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ABSTRACT Sliding clamps are toroidal proteins that encircle DNA and act as mobile platforms for DNA replication and repair
machinery. To be loaded onto DNA, the eukaryotic sliding clamp Proliferating Cell Nuclear Antigen (PCNA) must be splayed
open at one of the subunit-subunit interfaces by the ATP-dependent clamp loader, Replication Factor C, whose clamp-interacting
sites form a right-handed spiral. Earlier molecular dynamics (MD) studies suggested that when PCNA opens, it preferentially
adopts a right-handed spiral to match the spiral of the clamp loader. Here, analysis of considerably longer MD simulations shows
that although the opened form of PCNA can achieve conformations matching the helical pitch of Replication Factor C, it is not
biased toward a right-handed spiral structure. A coarse-grained elastic model was also built; its strong correspondence to the all-
atom MD simulations of PCNA suggests that the behavior of the open clamp is primarily due to elastic deformation governed by
the topology of the clamp domains. The elastic model was further used to construct the energy landscape of the opened PCNA
clamp, including conformations that would allow binding to the clamp loader and loading onto double-stranded DNA. A picture of
PCNA emerges of a rather flexible protein that, once opened, is mechanically compliant in the clamp opening process.
INTRODUCTION
Proliferating Cell Nuclear Antigen (PCNA) is a trimeric

ring-shaped eukaryotic protein whose topology allows it to

encircle double-stranded DNA. Its stability allows it to

remain bound for extended periods of time by topologically

tethering to the DNA. Its primary role is as a mobile platform

on which the replicative DNA polymerases d and 3 bind

(1,2). This confers upon the replisome the ability to rapidly

and processively synthesize long stretches of DNA. Addi-

tionally, PCNA interacts with a myriad of other proteins,

spatially organizing and temporally orchestrating them as

required along the DNA strands (3,4).

PCNA is built from six structurally similar domains parti-

tioned into three identical subunits. A series of six b-sheets,

spanning domain and subunit interfaces, forms the outer

diameter of the ring, against which 12 a-helices pack to

form the lining of the ring’s bore (Fig. 1) (5). The basic archi-

tecture of PCNA is shared by sliding clamps across all

domains of life, although evolution has sown structural and

organizational variation between species (5–9). In Escheri-
chia coli, the homologous b-clamp is a homodimer, with

each subunit containing three, rather than two, domains (7).

PCNA is loaded onto DNA at a double-stranded/single-

stranded junction by the ATP-dependent clamp loader,

Replication Factor C (RFC) (10). RFC is a hetero-pentamer,

whose five homologous subunits form a right-handed spiral,

which orients the nucleic acid binding motifs to engage the
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DNA template (11). RFC facilitates loading by disrupting

a single interface between PCNA subunits (12). Although

the precise mechanism is unknown, several studies have

illuminated key structural intermediates in the process. An

electron microscopy reconstruction of the RFC-PCNA

complex from the archae Pyrococcus furiosus shows

a PCNA trimer that adopts an open lock-washer structure

making extensive contacts with underside of RFC and

matching its right-handed spiral (13). This structure is in

stark contrast to the structure determined for the homologous

RFC-PCNA complex from yeast (11), in which PCNA is

closed and remains in the planar conformation observed

for all isolated structures of PCNA to date (5,6,8,14,15). It

is thought that these two structures of the RFC-PCNA

complex might represent different intermediates along the

loading pathway, although it has been suggested that the

closed ring in the crystal structure might be the result of

a synthetic sequence tag introduced into PCNA that stabi-

lizes the subunit-subunit interface in that conformation

(16). Nonetheless, it is clear that RFC potentiates a large

conformational change in PCNA during the loading process,

possibly in multiple steps (15).

Experimentally, it is difficult to determine the role of

PCNA’s mechanical properties in the mechanism of clamp

loading, and also whether RFC is required to perform addi-

tional mechanical work to open PCNA after it disrupts one of

the subunit-subunit interfaces. Specifically, is it necessary

for PCNA, once an interface is broken, to preferentially

adopt a spiral structure to avoid RFC having to pay a large

energetic penalty on binding, or could spontaneous

fluctuations result in binding to RFC? To investigate these

questions, we performed all-atom explicit solvent molecular
doi: 10.1016/j.bpj.2010.03.056
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FIGURE 1 Overview of PCNA architecture. The crystal structure of

PCNA from S. cerevisiae (PDB ID: 1PLQ) (5). PCNA contains three iden-

tical subunits assembled head-to-tail to form a ring. Each subunit contains

two domains connected by a linker, giving the trimer pseudo sixfold

symmetry.
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dynamics (MD) simulations on PCNA from yeast. The series

of simulations presented here represents nearly an order-of-

magnitude longer sampling than previous studies (17); the

combination of significantly longer trajectories and the use

of multiple replicas (18,19) allow for more exhaustive

sampling of PCNA’s conformational flexibility.

