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Yeast DNA polymerase n possesses two PIP-like motifs that bind
PCNA and Rad6-Rad18 with different specificities

Brittany M. Ripley, Devin T. Reusch, M. Todd Washington”
Department of Biochemistry, University of lowa College of Medicine, lowa City, IA 52242-1109

Abstract

In translesion synthesis (TLS), specialized DNA polymerases, such as polymerase (pol) n and
Rev1l, are recruited to stalled replication forks. These polymerases form a multi-protein complex
with PCNA, Rad6-Rad18, and other specialized polymerases. Pol n interacts with PCNA and
Rev1 via a PCNA-interacting protein (PIP) motif in its C-terminal unstructured region. Here we
report the discovery of a second PIP-like motif in the C-terminal region of pol 1, which we have
designated as PIP2. We have designated the original PIP motif as PIP1. We show that the pol 1
PIP1 and PIP2 motifs bind PCNA with different affinities and kinetics. PIP1 binds with higher
affinity than does PIP2, and PIP1 dissociates more slowly than does PIP2. In addition, we show
that the interaction between pol ) and Rad6-Rad18 is also mediated by the pol ) PIP1 and PIP2
motifs. Again, we show that the affinity and kinetics by which these motifs bind Rad6-Rad18 is
different. These findings are significant, because the multiple PIP-like motifs on pol n likely play
quite different roles within the multi-protein complex formed at stalled replication forks. PIP1
likely plays a critical role in the recruiting pol n to this multi-protein complex. PIP2, by contrast,
likely plays a critical role in maintaining the architecture and the dynamics of this multi-protein
complex needed to maximize the efficiency and accuracy of TLS.
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1. Introduction

A variety of chemical agents as well as ionizing and ultraviolet (UV) radiation cause DNA
damage (1). This damage poses a serious threat to genome stability and to cell viability,
because it interferes with DNA replication. Since classical DNA polymerases cannot
efficiently incorporate nucleotides opposite DNA lesions, replication forks stall upon
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encountering damage in the template strand. Translesion synthesis (TLS) is a pathway
allowing cells to overcome such replication blocks (2-16). During this process, Rad6, a
ubiquitin conjugating enzyme, and Rad18, a ubiquitin ligase, are recruited to stalled
replication forks (16—28). The Rad6-Rad18 complex then catalyzes the mono-ubiquitylation
of proliferating cell nuclear antigen (PCNA), the ring-shaped homotrimer that encircles
DNA and acts as a sliding clamp (29). This is believed to recruit specialized TLS
polymerases, such as DNA polymerase (pol) n and Rev1, to stalled replication forks (30).
By contrast to classical polymerases, these specialized TLS polymerases can catalyze the
efficient incorporation of nucleotides opposite DNA lesions.

Pol n is thought to be a first responder in TLS. It is rapidly recruited to stalled replication
forks and is responsible for bypassing 8-oxoguanine lesions and UV radiation-induced
thymine dimers in an error-free manner (31-35). Pol 1 interacts with a variety of other
proteins including PCNA, Rev1l, and Rad6-Rad18 (30,33,36—40). For example, yeast pol 1
interacts with both PCNA and Rev1 through a canonical PCNA-interacting protein (PIP)
motif at its C-terminus (residues 621 to 628) (36,39). This motif has two adjacent, conserved
hydrophobic/aromatic residues (F627 and F628) that can bind to a hydrophobic pocket on
the front face of the PCNA ring or to a hydrophobic pocket on the C-terminal domain (CTD)
of Rev1 (39,41-44). It is not known, however, what region of pol n is necessary for
interactions with Rad6-Rad18.

During our studies of the interactions of pol n with PCNA, Rev1l, and Rad6-Rad18, we
unexpectedly discovered a second PIP motif in pol n. We designated this novel motif in pol
1 as PIP2, and we designated the original pol n PIP motif as PIP1. We found that the PIP1
and PIP2 motifs of pol ) bind PCNA with different affinity and kinetics. PIP1 binds with
higher affinity and with a significant long dwell time than does PIP2. Moreover, we found
that both PIP1 and PIP2 mediate the interactions of pol n and Rad6-Rad18, with PIP1
binding with higher affinity than PIP2. These findings are significant, because the multiple
PIP motifs on pol n likely play quite different roles within the multi-protein complex that
carries out TLS. PIP1 likely plays a critical role in the recruiting pol m to this complex. PIP2,
by contrast, likely plays a critical role in maintaining the architecture and the dynamics of
this complex needed to maximize the efficiency and accuracy of TLS.

