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ABSTRACT: Proliferating cell nuclear antigen (PCNA,
processivity factor, sliding clamp) is a ring-shaped protein
that tethers proteins to DNA in processes, including DNA
replication, DNA repair, and cell-cycle control. Often used as a
marker for cell proliferation, PCNA is overexpressed in cancer
cells, making it an appealing pharmaceutical target. PCNA
interacts with proteins through a PCNA interacting protein
(PIP)-box, an eight-amino acid consensus sequence; different
binding partners display a wide range of affinities based on
function. Of all biological PIP-boxes, p21 has the highest
known affinity for PCNA, allowing for inhibition of DNA
replication and cell growth under cellular stress. As p21 is one

of the few PIP-box sequences to contain a tyrosine rather than a phenylalanine in the eighth conserved position, we probed the
significance of the hydroxyl group at this position using a mutational approach. Here we present the cocrystal structure of PCNA
bound to a mutant p21 PIP-box peptide, p21Tyr151Phe, with associated isothermal titration calorimetry data. The
p21Tyr151Phe peptide showed a 3-fold difference in affinity, as well as differences in entropy and enthalpy of binding. These
differences can be attributed to a loss of hydrogen bonding capacity, as well as structural plasticity in the PCNA interdomain
connector loop and the hydrophobic cavity of PCNA to which p21 binds. Thus, the hydroxyl group of Tyr151 in p21 acts as a
tethering point for ideal packing and surface recognition of the peptide interface, increasing the binding affinity of p21 for PCNA.

Proliferating cell nuclear antigen (PCNA), also known as
the sliding clamp, is a nuclear protein with essential roles
in DNA replication, DNA repair, and chromatin formation."
The function of PCNA is that of a molecular adaptor, tool belt,
or docking platform, to control access to, recruitment to, and
affinity of proteins for DNA and the replication fork.” PCNA is
also a processivity factor, required for processive DNA
polymerization by multiple polymerases, including the major
replicative polymerase, Pol 6; PCNA increases the affinity of
DNA Pol § for DNA by 64000-fold.* In addition, PCNA
interacts with a host of other partners, involved in processes
such as Okazaki strand resolution, DNA repair, including
mismatch repair, nucleotide excision repair, base excision repair,
nonhomologous end joining, homologous recombination, and
translesion synthesis, DNA modification, and cell-cycle
control.*

Human PCNA is a ring-shaped, trimeric protein with pseudo
6-fold symmetry. Each subunit contains two similarly folded
domains, each containing two a-helices and nine P-strands.>®
The a-helices line the center of the ring, while the S-strands
form the outer surface of the ring. Within each subunit, the two
domains are connected by the interdomain connector loop
(IDCL) (residues 119—134), which runs along the outside of
the ring.6 The subunits are arranged in a head-to-tail manner,
creating defined front and back faces.” The toroid structure
allows for PCNA to encircle DNA and interact topologically to
slide along it. This is facilitated by the positively charged inner
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surface, contributed by lysine and arginine residues within the
a-helices, allowing for an electrostatic interaction between
PCNA and the negatively charged backbone of DNA.*® This
overall structure is conserved in all sliding clamps across
eukaryotes, prokaryotes, and archaea, despite a lack of sequence
homology between different species.

Many of the proteins that interact with PCNA do so through
a conserved motif coined the PCNA-interacting protein (PIP)-
box.'® The PIP-box is defined as Qxx[M/L/I|xx[F/Y][F/Y]
and is usually, although not always, located in the C-terminal
region of its interacting partners.”’ Almost 200 different
biological PIP-boxes have been proposed from bioinformatics
analysis.'””> Of the handful of PIP-boxes for which binding
affinity data are available for the interaction with PCNA,
differences in binding affinities have been reported.>'>'*
Diversity in binding affinity is predicted to be a consequence
of differences in the PIP-box consensus sequence and allow for
the “tuning” of affinity relative to the role of the PCNA—PIP-
box interaction, such that there is a link between binding
affinity and protein function.

Of the biological PIP-boxes so far investigated, a key example
is the p21 PIP-box. The levels of tumor suppressor protein p21
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are elevated in response to DNA damage, not only to modulate
cell-cycle progression by inhibiting cyclin-dependent kinases
but also to interact directly with PCNA and block DNA
replication and other processes, allowing DNA repair to occur
prior to the resumption of replication.%'® This process is
competitive, as p21 and Pol § (p66 subunit) have both been
shown through crystallographic studies to bind to the same site
on PCNA.**

The p21 PIP-box has the highest known binding affinity for
PCNA and is considered a model for high-affinity PCNA
binding.'> A p21 peptide containing the PIP-box has a 725-fold
greater binding affinity for PCNA compared to that of an
equivalent FEN1 peptide® A structure of a p2l peptide
containing the PIP-box (residues 139—160) has been crystal-
lized in complex with human PCNA [Protein Data Bank
(PDB) entry 1AXC].® This structure revealed that the PIP-box
binding site is located near the IDCL of PCNA. The N-
terminus of the peptide containing the PIP-box forms a 3
helix that inserts into a hydrophobic pocket proximal to the
IDCL on the surface of PCNA. The C-terminal end of the
peptide forms an antiparallel f-sheet with the IDCL.® Several
other PIP-box peptides have been crystallized in complex with
human PCNA and also form the characteristic 3,, helix that
inserts residues at positions 4, 7, and 8 of the PIP-box into the
hydrophobic cavity of PCNA.*'®'7 1t has therefore been
hypothesized that the residues at these three positions (4, 7,
and 8) could be important for the interaction with PCNA and
for tuning the degree of affinity. The PCNA—p2l crystal
structure revealed that p21 Tyr151 (position 8 of the PIP-box)
is involved in a water-mediated interaction with several PCNA
residues.’ The majority of PIP-boxes contain phenylalanine at
this position, lacking the hydroxyl group observed in the p21
PIP-box (Table 1). This has led to the prediction that the
Tyr151 residue in p21 could be, at least in part, responsible for
the higher binding affinity of p21 for PCNA.

