Research Article

Structural Basis for the Interaction
Between Yeast Chromatin Assembly
Factor 1 and Proliferating Cell Nuclear
Antigen

Keely S. Orndorff’, Evan J. Veltri ', Nicole M. Hoitsma **°, Ivy L. Williams ",
lan Hall ', Grace E. Jaworski ', Grace E. Majeres ', Samaya Kallepalli ',
Abigayle F. Vito ', Lucas R. Struble®, Gloria E. O. Borgstahl ®

and Lynne M. Dieckman '+

1 - Department of Chemistry and Biochemistry, Creighton University, Omaha, NE, USA

2 - Department of Biochemistry and Molecular Biology, Department of Cancer Biology, University of Kansas Medical
Center, Kansas City, KS, USA

3 - The Eppley Institute for Research in Cancer and Allied Diseases, Fred & Pamela Buffett Cancer Center, University
of Nebraska Medical Center, Omaha, NE, USA

4 - Department of Biochemistry, University of Colorado at Boulder, Boulder, Colorado

5 - Howard Hughes Medical Institute, Chevy Chase, Maryland

Correspondence to Lynne M. Dieckman: |ynnedieckman @creighton.edu (L.M. Dieckman)
https://doi.org/10.1016/j.jmb.2024.168695
Edited by Sepideh Khorasanizadeh

Abstract

Proliferating cell nuclear antigen (PCNA), the homotrimeric eukaryotic sliding clamp protein, recruits and
coordinates the activities of a multitude of proteins that function on DNA at the replication fork. Chromatin
assembly factor 1 (CAF-1), one such protein, is a histone chaperone that deposits histone proteins onto
DNA immediately following replication. The interaction between CAF-1 and PCNA is essential for proper
nucleosome assembly at silenced genomic regions. Most proteins that bind PCNA contain a PCNA-
interacting peptide (PIP) motif, a conserved motif containing only eight amino acids. Precisely how PCNA
is able to discriminate between binding partners at the replication fork using only these small motifs
remains unclear. Yeast CAF-1 contains a PIP motif on its largest subunit, Cac1. We solved the crystal
structure of the PIP motif of CAF-1 bound to PCNA using a new strategy to produce stoichiometric quan-
tities of one PIP motif bound to each monomer of PCNA. The PIP motif of CAF-1 binds to the hydrophobic
pocket on the front face of PCNA in a similar manner to most known PIP-PCNA interactions. However,
several amino acids immediately flanking either side of the PIP motif bind the IDCL or C-terminus of
PCNA, as observed for only a couple other known PIP-PCNA interactions. Furthermore, mutational anal-
ysis suggests positively charged amino acids in these flanking regions are responsible for the low micro-
molar affinity of CAF-1 for PCNA, whereas the presence of a negative charge upstream of the PIP
prevents a more robust interaction with PCNA. These results provide additional evidence that positive
charges within PIP-flanking regions of PCNA-interacting proteins are crucial for specificity and affinity
of their recruitment to PCNA at the replication fork.
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Introduction

DNA maintenance pathways such as replication,
repair, and recombination are coordinated both
spatially and temporally in an extraordinarily
accurate manner. These processes involve the
function of an incredibly large number of proteins,
which each act on the DNA substrate only when
needed. Access to the replication fork by these
many players is dynamic and regulated by the
replication accessory protein, proliferating cell
nuclear antigen (PCNA)."~” PCNA functions as a
scaffold during DNA-templated processes, coordi-
nating the activities of these diverse replication,
repair, and recombination factors.

PCNA is a ring-shaped, homotrimeric protein that
encircles DNA. Each identical subunit is composed
of two similar domains that are connected by a long,
flexible loop called the inter-domain connecting loop
(IDCL).? Once loaded onto DNA, PCNA will recruit
other protein factors via an interaction on its front
face (i.e., the side of PCNA facing the direction of
DNA replication).”? Proteins that interact with
PCNA typically do so using a small motif called
the PCNA-interacting peptide motif, or PIP motif.
The canonical PIP motif is eight amino acids in
length, comprising the consensus sequence
Qxxhxxaa, where an “x” represents any amino acid,
“h” represents a hydrophobic amino acid, and “a”
represents an aromatic residue (usually phenylala-
nine). The sequences of PIP motifs in several
PCNA-binding proteins are shown in Figure 1A.
Canonical PIP motifs bind in a hydrophobic pocket
on the front face of PCNA. The glutamine in position
1 of the PIP moatif inserts into a small “Q pocket” in
domain 2 near the C-terminus of PCNA. In addition
to the hydrophobic residue in position 4, the aro-
matic residues in positions 7 and 8 typically form a
310 helix that binds to the large hydrophobic pocket
on the front face of PCNA near the IDCL.

Prior to DNA replication, nucleosomes
established ahead of the replication fork must be
disassembled. Nucleosomes are reformed on the

newly synthesized DNA immediately after
A p2l (human) RKRRQTSMTDFYHSKR B
FEN1 (human) QGSTQGRLDDFFKVTG
p150 PIP1 (human) KKLIQARL--PFKRLN ,
p150 PIP2 (human) IKAEKAEITRFFQKPK Cac1:

Pol32 (yeast) RLKKQGTLESFFKRKA
RFC (yeast) NALDNMSVVGYFKHNE
Cdc9 (yeast) KKPKQATLARFFTSMK
Cacl (yeast) KERAQSRIGNFFKKLS
Consensus: Q--h--aa

replication in a process called replication-coupled
nucleosome assembly. The newly formed
nucleosomes must contain the same histone post-
translational modifications as the parent strand to
maintain proper chromatin structure and gene
expression. A major player in replication-coupled
nucleosome assembly is the histone chaperone

chromatin assembly factor 1 (CAF-1), which
deposits H3-H4 tetramers bearing specific
covalent modifications that promote gene
silencing.’®"* CAF-1 recruitment to the replication

fork and subsequent histone deposition requires
its association with PCNA."*'® This interaction is
mediated by a PIP motif on CAF-1.

CAF-1 is a heterotrimeric protein. In yeast, it is
composed of the subunits Cac1, Cac2, and
Cac3, each named based on molecular weight.
The PIP motif of CAF-1 exists within the largest
subunit, Cac1."” As with the other two subunits
of CAF-1, the structure of Cac1 has not been
determined, but it contains several other regions
important for CAF-1 function (Figure 1B). This
includes two DNA-interacting regions (a basic
domain called the KER domain that consists of
many lysine, glutamic acid, and arginine resi-
dues'®?'and a winged-helix domain (WHD) near
the C-terminus),'®=° two regions that interact
with the smaller subunits of CAF-1 (a Cac2-
binding region and a Cac3-binding region),’®%%~
24 and a region believed to interact with histones
(an acidic region referred to as the ED
domain).'®?® Although PIP motifs are often
located near the C-terminus of PCNA-binding pro-
teins, the PIP motif of Cac1 resides closer to the
center of the subunit, between the KER and the
Cac3-binding regions.