2. Materials and Methods

2.1. Genetic complementation studies

The wild type RAD30 gene (which encodes pol i) under the control of its native promoter
was cloned in yeast shuttle vector pKW108 to obtain pKW692. Site-directed mutagenesis
was performed on the resulting plasmid to generate additional vectors, which contained
mutant rad30 genes encoding proteins with substitution in either PIP1 (S621A, F627A, and
F628A) or PIP2 (S592A, L599A, and F600A). These plasmid constructs are described in
Table S1. Plasmids were transformed into yeast strain Y25-5 (rad54rad304), and the
resulting strains were grown on synthetic media lacking leucine. Overnight cultures in
selective media were diluted to 108, 107, and 108 cells/ml and plated on selective media.
These plates were exposed to 0, 50, and 100 J/m? UV radiation and grown for 3 to 5 days in
the dark. Yeast strain Y25-5 harboring plasmid pKW108 was used as a negative control.
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2.2. Yeast two-hybrid assays

Yeast two-hybrid assays were conducted by inserting the wild-type RKAD30gene or various
mutant rad30 genes into pGBDT7 to generate proteins containing pol n fused to the Gal4
DNA binding domain. The wild-type POL 30 gene (which encodes PCNA) and the wild-type
RADI18 gene were inserted into pGADT?7 to generate proteins containing either PCNA or
Rad18 fused to the Gal4 transcriptional activator. These plasmid constructs are described in
Table S1. Plasmids were transformed into yeast strain AH109, which has a H/S3 reporter
gene, and transformed cells were plated on synthetic media lacking leucine and tryptophan.
Overnight cultures in selective media were diluted to 108, 107, and 108 cells/ml and plated
on either synthetic media lacking leucine and tryptophan; lacking histidine, leucine, and
tryptophan; or lacking adenine, histidine, leucine, and tryptophan. Yeast strain AH109
harboring plasmids pGADT7 and pGBKT7 were used as negative controls.

2.3. Protein expression and purification

The yeast RAD18and RAD6 genes were inserted into the multi-cloning site |1 and multi-
cloning site Il of pETDuet-1, respectively. The yeast RAD6 gene was inserted into pET-11a.
In both of these cases, the encoded Rad6 protein had a 6-His tag at its N-terminus. The yeast
POL 30 gene was inserted into pET-11a. These plasmid constructs are described in Table S1.
Rad6-Rad8 and Rad6 were over-expressed in BL21(DE3) by inducing cells at an ODgqq of
with 0.2 mM IPTG and 100 uM ZnSo, for 18 hours at 18° C. PCNA was over-expressed in
BL21(DE3) by growing cells in Overnight Express media (Novagen) for 16 hours at 37° C.
All proteins were purified at 4° C using a Ni-NTA Super Flow column (Qiagen), a DEAE
Sepharose Fast Flow anion exchange column (GE Healthcare), and a HiLoad SuperDex 200
size-exclusion column (GE Healthcare). Proteins were concentrated using Amicon Ultra-4
10 K concentrator (Millipore). Protein aliquots were flash frozen with either 20 % glycerol
for PCNA or 40 % glycerol for Rad6 and for Rad-Rad18. Proteins aliquots were stored at
—-80° C. Polyacrylamide gels of the purified proteins used in this study are shown in Fig. S1.

Peptides containing wild type and mutant forms of PIP1 and PIP2 of pol n) were purchased
from GenScript and possessed a biotin tag and an Ahx linker at their N-termini. Lyophilized
peptides were resuspended in water, and the pH was adjusted to 7. Peptide aliquots were
stored at —80° C. The sequences of the peptides are given in Table S2.

2.4. Biolayer interferometry

Biolayer interferometry (BLI) assays were carried out using an Octet RED96 system
(ForteBio) at 28° C. BLI assays utilized a five-step protocol: equilibration (180 s), peptide
ligand loading (20 to 60 s), baseline establishment (60 s), analyte association (various
times), and analyte dissociation (various times). The analyte proteins (PCNA, Rad6-Rad18,
or Rad6) were in BLI buffer (40 mM HEPES, pH 8, 150 mM NaCl, 0.5% bovine serum
albumin, 0.002% Tween, and 5 mM 2-mercaptoethanol). The equilibration, baseline-
establishment, and analyte-dissociation steps all used BLI buffer without analyte proteins.
Prior to the experiment, the Streptavidin (SA) Biosensors (ForteBio) were soaked in BLI
buffer for 10 min. Experiments were carried out with seven biosensors incubated with BLI
buffer containing different concentrations of analyte. One biosensor was used as a reference
and was incubated with BLI buffer without analyte. Control experiments were carried out
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with sensors that were not loaded with peptide ligands to assess whether there was any non-
specific analyte binding to the biosensors. The response units from non-specific binding was
subtracted from the response units for the experiments that displayed non-specific binding.
Data was processed with the ForteBio Data Analysis software and Prism (GraphPad).

3. Results

3.1

3.2.

A combination of small-angle X-ray scattering (SAXS) and Langevin dynamics simulations
showed that the C-terminal portion of pol n (residues 513-632) is intrinsically disordered
(45). This portion of the protein is thought to act as a flexible tether linking the catalytic
domain of pol m (residues 1 to 512) to various binding partners (Fig. 1A, Fig. S2). Scanning
mutagenesis, in which ten amino acid residues at a time were changed to alanine residues,
identified four regions within this C-terminal tether that are necessary for pol n) function /n
vivo (45). Region 1 (residues 513 to 527) is immediately adjacent to the catalytic domain.
Region 2 (residues 573 to 582) comprises part of the ubiquitin-binding, zinc-binding (UBZ)
motif (residues 549 to 582), which likely binds the ubiquitin moiety on ubiquitin-modified
PCNA (30). Region 3 (residues 593 to 607) has no known function. Region 4 (618 to 632)
contains the canonical PIP motif (residues 621 to 628), which binds to PCNA and to the
CTD or Rev1 (36,39). Visual examination of the region 3 revealed that it might contain a
novel, non-canonical PIP motif (residues 593 to 600) (Fig. 1B). Here we show that this
sequence motif is indeed a novel PIP motif, and we designate this motif as PIP2. We
designate the established, canonical PIP motif (residues 621 to 628) as PIP1.