Table 1. Examples of Biological PIP-Box Sequences”

Protein PIP-box
p21 QTSMTDEY
p66 (pol d) QVSITGFEF
FENI QGRLDDFF
DNA poln MQTLESFEF
DNA pol KHTLDIFF
DNA pol 1 KKGLIDYY
RNase H2B MKSIDTEF
MCMT QTTITSHF
MSH3 QAVLSRFF
MSH6 QSTLYSFF
RecQ5 QNLIRHFF
UNG2 QKTLYSFF
WRN QWKLLRDF
XPG QLRIDSFF

“Conserved positions 1, 4, 7, and 8 that match the consensus sequence
o 3,6,8,11,16,17
are highlighted.
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Misregulation of PCNA is associated with proliferative
disorders such as cancer and is commonly used as a marker
of cell proliferation.'®'” PCNA levels have been reported to be
5—6-fold higher in cancer cells than in nonmalignant cells,®
and the malignancy of several tumors has been directly
correlated to PCNA expression levels.”" Inhibition of PCNA,
at the mRNA?! and protein level,'® has been shown to inhibit
proliferation and cell growth, highlighting the protein as a
potential anticancer target. Indeed, peptides and small molecule
inhibitors of PCNA have been shown to be capable of
selectively inhibiting mali%nant cell growth, in both cell culture
and a mouse model.">**7** Thyroid hormone T3 and its
derivative, T2AA, have both been shown to bind to PCNA in
the PIP-box binding site, thus inhibiting PIP-box binding.
These small molecules were capable of inhibiting DNA
replication and repair as well as sensitizing cells to the effects
of the chemotherapeutic agent cisplatin.>**?*¢ However, no
clinical trials have yet been undertaken with PCNA inhibitors,
underscoring the need for a better understanding of the
structural mechanism of its interacting partners. Current
inhibitors often demonstrate low potency, cell permeability,
bioavailability, and possible off-target effects. Peptide mimetics
make up an approach to PCNA inhibition that has been
suggested;10 however, no such research has yet been
performed.

In this study, we have used X-ray crystallography to
determine the structure of PCNA in complex with a p21
peptide in which Tyr151 has been mutated to phenylalanine.
This structure and the associated binding affinity calculated
using isothermal titration calorimetry (ITC) have provided
insight into the importance of residue 151 in the PCNA—p21
interaction. Binding affinity data revealed a 3-fold decrease in
binding with the change of tyrosine to phenylalanine
corresponding to a binding event that is enthalpically driven
but has a reduced entropic term compared to that of wild-type
binding. Our crystal structure not only shows the obvious loss
of hydrogen bonding capacity compared to that of the wild-
type structure but also demonstrates that shifts in the PCNA
interdomain connector loop (IDCL) relative to the core
structure and the hydrophobic cavity of PCNA to which p21
binds are key determinants of binding. Thus, the hydroxyl
group of TyrlSl in p2l acts as a tethering point for ideal
packing and surface recognition of the peptide interface,
increasing the binding affinity of p21 for PCNA.

B EXPERIMENTAL PROCEDURES

Computational Alanine Scanning. Computational ala-
nine scanning was performed using a Robetta al§orithm
(http://robetta.bakerlab.org/alascansubmit.jsp).>>** PDB
entry 1AXC was used as the input. AAG was averaged across
the three peptide—subunit complexes in the asymmetric unit.

Protein Expression. pET-28a-PCNA, which was cloned
previously,> was transformed into BL21(DE3) cells. The
bacterial culture was grown at 37 °C to an ODg, of 0.7 and
induced using 0.5 mM IPTG at 16 °C for 16 h. Cells were
harvested by centrifugation and cell pellets resuspended in 20
mM Tris (pH 8.0), 20 mM NaCl, 2 mM DTT, and 10%
glycerol for ITC or 20 mM Tris (pH 7.5), 20 mM NaCl, 2 mM
DTT, and 0.5 mM EDTA (pH 8.0) for crystallization.
Resuspended cells were stored at —80 °C until they were
purified.

PCNA Purification. Protein for ITC was produced as
follows. Cells were lysed using high-pressure disruption
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(Microfluidics cell disruptor), and the cell lysate was clarified by
centrifugation. The clarified lysate was applied to a S mL DEAE
Sepharose FF column (GE) and eluted with a linear NaCl
gradient (0.1 to 0.5 M). Fractions containing PCNA were
pooled and brought up to 1 M ammonium sulfate by the
dropwise addition of 4 M ammonium sulfate, loaded onto a 5
mL HiTrap Phenyl FF column (GE), and eluted with a reverse
linear gradient (1 to 0 M ammonium sulfate, 500 to S0 mM
NaCl). Fractions containing PCNA were pooled and dialyzed
overnight to 20 mM Tris (pH 7.5), 0.1 M NaCl, 10% glycerol,
2 mM DTT, and 0.5 mM EDTA. The sample was applied to an
ENrich Q 5 X 50 column (Bio-Rad) and eluted with a linear
NaCl gradient (0.2 to 0.8 M). Fractions containing PCNA were
pooled and dialyzed overnight to 1X PBS for ITC.