Disruption of the CAF-1-PCNA interaction
inhibits CAF-1-mediated heterochromatin
silencing and chromatin assemle during both
DNA replication and repair.’>'"?*2” However,
precisely how PCNA chooses CAF-1 to access
the replication fork during replication-coupled
nucleosome assembly and the mechanism of
binding between these two proteins are not well

PIP
KIE/IR Cac3 E/D Cac2 WHD
129 227 I‘ ‘- 606
QSRIGNFF

Figure 1. PIP motifs of various proteins. (A) Alignment of several PIP motifs of proteins in human and yeast.
Residues within PIP sequences are indicated in black and residues flanking the PIP motif are indicated in blue. The
PIP consensus sequence is displayed below the corresponding residues within the motif. Both PIP motifs within the
human CAF-1 protein (p150) are shown. The PIP motif for RFC (replication factor C) is within the first and largest of
five subunits (subunit 1) of RFC. (B) Linear representation of motifs and domains within the Cac1 subunit. The K/E/R
region, Cac3-binding domain, E/D region, Cac2 binding domain, and winged-helix domain (WHD) are all shown. The

PIP motif is shown in red.
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understood. We characterized the interaction
between yeast PCNA and CAF-1 using structural,
kinetic, and thermodynamic studies. We used a
novel strategy to produce pure complexes of the
CAF-1 PIP motif bound to PCNA in a stoichiomet-
ric ratio of 1:1 (PIP:PCNA monomer). This was
accomplished by fusing the sequence of the PIP
motif of CAF-1 to the C-terminus of PCNA via a
5 amino acid linker, which allowed enough space
and flexibility for each PIP motif to bind a PCNA
monomer. We solved the crystal structure of this
complex and determined the PIP motif of CAF-1
binds to the hydrophobic pocket on the front face
of PCNA in the same way as most known PIP-
PCNA interactions. Similar to a small number of
other known PIP-PCNA interactions such as p21
and FEN1, the amino acids immediately flanking
the PIP motif of CAF-1 interact with residues
within the IDCL or C-terminus of PCNA; however,
to a lesser extent than observed between PCNA
and p21 or FEN1.?%2° The affinity of the CAF-1
PIP-PCNA interaction was determined to be in
the low micromolar range, as determined by both
isothermal titration calorimetry (ITC) and surface
plasmon resonance (SPR). Finally, mutational
analysis suggests positively charged amino acids
immediately C-terminal and N-terminal to the PIP
motif of CAF-1 are responsible for the affinity to
PCNA, whereas the presence of a negative
charge upstream of the PIP prevents an even
more robust interaction with PCNA. These results
provide additional evidence that PIP-flanking resi-
dues, especially those with positively charged
side chains, are required for specificity and affinity
of the PCNA-PIP interaction.

Materials and Methods

Protein expression and purification.

Wild type yeast PCNA was N-terminally Hisg-
tagged, overexpressed in BI21(DE3) bacteria
harboring plasmid EKW336, and purified as
described previously.”® To produce the PCNA-PIP
fusion protein, a five amino acid linker (GGSGG)
and the sequence of the PIP motif of yeast CAF-1
(AKERAQSRIGNFFKKLSDS) were cloned,
respectively, in frame, at the C-terminus of the gene
encoding PCNA in the plasmid pKW336. The fusion
protein was overexpressed in BL21(DE3) cells.
Cells were lysed via sonication and the cell lysate
was subjected to centrifugation for clarification.
The PCNA-PIP fusion protein was purified using
Ni-NTA agarose affinity chromatography (Thermo
Scientific), DEAE anion exchange chromatography
(GE Healthcare), and a Superdex 200 size exclu-
sion chromatography column (GE Healthcare). All
wildtype and mutant CAF-1 PIP peptides used in
this work were commercially synthesized by Gen-
Script. A tryptophan residue was added to the N-
terminus of all peptides for quantification purposes.

3

Crystallization and structural determination.

The CAF-1 PIP-PCNA fusion protein was
concentrated to a final concentration of 16.6 mg/
ml for crystallization. Crystals were generated
using the hanging-drop method at 18 °C with a
reservoir solution of 0.1 M magnesium acetate
tetrahydrate and 11% w/v PEG3350. For X-ray
diffraction, crystals were transferred to a
cryosolution containing reservoir solution with the
addition of 25% ethylene glycol. The crystals were
flash frozen and data was collected at 100 K on a
Rigaku MicroMax-007 HF rotating anode
diffractometer equipped with a Dectris Pilatus3R
200 K-A detector system at a wavelength of 1.54
A. The X-ray data was collected using 60 s frames
at a distance of 75 mm. Data were processed and
scaled with the HKL3000R software package.
Molecular replacement was conducted using the
published structure of wildtype, uncomplexed
PCNA (PDB 1PLQ). Structural refinement and
model building were conducted in
PHENIX1.19.2.°" ‘and Coot,** respectively. The
final model and structure factors were deposited in
the PBD (PDB entry: 8THW).

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) analyses
were performed in a Nano ITC Low Volume
calorimeter (TA Instruments) at a constant
temperature of 310.15 K. The CAF-1 PIP peptide
(WEAKERAQSRIGNFFKKLSDSNT) was placed
into the sample cell at a concentration of 70 pM,
and PCNA was used as the titrant at a
concentration of 420 uM. A 6:1 ratio of titrant to
sample cell was maintained for each trial. Both
proteins were dialyzed in 100 mM HEPES, pH
7.4, 50 mM arginine, and 50 mM glutamic acid
and degassed. The titrant was injected into the
sample cell in a sequence of 24 injections of 2 uL
each with 150 s of space between injections, with
an initial injection of 1 pL that was discarded from
calculations. The stir rate of the sample cell was
set to 250 rpm. ITC data was fitted to obtain the
binding isotherms with the software NanoAnalyze
using an independent sites model. Blank
experiments of PCNA into buffer were subtracted
from the interaction experiments. To ensure
reproducibility, five independent experiments from
three different preparations of PCNA were carried
out.

Surface plasmon resonance.

Surface plasmon resonance (SPR) assays were
performed using a Biacore 8 K (Cytiva).
Experiments were carried out at a flow rate of
30 pl/min at 25 °C in 10 mM HEPES, pH 7.4,
300 mM NaCl, 3 mM EDTA, 0.05% surfactant
P20, and 1 mM DTT as the running buffer. Hise-
tagged PCNA was immobilized on an NTA Series
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S sensor chip. The chip surface was first activated
using an injection of 350 mM EDTA (30 pL/min)
followed by an injection of 0.5 mM NiCl, (10 pL/
min). Increasing concentrations of the synthetic
PIP peptide (WEAKERAQSRIGNFFKKLSDSNT)
in running buffer were injected over the
immobilized PCNA. Contact time for the PIP
peptide was set to 60 s and dissociation time was
180 s. The signal from buffer alone (containing no
peptide) over a reference flow cell was subtracted
from all responses. Kinetic binding constants were
determined using non-linear least-squares fitting
to a two-state binding model with the Biacore
Insight Evaluation 5.0 software. Steady state
binding constants were obtained by fitting
equilibrium data to a non-linear regression with the
Biacore Insight Evaluation 5.0 software.
Experiments were performed in triplicate using
multiple PCNA protein preparations.