PIP1 and PIP2 are necessary for pol n function in vivo

Strains lacking a functional pol n protein are more sensitive to UV radiation than are strains
producing wild-type pol n (46,47). In order to determine whether specific amino acid
residues within PIP1 or PIP2 are necessary for pol m function /7 vivo, we carried out UV
survival assays (Fig. 1C). As expected, strains producing a mutant pol n protein with
substitutions in PIP1 (S621A, F627A, and F628A) were substantially more sensitive to UV
radiation than strains producing wild-type pol . Strains producing a mutant pol ) with
substitutions in PIP2 (S592A, L599A, and F600A) were more sensitive than strains
producing wild-type pol n. Similarly, strains producing another mutant pol n with PIP2
substitutions (K589A, K596A, and R597A) were more sensitive than the wild-type strain.
Overall, the strains with PIP2 substitutions in pol n were as sensitive as the strain with PIP1
substitutions in pol n. Moreover, strains producing a mutant pol n with both PIP1 and PIP2
substitutions (S621A, F627A, F628A, S592A, L599A, and F600A) were more sensitive than
the wild-type strain. The strains with both PIP1 and PIP2 substitutions were approximately
as sensitive as the strains with the PIP1 substitutions and the strains with the PIP2
substitutions.

PIP1 and PIP2 bind PCNA

To determine whether the PIP1 and PIP2 motifs of pol m are necessary for binding PCNA,
we first utilized a yeast two-hybrid assay. Wild type pol n, a mutant pol n with substitutions
in the hydrophobic/aromatic residues of PIP1 (S621A, F627A, and F628A), a mutant pol 1
with substitutions in the basic residues of PIP1 (K622A, R630A, K631A, and K632A), a
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mutant pol n with substitutions in the hydrophobic/aromatic residues of PIP2 (S592A,
L599A, and F600A), a mutant pol n with substitutions in the basic residues of PIP2
(K589A, K596A, and R597A), and a mutant pol n with substitutions in the hydrophobic/
aromatic residues of both PIP1 and PIP2 were fused to the Gal4 DNA binding domain.
PCNA was fused to the Gal4 transcriptional activator domain. A moderate-to-high affinity
interaction between pol n and PCNA (with a Kq less than ~70 uM) results in growth on
media without histidine, leucine, and tryptophan (-HLW). Under these conditions, we
observed strong growth in all of the strains, except for those producing the mutant pol
protein with substitutions in the hydrophobic/aromatic residues of PIP1 and the mutant pol 1
protein with substitutions in the hydrophobic/aromatic residues of both PIP1 and PIP2 (Fig.
2). This shows that the wild type pol n protein, the mutant pol m) protein with substitutions in
the basic residues of PIP1, and the mutant pol m) protein with substitutions in PIP2 bind to
PCNA with higher affinity than does the mutant pol n protein with substitutions in the
hydrophobic/aromatic residues of PIP1. A high affinity interaction between the pol n and
PCNA results in growth on media without adenine, histidine, leucine, and tryptophan (-
AHLW). Under these more stringent conditions, we observed growth of the strain producing
the wild type pol n protein and the strain producing the mutant pol m protein with
substitutions of the hydrophobic/aromatic residues in PIP2. We observed reduced growth of
the strain producing the mutant pol n protein with substitutions of the basic residues in PIP2,
and we observed no growth with any of the other strains. This shows that the wild type pol 1
protein and the mutant pol n protein with substitutions of the hydrophobic/aromatic residues
in PIP2 binds to PCNA with higher affinity than do the other mutant proteins.

To examine quantitatively the thermodynamics and kinetics of the pol n PIP1 and PIP2
motifs binding to PCNA, we used biolayer interferometry (BLI). An N-terminally
biotinylated peptide containing PIP1 was loaded onto the surface of streptavidin-coated BLI
sensors. The sensors were dipped into wells contained various concentrations of PCNA to
obtain association curves, and the sensors were dipped into wells containing buffer to obtain
dissociation curves. By plotting the equilibrium response units as a function of PCNA
concentration, we obtained a Kq for the PIP1-PCNA complex equal to 7.2 nM (Fig. 3A, B).
Global fits of the dissociation phases yielded a first-order rate constant of dissociation (Kq¢f)
equal to 0.0054 s~1 corresponding to a dwell time for the PIP1-PCNA complex equal to 190
s.

We carried out similar experiments with the pol n PIP2 peptide (Fig. 3C, D). By plotting the
equilibrium response units as a function of PCNA concentration, we obtained a Ky for the
PIP2-PCNA complex equal to 13 pM. Global fits yielded a kqff equal to 0.30 s71
corresponding to a dwell time of the PIP2-PCNA complex equal to 3.3 s.

