TLS is a major source of cellular 
mutagenesis. The other DDT process is template 
switching (TS) in which the stalled nascent strand 
switches temporarily to the newly synthesized 
undamaged sister strand for replication over the lesion 
(Figure 1C and D). Therefore, TS is an error-free 
process. Pairing between the two newly synthesized 
strands in TS is promoted by strand invasion (Figure 
1C). The resulting structure is then turned into a sister 
chromatid junction (SCJ) after gap filling using the 
damage-free sister strand as a template (Figure 1D). 
SCJ is later resolved to yield two duplex DNA strands, 
completing the damage bypass process (Figure 1E). 
Note that both TLS and TS take place behind the 

replication fork, and may happen during or after DNA 
replication. There is evidence suggesting that TS starts 
early in S phase, whereas TLS doesn’t start until late S 
phase[13-15].

The sliding DNA clamp PCNA plays a central role in 
DDT regulation as its post-translational modifications 
act as a molecular switch to control the choice of DDT 
pathways[16]. PCNA is a ring-shaped homotrimer that 
is loaded to primed DNA template by the clamp loader 
RFC. It encircles DNA to act as a sliding platform for 
recruiting many factors involved in DNA replication and 
DNA damage response. For example, PCNA interacts 
with replicative DNA polymerases (ε and δ) to serve 
as their processivity factor. DNA damage such as 
base modification encountered by the replication fork 
induces the ubiquitination of PCNA[17] (Figure 2). PCNA 
is first mono-ubiquitinated at lysine 164 (K164) by the 
E2-E3 ubiquitinase Rad6/Rad18[17], and can be further 
poly-ubiquitinated via the formation of K63-linked 
ubiquitin chains by another E2-E3 ubiquitinase Rad5/
Ubc13/Mms2[17] (Figure 2). Mono-ubiquitinated PCNA 
specifically promotes TLS as it preferentially binds 
TLS polymerase ζ or η, which is believed to facilitate 
the replacement of replicative polymerases with TLS 
polymerases[16,18] (Figure 2). On the other hand, poly-
ubiquitinated PCNA activates the Rad5-dependent 
error-free TS pathway (Figure 2), but the underlying 
mechanism has yet to be elucidated[16].

COMPONENTS OF THE DDT MACHINERY 
AND CROSS-TALK BETWEEN DDT 
AND OTHER DNA DAMAGE RESPONSE 
MECHANISMS
More and more factors are being implicated in DDT, 
especially the error-free TS branch of DDT (Table 1). 
The fact that many of these factors are known to also 
function in other DNA damage repair and checkpoint 
mechanisms suggests an extensive crosstalk between 
DDT and these pathways.  

MRX complex has 3’-5’ exonuclease activity and 
ssDNA endonuclease activity, and is known to act in 
DSB recognition and processing[19]. Recent epistasis 
analyses place MRX in both the TLS and TS branches 
of DDT[20]. Moreover, there is evidence for a physical 
interaction between MRX and Rad18[20]. These findings 
suggest that MRX acts early in DDT, likely to process 
the 3’ end of the ssDNA gap at stalled replication fork 
and help recruit Rad18[20].  

Ino80 chromatin remodeling complex is known 
to associate with replication forks and aid in fork 
progression and recovery of stalled forks[21-23]. Ino80 
was also found to facilitate Rad18 recruitment to 
stalled forks, PCNA poly-ubiquitination, Rad51 re-
cruitment and formation of SCJ intermediate of error-
free DDT[23]. Therefore, Ino80 plays a role in error-free 
DDT during DNA replication in S phase. Whether it also 
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plays a role in TLS has not been examined.
Exo1 is a major 5’-3’ nuclease responsible for 

the resection of dsDNA break ends, and functions in 
DNA damage repair, recombination, replication, and 