Enzyme-Linked immunosorbent assays

The wells of a 96 well EIA/RIA plate (Corning)
were coated with 2 pg of PCNA in PBS (4.3 mM
Na,HPO,;, 1.4 mM KH,PO4 pH 7.4, 137 mM
NaCl, 2.7 mM KCI) for 1 h. The wells were then
washed four times with PBS, 0.05% Tween-20,
blocked for 2 h with PBS with 5% milk, and
washed again. Various amounts of the wildtype or
mutant, biotinylated PIP peptides (see Table 2)
(1—20 pg or 1-100 pg) in PBS with 5% milk were
then added to the wells and incubated for 1 h.
After washing, a 1:500 dilution of a biotin
polyclonal antibody conjugated with horseradish
peroxidase (Invitrogen) in PBS with 5% milk was
added and incubated at 4 °C for 16-18 h. The
plate was washed and 100 pL of ABTS Single
Solution (Invitrogen) was added. Absorbance was
measured at 415 nm after various amounts of
time (5-30 min) using a BioTek Synergy H1
microplate reader (Agilent). Negative control
reactions using bovine serum albumin instead of
PCNA were carried out, and these background
absorbance values were subtracted from the
absorbance of each sample at the corresponding
PIP peptide concentration. Positive controls using
1 pg and 2 pg of each PIP peptide was
simultaneously carried out during every
experiment to verify absorbance was similar for all
wildtype and mutant peptides. Unless otherwise
noted, all steps were performed at 25 °C.

Gene silencing assays using flow cytometry

A yeast strain containing a deletion of the
endogenous cacl gene (W303, caclA:leu2,
rtt106::kan, hmr:GFP/URA3) and a pRS313-
derived yeast expression plasmid for the wildtype
Cac1 protein were kindly provided by Bruce
Stillman. A Q5 Site-Directed Mutagenesis Kit
(NEB) was used with the yeast expression
plasmid as a template to generate plasmids with

mutations in the cac? gene encoding for the
following mutant Cac1 proteins: K223A, E224A,
R225A, R229A, 1230A, FF233/234AA, K235A, and
K236A. The caclA yeast cells were then
transformed with either the wildtype plasmid or
one of the mutant Cacl plasmids using the
Frozen-EZ Yeast Transformation kit (Zymo
Research). For controls, yeast cells were left
untransformed or transformed with the pRS313
empty vector. Cells were grown in 3 mL of liquid
yeast peptone dextrose (YPD) media overnight
with incubation at 30 °C and shaking at 200 rpm.
Overnight cultures were used to inoculate fresh
10 mL cultures to ODgpg ~ 0.2 and were grown
with the same incubation conditions to
ODggo ~ 0.7 (early log phase). Cells were pelleted
by centrifugation at 4500 rpm for 5 min at 4 °C.
The cell pellets were washed 3x with 2 mL of 1x
PBS (137 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,;, 1.8 mM KH,PO, pH = 7.4) by
resuspension and pelleting using the
centrifugation  conditions  described above.
Intercellular aggregates were diminished by water
bath sonication (Bransonic CPX2800H) for 5 min
at 25 °C on the low power setting. 20 — 50 pL of
sonicated yeast cells were added to 1 mL 1x PBS
and 1 pL of propidium iodide (PI) (invitrogen) and
incubated at 25 °C in the dark for 15 min. The
cells were pelleted by centrifugation at 1200 rpm
for 5 min and excess Pl in the supernatant was
decanted. An additional 1 mL of fresh 1x PBS was
used to resuspend the Pl treated yeast. For each
culture, 200 ul of cell suspension was acquired
using a ZE5 flow cytometer (Biorad) enabled with
a Forward Scatter Small Particle Detector (FSc
spd). Data analysis of generated Flow Cytometry
Standard (FCS) files was performed using Flowjo
Version 10. For this, sequential gating was carried
out to first exclude doublets. Next, dead cells were
removed through exclusion of Pl positive staining
cells. Finally, estimations of the percent frequency
of GFP expressing yeast were carried out.
Experiments were run in duplicate using two
independent yeast preparations.

Accession number
PDB: STHW.

Results

Generation of the PCNA-CAF-1 PIP complex

To gain structural insight into the interaction
between PCNA and CAF-1, we sought to obtain a
pure complex of PCNA bound to the PIP motif of
CAF-1 for use in X-ray crystallography. However,
one PCNA trimer contains three potential binding
sites for PIP motifs. Acquiring large amounts of
pure protein complexes  for  structural
determination, especially in proper stoichiometric
ratios, is often difficult. To circumvent this, we
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Figure 2. Rationale and generation of a novel fusion PCNA-PIP protein. (A) A PCNA monomer (light purple) bound
to a representative PIP motif (red) (from yeast DNA ligase |; PDB 20D8). The distance between the C-terminus of the
PCNA monomer and the N-terminal residue of where a PIP motif would bind is shown with a yellow dotted line. (B)
Linear representation of the fusion protein used to generate crystals. The sequence of the Cac1 PIP motif (bolded and
underlined) and several flanking residues are represented as red, the five amino acid linker is shown in grey, and the
PCNA monomer is shown in light purple. (C) AlphaFold2 predicted structure of the fusion protein sequence from (B).
The PIP motif and flanking residues of Cac1 (red) is bound in the canonical PIP-binding pocket on PCNA (light purple)
while fused to the C-terminus of PCNA via a linker (grey).

created a fusion protein construct containing one
CAF-1 PIP motif per PCNA monomer. As shown
in Figure 2A, the C-terminus of PCNA is in very
close proximity to the PIP-binding region. In fact,
in the crystal structure of PCNA, the C-terminus is
only 9 A from the hydrophobic pocket where the
first residue in the consensus PIP motif
(glutamine) binds. Therefore, we created a
peptide where the PIP sequence of CAF-1 was
fused in frame, via a five amino acid linker, to the
C-terminus of the PCNA monomer (Figure 2B).
Five or six amino acids N-terminally or C-
terminally flanking the PIP motif, respectively,
were also included in the sequence. Based on the
length of the average amino acid, the linker should
provide sufficient length and flexibility for the PIP
motif to interact with the PIP-binding pocket on
PCNA. This was verified by AlphaFold2.°*** The
sequence of the PCNA-linker-CAF-1 PIP fusion
construct was input into the AlphaFold2 software,
and the predicted structure is shown in Figure 2C.