To assess the contribution of the conserved serine and hydrophobic/aromatic residues in
PIP1 and PIP2 to PCNA binding. We used peptides with either substitutions in PIP1
(S621A, F627A, F628A) or PIP2 (S592A, L499A, F600A). Using BLI, we observed no
interactions between these peptides and PCNA (Fig. S3). This shows the requirement for
these conserved residues in the PIP1 and PIP2 motifs for binding to PCNA.
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3.3. PIP1 and PIP2 bind Rad6-Rad18

Human pol n binds to Rad6-Rad18, the ubiquitin conjugating enzyme and ubiquitin ligase
that catalyze the mono-ubiquitylation of PCNA (33,38). It is unknown what regions of
human pol n are required for this interaction. In order to determine whether yeast pol 1
binds Rad6-Rad18, we used a yeast two-hybrid assay. We observed strong growth on media
lacking histidine, leucine, and tryptophan (-HLW) when wild type pol n was fused to the
Gal4 DNA-binding domain and Rad18 was fused to the Gal4 transcriptional activator
domain (Fig. 4A). This showed that wild type pol n interacts with Rad6-Rad18.

Yeast two-hybrid assays with a series of C-terminal truncation constructs of pol n suggested
that the pol n PIP1 and PIP2 motifs may be necessary for interactions with Rad6-Rad18
(Fig. 4A). We observed a substantial reduction in the binding of Rad6-Rad18 for the pol 1
(1-623), pol 1 (1-606) and pol 1 (1-596) constructs. We observed a nearly complete loss of
binding of Rad6-Rad18 for the pol n (1-586), pol ) (1-561), and pol n (1-536) constructs.
This indicates a region of pol n around residue 625 and another region around residue 595
are required for interactions with Rad6-Rad18. These regions are likely the PIP1 (residues
621 to 628) and PIP2 (residues 593 to 600) motifs, respectively.

To determine whether the pol 1 PIP1 and PIP2 motifs are indeed necessary for binding
Rad6-Rad18, we carried out yeast two-hybrid assays with mutant forms of pol n with
substitutions in PIP1 and PIP2 (Fig. 4B). A mutant form of pol n with the substituted serine
and hydrophobic/aromatic residues in PIP1 (S621A, F627A, and F628A) did not interact
with Rad6-Rad18. Surprisingly, a mutant form of pol n with the substituted serine and
hydrophobic/aromatic residues in PIP2 (S592A, L599A, and F600A) was still able to
interact with Rad6-Rad18), albeit with slightly lower affinity. Interestingly, a mutant form of
pol n with the substituted basic residues in PIP2 (K589A, K596A, and R597A) did not
interact with Rad6-Rad18. By contrast, a mutant form of pol ) with the substituted basic
residues in PIP1 (K622A, R630A, K631A, and K632A) was still able to interact with Rad6-
Rad18. Thus, the conserved serine and hydrophobic/aromatic residues (but not the basic
residues) of PIP1 mediate interactions with Rad6-Rad18, whereas the conserved basic
residues (but not the serine and hydrophobic/aromatic residues) of PIP2 mediate interactions
with Rad6-Rad18.

We carried out BLI experiments to examine quantitatively the thermodynamics and kinetics
of the pol n PIP1 and PIP2 motifs binding to Rad6-Rad18. By plotting the equilibrium
response units as a function of Rad6-Rad18 concentration, we obtained a K4 for the PIP1-
Rad6-Rad18 complex equal to 1.2 uM (Fig. 5A, B). Global fits of the dissociation phases
yielded a kof equal to 0.00080 s~1 corresponding to a dwell time of the PIP1-Rad6-Rad18
complex equal to 1,300 s.

We carried out similar experiments with the pol n PIP2 peptide (Fig. 5C, D). By plotting the
equilibrium response units as a function of Rad6-Rad18 concentration, we obtained a Ky for
the complex equal to 3.7 uM. Global fits yielded a ko equal to 0.13 s~1 corresponding to a
dwell time of the PIP2-Rad6-Rad18 complex equal to 7.7 s.
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To determine the role of the conserved serine and hydrophobic/aromatic residues in PIP1
and PIP2 to Rad6-Rad18 binding. We used peptides with either substitutions in PIP1
(S621A, F627A, F628A) or PIP2 (S592A, L499A, F600A). Using BLI, we observed
significantly reduced binding of these peptides to Rad6-Rad18 (Fig. S4). This shows that the
conserved serine and hydrophobic/aromatic residues in the PIP1 and PIP2 motifs are
important for binding to Rad6-Rad18.

3.4. PIP1 bind Rad6 tightly, but PIP2 does not

Although Rad6-Rad18 forms a tight complex, Rad6 is stable by itself and can be purified in
the absence of Rad18. Rad18, however, is not stable by itself and cannot be purified in the
absence of Rad6. In order to understand better the structural basis of the interactions
between the PIP1 and PIP2 motifs of pol n) and Rad6-Rad18, we used BLI to determine
whether these motifs directly bind Rad6 alone (Fig. 6). Surprisingly, we found that the pol 1
PIP1 binds Rad6 with nearly the same affinity as it binds Rad6-Rad18. By plotting the
equilibrium response units as a function of Rad6 concentration, we obtained a K for the
PIP1-Rad6 complex equal to 2.3 pM. Global fits yielded a kot equal to 0.020 s71
corresponding to a dwell time of the PIP1-Rad6 complex equal to 50 s. This interaction
depended on the conserved serine and hydrophobic/aromatic residues in PIP1, because BLI
experiments with these residues substituted resulted in a lack of binding (Fig. S5).