telomere integrity[24,25]. There is increasing genetic 
evidence implicating Exo1 and its nuclease activity 
in error-free TS pathway[20,26-28]. Moreover, Exo1 
was found to be required for the formation of SCJ 
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Figure 2  Regulation of DNA damage tolerance by proliferating cell nuclear antigen modification. PCNA is a homotrimer that can be modified at K164 by 
either ubiquitin or SUMO. It can also be sumoylated at K127. PCNA mono-ubiquitination (mono-Ub) by Rad6/Rad18 facilitates the recruitment of TLS polymerases 
thereby promoting TLS. Extension of mono-Ub with a K63-linked Ub chain (poly-Ub) by Rad5/Ubc13/Mms2 promotes Rad5-dependent error-free TS pathway. PCNA 
sumoylation recruits Srs2 that inhibits the salvage HR pathway. HR: Homologous recombination; K: Lysine; PCNA: Proliferating cell nuclear antigen; S: Synthesis; 
SUMO: Small ubiquitin-like modifier; TLS: Translesion synthesis; TS: Template switching; Ub: Ubiquitin.

Rad5-dependent TS

Figure 1  DNA damage tolerance mechanisms. DNA damage (asterisk in blue circle) stalls DNA replication. A: Reinitiation of DNA synthesis results in the formation 
of a ssDNA gap. Shown is a ssDNA gap on the lagging strand; B: PCNA mono-ubiquitination induces a switch from replicative polymerase to a TLS polymerase Pol 
ζ or Pol η, resulting in gap filling via TLS, which may incorporate the wrong nucleotide (asterisk in green circle); C-E: PCNA poly-ubiquitination activates the Rad5-
dependent error-free TS pathway. Gap filling is achieved by strand invasion mediated by Rad51, Rad52, Rad54, and Rad55/Rad57 and repair synthesis carried out 
by Pol δ (C), followed by the formation of SCJ (D), and resolution of the SCJ by Sgs1/Top3/Rmi1 (E). DDT can also proceed through the salvage HR pathway that 
also produces the SCJ intermediate. The salvage pathway is hyper-recombinogenic and prone to crossover as indicated. It is normally inhibited by sumoylated PCNA 
and Srs2. G2: Gap 2; M: Mitotic; PCNA: Proliferating cell nuclear antigen; S: Synthesis; SUMO: Small ubiquitin-like modifier; TLS: Translesion synthesis; SCJ: Sister 
chromatid junction; Ub: Ubiquitin.
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invasion and pairing of newly synthesized strands from 
the two sister chromatids[27,32,33]. Rad51 molecules bind 
the stalled nascent DNA strand to form a presynaptic 
filament that is later involved in strand invasion[34], and 
the Rad51 paralogs Rad55 and Rad57 form a complex 
to facilitate the formation or maintenance of Rad51 
filament[35,36]. 

DNA polymerase δ carries out DNA synthesis for 
gap filling after the stalled strand switches template 
during error-free DDT[27]. This results in the formation of 
a SCJ (Figure 1D) that is resolved by Sgs1/Top3/Rmi1 
complex, completing the error-free DDT process[37-39]. 

SALVAGE HOMOLOGOUS 
RECOMBINATION PATHWAY OF DDT 
Besides the Rad5-dependent error-free DDT pathway, 
there is an alternative HR-mediated DDT mechanism 
referred to as the salvage HR pathway that does not 
depend on PCNA ubiquitination[27,28,40-42]. This pathway, 
if allowed to act during DNA replication, would generate 

intermediate of error-free DDT[27] .  
9-1-1 complex resembles PCNA in assuming a ring 

structure that can encircle DNA[29]. 9-1-1 has been long 
established as a DNA damage sensor and a component 
of checkpoint signaling. It also plays a role in TLS by 
facilitating the recruitment of TLS polymerase pol ζ[30]. 
Recent genetic evidence also implicates 9-1-1 in error-
free DDT[28]. 9-1-1 is required for SCJ formation[28]. 
9-1-1’s function in error-free DDT is separate from 
its canonical role in G1/S and S phase checkpoint 
signaling. 9-1-1 is loaded by Rad24 to 5’ end of ssDNA 
region/gap and is known to associate with many 
checkpoint and repair proteins[29]. Recently, 9-1-1 was 
found to also bind Exo1 and stimulate its end resection 
activity[28,31]. This raises the possibility that 9-1-1 
recruits Exo1 to the 5’ end of the ssDNA gap behind 
stalled replication fork to extend the gap[28]. 