Structure of the interaction between PCNA and
CAF-1

Using X-ray crystallography, we solved the
structure of the complex formed between PCNA
and the PIP motif of CAF-1 to a resolution of 2.6 A
(Table 1). The asymmetric unit contains three PIP
motifs bound to one PCNA trimer (Figure 3A), with
electron density for thirteen residues of Cacl,
including density for all side chains of the eight
PIP residues (Figure 3B). The structure of PCNA
is largely unaltered upon binding to the PIP motif
of CAF-1, with exceptions only in regions within
and near the PIP-binding pocket (the overall

Table 1 Data collection and refinement statistics.

Data Collection

Space group Cci121
Unit-cell parameters

a (A) 151.62

b (A) 87.36

c(A) 76.51

a (%) 90.00

B () 108.33

Y (%) 90.00
Resolution (A) 25.00-2.6
Rmeas (%) 0.063
o (l) 17.2
ccl/2 (0.634)
Completeness (%) 99.2 (96.8)
Redundancy 4.5 (2.0)
Refinement
Resolution (A) 24.89-2.60
No. reflections 35,217
Hwork/'qfree 21.6/26.7
No. atoms

Protein 6315
B-factors (A?)

Protein 43.91
R.m.s deviations

Bond length (A) 0.009

Bond angles (°) 1.355
PDB ID 8THW

Values in parentheses are for highest-resolution shell.

RMSD is 0.846 A for PCNA alone, PDB 1PLQ,
compared to the PIP-bound structure). The PIP
interacts with PCNA at the canonical PIP-binding
pocket, and all PIP residues (QSRIGNFF) are in
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Figure 3. Crystal structure of the CAF-1 PIP motif bound to PCNA. (A) Three PIP motifs (pink) bound to one PCNA
trimer are present in the asymmetric unit. Each subunit of PCNA is represented by a different color (purple, green,
yellow). (B) Electron density for residues of the PIP motif of CAF-1. The Fo-Fc omit electron density map was
contoured at 2.0 ¢ (shown as grey mesh), surrounding the PIP and flanking residues of CAF-1 (shown as pink sticks).
All residues with observed density are labeled, including numbers showing positions relative to the PIP motif (a
subscript negative number indicates an amino acid upstream of the PIP motif, a superscript positive number indicates
an amino acid downstream of the PIP motif). (C) Alignment of the three PCNA monomers and three bound PIP motifs
(pink, green, and yellow) from the trimeric structure. The IDCL, loop D, and C-terminus of PCNA are indicated. (D)
Close up of the PIP motif bound to the hydrophobic pocket on the front face of PCNA. The conserved PIP residues are
shown as spheres bound to the surface-view of PCNA. (E) Close up of the non-conserved PIP residues and
interactions with PCNA. Polar contacts observed in every PIP-PCNA monomer are indicated as yellow dotted lines.

identical positions in all three bound motifs
(Figure 3C). The glutamine in position 1 (Q1) of
the PIP motif is inserted into the small “Q pocket”
in domain 2 near the C-terminus of PCNA, and
the other conserved residues — including the
hydrophobic isoleucine in position 4 (h4) and
phenylalanines in positions 7 and 8 (F7 and F8) —
form the typical 310 helix that bind to the large
hydrophobic pocket between domains 1 and 2 of
PCNA near the IDCL (Figure 3D).

In addition to the interactions typically seen with
the four conserved amino acids in PIP motifs,
other polar contacts are observed among the non-
conserved amino acids in the PIP motif of CAF-1
(Figure 3E). The serine in position 2 (S2) of the
PIP motif hydrogen bonds to the backbone of
P252 in PCNA (located near the C-terminus of
PCNA). The arginine sidechain in position 3 (R3)
of the PIP motif also forms a hydrogen bond with
the backbone of S43 in PCNA (located in loop D,
on the front face of PCNA between domains 1 and
2 and below the PIP-binding site). These
interactions between PCNA and S2 or R3 are
observed in all three monomers within the crystal
structure. The glycine and asparagine in positions
5 and 6 of the PIP motif, respectively, do not
appear to make any polar contacts with PCNA.

Unexpectedly, electron density was observed for
several CAF-1 amino acids flanking either side of
the PIP motif, including two upstream (**°RA?%°)
and three downstream (2*°KKL2%"). Density for
these five residues was observed in each of the
three PIP motifs bound to the PCNA trimer. The
position of the peptide backbone for these five
additional residues showed minimal variability
between the three bound PIP motifs (Figure 3C).
However, the B-factors for these residues varied
among the three motifs more so than those of the
residues within the PIP motif (Figure 4A). Despite
this, a number of polar contacts are observed
between the PIP-flanking residues and PCNA.
The backbones of both the R225 and the A226
residues upstream of the PIP motif hydrogen bond
with residues in PCNA, although the specific
amino acids contacted in PCNA by these residues
vary slightly among monomers. In all three
monomers, however, contacts exist between the
backbone of either R225 and/or A226 and F254 in
PCNA (Figure 4B). F254 is the most C-terminal
amino acid visible in PCNA in our structure.
Notably, the position of the o-carbon of F254 is
shifted by ~3.0 A compared to its position in the
structure of PCNA alone (PDB 1PLQ). Density for
the four C-terminal amino acids in PCNA are not
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63 A2

25 A2

Figure 4. Interactions between PCNA and PIP flanking residues of CAF-1. (A) Alignment of the three PCNA
monomers and three bound PIP motifs with B-factors for each PIP motif shown. Low B-factors are indicated in blue
(thin tube) and high B-factors are indicated in red (thick tube). B-factor values are indicated by a color spectrum bar.
(B) Close-up view of interactions between the N-terminal flanking PIP residues and the C-terminus of PCNA (bonds
shown as yellow dashed lines). Cac1 residues (pink) interacting with F254 of PCNA (light purple). The position of
F254 in the structure of unbound PCNA (PDB 1PLQ) is shown in cyan. The distance between the a-carbons of F254
in the unbound and PIP-bound PCNA structures is indicated by a dashed arrow. (C) Close-up view of interactions
(yellow dashed lines) between the C-terminal flanking PIP residues and the IDCL of PCNA. The distance between the
a-carbons of F125 in the unbound and PIP-bound PCNA structures is indicated by a dashed arrow. (D) Distance
between positions of K127 in the unbound (cyan) and PIP-bound (light purple) structures of PCNA (indicated by
dashed arrows). The Fo-Fc omit electron density map (shown as grey mesh) surrounding K127 in the PIP-bound

structure was contoured at 2.0 ©.

observed in any monomer of our structure. This is
likely due to R225 and A226 occupying the same
space as these C-terminal residues of PCNA in
the unbound, wildtype PCNA structure, causing a
repositioning of these dynamic PCNA amino acids.