Protein for crystallization was produced as follows. Cells
were lysed using high-pressure disruption (Microfluidics cell
disruptor), and the cell lysate was clarified by centrifugation.
The clarified lysate was made up to 1.5 M ammonium sulfate by
the dropwise addition of 4 M ammonium sulfate, applied to a
HiTrap Phenyl FF column (GE), and eluted with a reverse
linear gradient (1.5 to 0 M ammonium sulfate, 20 to 0 mM
NaCl). Fractions containing PCNA were pooled and dialyzed
to 20 mM Tris (pH 7.5), 20 mM NaCl, and 1 mM DTT.
PCNA was applied to a HiTrap Q FF column (GE) and eluted
with a linear NaCl gradient (20 to 700 mM). Fractions
containing PCNA were pooled and dialyzed to 20 mM Tris
(pH 7.5), S0 mM NaCl, and 1 mM DTT, then brought up to
1.5 M ammonium sulfate by the dropwise addition of 4 M
ammonium sulfate, applied to a HiTrap Phenyl FF column
(GE), and eluted with a reverse linear gradient (1.5 to 0 M
ammonium sulfate, 20 to 0 mM NaCl). Fractions containing
PCNA were pooled and dialyzed to 20 mM Tris (pH 7.5), 50
mM NaCl, and 1 mM DTT. PCNA was loaded onto a HiPrep
26/60 Sephacryl S-300 HR column (GE) equilibrated in 20
mM Tris (pH 7.5), 50 mM NaCl, and 1 mM DTT. Fractions
containing PCNA were pooled and dialyzed to 20 mM Tris
(pH 7.5), 10% glycerol, 0.5 mM EDTA, and 2 mM DTT.
PCNA was concentrated to 12.6 mg/mL using an Amicon
Ultra-15 Centrifugal Filter Unit (10 kDa molecular mass cutoff)
and used fresh in crystallization experiments.

Peptide Synthesis. p21Tyr151Phe peptide ("’ GRKRRQ-
TSMTDFFHSKRRLIFS'®) was purchased from GenScript
and synthesized at >95% purity by HPLC. Prior to being used
in experiments, the lyophilized powder was resuspended in Tris
(pH 8.0) and then dialyzed extensively to Tris (pH 7.5).

Isothermal Titration Calorimetry. Both peptide and
PCNA solutions were dialyzed using either 500 or 10000 Da
molecular mass cutoff dialysis tubing, respectively, to the same
stock of PBS for 16 h at 4 °C prior to use in ITC experiments.
Binding affinity data were determined using isothermal titration
calorimetry (MicroCal iTC-200). PCNA was thermostated at
30 °C in the cell and the p21Tyr151Phe peptide injected
stepwise over 20 injections. The initial PCNA concentration
was 10 uM, and the initial peptide concentration was 270 uM.
Data were fitted and analyzed using Origin 7 (MicroCal).

Crystallization. Cocrystals were produced using a 1:1
molar ratio (PCNA:peptide) at a final complex concentration
of 0.44 mM. PCNA—p21Tyr151Phe cocrystals were grown by
vapor diffusion in sitting drops at 16 °C; 1 uL of complex was
mixed with 1 uL of well solution, containing 0.08 M strontium
chloride hexahydrate, 0.02 M magnesium chloride hexahydrate,
0.04 M sodium cacodylate trihydrate (pH 7.0), 20% (v/v)
(£)-2-methyl-2,4-pentanediol, and 0.012 M spermine tetrahy-
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drochloride (Natrix G7, Hampton Research). The total volume
of the well solution was 75 L, and crystals were grown in a 96-
well Intelliplate (Art Robbins). Hexagonal crystals grew to full
size (approximately 250 ym in each dimension) within 1 week.
Data Collection and Processing. A single crystal was
harvested without additional cryo-solution and cryo-cooled to
100 K for data collection. Diffraction data were collected at the
Braggs Facility (University of Adelaide) using a Rigaku R-AXIS
IV** detector at a wavelength of 1.54 A. Crystal diffraction data
that extended to a resolution of 2.0 A were collected using
CrystalClear (Rigaku) and processed using iMosflm and
Scala.*"** Data processing statistics are listed in Table 2.

Table 2. Crystallographic Data

Data Collection
wavelength (A)

space group

1.54
P3

a=14297 A, b= 14297 A, c = 4141 A, a = 90°,
B =90°y = 120°

unit cell dimensions

resolution (A) 414-2.0
no. of unique 63391
reflections
average redundancy 7.1 (6.4)
completeness (%) 100 (99.9)
Riperge 0.051 (0.404)
/o 250 (3.8)
Refinement

resolution (A) 39.272—-2.006
no. of protein atoms 7910
no. of water 296
molecules
Riee 0.189
Ryone 0.148
root-mean-square
deviation

bonds (A) 0.002

angles (deg)  0.631
Ramachandran
analysis

no. of 3 (0.3%)

outliers

no. favored 765 (95.7%)

Previous attempts to determine the structure involved
hexagonal crystals grown in 0.1 M HEPES (pH 7.0) and 3.2
M ammonium sulfate (AmSO4 suite F10, Qiagen), cryo-
protected with 20% glycerol, and cryo-cooled to 100 K for data
collection. Diffraction data were recorded at the Australian
Synchrotron on the MX1 beamline**** to a resolution of 2.4 A.
The apparent space group was P6;22. Structures could not be
determined because of the presence of twinning as has been
reported previously for PCNA*® and so was not pursued
further.

Structure Refinement. The PCNA—p21Tyr151Phe crystal
structure was determined by molecular replacement using
Phaser MR.*>* The previously published PCNA—p21 structure
(PDB entry 1AXC) was used as the search model, modified to
contain a single PCNA subunit with a p21 peptide bound but
missing the residue at position 151 to prevent bias. Three
different PCNA subunit—p21Tyr151Phe peptide complexes
were present within the asymmetric unit (ASU), with each
subunit from a separate trimer. Three trimers were formed
when the symmetry operators were applied to the monomers in
the ASU, such that each trimer formed contained one subunit
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from the ASU and two subunits that were symmetry mates
(Figure 1 of the Supporting Information).