Error-free DDT is intimately linked to HR as a sub-
set of HR factors has been shown to play roles in it. 
These include Rad51, Rad52, Rad54, Rad55 and Rad57 
that are believed to carry out homology search, strand 

Table 1  Components and regulators of DNA damage tolerance1

Factor/complex Functions/properties

Rad6/Rad18 E2 ubiquitin conjugase/E3 ubiquitin ligase complex; promotes mono-ubiquitination of PCNA at lysine 164 (PCNA-K164)
Rad5/Mms2/Ubc13 E3 ubiquitin ligase/E2 ubiquitin conjugase complex; promotes poly-ubiquitination of PCNA-K164; has ATPase activity
Pol30 Forms a homotrimer (PCNA); its ubiquitination and sumoylation regulates the choice of DDT mechanism
Ubc9/Siz1 E2 SUMO conjugase/E3 SUMO ligase complex; promotes PCNA sumoylation
DNA polymerase ζ TLS polymerase; consists of subunits Rev3, Rev7, Pol31 and Pol32 with Rev3 being the catalytic subunit
Rev1 dCMP transferase; required for TLS by Pol ζ
DNA polymerase η
(Rad30) 

TLS polymerase 

DNA polymerase δ 
(Pol3/Pol31/Pol32)

Lagging strand DNA polymerase; Pol3 is the catalytic subunit; promotes repair synthesis in error-free DDT; Pol32 is not essential 
for DNA replication but is required for repair synthesis

Rad51 Components of HR responsible for homology search and strand invasion; Rad51 molecules bind ssDNA to form a presynaptic 
filament important for subsequent strand invasion; both Rad55 and Rad57 are paralogs of Rad51; Rad55/Rad57 stabilizes Rad51 
nucleoprotein filament and inhibits Srs2 helicase activity

Rad52
Rad54
Rad55/Rad57
Srs2 3′-5′ helicase and translocase; disrupts Rad51 nucleoprotein filaments; inhibits salvage HR pathway thereby channeling DNA 

lesions to Rad5 pathway
Sgs1/Top3/Rmi1 Resolves SCJ intermediates generated in error-free DDT
RFA 
(replication factor A)
(Rfa1/Rfa2/Rfa3)

ssDNA binding complex; is involved in DNA replication, repair and recombination; RFA-ssDNA nucleofilament helps recruit 
Rad18

Exo1 5’-3’ exonuclease; promotes resection of dsDNA break ends; functions in DNA damage repair, recombination, replication, and 
telomere integrity; is required for SCJ formation in error-free DDT

9-1-1 complex
(Ddc1/Mec3/Rad17)

Ring shaped DNA clamp; is involved in DNA check point signaling; facilitates Pol ζ recruitment; is required for SCJ formation in 
error-free DDT; interacts with Exo1

MRX complex
(Mre11-Rad50-Xrs2)

3’-5’ exonuclease and ssDNA endonuclease; is potentially involved in both TLS and TS branches of DDT; interacts with Rad18

Shu complex
(Shu1/Shu2/
Csm2/Psy3)

Is involved in error-free DDT; interacts with Rad55/Rad57

Ino80 Chromatin remodeler; associates with replication forks and promotes fork progression; required for Rad18 and Rad51 
recruitment to replications forks, PCNA poly-ubiquitination and SCJ formation

Elg1 Unloads PCNA from chromatin during DNA replication; regulates choice of DDT pathway
Hmo1 HMGB homolog; binds ssDNA and DNA with an altered conformation; bends DNA; interacts with Elg1; may help channel DNA 

lesions to Rad5 pathway; required for SCJ formation in S phase
Fun30 Chromatin remodeler; facilitates long-range resection of dsDNA ends; potentially regulates choice of DDT pathway