Density is present for three amino acids C-
terminal to the PIP motif of CAF-1 (3®KKL?%).
Two of the three amino acids interact with PCNA
— K235 and L237. In contrast to the N-terminal
residues R225 and A226, the polar interactions
observed between PCNA and K235 or L237 are
consistent among the three monomers. The first
amino acid C-terminal to the PIP motif of CAF-1,
K235, forms hydrogen bonds with the backbone of
K127 on the IDCL of PCNA (Figure 4C). Due to
this, the position of K127 (the a-carbon) is shifted
between 2.7 and 3.1 A closer to the bound PIP
motif compared to the wildtype, unbound PCNA
structure (PDB 1PLQ) in all three monomers

(Figure 4D). Furthermore, the side chain of PCNA
K127 resides in a drastically different location in
the PIP-bound structure. The long side chain of
the lysine typically points downward, toward the
back surface of the PCNA molecule in the
uncomplexed structure. Upon binding the PIP
motif of CAF-1, this lysine is now rotated
approximately 90° and pointing outward radially
from the center of the PCNA molecule. Here, the
C-nitrogen of the lysine is repositioned by 9.3—
12.0 A in all three monomers compared to the
unbound PCNA structure (Figure 4D). The second
amino acid C-terminal to the PIP motif of CAF-1,
L237, interacts with the backbone of F125 in all
three monomers, which is also located on the
IDCL of PCNA. Due to this interaction, the a-
carbon of F125 is shifted by a range of 2.6-2.8 A
in the different monomers, compared to the
unbound structure of PCNA (Figure 4C).
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Structural alignment of PIP motifs bound to
PCNA in yeast

To the best of our knowledge, the structure of only
two other canonical PIP motifs bound to PCNA in
yeast have been solved, including those from the
DNA ligase | (Cdc9, PDB: 20D8) and the sliding
clamp loader replication factor C (RFC, PDB:
1SXJ).*>*° Cdc9 has a canonical PIP sequence
(QATLARFF), while subunit 1 of RFC has a slightly
less canonical PIP sequence where the first amino
acid is an asparagine instead of a glutamine
(NMSVVGYF). It should be noted that the entire
RFC heteropentamer was present in the structure
of RFC bound to PCNA.

An alignment of the PIP sequences and
structures of the CAF-1, Cdc9, and RFC PIP
motifs bound to PCNA are shown in Figure 5. As
expected, the conserved residues within the PIP
motif of all three yeast structures (Q/N1, h4, a7,
and a8) bind to PCNA similarly, in the canonical
manner in the PIP-binding region on PCNA
(Figure 5B). The non-conserved PIP residues
(positions 2, 3, 5, and 6) of these structures are

A
Cdc9 KPKQATLARFF
RFC LDNMSVVGYFKH
CAF-1 RAQSRIGNFFKKI
D

also in similar positions (Figure 5C). However,
positions of the amino acids flanking either side of
the PIP motif are drastically different in all three
structures (Figure 5D). In fact, the a-carbon of the
residue in position n = —2 (two amino acids
upstream of the first residue in the PIP motif) is
shifted by as much as 10.8 A, and the a-carbon of
the residue in position n = +2 (two amino acids
downstream of the last residue in the PIP motif) is
shifted by as much as 10.0 A (Figure 5E). No
density was observed for amino acids
downstream of the Cdc9 PIP sequence in the
crystal structure. These differences, as well as the
binding of the PIP motifs of CAF-1, Cdc9, or RFC,
do not appear to cause any major structural
differences within PCNA. The largest variations
are observed within the IDCL. The RMSD value
for PCNA monomers between the CAF-1 and
Cdc9 structure was 0.370 A, while the RMSD
value for PCNA monomers between the CAF-1
and RFC structure was 0.581 A (Figure 5F).
These values are very low, even despite the
difference in space groups of each crystal structure.

Figure 5. Comparison of PIP-bound PCNA structures in yeast. (A) Sequence alignment of the PIP motif of CAF-1
with the PIP motifs from Cdc9 and RFC (subunit 1). PIP residues are indicated in black (conserved residues are
bolded) and flanking residues that were observed in each structure are indicated in color. (B) Positions of conserved
residues — Q/N1, h4, a7, and a8 — within CAF-1 (green), Cdc9 (blue), and RFC (pink) PIP motifs, are shown bound to
the PIP-binding pocket on PCNA (grey, surface). (C) Cartoon representation of structural alignment of the CAF-1,
Cdc9, and RFC PIP motifs bound to PCNA (grey, surface). Only residues within the PIP sequences are shown. (D)
Cartoon representation of the structures of the CAF-1, Cdc9, and RFC PIP motifs, including all observed flanking
residues, bound to PCNA (PCNA not shown). (E) Distances between a-carbons of PIP-flanking residues within the
CAF-1, Cdc9, and RFC PIP structures. PIP-flanking residues in the +2 or —2 positions in each structure are shown as
sticks. (F) RMSD values between PCNA monomers of the CAF-1, Cdc9, and RFC PIP-bound structures represented
by color. Structures of the PIP-bound PCNA proteins were overlaid and colored by a spectrum, indicating the
minimum pairwise RMSD (blue) and maximum (red). Locations of the IDCL and PIP-binding pocket (green dashed
line) on PCNA are labeled.
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Figure 6. Thermodynamic and kinetic binding studies of the CAF-1 PIP motif and PCNA. (A) ITC of PCNA injected
into a solution containing an isolated CAF-1 PIP peptide. The best fit of the data was used to determine
thermodynamic binding parameters as Ky = 3.54 x 10°°® = 2.6 x 1077 M, AH = —10.9 = 0.15 kcal/mol,
TAS = —3.1 + 0.2 kcal/mol, and a stoichiometry of 1.057 + 0.007 (corresponding to PIP:PCNA monomer). (B) SPR of
the isolated CAF-1 PIP peptide binding to immobilized PCNA. Concentrations of the PIP peptide at 0.5 (orange), 1.0
(green), 2.0 (pink), 5.0 (brown), and 10 uM (purple) were injected onto PCNA captured on the chip (top panel). Signal
from injection of buffer only (no PIP peptide) was subtracted from all data. Resulting curves were fit to a two-step
binding equation (BlAevaluation software). Kinetic values were measured as 1.37 x 10° = 2.4 x 103 M~ 'sec™" and
7.43 x 107" = 1.3 x 1072 sec™' for k; and k.;, respectively, and 6.18 x 10™* = 2.6 x 107° sec™' and
1.67 x 1073 + 3.2 x 107* sec™ for ko and k., respectively. These parameters resulted in a K4 of 3.96 x 107°
M + 9.1 x 1077 M. The Chi? value was 0.008. (C) Responses at equilibrium for each concentration of PIP peptide
were plotted and fit to a non-linear regression to obtain the steady state affinity of the interaction (Kq = 3.98 x 107°

M = 5.8 x 1077 M). The %2 value was 0.003.

Thermodynamics and kinetics of the
interaction between PCNA and CAF-1

Binding between the PIP motif of CAF-1 and
PCNA was measured quantitatively using
isothermal titration calorimetry (ITC) and surface
plasmon resonance (SPR). For ITC, PCNA was
injected into a sample cell containing the PIP motif
of CAF-1 (residues 221-241). The thermodynamic
parameters were measured as Kq = 3.5 + 0.3 uM,
AH = —-10.9 + 0.15 kcal/mol, TAS = —3.1 + 0.2 kca
I/mol, and n = 1.06 + 0.007 (corresponding to a
stoichiometry of 1:1 for PCNA monomer:PIP
motif) (Figure 6A). These results indicate the
interaction is predominantly enthalpically-driven,
which suggests interactions between the PIP of
CAF-1 and PCNA are slightly more hydrophilic
than hydrophobic.