The presence of twinning in the crystal structure was
identified using phenix.xtriage,*® with the twin law —h—kl and a
near perfect twin fraction of 0.49. The true space group was P3,
which generated an apparent space group of P6. Data, as well as
twinning, were refined using phenix.refine and rebuilding
performed in Coot.>” Multiple rounds of refinement in Phenix
followed by manual rebuilding in Coot were conducted until R
factors converged. Molprobity and ADIT 2.0 were used for
validation of the structure solution.’®** Crystal packing
contacts are observed between some of the PCNA subunit—
peptide complexes. As such, chains E and F were used for all
structural analyses as no crystal contacts were found to interfere
with the PCNA—peptide interaction. Likewise, the previous
PCNA—p21 structure (PDB entry 1AXC) has several crystal
packing contacts that possibly alter the PCNA—peptide
interaction, so chains C and D were specifically chosen for
comparison with our PCNA—peptide structure because of a
lack of these contacts. Final refinement statistics are listed in
Table 2.

Accession Number. Atomic coordinates and structure
factors have been deposited in the PDB as entry 4RJF.

B RESULTS

Energetic and Thermodynamic Analysis of the
p21Tyr151Phe—PCNA Complex. While the p21 PIP-box
remains the highest-affinity PIP-box for PCNA that has been
measured experimentally, the amino acids that contribute most
significantly to the p21 binding energy remain largely
unexplored. A quantitative model of binding energies was
implemented to delineate hot spots along the p21-PCNA
interface that contribute most significantly to binding affinity. A
computational model developed by Kortemme et al. was used,
which is characterized by an all-atom rotamer description of
interacting side chains combined with an energy function
defined by hydrogen bonding, Lennard-Jones interactions, and
solvation interactions;*”*° this model was used to encompass
the packing interactions and electrostatic interactions observed
in the wild-type p21—PCNA cocrystal structure while using an
implicit solvation model. The previously determined wild-type
PCNA—p21 cocrystal structure was used to determine free
energies of interaction, with successive alanine substitution at
each position along the p21 peptide (PDB entry 1AXC). AAG
values ranged from 0.05 to 3.63 kcal mol™" (see Table 3). The
greatest AAG determined within the PIP-box was for
substitution of Tyr151 with alanine (3.55 kcal mol™), followed
by GInl144, Met147, and PhelSO (3.06, 2.45, and 2.45 kcal
mol™!, respectively), which correspond to the conserved
residues within the PIP-box. Because p21 is one of the few
PIP-box peptides with a tyrosine in the second of the conserved
aromatic positions of the PIP-box (rather than phenylalanine),
the high value of the AAG term suggests that the hydroxyl
group of Tyrl51 may be, at least in part, responsible for the
high affinity of p21 compared to those of other PIP-box
peptides (see Table 1 for a comparison of known PIP-box
sequences and Figure 1 for an analysis of the frequency of
amino acids at this position).

Given that computational approaches often ignore changes in
backbone conformation or effects on the dynamics of
interaction interfaces, the thermodynamic parameters and
binding affinity of the peptide p21Tyr151Phe (residues 139—
160) for PCNA were measured using ITC (the binding
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Table 3. Energies of Binding Analysis by Amino Acid
Residue for the p21—PCNA Complex (PDB entry 1AXC)“

residue no. amino acid AAG (complex) (kcal mol™)
144 Q 3.06
145 T 0.56
146 S 0.85
147 M 2.45
148 T 1.01
149 D 1.52
150 F 2.45
151 Y 3.55
152 H 0.10
153 S 0.40
154 K 0.05
155 R 1.76
156 R 3.63
157 L 0.34
158 1 1.96
159 F 0.26
160 S 0.98

“AAG (complex) averaged across all three peptide—subunit
complexes. See Experimental Procedures for experimental details.

isotherm is shown in Figure 2). The Tyr151Phe mutation was
engineered to probe the effect of the hydroxyl group of residue
151 on binding affinity, energetics of binding, and thermody-
namic properties. This mutant p2l-derived peptide was
identical in length and composition to previously published
p21—PCNA binding species (with the exception of the
mutation of Tyrl51 to phenylalanine),® allowing for
straightforward comparison to the wild-type PCNA—p21
binding interaction. Fitting of the p21Tyr151Phe peptide
binding data gave a stoichiometry of approximately 1:1,
consistent with one peptide binding to one subunit or three
peptides per trimer. The Gibbs free energy (AG), enthalpic
(AH), and entropic (TAS) terms are listed in Table 4. A 3-fold
decrease in affinity was demonstrated for the p21Tyr151Phe
peptide in comparison to that of the wild-type p21 peptide,
corresponding to a shift in K, from 83 nM for wild-type p21° to
250 nM for p21Tyr151Phe. The free energies of binding (AG)
were similar for both peptides. Wild-type p21 showed binding
(AH = —29.1 kcal mol™") 3-fold more enthalpically favorable
than that of the TyrlS1Phe mutant (—10.2 kcal mol™).
Interestingly, the p21Tyrl151Phe peptide showed a 15-fold
difference in its entropy of binding compared to that of the
wild-type peptide (a TAS value of 1.3 versus 19.3 kcal mol™).
Consistent with previous PIP-box—PCNA interactions, the
enthalpic terms are the favorable driving force in the Gibbs free
energy equation. As such, the enthalpic term, which is not as
favorable for the p21Tyr151Phe peptide, correlates with a
decrease in binding affinity. Similarly, the FEN1 and p66 PIP-
box peptides have a lower affinity in proportion to their lower
enthalpic terms as compared to those of p21.> While the
entropic term is unfavorable for the Tyr151Phe mutation, it is
significantly more favorable than those of all previously
reported PIP-box peptides, including the wild-type p21 PIP-
box peptide.