1Listed are DDT factors in S. cerevisiae. ATPase: Adenosine triphosphatase; dCMP: Deoxycytidine monophosphate; DDT: DNA damage tolerance; dsDNA: 
Double stranded DNA; HMGB: High-mobility group protein B; HR: Homologous recombination; K: Lysine; PCNA: Proliferating cell nuclear antigen; RFA: 
Replication factor A; S: Synthesis; SCJ: Sister chromatid junction; ssDNA: Single stranded DNA; SUMO: Small ubiquitin-like modifier; TLS: Translesion 
synthesis; TS: Template switching; Ub: Ubiquitin.
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hyper-recombinogenic intermediates that may lead to 
chromosome rearrangement and genome instability. 
The existence of the salvage HR pathway was sug-
gested by the finding that RAD52 is a high copy su-
ppressor of replicative stress-sensitivity of a mutant in 
which PCNA cannot be ubiquitinated[40]. Consistently, 
deletion of the “antirecombinase” Srs2 suppresses the 
sensitivity of cells lacking Rad6 to DNA damage[43]. This 
suppression is dependent on the HR repair pathway 
since it is blocked when RAD51, RAD52, RAD54, RAD55 
or RAD57 is absent[43]. Moreover, this suppression was 
found to be specific for Rad5-dependent DDT[40,44-46]. 
These findings are consistent with the notion that the 
salvage HR pathway functions independently of the 
Rad5-dependent error-free TS pathway to bypass DNA 
lesions, and is normally hindered by Srs2.  

Srs2 is a DNA helicase that has the ability to disrupt 
Rad51-ssDNA nucleofilament, and is thus called an 
“antirecombinase”[47,48]. The role of Srs2 in inhibiting 
recombination during replication is closely linked to 
the sumoylation of PCNA at K164 or K127 by Ubc9/
Siz1[40,45]. Unlike PCNA ubiquitination that is induced 
by DNA damage, PCNA sumoylation is independent 
of DNA damage[17]. Sumoylation of PCNA is cell 
cycle dependent as it only occurs in S phase. Srs2 
was found to preferentially interact with sumoylated 
PCNA, leading to the notion that sumoylated PCNA 
recruits Srs2 to replicating DNA to prevent unwan-
ted recombination during normal DNA replication, 
and blocks salvage HR pathway in the presence of 
replicative stress[40,45]. 

The Rad5-dependent pathway and salvage HR 
pathway both employ template switching to bypass 
DNA lesions encountered by the replication fork. As 
such, it is not surprising that these two pathways 
share many components such as HR factors Rad51, 
Rad52, Rad54, Rad55 and Rad57. Both pathways 
generate SCJ intermediates that are resolved by Sgs1/
Top3/Rmi1[27,49]. It was found recently that the 9-1-1 
complex is required for SCJ formation in both the Rad5-
dependent and salvage HR pathways[28], suggesting that 
the putative 9-1-1 mediated processing of the ssDNA 
gap is needed for each pathway. 

Despite their mechanistic similarity, the Rad5 and 
salvage HR pathways clearly differ in that the former 
is dependent on Rad5/Ubc13/Mms2 mediated PCNA 
poly-ubiquitination and the latter is not. In addition, 
they are distinguishable regarding their timing of action 
in the cell cycle. There is evidence indicating that the 
Rad5 pathway operates in early S phase, whereas 
salvage pathway acts in late S or G2/M phase[28,41,49]. 
This is presumably because the salvage HR pathway 
is normally kept in check in S phase by sumoylated 
PCNA and Srs2, and only becomes derepressed when 
the level of PCNA sumoylation starts to decline in 
late S phase[28,49,50]. Moreover, the salvage pathway is 
hyper-recombinogenic and thus has a high propensity 
to yield chromosomal rearrangement, but the Rad5 
pathway is not. This might, at least in part, stem from 

the fact that salvage pathway acts in the absence of 
Srs2 while the Rad5 pathway operates in the presence 
of Srs2. Since Srs2 is known to suppress crossover 
in HR and promote noncrossover HR[51-53], it is likely 
that the salvage pathway is prone to crossover and 
the Rad5 pathway is free of crossover. Lastly, Srs2 has 
recently been found to also limit D-loop extension, or 
repair synthesis, during HR and template switching[54], 
which may also contribute to the prevention of DNA 
rearrangement in Rad5 dependent error-free DDT.