By contrast, we found that the pol n PIP2 binds Rad6 with significantly lower affinity than it
binds Rad6-Rad18 (Fig. 6). By plotting the equilibrium response units as a function of Rad6
concentration, we obtained a Ky for the PIP2-Rad6 complex equal to 200 uM. Global fits
yielded a ko equal to 0.60 s™1, corresponding to a dwell time of the PIP1-Rad6 complex
equal to 1.7 s. Surprisingly, this interaction did not depend on the conserved serine and
hydrophobic/aromatic residues in PIP2, because BLI experiments with these residues
substituted resulted in only slightly reduced binding affinity with a K4 equal to 390 uM (Fig.
S5). It is unclear why the binding affinity of the pol n PIP2 for Rad6 is weaker than its
affinity for Rad6-Rad18. One possibility is that the presence of Rad18 stabilizes the
interaction between the PIP2 and Rad6.

Rad6 binds the Rad6-binding domain (R6BD) of Rad18, which is located near the protein’s
C-terminus (residues 371-410) (16,38). Because Radé6 is a relatively small protein (172
amino acid residues), it is possible that the pol ) PIP1 competes with the R6BD of Rad18
for binding Rad6. To determine whether this is the case, we carried out a BLI-based
competition experiment (Fig. 7). An N-terminally biotinylated peptide containing the R6BD
of Rad18 was loaded onto the surface of streptavidin-coated BLI sensors. The sensors were
dipped into wells contained various concentrations of Rad6 alone or various concentrations
of Rad6 with 20 uM of peptide containing the pol n PIP1. This concentration is nearly 10-
fold greater than the Ky for the PIP1-Rad6 complex, so nearly all of the Rad6 should be
bound to the pol n PIP1 under these conditions. By plotting the equilibrium response units
as a function of Rad6 concentration, we obtained a Ky for the R6BD-Rad6 complex equal to
2.5 uM in the absence of the pol n PIP1 and a Kq for the complex equal to 2.8 uM in the
presence of the pol n PIP1. This shows that the pol n PIP1 does not compete with the R6BD
of Rad18 for binding Rad6.
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Finally, the discovery that Rad6 binds the pol n PIP1 with significantly higher affinity than it
binds the pol ) PIP2 raised the question of whether Rad6 can bind PIP-like motifs from
other proteins. We carried out BLI experiments to examine the ability of Rad6 to bind the
PIP-like motif of Pol32 (a non-catalytic subunit of both pol & and pol ¢), Msh6 (a mismatch
repair protein), and Rad5 (a replication fork-remodeling helicase). We did not observe Rad6
binding either the PIP-like of Msh6 or the PIP-like motif of Rad5 (Fig. S6). However, we
obtained a K for the complex between Rad6 and the PIP-like motif of Pol32 equal to 0.6
UM (Fig. S6), which is very similar to the affinity of the pol  PIP1 binding Radé.

4. Discussion

PIP motifs have typically been thought of as strictly PCNA-interacting motifs (48-51). The
conserved hydrophobic/aromatic residues of these motifs bind in a hydrophobic pocket on
the front face of the PCNA ring (41,42). Recently, however, a number of findings have
shown that PIP motifs are more versatile than previously believed (44). For example, the
conserved hydrophobic/aromatic residues of PIP-like motifs in human TLS pol n, pol ¢, and
pol « as well as in yeast fork-remodeling helicase Rad5 bind in a hydrophobic pocket on the
CTD of TLS polymerases Revl (43,52-54). These PIP-like motifs are sometimes referred to
as Revl-interacting region (RIR) motifs. Similarly, the conserved hydrophobic/aromatic
residues of PIP-like motifs in yeast exonuclease Exol and yeast DNA glycosylase Ntg2 bind
in a hydrophobic pocket on mismatch repair protein MIh1 (55). These PIP-like motifs are
sometimes referred to as MlIhl1-interacting protein (MIP) motifs. Likewise, the conserved
hydrophobic/aromatic residues of a PIP-like motif in human TLS pol n bind in a
hydrophobic pocket on the non-catalytic POLD2 subunit of human classical pol & (56). This
PIP-like motif is sometimes referred to as a F1 motif.

In the case of yeast pol n, the conserved hydrophobic/aromatic residues of the PIP1 motif
have been shown to bind to PCNA and to the CTD of Rev1 in a mutually exclusive manner
(39,40). These interactions have led to the notion that the multi-protein complex formed by
pol 1, PCNA, and Rev1 can exist in only two possible architectures: PCNA tool belts and
Rev1 bridges (15,40). In a PCNA tool belt, pol n directly interacts with one subunit of
PCNA via the pol n PIP1 motif, while Rev1 directly interacts with a different subunit of
PCNA via the Revl BRCT domain. In a PCNA tool belt, pol n) and Rev1 do not directly
interact with each other. By contrast, in a Rev1 bridge, pol n directly interacts with Rev1 via
the pol n PIP1 motif, while PCNA directly interacts with Rev1 via the Revl BRCT domain.
In a Rev1 bridge, pol nn and PCNA do not directly interact with each other. Single-molecule
total internal reflection fluorescence (TIRF) microscopy-based experiments have shown both
PCNA tool belts and Rev1 bridges form among these three proteins at approximately equal
frequencies (40).