For SPR experiments, PCNA was captured on
the surface of a sensor chip and increasing
concentrations of the PIP peptide (residues 221—
241) were added to the chip (Figure 6B). The
binding affinity of the PCNA-CAF-1 interaction,
obtained by plotting the steady state response
units vs ligand concentration, was Kyq = 4.0 + 0.6
u M (Figure 6C). This is in close agreement to the

dissociation constant determined from ITC
experiments and is similar to many other PCNA-
PIP interactions that occur during DNA replication
and repair, as described previously.®”*® Evaluation
of SPR results revealed a two-step binding mecha-
nism. Kinetic rate constants were determined to be
1.37 x 10° = 24 x 10® M 'sec”’ and
743 x 107" + 1.3 x 1072 sec' for ky and k.,
respectively, and 6.18 x 107* + 2.6 x 10° sec™'
and 1.67 x 1072+ 3.2 x 107* sec ' for k, and k.
o, respectively, suggesting association of the first
step is relatively fast, which is followed by a much
slower step involving a conformational change.
These rate constants also correspond to a Ky of 4.
0 = 0.9 uM, in agreement with the steady state dis-
sociation constant obtained from Figure 6C.

PIP-flanking residues are important for the
affinity of CAF-1 for PCNA in vitro

The sequence of the CAF-1 PIP motif is highly
conserved amongst yeast species (Figure 7A).
Interestingly, there are several charged residues
flanking the PIP motif, both N-terminally and C-
terminally, that are also completely conserved
within these species. To determine the importance
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Figure 7. Positive charges flanking the PIP motif of yeast CAF-1 are important for PCNA binding affinity. (A)
Sequence alignment of the PIP and surrounding residues in various yeast species. Positive (blue) and negative (red)
conserved PIP-flanking residues are indicated by an asterisk. Conserved PIP motif residues (green, boxed) are also
indicated by an asterisk. (B) ELISA of PCNA binding to wildtype or mutant CAF-1 PIP peptides containing
substitutions within the PIP sequence. Wildtype, biotinylated PIP peptide (residues 221-241) (black) or peptides
containing a Q227A (red), R229A (blue), or I230A (green) substitution were added to wells containing PCNA and
detected using anti-biotin. (C) ELISA of PCNA binding to the wildtype CAF-1 PIP peptide (black) or the PIP peptide
containing a FF233/234AA (green) double substitution. (D) ELISA of PCNA binding to wildtype or mutant CAF-1 PIP
peptides containing substitutions upstream of the PIP sequence. Wildtype PIP peptide (black) or peptides containing
a K223A (purple), E224A (red), or R225 (blue) substitution were added to wells containing PCNA. (E) ELISA of PCNA
binding to wildtype or mutant CAF-1 PIP peptides containing substitutions downstream of the PIP sequence. Wildtype
PIP peptide (black) or peptides containing a K235A (purple), or K236A (blue) substitution were added to wells
containing PCNA.

of these conserved residues within and surrounding We first carried out ELISAs with PIP peptides
the PIP motif of CAF-1 in binding PCNA, we carried  containing alanine substitutions within the PIP
out enzyme-linked immunosorbent assays motif itself, including the conserved amino acids
(ELISAs) using CAF-1 PIP peptides (residues  Q227A, R229A, and 1230A (Figure 7B). Results
221-241) containing alanine mutations, as shown  showed mutations in any one of these residues
in Table 2. Here, PCNA was attached to the did not significantly inhibit the interaction with
bottom of a well in a 96-well plate and increasing PCNA, suggesting the conserved glutamine,
amounts of wildtype or mutant, biotinylated CAF-1 arginine, and isoleucine residues in the PIP motif
PIP peptides were added. The relative amount of  of yeast CAF-1 proteins are not critical for specific
PIP peptide bound to PCNA in each well was binding to PCNA. As expected, binding between
measured using a biotin antibody. the CAF-1 peptide and PCNA was almost
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Table 2 Wildtype and mutated PIP peptides used in ELISA studies.

Substitution Peptide Sequence

Wildtype WEAKERAQSRIGNFFKKLSDSNT
K223A WEAAERAQSRIGNFFKKLSDSNT
E224A WEAKARAQSRIGNFFKKLSDSNT
R225A WEAKEAAQSRIGNFFKKLSDSNT
02274 WEAKERAASRIGNFFKKLSDSNT
R2294 WEAKERAQSAIGNFFKKLSDSNT
12304 WEAKERAQSRAGNFFKKLSDSNT
FF233/2344A4 WEAKERAQSRIGNAAKKLSDSNT
K235A WEAKERAQSRIGNFFAKLSDSNT
K236A WEAKERAQSRIGNFFKALSDSNT

Italicized residues represent those within the PIP motif. Red residues indicate mutations.

completely inhibited when the two conserved
phenylalanine residues within the PIP motif were
mutated to alanine simultaneously (Figure 7C).
This specific mutation in canonical PIP motifs
inhibits binding to PCNA 363941

Next, we measured the importance of several
conserved residues immediately upstream or
downstream of the PIP motif on the interaction
between PCNA and CAF-1. When two of the
positively charged amino acids N-terminally
flanking the PIP were mutated to alanine (K223A
or R225A), binding to PCNA was reduced
compared to the wildtype PIP peptide (Figure 7D).
Similar results were observed when either of the
two positively charged lysine residues immediately
C-terminal to the PIP motif were substituted with
alanines, where the K235A and K236A mutant
PIP peptides bound PCNA with lower affinity than
wildtype (Figure 7E). The opposite effect was
observed for the negatively charged E224 residue,
as the E224A mutant PIP peptide bound PCNA
significantly tighter than the wildtype PIP peptide
(Figure 7D). These results validate the
thermodynamic data described above, which also
suggest the interaction between the PIP motif of
CAF-1 and PCNA is more hydrophilic in nature.
Together, these results suggest that, not only are
the residues flanking the PIP motif of CAF-1 more
crucial for specific binding to PCNA than residues
within the PIP motif itself, but charged residues —
specifically those with positively charged side
chains — are essential for the interaction between
CAF-1 and PCNA in vitro.

Expression of mutant CAF-1 proteins affect
gene silencing to differing extents in vivo

Finally, we set out to determine the effect of the
above amino acid mutations within and
surrounding the PIP motif of CAF-1 on gene
silencing in vivo. We measured silencing by Cac1
at the HMR locus using yeast cells containing the

11

gene for GFP in place of the HMR locus and
lacking the gene for endogenous Cac1 (caclA).
These cells thus expressed GFP, as CAF-1 was
unable to silence its expression (Figure 8).
Quantification of GFP expression was determined
using flow cytometry. Upon transformation of a
plasmid containing the gene for Cac1 expression,
GFP silencing was rescued. We next transformed
cac1A cells with an expression plasmid containing
a mutant form of the gene encoding Cac1 (K223A,
E224A, R225A, R229A, [230A, FF233/234AA,
K235A, or K236A) to determine whether these
mutant CAF-1 proteins could also rescue GFP
silencing. Results showed all the mutant proteins
either partially or fully restored silencing compared
to the empty vector or when no plasmid was
transformed into the cells.