Structure Solution and Global Fold of the p21Tyr151-
Phe—PCNA Complex. The X-ray crystal structure of PCNA
in complex with a mutant p21Tyrl1S1Phe peptide (residues
139—160) was determined to a resolution of 2.0 A by means of
molecular replacement. The structure was determined in space
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Figure 1. Position 8 of the PIP-box. Ribbon diagram of the p21Tyr151Phe (magenta) binding site on PCNA (blue) with side chains shown as sticks.
Water molecules unique to the Tyr151Phe mutant structure are colored red, while others are colored yellow. To see water molecules involved in the

bonding of hydrogen to PCNA, see Figure SC. Chart illustrating the frequency of amino acid
p21) of all human PIP-boxes described in the literature as interacting with PCNA.

e at

gosition 8 of the PIP-box (residue Tyr1S1 in
2-4,7,10,11,13,16,43—$

Time (min)

20 30 40
0.10 ————————1———

50

M

0.00 1 ' T "

‘ 'frf,fwrrv

-0.10 Y |
-0.40 u

-0.20

-0.30

Mcal/sec

-0.50 4 E

-0.60 u

-0.70 +———1————1————1——1——1——
0.0 -

-2.0
-4.0 H

-6.0

-1

kcal mol of injectant

-8.0

100 o migm
10.0 .T.__'

120 +—+———F——1—+—T1—T—"———T——T—
02 00 02 04 06 08 10 12 14 16
Molar Ratio

Figure 2. ITC measurements of the binding of the PIP-box-containing
peptide p21Tyr1S1Phe (residues 139—160) to PCNA. Data were fit
using a one peptide bound per subunit model. Thermodynamic
parameters are listed in Table 4.

group P3 with an apparent space group P6 due to near perfect
twinning (twin fraction of 0.49) with a twinning operator of
—h—kl. PCNA crystallized with three subunits in the
asymmetric unit, with one peptide bound per subunit. The
three PCNA subunits were unambiguously modeled from
residues 1—-255, with poor electron density for the six C-
terminal residues as well as two loops (residues 107—108 and
187—190) in two or one of the monomers, respectively; similar
regions of disorder have been reported with previously
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Table 4. PCNA Isothermal Titration Calorimetry with p21
and p21Tyr151Phe Peptides

wild-type p21°  p21Tyr151Phe
N (stoichiometry) 1 1.1
K (affinity constant) (M) 121 x 107 4.00 x 10°
AG (free energy) (kcal mol™) -9.8 —-11.5
AH (enthalpy) (kcal mol™) -29.1 -102
AS (entropy) (cal mol™" K™') —63.7 —44
—TAS (kcal mol™) 19.3 13

determined PCNA crystal structures.>®*571726 Of the peptide,

21, 20, or 18 residues were modeled unambiguously for each of
chains B, D, and F, respectively. Ribbon diagrams of the PCNA
subunit and trimer are shown in panels A and B of Figure 3,
respectively. Reduced model bias difference Fourier maps of the
p21Tyr151Phe peptide are shown in Figure 4. X-ray crystal
structure processing and refinement statistics are listed in Table
1.

The PCNA structure (Figure 3A) has three subunits that are
arranged in a head-to-tail fashion such that the N-terminal and
C-terminal regions form subunit—subunit contacts, with the
quaternary structure defined as a toroid, as shown in Figure 3B.
The three subunits share a high degree of structural similarity
with rmsd values between subunits ranging from 0.46 to 1.15 A
(over 253 Ca atoms) and surface area values ranging from
12611 to 12933 A% Each subunit of PCNA contains 4 a-helices
and 18 f-strands, with each of the domains in the subunit
containing half of the a-helices and f-strands (two and nine,
respectively). The PCNA trimer has pseudo 6-fold symmetry.

The p21Tyr151Phe peptide contacts the PCNA surface and
shares an overall topology similar to those of previously
reported PIP-box structures.”®'®'” The three p21Tyrl151Phe
peptides share a high degree of structural homology, with rmsd
values upon superimposition (over 18 Ca atoms) of 0.3 A. The
surface area of the three p21Tyr151Phe peptides ranges from
2600 to 2827 A’ with the area of the interface with PCNA
ranging from 1076 to 1142 A* (approximately 40% of the total
surface area of the peptide). There are three distinct portions of
the peptide: the N-terminal region (residues 139—145), a
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Figure 3. Global fold of the p21Tyr151Phe—PCNA cocrystal structure. (A) Ribbon diagram of the PCNA monomer. Domain 1 is colored green and
domain 2 brown. The interdomain connector loop (IDCL) is colored blue. The p21 mutant peptide is colored magenta. (B) Ribbon diagram of the
PCNA trimer. Individual subunits of PCNA are denoted by differences in color: yellow, green, and blue. Each p21Tyr151Phe peptide is colored
magenta. (C) Wire diagram of the superimposition of the wild-type p21— and p21Tyr151Phe—PCNA cocrystal structures. PCNA is colored green
for the wild-type structure (PDB entry 1AXC) and blue for the mutant-bound structure, while the wild-type p21 peptide is colored cyan and the
mutant peptide magenta.

Phe150 Phe150
A

Figure 4. Electron density map of the p21Tyr151Phe peptide. The p21Tyr151Phe peptide is depicted as sticks in magenta with atoms colored by
element. The electron density map is a 2F, — F, omit map contoured at 1o. The diagram is in wall-eye stereo.

central portion that forms the characteristic 3,4 helix (residues The C-terminus of the peptide forms an antiparallel f-sheet
146—151), and a C-terminal region (residues 152—160). The with the IDCL of PCNA.