Here we have shown that the PIP1 motif of yeast pol n also binds to the ubiquitin-
conjugating enzyme Rad6, which is required for TLS. This again highlights the remarkable
versatility of this short protein-protein interaction motif. This PIP1-mediated interaction
between pol n and Rad6-Rad18 is biological significant. For example, one of the major
outstanding questions in the field is the role of PCNA ubiquitylation in promoting TLS. It is
widely believed that because specialized TLS polymerases typically have tandem PIP motifs
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and ubiquitin-binding motifs, the ubiquitylation of PCNA acts as a signal to recruit these
polymerases to sites of stalled replication. Two observations in the literature, however, are
difficult to reconcile with this notion. First, the interaction between pol n and Rad6-Rad18
promotes the localization of pol n to DNA damage foci /n vivo (33-35). Second, the pol
and Rad6-Rad18 interaction actually promotes the transfer of ubiquitin from Rad6 to PCNA,
suggesting that pol n is already in the complex when the ubiquitin transfer reaction occurs
(35). Taken together, these observations support a model in which pol m) can be recruited to
stalled replication forks by riding piggyback on Rad6-Rad18 as it is directed toward the
PCNA at these forks (16). Moreover, the discovery that the PIP1 motif of pol r interacts
with Rad6 may provide a structural basis for the recruitment of pol m to stalled replication
forks.

In the present study, we report the discovery of a second PIP-like motif, which we have
designated PIP2, within the intrinsically disordered C-terminal region of yeast pol 1. This
motif binds to both PCNA and to Rad6-Rad18, but it does so with substantially lower
affinity than does PIP1. Examining the kinetics of PIP1 and PIP2 binding to and releasing
from PCNA and Rad6-Rad18 indicate that PIP2 binds to and releases from its target proteins
faster than does PIP1. This makes the interaction between PIP2 and its target proteins less
kinetically stable than the interaction between PIP1 and its target proteins. For example, the
dwell time of the PIP1-PCNA complex is 190 s, and the dwell time of the PIP2-PCNA
complex is 3.3 s. Similarly, the dwell time of the PIP1-Rad6-Rad18 complex is 1,300 s, and
the dwell time of the PIP2-Rad6-Rad18 complex is 7.7 s. This large difference in the
thermodynamics and kinetics of PIP1 and PIP2 interactions with their target proteins
suggests that these motifs play quite different roles within the multi-protein complexes that
they form. We suggest that PIP1 plays the predominant role in mediating the interaction
between pol ) and PCNA, whereas PIP2 plays a role in maintaining the architecture of
multi-protein complexes formed by pol  and PCNA.

One surprising result from prior studies of the multi-protein complexes formed among pol 7,
Revl, and PCNA is that the architecture of these complexes can change without any proteins
dissociating from the complex (40). For example, about 20 % of the complexes that initially
formed as PCNA tool belts changed architectures to Rev1 bridges without any proteins
dissociating. Similarly, about 20 % of the complexes that initially formed as Rev1 bridges
changed architectures to PCNA tool belts without any proteins dissociating. It has been
proposed that such architectural changes in the multi-protein complexes containing TLS
polymerases facilitates the sampling of the template DNA lesion by multiple TLS
polymerases to find the one that can catalyze nucleotide incorporation most efficiently (15).
This so-called kinetic selection model, which maximizes both the efficiency and accuracy of
TLS, is likely driven in part by these architectural changes.

The presence of PIP2 in the C-terminal region of pol 7 may provide a structural basis for
how the architecture of these multi-protein complexes can change without any proteins
dissociating (Fig. 8A). Consider a switch from a PCNA tool belt to a Rev1 bridge. In the
PCNA tool belt, the PIP1 of pol n would be bound to the hydrophobic pocket on one subunit
of PCNA. While the Revl CTD would be available to bind the pol n PIP1, directly releasing
the PIP1 motif from PCNA would lead to the dissociating of pol n. If, however, the PIP2,
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with its lower affinity and shorter half-life of binding, were to bind to a hydrophobic pocket
on a different subunit of PCNA, it could transiently prevent pol n from dissociating from
PCNA while it transfers its PIP1 motif from PCNA to the Revl CTD. Likewise, consider a
switch from a Rev1 bridge to a PCNA tool belt. In the Rev1 bridge, the pol n PIP1 would be
bound to the CTD of Revl. While PCNA is available to bind the pol n PIP1, directly
releasing the PIP1 motif from Revl would lead to the dissociating of pol n. If, however, the
PIP2 were to bind to a hydrophobic pocket on one subunit of PCNA, it again could
transiently prevent pol n from dissociating from PCNA while it transferred its PIP1 motif
from Rev1 to a different subunit of PCNA.