Discussion

PCNA is an essential player in DNA metabolism,
where it interacts with and regulates the activities of
a plethora of interacting partners during a variety of
DNA-templated  processes. These PCNA-
interacting proteins typically contain a PIP motif
that binds in a hydrophobic pocket on the front
face of PCNA between its C-terminus and the
IDCL. Precisely how this replication accessory
protein can discriminate between a multitude of
binding partners to coordinate their access to and
function on DNA using a motif of only eight amino
acids — and often only four of these residues are
variable — is still unclear. It is becoming more
apparent that residues immediately upstream and/
or downstream of the PIP motif are important for
specificity and affinity of their interaction with
PCNA. For example, p21, a cyclin-dependent
kinase inhibitor, contains a PIP motif with the
highest known affinity to PCNA (~80—500 n
M).>"*2 This high affinity is due to an extensive
number of interactions with PCNA and amino acids
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flanking the PIP motif, where both N-terminal and C-
terminal residues form anti-parallel B-sheets with
the C-terminus of PCNA and the IDCL of PCNA,
respectively.”® Residues flanking both ends of the
PIP motif in the flap endonuclease 1 (FEN1) also
contact the IDCL and C-terminus of PCNA, but to
a lesser extent than p21.%° Residues C-terminal to
the PIP motif of polymerase eta, a translesion syn-
thesis polymerase, contact the IDCL of PCNA, but
with an even fewer number of interactions than
observed in either p21 or FEN1.*® The number of
interactions between polymerase eta and PCNA,
however, are more extensive than those observed
for other translesion synthesis polymerases, poly-
merase kappa and polymerase iota. Although com-
posed of five subunits, the PCNA clamp-loading
complex, replication factor C (RFC), has only one
canonical PIP motif (within subunit 1), which inter-
acts with the C-terminus of PCNA via residues N-
terminally flanking its PIP motif.** Finally, the yeast
DNA ligase Cdc9 interacts with PCNA via residues
N-terminal to its PIP motif by forming a short,
antiparallel p-sheet with the C-terminus of PCNA. 36

The direct interaction between PCNA and CAF-1
is required for normal nucleosome assembly and
gene silencing.'®'%172426 To understand the struc-
tural mechanism of binding between PCNA and
CAF-1 and how it might differ from other PCNA-
PIP interactions, we solved the structure of the
PIP motif of CAF-1 bound to PCNA. As expected,
the four conserved residues (Q1, 14, F7, and F8)
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of the CAF-1 PIP motif bound to PCNA in a manner
very similar to other canonical PIP motifs, whereas
the non-conserved residues in the PIP motif (S2,
R3, G5, N6) formed interactions with PCNA that
were similar to, but slightly variable from other
canonical PIP motifs. For instance, the backbone
nitrogen in S2 of the CAF-1 PIP motif forms a hydro-
gen bond with the backbone carboxyl of P252 in
PCNA. Although the amino acid in position 2 of
the Cdc9 PIP motif is an alanine, its backbone nitro-
gen also interacts with the carboxyl of P252 in
PCNA. Moreover, the sidechains of S2 and R3 in
the CAF-1 PIP motif make contacts with the back-
bone carboxyl groups of P252 and S43 in PCNA,
respectively. Conversely, the side chains of the sec-
ond and third amino acids in the Cdc9 PIP moaotif,
alanine and threonine, respectively, do not form
additional contacts with PCNA. In addition to resi-
dues of the CAF-1 PIP motif itself, we observed
density for amino acids flanking either side of the
motif and interactions between these residues and
PCNA. Similar to p21 and FEN1, residues N-
terminal to the PIP motif of CAF-1 interact with the
C-terminus of PCNA and residues C-terminal to
the PIP motif of CAF-1 interact with the IDCL of
PCNA. However, these contacts between CAF-1
and PCNA are not as extensive as those formed
between PCNA and p21 or FEN1.

Contrary to expectation, the number of
interactions formed between PCNA and PIP-
flanking residues in these proteins does not
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Figure 8. Effects of mutant CAF-1 proteins on gene silencing. Silencing of GFP by wildtype (WT) or mutant Cac1
proteins was measured by flow cytometry. Non-GFP-expressing yeast cells (W303), untransformed GFP-expressing
yeast cells (no plasmid), and GFP-expressing yeast cells containing the pRS313 vector only (empty vector) were
used as controls. Error bars represent the standard error of the mean from two replications of the experiment.
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always correlate with affinity. The majority of PIP
motifs studied thus far, in both yeast and humans,
exhibit affinities toward PCNA on the micromolar
scale, typically between 1 and 60 uM.?"*® As men-
tioned above, the PIP motif of p21 has the highest
affinity for PCNA, which is in the sub-micromolar
range (~80-500 nM).****%> The PIP motif of
FEN1, although making extensive contacts with
PCNA using residues both N-terminal and C-
terminal to the motif, has the lowest known affinity
for PCNA, upwards of 60 uM.*? Polymerase eta,
which only makes additional contacts to PCNA
using amino acids C-terminal to the PIP motif —
and these contacts are less in number than those
observed between FEN1 and PCNA — has the
second-highest known affinity for PCNA
(~0.4 pM).*® Here, we determined the affinity
between PCNA and the PIP motif of CAF-1 to be
~4.0 uM. This is within the typical range of PCNA-
PIP interactions and may be close to the expected
value due to additional yet non-extensive interac-
tions with PCNA using residues flanking both sides
of the PIP maoitif.

It is important to note the structure of a human
CAF-1 PIP motif bound to PCNA was recently
published.”® In humans, the largest, PIP-
containing subunit of CAF-1 is called p150. The
structure showed the PIP motif of p150 bound to
PCNA in a manner distinct from any PIP-PCNA
interaction observed previously. The PIP motif
bound in the canonical PIP-binding hydrophobic
pocket in PCNA but was oriented almost perpendic-
ular to the pocket. It appeared to form a cation-n
interaction with PCNA, also unlike any other PIP-
PCNA interaction whose structure has previously
been determined. Based on these and our results,
it is possible that the PIP motifs of human and yeast
CAF-1 bind PCNA via different mechanisms. In
support of this, the sequences of the human and
yeast CAF-1 PIP motifs are quite different (the
human sequence is KAEITRFF). Human CAF-1
contains two PIP motifs, called PIP1 and PIP2.
These two motifs are located rather far from each
other within the primary sequence of p150, where
PIP1 is near the N-terminus and PIP2 is close to
the center of the subunit.”” The human PIP-PCNA
structure determined was of the PIP2 motif,
whereas the PIP1 has an even more unconven-
tional sequence (QARLPF). Therefore, it is possible
this PIP motif in yeast CAF-1 more resembles that
of the PIP1 in humans in terms of binding PCNA;
however, the location and sequence of the yeast
PIP motif CAF-1 is much more similar to that of
the PIP2 motif in humans. In fact, the affinity of
the yeast Cac1 PIP motif to PCNA measured here
is the same as that measured for the human PIP2
(5.4 uM).*” Finally, in the human PIP-PCNA crystal
structure, density was only observed for the last
three amino acids in the motif (R6, F7, F8). Thus,
it is possible that the atypical PIP-PCNA interaction
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observed with the human p150 motif may be a non-
physiological mode of interaction, or it represents
one of multiple binding mechanisms between
CAF-1 and PCNA.