Comparison of Wild-Type p21— and p21Tyr151Phe—
PCNA Cocrystal Structures. Both wild-type p21— and
(Ser146, Thr148, and Aspl49) such that their side chains p21TyrlSlI‘)he.z—I.)CNA cocrystal structures show a high degree

) ) of global similarity to the apo form of PCNA (PDB entry
extend away from PCNA into the bulk solvent, while three 1VYM)™® upon superimposition, with an rmsd of 0.44 A over

other residues (Met147, Phe150, and Phe151) make contact in 248 Ca atoms and 0.71 A over 245 Ca atoms. From this, we

N-terminal region makes electrostatic interactions with the C-
terminus of PCNA. The 3,, helix positions three residues

a hydrophobic pocket on the PCNA surface created between deduce that no large-scale structural rearrangements of PCNA
the IDCL and interdomain f-sheet of PCNA (Figures S and 6). are required for or induced by peptide binding. Furthermore,
3488 DOI: 10.1021/acs.biochem.5b00241
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Figure S. Comparison of the wild-type p21— and p21Tyr151Phe—PCNA cocrystal structures. Ribbon diagrams from a superimposition of PCNA
(wild-type p21-bound PCNA and p21Tyr151Phe-bound PCNA), with interacting residues shown as sticks. PCNA bound to wild-type p21 is colored
green, wild-type p21 cyan, PCNA bound to p21Tyr151Phe blue, and p21Tyr151Phe peptide magenta. (A) Comparison of the phenylalanine and
tyrosine rotamers at position 151. (B) Comparison of the IDCL comprising the p21 binding pocket. (C) Comparison of the water-mediated
hydrogen bond network proximal to Tyr1S1 of p21. Water molecules of the wild-type structure are colored red, while the water molecule in the
p21Tyr151Phe-bound structure is colored yellow. For the sake of simplicity, only water molecules interacting with PCNA Tyr133, PCNA Tyr250,
and p21 TyrlS1 are shown here. (D) Comparison of the hydrophobic contacts at the Tyr151Phe binding site.

Figure 6. Surface representation of the p21—-PCNA binding site.
PCNA is depicted as a surface representation, while p21 is shown in
ribbons with residue 151 shown as sticks. On the left is the wild-type
p21—PCNA structure. PCNA is colored green and p21 yellow. On the
right is the p21Tyr151Phe—PCNA structure. PCNA is colored blue
and p21Tyr151Phe magenta.

the wild-type p21- and p21Tyr151Phe-bound PCNA structures
share a high degree of structural similarity upon being
superimposed with an rmsd of 0.43 A over 248 Ca atoms,
implying that differences in affinity and thermodynamic
parameters are subtle and localized to the p21-PCNA
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interface. The superimposition of wild-type and mutant
structures is shown in Figure 3C. Superimposition of only
the p21 wild-type and Tyrl151Phe peptide chains reveals an
rmsd value of 0.37 A over 18 Ca atoms highlighting that both
peptides adopt nearly identical topology when bound to
PCNA. Calculation of the interface area for the PIP-box region
of both peptides (residues 143—152) shows that the
p21Tyr1S1Phe interface area is slightly smaller with a value
of 564.4 A? versus 607.3 A for wild-type p21-bound PCNA,
consistent with an extra hydroxyl group for interaction in the
wild-type structure and expansion of the cavity size in the
mutant structure. Interestingly, the hydrophobic cavity into
which residue 151 docks was larger for the mutant structure:
223.6 A® for the p21Tyr151Phe structure compared to 98.9 A
for the wild-type structure, a nearly 2.3-fold expansion in pocket
volume (calculated using CASTp*'). Differences in cavity
volume are presented in Figure 6.

Tyr151 of the wild-type p21 peptide participates in not only
direct electrostatic interactions but also water-mediated hydro-
gen bonds, as well as hydrophobic and van der Waals
interactions. Wild-type p21 TyrlS1 forms a hydrogen bond
with GIn131 of the PCNA IDCL (2.8 A from a lone pair of
carbonyl oxygen of the Tyr151 side chain to Ne of the Gln131
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side chain) as seen in Figure SC. In addition to the formation of
a hydrogen bond with Tyrl51, Glnl31 is also found within
weak hydrogen bonding distance of Tyr133 of PCNA (3.5 A
from Ne of the GInlS1 side chain to the Tyrl33 carbonyl
oxygen of the side chain). Two water molecules are found in
the wild-type p21 structure proximal to Tyr1S1, both involved
in a web of interactions stabilizing the PCNA binding surface.
The oxygen atom of the Tyr151 side chain is 2.7 A from a water
molecule, which in turn forms two other hydrogen bonds: 3 A
to the backbone carbonyl of Pro234 and 2.9 A to the oxygen
atom of the Tyrl33 side chain, both of PCNA. The second
water molecule is not bonded to p21 Tyr151 but rather forms a
water-mediated hydrogen bond between the side chain oxygen
atoms of PCNA residues Tyr133 (3.1 A) and Tyr250 (2.8 A),
aiding in the stability of the p2l1 binding surface. The
hydrophobic and van der Waals contacts through Tyr1S1 of
wild-type p21 are responsible for much of the packing of the 3,
helix “hydrophobic plug” into the cavity on the PCNA surface,
known as the “hydrophobic pocket”. These contacts include the
side chains of PCNA residues Pro234 and Ile128 as well as
Met147 of p21 (Figure SD).