REGULATION OF THE CHOICE OF DDT 
PATHWAY
The choice of DDT pathway greatly impacts genome 
integrity as mutagenesis by TLS and hyper-recom-
bination by salvage HR pathway can lead to the 
accumulation of harmful mutations and chromosomal 
rearrangements[55,56]. There is increasing evidence 
for the existence of multiple factors/mechanisms that 
ensure the preferential employment of the Rad5-
dependent error-free pathway for DNA damage bypass. 
First, TLS, Rad5 pathway and salvage HR pathway 
seem to operate within distinct time windows in relation 
to DNA replication, with Rad5 pathway acting in early 
S phase, and TLS and salvage HR pathway acting in 
late S or G2/M phase[13,14,28,41]. Thus Rad5 pathway is 
the earliest DDT mechanism available to deal with DNA 
lesions encountered by replication forks (Table 1). 

Secondly, Srs2 is believed to channel DNA lesions to 
Rad5 pathway by inhibiting salvage HR pathway. This 
is based on the finding that Srs2 deletion (or blocking 
PCNA sumoylation) suppresses rad5Δ hypersensitivity 
to DNA damage in a Rad51-dependent fashion[40,44,45]. 
Since the salvage HR pathway is normally kept in check 
in S phase by PCNA sumoylation and Srs2, lack of Srs2 
function would allow the salvage HR pathway to work 
ectopically in S phase. Alternatively, or in addition, lack 
of Ssr2 function increases the “scheduled” function 
of salvage HR pathway in late S and G2/M phase. 
Regardless of its possible timing, the derepression of 
the salvage HR pathway allows rad5Δ cells to effectively 
bypass DNA lesions and stay viable, albeit at a cost of 
genome stability. 

As Srs2 has a general antirecombinase activity 
of disrupting Rad51-ssDNA nucleofilament, it should 
in theory also inhibit the Rad5 pathway as it inhibits 
the salvage HR pathway. However, Rad5 pathway is 
apparently not subject to inhibition by Srs2. What 
then prevents Srs2 from blocking Rad5 pathway? 
Recent discoveries on potential functions of the Shu 
complex and Rad55/Rad57 in error-free DDT provided 
a possible answer to this question. The Shu complex 
consists of Shu1, Shu2, Psy3 and Csm2, and genetic 
evidence has implicated it in error-free DNA damage 
repair and DDT[57-59]. The Csm2 subunit of Shu 
complex associates with the auxiliary HR factor Rad55/
Rad57. Importantly, Rad55/Rad57 promotes the 
formation of Rad51 nucleofilament and may counter 
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the anti-recombination function of Srs2[35,36,60-62]. It 
is possible that Shu complex contributes to error-
free DDT by recruiting Rad55/Rad57[63]. Shu complex 
itself may be recruited to stalled DNA replication fork 
directly or indirectly by PCNA poly-ubiquitination. 
In short, Shu complex may help prevent Srs2 from 
inhibiting Rad5-dependent pathway. The notion that 
Srs2 specifically inhibits the salvage HR pathway is in 
full accordance with srs2Δ mediated suppression of 
the hypersensitivity to replicative stress of cells lacking 
Rad5 pathway[40,44,45]. An alternative explanation for 
why Rad5 pathway is not subject to inhibition by Srs2 
is that ubiquitination of K164 of PCNA by Rad5/Ubc13/
Mms2 competes with PCNA-K164 sumoylation that is 
necessary for Srs2 recruitment[18]. 