Similar to previous studies using other PIP-
containing proteins, our data demonstrate amino
acids flanking the PIP motif in CAF-1 are required
for specificity and affinity of binding to PCNA. In
addition, PIP motifs surrounded by positively
charged amino acids tend to display increased
affinity for PCNA, whereas a negative charge
upstream of the CAF-1 PIP motif prevents an
even tighter interaction with PCNA. Together,
these studies suggest positive charges flanking
the PIP motif are necessary for a high affinity
interaction with PCNA, but the specific types of
bonds formed and residues involved in the
interaction — both within the PIP motif and within
PCNA — can be quite variable. Several pieces of
evidence support this. First, even though PIP-
flanking residues are clearly important for PCNA-
binding specificity and affinity, their interactions
with  PCNA tend to be more dynamic than
residues within the PIP motifs themselves. Based
on numerous structures of PIP motifs bound to
PCNA, B-factors of PIP-flanking residues in these
structures are much higher than residues within
the PIPs themselves (Figure 9). This may be
expected since the flanking residues are at the
“ends” of the PCNA-binding sequence in each
structure, which typically have more flexibility in
protein structures. However, these residues also
have larger B-factors in a structure containing full-
length proteins bound to PCNA (such as RFC)
and structures that truncate at the N- or C-
terminus of the PIP motif sequence do not show
variability at the “ends” (the Cdc9 structure
truncates at F8 — which shows low B-factors — and
structures of polymerases iota and kappa truncate
at K1 — which show low B-factors). Interestingly,
there appears to be a trend of higher flexibility in
positively charged residues of these flanking
regions. Amino acids C-terminally flanking the PIP
motifs of p21 (HSKRRLIFS) and polymerase eta
(KPLT) are the outliers to this trend; however,
these two proteins have the two highest recorded
affinities for PCNA, and these residues have been
demonstrated to confer the tight binding of these
proteins for PCNA.*"*>%3 Second, the asymmetric
unit for the crystal structure of the CAF-1 PIP motif
bound to PCNA described here revealed three PIP
motifs of CAF-1 bound to three PCNA monomers.
Residues within the PIP motif were all in very similar
positions, but flanking residues made slightly differ-
ent polar interactions with each monomer of PCNA.
This is also observed in the structures of other PIP
motifs bound to PCNA where more than one PCNA
monomer was present in the asymmetric unit. In the
case of the structures of the polymerase eta, iota, or
kappa PIP motif bound to PCNA, the contacts made
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with the different monomers of PCNA in each struc-
ture are even more variable (see PDBs 2ZVK,
2ZVL, and 2ZVM).

If the specific type of bonds made within a PCNA-
PIP interaction is not crucial, there are other
possibilities regarding the significance of the
specific flanking residues. First, the surface of
PCNA is rather negatively charged — both near the
PIP-binding pocket and throughout the entire
surface of the protein. Therefore, multiple
interactions may be possible between positive
charges near PIP motifs and the surface of PCNA,
and thus there is flexibilty as to the specific
contacts made between the two proteins. This
would also help PCNA discriminate between
binding partners. The PIP-flanking residues in
PCNA-binding proteins may fine tune their
affinities with PCNA, whether these residues
increase the affinity (via positively charged side
chains) or decrease it (via negatively charged side
chains). Alternatively, certain flanking side chains
may position PIP residues to form more efficient
interactions with PCNA. This sort of scenario was
observed when C-terminal flanking residues of the
polymerase kappa PIP motif were replaced with

those of polymerase eta (PLTH). This substitution
increased the affinity of polymerase kappa for
PCNA, but the PLTH residues themselves did not
appear to form any contacts with PCNA.*® Ulti-
mately, it seems affinity and specificity of PCNA-
PIP interactions cannot be predicted by sequence
alone but require independent structural and quan-
titative measurements.

Complementary assays were carried out to
examine the relationship between the interaction
of CAF-1 and PCNA in vitro and the function of
CAF-1 in vivo. Interestingly, results showed no
direct correlation between the two. These data
suggest the relationship between the structural
interaction of CAF-1 and PCNA and the gene
silencing function of CAF-1 in the cell is not
straightforward. This is expected, however, as
replication-coupled nucleosome assembly and
subsequent gene silencing involve multiple,
dynamic complexes composed of numerous
protein factors and DNA substrates. To this point,
previous studies in both human and yeast cells
have also shown non-PCNA binding CAF-1
mutants do not inhibit gene silencing significantly
in vivo.?**" Together, these results suggest CAF-

A CAF-1 RARSRIGNFFK
Cdc9 KPKQATLAR
FENI1 LGRLODFFENTG
p21 RIETSMTOFYH 3 5
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pol kappa LDIFFKPL
RFC ALDH kH
B
Cdc9
W
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Figure 9. B-factors within PIP motif sequences upon binding to PCNA. (A) Sequence alignment of PIP and flanking
residues observed within structures of various PIP peptides bound to PCNA. Low B-factors are indicated in blue and
high B-factors are indicated in red. PIP residues are boxed. (B) B-factors of PIP peptides from various PCNA-binding
proteins upon binding PCNA. Structures are from the following PDB codes: Cdc9 (PDB 20D8), FEN1 (PDB 1U7B),
p21 (PDB 1ACX), pol eta (PDB 2ZVK), pol iota (PDB 2ZVM), pol kappa (PDB 2ZVL), and RFC (PDB 1SXJ). Low B-
factors are indicated in blue (thin tube) and high B-factors are indicated in red (thick tube). B-factor values are

indicated below each structure by a color spectrum bar.
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1 is making contacts with other factors in the cell,
such as DNA or other proteins involved in gene
silencing, and these interactions may be compen-
sating for weaker PCNA interactions. In our studies,
two mutant Cacl proteins, [1230A and
FF233/234AA, exhibited decreased silencing com-
pared to wildtype Cac1. These specific mutations
may impair the ability of CAF-1 or the CAF-1-
PCNA complex to adopt the fully active conforma-
tional state required for proper gene silencing.
Future work is needed to examine these possibili-
ties and dissect the precise mechanism of CAF-1-
mediated gene silencing in vivo.
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