Mutation of Tyrl51 to phenylalanine in the p21 peptide
means a loss of both hydrogen bond donor and acceptors on
the side chain and results in structural rearrangements in the
IDCL, changes in the hydrophobic packing of the 3, helix, and
disruption of part of the extensive hydrogen bonding network
at the PCNA—p21 interface. The PCNA—p21Tyr151Phe
cocrystal structure shows that PhelS1, in comparison to
Tyrl51, is not positioned similarly or as closely to the PCNA
surface, with the phenyl ring 1 A farther from the PCNA
surface and the rotamer rotated 38° (Figure SA). The inability
to hydrogen bond results in several structural alterations.
PCNA GIn131 no longer forms a hydrogen bond with PhelS1,
allowing for a shift in the GIn131 side chain of approximately 2
A away from PCNA and toward the bulk solvent (Figure SC).
This shift in GInl131 position precludes hydrogen bonding to
PCNA Tyrl33 as occurs in the wild-type structure. As a result,
the portion of the IDCL comprising residues 127—131 is not as
well tethered to the binding surface of PCNA as in the wild-
type structure and is found to be shifted approximately 2 A
from PCNA toward the bulk solvent (Figure 5SB). No water-
mediated hydrogen bond can be formed between p21 PhelS1
and PCNA; however, the PCNA residues Tyr133 and Pro234
that are involved in water-mediated hydrogen bonds with
Tyrl51 in the wild-type structure are unaffected by the
mutation to PhelS1 and are found in positions nearly identical
to those in the wild-type p21—PCNA cocrystal (Figure SC).
The ability of PCNA residues such as Tyr133 and Tyr250 to
maintain the proper conformation for p21 binding is bolstered
by the fact that the water-mediated hydrogen bond between the
two is also found in the mutant structure; mutation to
phenylalanine at position 151 of p21 has no effect on water-
mediated hydrogen bonds to residues Tyr133 and Tyr250. The
shift in the phenyl ring of PhelS51 in the mutant structure away
from the PCNA binding surface affects the hydrophobic
packing of the 3, helix into the hydrophobic pocket (Figure
SD). The side chains of PCNA residues Pro234 and Ile128 as
well as p21 Met147 are not as close to the phenyl ring of p21
PhelS1, shifted approximately 1 A outward from the cavity.
This expansion of the cavity results in looser packing and a
weaker overall hydrophobic affinity of the p21 peptide for
PCNA within the hydrophobic pocket. Interestingly, the lack of
an oxygen atom at the terminus of the Phel51 side chain (as is
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in the wild-type structure), combined with an overall expansion
of the pocket, has allowed for the identification of three water
molecules not previously reported (Figure 1, left panel). Two
are found within hydrogen bonding distance of PCNA GIn131
(2.6 and 2.8 A), and the last is located in the proximity of where
the oxygen atom of the side chain of p21 Tyrl51 lies in the
wild-type structure (1.6 A from the oxygen atom of TyrlSl
upon superimposition of the structures). None of these water
molecules hydrogen bond with p21.

B DISCUSSION

While PCNA interacting partners interact with PCNA via the
PIP-box consensus sequence, they can display wide variations
in binding affinity. For example, the FEN1 PIP-box affinity for
PCNA is 725-fold weaker than that of the p21 PIP-box. What is
the structural basis for this large difference in affinity among
PIP-box peptides? What interactions are critical for optimizing
high affinity? These questions have been difficult to answer to
date because comparisons have been drawn between only very
dissimilar sequences. PIP-box sequences used in structural
studies thus far have been too convoluted to dissect the residue
by residue impacts on affinity. The limited structural
information about the PCNA—PIP-box interaction mechanism
is hampering our ability to interpret and explain the hierarchy
of binding affinities that exists. To overcome this, we have here
chosen a mutational approach that has allowed us to directly
probe the significance of Tyrl51, a p2l residue previously
hypothesized to be critical for high affinity, by means of
structure, affinity, and energetic considerations compared to the
wild-type p21 sequence. We can now directly measure the
significance of Tyr151 in p21 affinity for PCNA and begin to
answer the question of which binding epitopes are critical for
high-affinity binding to PCNA.

Comparison of the thermodynamic properties of binding
revealed differences in binding energetics between the p21
wild-type and Tyr1S1Phe peptides. All PIP-box peptides
measured thus far have shown that negative enthalpic terms
are the driving force for the negative Gibbs free energy of
binding, including for the p21 wild-type and TyrlS1Phe
peptides. Comparison of the two enthalpic terms shows that
the wild-type peptide (—29 kcal mol™") is nearly 3 times more
favorable in enthalpy (—10 kcal mol™"). Because both peptides
have nearly identical overall Gibbs free energies of binding, the
decrease in enthalpic favorability is offset in the mutant peptide
by a decrease in the value of the entropy term; the
p21Tyr151Phe peptide bears a much lower entropic penalty
upon binding (—4.4 cal mol™" K™! for the mutant vs —63.7 cal
mol™" K™ for the wild type). Because previous studies have
shown a loose trend that correlates binding affinity of PIP-
boxes with the negativity of Gibbs free energy, it is not
surprising that the binding affinity of the mutant, while
decreased, is not majorly reduced (K; of 250 nM vs Ky of
82.6 nM) as the Gibbs free energies of binding are quite similar
for both. However, tyrosine instead of phenylalanine at this
position imparts an advantage in binding affinity, albeit only a
modest advantage (approximately 3-fold).

The hydroxyl group of p21 TyrlS51 forms a structural
tethering point to PCNA, which can explain an effect on not
only affinity but also the packing of the 3,; helix, entropic
considerations in binding, and effects on enthalpy. The
hydroxyl group of Tyr1S1 forms a tether to PCNA through
hydrogen bonding to GIn131 (2.8 A) as well as water-mediated
(2.7 A to the water molecule) hydrogen bonding to Tyr133 and
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Pro234 (Figure SC). The immediate effect of this tether is that
the aromatic ring is pulled deeper into the binding cavity of
PCNA; this depth is >1 A as measured by comparison of the
p21 mutant and wild-type structures (Figure SA). The lack of a
hydrogen bonding network in the p21Tyr151Phe structure is
the most likely explanation for the decrease in the favorable
enthalpy of binding as compared to the wild-type binding
mode. The TyrlS1 tether has the effect of creating tighter
packing as seen by comparison to the mutant structure in which
the IDCL (residues 127—131) is packing nearly 2 A farther
away, as well as the hydrophobic contacts, including PCNA
residues Ile128 and Pro234 and p21 residue Met147, which are
nearly 1 A farther away (Figures SD and 6). This is also
highlighted by the 43 A® difference in interaction surface area
between the mutant and wild type. We hypothesize that these
structural rearrangements required to facilitate the tighter
packing in the wild-type structure are the reason for the higher
entropic penalty of binding as compared to that of the
p21Tyr1S1Phe structure. Interestingly, water-mediated hydro-
gen bonding that is independent of p21 TyrlS1 is retained in
the p21Tyr151Phe structure between PCNA residues Tyr250
and Tyr133, with these residues found in identical positions in
both structures. This infers that this portion of the binding
pocket is not affected by hydrogen bonding to p21 and that the
water molecule helps form the binding pocket independently
and potentially prior to binding.