Interestingly, similar to Srs2 deletion, deletion of 
Elg1, Hmo1 or Fun30 also suppresses hypersensitivity 
to replicative stress of cells lacking Rad5 pathway, 
suggesting that these three functionally diverse pro-
teins also regulate the choice of DDT pathway[49,64,65]. 
Elg1 is homologous to Rfc1, the largest subunit of 
PCNA loader RFC[16]. Elg1 associates with the other 
subunits of RFC (Rfc2 thorough Rfc5) to form a RFC 
like complex (Elg1-RLC) that is known to play a role in 
genome stability[66]. Elg1 deletion causes an abnormal 
accumulation of sumoylated and unmodified PCNA on 
replicating chromatin[64,67]. Elg1 physically interacts with 
PCNA with a preference for sumoylated PCNA[64]. Elg1-
RLC can unload unmodified and sumoylated PCNA 
from chromatin during DNA replication[64,67]. Given that 
sumoylated PCNA recruits Srs2, it is not surprising that 
Srs2 also accumulates on chromatin in the absence of 
Elg1[64]. Although these findings suggest a role of Elg1 in 
regulating the error-free DDT pathway by controlling the 
level of chromatin-associated PCNA, they do not readily 
provide an explanation of elg1Δ mediated suppression 
of rad5Δ hypersensitivity to replicative stress. 

Hmo1 is a chromatin architecture protein homo-
logous to HMGB (High mobility group box) protein[68]. 
It preferentially binds ssDNA or DNA with altered 
conformations, and has the ability to bend DNA[69,70]. 
Hmo1 was found to physically interact with Elg1[49]. 
However, genetic evidence suggests Hmo1 to act 
in parallel with Elg1 (and Srs2) in regulating DDT 
pathway choice[49]. Hmo1 is suggested to facilitate 
the channeling of DNA lesions to the Rad5-dependent 
pathway and prevent the salvage HR pathway and 
TLS. There is evidence suggesting that the regulatory 
function of Hmo1 in DDT is dependent on its DNA 
bending activity[49]. In addition to its potential role in 
regulating DDT pathway choice, Hmo1 was suggested 
to function specifically in the Rad5-dependent pathway. 
This was based on the finding that Hmo1 is required 
for SCJ formation in S phase, which coincides with the 
time window of Rad5 pathway, but is not required for 
SCJ formation in late S or G2/M phase of the cell cycle. 
It was thought that Hmo1 facilitates SCJ formation by 
binding and stabilizing sister chromatid bridges and 
hemicatenanes formed at replication forks with ssDNA 

gaps[49]. Note that unlike Hmo1, Elg1 and Srs2 are not 
required for SCJ formation, and are therefore unlikely 
to be participants of the error-free DDT process[49]. 

Fun30 is a chromatin remodeler that has been shown 
to facilitate long-range resection of dsDNA ends that 
proceeds HR[71-73]. This is believed to underlie its function 
in promoting DSB repair[71-74]. We obtained evidence 
that implicates Fun30 in the regulation of DDT[65]. Fun30 
deletion suppresses rad5Δ hypersensitivity to replicative 
stress, which is unlikely due to a reduction in DNA end 
resection[65]. This suppression is dependent on Rad51 
but not TLS or DNA damage repair pathways including 
nucleotide excision repair, base excision repair and non-
homologous end joining[65]. It is possible that Fun30 
negatively regulates the salvage HR pathway as Srs2 
does. 

WORKING MODEL FOR DDT MACHINERY
We incorporate recent findings on DDT described above 
in a working model as follows. When a DNA lesion stalls 
the replication fork in S phase, a ssDNA gap forms 
behind the fork (Figure 1A). RFA then binds ssDNA to 
form RFA-ssDNA nucleofilament that recruits Rad18, 
thereby starting the DDT process[11,75]. RFA-ssDNA 
filament also activates the replication checkpoint[76]. 
Ino80 chromatin remodeler that normally associates 
with replication forks to promote fork progression 
remodels chromatin at stalled replication fork, resulting 
in a chromatin environment that facilitates Rad18 
recruitment. MRX complex may process the ssDNA gap 
by resecting its 3’ end, and also by helping to recruit 
Rad18 via physical interaction.  