Two conditions would need to be met for such a mechanism to occur. First, the pol n PIP1
motif and PIP2 motif would have to be capable of binding to two subunits of a PCNA trimer
at the same time. Our structural modeling shows that the PIP1 and PIP2 motifs are far
enough apart in the C-terminal region of pol r that both motifs could simultaneously bind
PCNA (Fig. 8B). Second, the pol nj PIP2 motif must bind to one of the hydrophobic pockets
on the front of PCNA with high occupancy. Despite its relatively modest affinity for PCNA,
we expect this to be the case. This is because the interaction between pol n and PCNA is
mediated by the high affinity interaction with PIP1. This would greatly increase the local
concentration of PIP2 ensuring that it will be bound to another PCNA subunit with a high
frequency. Although future structural and single-molecule studies will be necessary to
understand the details of this process, the discovery of the pol n PIP2 motif substantially
expands our understanding of the dynamic multi-protein complexes that carry out TLS.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Yeast pol m) possesses a second PIP motif, which we have named PIP2
. The PIP motifs of pol n bind PCNA with different affinity and kinetics
. The PIP motifs of pol n bind Rad6-Rad18 with different affinity and kinetics
. PIP1 likely recruits pol m to translesion synthesis complexes

. PIP2 likely facilitates the dynamics of translesion synthesis complexes
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Figure 1. The PIP1 and PIP2 motifs of pol n are necessary for function in vivo.
(A) A diagram of full-length pol n with the polymerase domain shown as a thick blue

rectangle and the unstructured C-terminal region shown as a thin grey rectangle. The
locations of the PIP1, PIP2, and UBZ motifs in the C-terminal region are shown in blue. (B)
A sequence alignment of PIP1 and PIP2 from 18 yeast species is shown. Conserved residues
are highlighted in blue. (C) The survival of yeast strains expressing no gene for the pol 1
protein (rad304), the gene for the wild type pol n protein (RAD30), the gene for the mutant
pol m protein with substitutions of the hydrophobic/aromatic residues in PIP1 (rad30-
PIP1H), the gene for the mutant pol n protein with substitutions of the hydrophobic/aromatic
residues in PIP2 (rad30-PIP2"), the gene for the mutant pol 7 protein with substitutions of
the basic residues in PIP2 (rad30-PIP28), and the gene for the mutant pol m protein with
substitutions of the hydrophobic/aromatic residues in both PIP1 and PIP2 are shown at
various exposures to UV radiation.
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Figure 2. The PIP1 and PIP2 motifs of pol n are necessary for interacting with PCNA.
Yeast two-hybrid studies were carried out to examine the interactions of the wild type pol 1)

protein, the mutant pol m protein with substitutions of the hydrophobic/aromatic residues in
PIP1 (PIP1H), the mutant pol 7 protein with substitutions of the basic residues in PIP1
(PIP1B), the mutant pol 7 protein with substitutions of the hydrophobic/aromatic residues in
PIP2 (PIP2H) with PCNA, the mutant pol n protein with substitutions of the basic residues
in PIP2 (PIP2B), and the mutant pol  protein with substitutions of the hydrophobic/
aromatic residues in both PIP1 and PIP2 (PIP1H PIP2H). Growth on media lacking leucine
and tryptophan (-LW) indicates the presence of both two-hybrid plasmids. Growth on media
lacking histidine, leucine, and tryptophan (-HLW) indicates the presence of an interaction
between the two proteins. Growth on media lacking adenine, histidine, leucine, and
tryptophan (-AHLW) indicates the presence of a high-affinity interaction between the two
proteins.
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Figure 3. The PIP1 and PIP2 motifs of pol nj bind PCNA with different affinities.

(A) The response units from BLI were graphed as a function of time for a fixed
concentration of the PIP1 of pol n and various concentrations of PCNA (2 to 200 nM). The
association phase spanned 0 to 100 s, and the dissociation phase spanned 100 to 300 s. (B)
The equilibrium response units for each concentration of PCNA were expressed as fractional
saturation and graphed as a function of PCNA concentration. The best fit of the data to the
Adair equation yielded a K4 equal to 7.2 + 2.4 nM. (C) The response units from BLI were
graphed as a function of time for a fixed concentration of the PIP2 of pol n and various
concentrations of PCNA (1 to 100 uM). The association phase spanned 0 to 10 s, and the
dissociation phase spanned 10 to 100 s. (D) The equilibrium response units for each
concentration of PCNA were expressed as fractional saturation and graphed as a function of
PCNA concentration. The best fit of the data to the Adair equation yielded a K4 equal to 12
+2 M.
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Figure 4. The PIP1 and PIP2 motifs of pol n are necessary for interacting with Rad6-Rad18.
(A) Yeast two-hybrid studies were carried out to examine the interactions of the full-length