While it is obvious that removal of the hydroxyl group from
Tyr151 of p21 would likely affect the binding affinity and the
enthalpic contribution to binding, it is surprising that the
reduction in affinity is only 3-fold when other PIP-box
sequences bearing a phenylalanine at this position have
markedly reduced binding affinities compared to those of
p21, reduced by several hundred-fold. The structural rearrange-
ments of both the IDCL and residues of the hydrophobic
pocket were not predicted and suggest that high-affinity binding
relies, in part, on an entropic penalty of binding that can be
overcome by the overall enthalpic nature of the binding
mechanism. The significance of this mutation from tyrosine to
phenylalanine and the observations made is that at the eighth
position of the PIP-box the majority of biological PIP-boxes
identified have phenylalanine (which lacks the ability to be
tethered) rather than tyrosine (capable of being tethered)
(Figure 1, right panel). Of the handful of biological PIP-boxes
that do have tyrosine, p21 is the only PIP-box for which there
are binding affinity data currently available, so this study is the
first time that the significance of tyrosine at this position of the
PIP-box has truly been shown. Identifying the determinants of
high-affinity PCNA binding lends itself to a mutagenesis
approach, so that the significance of differences in the PIP-box
can be determined residue by residue. As a tyrosine residue at
position 8 of the PIP-box is relatively unique to p21, it is
anticipated that differences in the frequency of residues at other
conserved sites of the consensus PIP-box will provide hints
about critical residues that contribute to high-affinity binding.
The determinants of the high affinity of p21 over other PCNA-
interacting proteins are likely to be multiple and will require
more experiments to decipher completely.

The affinity and structure of a small number of PIP-box
peptides that contain Phe in the second conserved aromatic
position have been previously studied. These include the p66
PIP-box (K, = 15.6 M), the FEN1 PIP-box (K, = 60 M), and
the nonphysiological PIP-box, the PL peptide (K; = 100
nM).3’40 These results, coupled with our mutational results,
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demonstrate that affinity can largely be modulated by alteration
of residues outside of the second conserved aromatic position.
The structural mechanism of the differential affinity of these
Phe-containing PIP-boxes has been difficult to determine
because of the degeneracy of the PIP-box sequence, especially
the residues of the 3,y helix. The structures containing Phe in
the second aromatic residue of the PIP-box bound to human
PCNA can be seen in Figure 7. Superimposition of the mutant

Figure 7. Comparison of PIP-box peptides bound to human PCNA
that contain Phe at PIP-box conserved residue 8. Crystal structures
were superimposed, and colors represent the following: yellow, PL
peptide—PCNA complex (PDB entry 1VY]); blue, PCNA from the
Tyr1S1Phe complex (PDB entry 4RJF); magenta, p21Tyr1S1Phe
peptide from the Tyrl1S1Phe complex (PDB entry 4RJF); green,
PCNA from the wild-type p21 complex (PDB entry 1AXC); cyan, p21
peptide in the wild-type p21—PCNA complex (PDB entry 1AXC);
orange, FEN1-PCNA complex (PDB entry 1U7B); and gray, p66—
PCNA complex (PDB entry 1U76). (A) Superimposition of PCNA in
complex with the p21 wild-type peptide, the Tyr151Phe peptide, and
the PL peptide to demonstrate the effect on the IDCL. (B)
Superimposition of the 3;, helix of PIP-box peptides FENI, p66,
p21, PL peptide, and p21Tyr151Phe.

p21Y151F structure with the PL PIP-box peptide and wild-type
p21 peptide structures reveals that the IDCL in the PL peptide
structure is drawn closer to the 3, helix by approximately 1.6 A
(as compared to that of wild-type p21), which is in contrast to
the p21Tyr151Phe peptide structure, where the IDCL is shifted
nearly 2 A from the 3,, helix toward the bulk solvent (Figure
7A). The PL peptide contains a Tyr rather than a Phe in the
first conserved aromatic residue of the PIP-box, contains an Ile
rather than a Met in the fourth conserved position of the PIP-
box, and has several different residues in the variable regions of
the PIP-box as compared to p21; these differences may account
for the differential packing of the IDCL and the residues of the
hydrophobic pocket in the PL structure. Superimposition of the
peptides containing Phe at the second conserved aromatic
residue of the PIP-box (Figure 7B) shows that the side chains
and position of the 3, helix backbone atoms adopt quite
variable conformations; however, the conformations of these
side chains are most similar to those of the Tyr151Phe mutant
structure (Figure S). From this, we conclude that our
mutational approach has allowed us to most accurately (in
contrast to comparison to the FEN1, p66, and PL peptide
structures) deduce the effect of the Tyr151 residue on affinity
and structure. Furthermore, residues other than TyrlS1 that
pack in the hydrophobic pocket of PCNA such as p21 residues
Met147 and Phel50, as well as residues in the variable positions
of the PIP-box (positions 2, 3, S, and 6), likely make strong
contributions to PIP-box affinity for PCNA through packing
interactions and positioning of the 3, helix.
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PCNA—-PIP-box interactions may not have been fully
optimized during evolution to be high-affinity** to ensure the
ability of the “tools” to be changed on the “belt” while still
maintaining the hierarchy of binding. Our results have revealed
that the tyrosine at the last position of the PIP-box makes a
contribution to the high affinity of p21 for PCNA. As such, a
small molecule or peptide mimetic inhibitor would aim to
include or even further encourage this interaction, such as by
providing a hydroxyl group for involvement in the interaction,
or even extending the residue side chain to replace the water
molecule, such that the interaction is then direct rather than
water-mediated.
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