Rad18 recruited to the ssDNA gap then binds Rad6 
to form a E2-E3 ubiquitinase that mono-ubiquitinates 
K164 on PCNA that is associated with the 3’ end of the 
gap. At this point, mono-ubiquitinated PCNA can lead 
to TLS or error free TS branches of DDT. On the one 
hand, mono-ubiquitinated PCNA can promote TLS by 
facilitating the replacement of replicative polymerases 
bound to PCNA with TLS polymerases (Figure 1B). 
9-1-1 also plays a role in TLS by facilitating the 
recruitment of TLS polymerase pol ζ. On the other 
hand, Rad6/Rad18 complex may recruit Rad5/Ubc13/
Mms2 E2-E3 ubiquitinase via physical interaction 
between Rad18 and Rad5[77]. Rad5/Ubc13/Mms2 
further ubiquitinates mono-ubiquitinated PCNA. Poly-
ubiquitinated PCNA then signals for error-free TS. 9-1-1 
loaded to the 5’ end of the ssDNA gap facilitates error-
free TS by recruiting Exo1 for gap expansion, which is 
presumably important for subsequent events in error-
free DDT.

Rad51 binds to the stalled nascent DNA strand 
to form a Rad51-ssDNA presynaptic filament. The 
extent and stability of this filament is determined by 
a balance between the opposing actions of Srs2 and 
Rad55/Rad57. Shu complex may help recruit Rad55/
Rad57 and Rad51. With the help of Rad52 and Rad54, 
the Rad51 presynaptic filament then searches for 
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homology and invades the DNA duplex of the sister 
chromatid, and pairs with the nascent complementary 
sister strand (Figure 1C). Hmo1 may facilitate strand 
invasion by binding and stabilizing sister chromatid 
bridges and hemicatenanes. 

After annealing with its sister strand, the nascent 
strand from the damaged DNA duplex is extended by 
replicative DNA polymerase pol δ over the DNA lesion 
(Figure 1C). This D-loop extension or repair synthesis 
is limited and transient, as it is hindered by Srs2. 
After the completion of repair synthesis, the 3’ end of 
the newly synthesized sequence switches back to the 
ssDNA gap on the damaged DNA. This effectively fills 
the ssDNA gap and results in the formation of an SCJ 
structure (Figure 1D). SCJ is then resolved by Sgs1/
Top3/Rmi1 complex to form two duplex DNA strands 
(Figure 1E), concluding the error-free TS process. 

CONCLUSION
More than four decades of studies of DNA damage 
tolerance/bypass have yielded significant advances 
in our knowledge of this important process including 
the characterization of the TLS polymerases and 
the discovery of PCNA ubiquitination as a molecular 
switch for TLS and TS pathways. However, the current 
understanding of DDT especially error-free DDT 
is far from complete, and many questions remain 
unanswered: (1) What determines the choice between 
TLS and Rad5-dependent TS? Specifically, what triggers 
poly-ubiquitination of mono-ubiquitinated PCNA? What 
promotes the interaction between Rad5 and Rad18? (2) 
How PCNA poly-ubiquitination activates downstream TS 
events? Does it directly recruit a component(s) involved 
in error-free DDT? (3) Are the three subunits of PCNA 
subject to independent or coordinated ubiquitination 
and sumoylation? (4) Does stalling DNA replication 
induce changes in local chromatin structure that are 
necessary for error-free DDT? (5) How do Elg1, Hmo1 
and Fun30 regulate the choice of DDT pathway? (6) 
Are recently identified DDT components MRX complex, 
9-1-1, Shu complex and Hmo1 directly or indirectly 
involved in DDT? (7) Does ssDNA gap at stalled re-
plication fork have to be expanded by MRX complex 
and/or Exo1 for DDT to occur? (8) What determines 
the putative time windows in the cell cycle in which 
TLS, Rad5 pathway and salvage HR pathway operate? 
(9) What prevents the Rad5 pathway from being 
hyper-recombinogenic? and (10) Does 9-1-1 complex 
associate with the 5’ end of the ssDNA gap at stalled 
replication fork and help recruit DDT components 
such as Exo1? Addressing these questions would help 
yield a comprehensive understanding of the molecular 
mechanism and regulation of DDT.
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