pol n (1-632) and various truncated forms of pol n (1-623, 1-606, 1-596, 1-586, 1-561,
and 1-536) with the Rad18 subunit of Rad6-Rad18. Growth on media lacking leucine and
tryptophan (-LW) indicates the presence of both two-hybrid plasmids. Growth on media
lacking histidine, leucine, and tryptophan (-HLW) indicates the presence of an interaction
between the two proteins. (B) Yeast two-hybrid studies were carried out to examine the
interactions of the wild type pol n protein, the mutant pol m protein with substitutions of the
hydrophobic/aromatic residues in PIP1 (PIP1H), the mutant pol 7 protein with substitutions
of the hydrophobic/aromatic residues in PIP2 (PIP2H), the mutant pol n protein with
substitutions of the basic residues in PIP1 (PIP1B), and the mutant pol ) protein with
substitutions of the basic residues in PIP2 (PIP2B) with the Rad18 subunit of Rad6-Rad18.
Growth on media lacking leucine and tryptophan (-LW) indicates the presence of both two-
hybrid plasmids. Growth on media lacking histidine, leucine, and tryptophan (-HLW)
indicates the presence of an interaction between the two proteins.
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Figure 5. The PIP1 and PIP2 motifs of pol i bind Rad6-Rad18 with different affinities.

(A) The response units from BLI were graphed as a function of time for a fixed
concentration of the PIP1 of pol n and various concentrations of Rad6-Rad18 (0.1 to 10
UM). The association phase spanned 0 to 300 s, and the dissociation phase spanned 300 to
600 s. (B) The equilibrium response units for each concentration of Rad6-Rad18 were
expressed as fractional saturation and graphed as a function of Rad6-Rad18 concentration.
The best fit of the data to the Adair equation yielded a K4 equal to 1.2 £ 0.1 pM. (C) The
response units from BLI were graphed as a function of time for a fixed concentration of the
PIP2 of pol n and various concentrations of Rad6-Rad18 (0.5 to 50 uM). The association
phase spanned 0 to 35 s, and the dissociation phase spanned 35 to 100 s. (D) The
equilibrium response units for each concentration of Rad6-Rad18 were expressed as
fractional saturation and graphed as a function of Rad6-Rad18 concentration. The best fit of
the data to the Adair equation yielded a Ky equal to 3.7 £ 0.5 uM.

DNA Repair (Amst). Author manuscript; available in PMC 2021 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ripley et al.

Page 20

Figure 6. The PIP1 and PIP2 motifs of pol n bind Rad6 with different affinities.
(A) The response units from BLI were graphed as a function of time for a fixed

concentration of the PIP1 of pol n and various concentrations of Rad6 (0.5 to 50 pM). The
association phase spanned 0 to 60 s, and the dissociation phase spanned 60 to 300 s. (B) The
equilibrium response units for each concentration of Rad6 were expressed as fractional
saturation and graphed as a function of Rad6 concentration. The best fit of the data to the
Adair equation yielded a Ky equal to 2.3 =+ 0.4 uM. (C) The response units from BLI were
graphed as a function of time for a fixed concentration of the PIP2 of pol n and various
concentrations of Rad6 (5 to 500 uM). The association phase spanned 0 to 35 s, and the
dissociation phase spanned 35 to 100 s. (D) The equilibrium response units for each
concentration of Rad6 were expressed as fractional saturation and graphed as a function of
Rad6 concentration. The best fit of the data to the Adair equation yielded a Ky equal to 200
+ 40 uM.
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Figure 7. The PIP1 motif of pol ny and the R6BD of Rad18 do not compete for binding Rad6.
(A) The response units from BLI were graphed as a function of time for a fixed

concentration of the R6BD of Rad18 and various concentrations of Rad6 (0.2 to 20 uM) in
the absence of the PIP1 motif of pol n. The association phase spanned 0 to 20 s, and the
dissociation phase spanned 20 to 120 s. (B) The equilibrium response units for each
concentration of Rad6 were expressed as fractional saturation and graphed as a function of
Rad6 concentration. The best fit of the data to the Adair equation yielded a K4 equal to 2.5 +
0.5 uM. (C) The response units from BLI were graphed as a function of time for a fixed
concentration of the R6BD of Rad18 and various concentrations of Rad6 (0.2 to 20 uM) in
the presence of the PIP1 motif of pol n (20 uM). The association phase spanned 0 to 35 s,
and the dissociation phase spanned 35 to 150 s. (D) The equilibrium response units for each
concentration of Rad6 were expressed as fractional saturation and graphed as a function of
Rad6 concentration. The best fit of the data to the Adair equation yielded a Ky equal to 2.8 +
0.4 uM.
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Figure 8. The PIP2 motif of pol  may mediate changes in the architecture of TLS complexes.
(A) When switching from the PCNA tool belt architecture to the Rev1 bridge architecture,

the binding of the PIP2 motif of pol n (blue) to one subunit of PCNA (grey) would allow the
transient release of the PIP1 motif of pol n from another subunit of PCNA allowing it to
then bind to the CTD of Rev1 (green) without any proteins dissociating from the complex.
When switching from the Revl bridge architecture to the PCNA tool belt architecture, the
binding of the PIP2 motif of pol m to one subunit of PCNA would allow the transient release
of the PIP1 motif of pol n from th CTD of Rev1 allowing it to then bind to another subunit
of PCNA without any proteins dissociating from the complex. (B) A structural model
showing a C-terminal fragment of pol m (residues 583 to 632) in blue bound to PCNA
(grey). The PIP1 and PIP2 motifs of pol n can simultaneously interact with the hydrophobic
pockets on the front face of two adjacent PCNA subunits.
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