Our results indicate that PCNA does not display a prefer-

ence for forming helical structures with a particular handed-

ness, but instead diffuses over a large range of conformations,

including those that come close to matching the helical pitch

of RFC. We also develop a simple elastic network model

(ENM) of PCNA that accurately reproduces its fluctuations

and collective motions in the open state at equilibrium and

allows us to directly calculate the energetic cost of mechani-

cally deforming PCNA. The results of these studies indicate

that PCNA appears to behave much like a simple elastic mate-

rial, suggesting that once opened, RFC must direct the confor-

mational transitions necessary for loading PCNA onto DNA.
MATERIALS AND METHODS

Simulation details

Models of the DNA sliding clamp were generated using the crystal structure

of PCNA from budding yeast Saccharomyces cerevisiae (Protein DataBank

ID code 1PLQ) (5). Four identical dimeric systems were generated by

removing one of the subunits and solvating the remaining two subunits in

an explicit solvent box containing 150 mM NaCl. Independent trajectories

were obtained by randomly initializing the velocities of both protein and

solvent molecules for each replicate. All simulations were performed with

the NAMD package (20) using the CHARMM22 protein force field (21)

with CMAP corrections (22). Additional details can be found in the text

of the Supporting Material.
Principal component analysis

We use principal component analysis (PCA) (23,24) to describe the collective

motions of PCNA observed during the MD simulations. By diagonalizing the

positional covariance matrix

Cij ¼
D�

xi � x0
i

��
xj � x0

j

�E
; (1)

where xi and xj are the atomic coordinates and x0
i and x0

j are the average posi-

tion of atoms i and j after a least-squares superposition of all structures in the

trajectory onto the average structure, we obtain a set of orthogonal modes

describing the directions of maximal variation observed in the conformational

ensemble. Note that the least-squares superposition removes the overall trans-

lational and rotational motions of the molecule before the calculation of Cij.

Specifically, during the MD simulations a series of conformations was re-

corded every 4 ps. The first 5 ns of each trajectory were discarded as an equil-

ibration period, and we analyzed the remaining conformations as follows. For

each recorded protein conformation, a rigid fit to the first nonequilibration

structure of the first trajectory was made such that the protein Ca atoms

were fit to the coordinates of the same atoms in the starting structure by mini-

mizing the root-mean-square deviation (RMSD) in the atomic positions of

those atoms. This gives the average internal position of each Ca atom. The

instantaneous structure from the MD simulations with the smallest RMSD

(0.2 Å) from the average structure is used as the reference position in Eq. 1.

This reference structure is also used as the reference structure for the aniso-

tropic network model (ANM) in Eq. 2 and for PCA analysis of the ensemble

of structures generated via the ANM. The GROMACS g_covar and g_anaeig

tools (25) were used to calculate and analyze Cij.
Anisotropic network model

The ANM (26) is a coarse-grained elastic model of protein deformations. We

calculate the normal modes of the system governed by the potential

VANM

�
dij

�
¼ g

2

XN�1

i¼ 1

XN

j¼ iþ 1

H
�

dcut � d0
ij

�
�
�

dij � d0
ij

�2

;

(2)

where dij and dij
0 are the instantaneous and reference distances between resi-

dues i and j, represented by their Ca positions, N is the number of atoms in

the network, and H(x) is the Heaviside function, which excludes interactions

between residues that are farther than the distance dcut apart in the reference

structure. The force constant g and dcut are both determined by fitting the

root-mean squared fluctuations (RMSF) obtained from the all-atom MD

simulations.
Reconstruction of a coarse-grained free energy
surface

A coarse-grained free energy surface, W(X, Y), can be computed for the in-

and out-of-plane order parameters (X and Y, respectively) by calculating

WðX;YÞ ¼ �kBT log PðX; YÞ; (3)

where P(X, Y) is a kernel density estimate (27,28) of the underlying proba-

bility density, computed using a Gaussian kernel with bandwidth s

PðX; YÞ ¼ 1

2ps2N

XN

i¼ 1

e�
�ðX�XiÞ2

2s2 þðY�YiÞ2
2s2

�
; (4)

where kB is the Boltzmann factor, T is the temperature of the simulated system,

s is the bandwidth of the kernel density estimator, and N is the total number of

conformations in the ensemble used to estimate the free energy. For each
Biophysical Journal 98(12) 3062–3069
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conformation in the ensemble, i, a kernel is placed at the corresponding point

in the two-dimensional in- and out-of-plane space. Summing over all kernels

gives an estimate of the conformational probability density. We have chosen

an empirical value of s ¼ 2 Å for the surface shown later in Fig. 6.
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FIGURE 2 The RMSDs in Ca positions from the crystal structure for two

of the four simulations. The dimer rapidly diverges from its starting confor-

mation in both simulations; however, individual domains display small

deviations when superimposed individually. The RMSDs of domain 1B

are <1 Å over the entire simulation. The other three domains display similar

RMSDs.
RESULTS

We have adopted a strategy similar to that used by Kazmirski

et al. (17) in their pioneering computational study of PCNA.

Thus, in setting up our simulations, we omitted one of the

three subunits from the crystal structure of the PCNA trimer

(PDB entry 1PLQ) (5) in order to model the open state

without knowing the details of how the trimer reorganizes

after an interface is disrupted. The choice of which subunit

to delete is arbitrary due to the threefold symmetry imposed

during the crystallographic refinement. We have deemed this

approach preferable to attempting to drive the full trimer into

an open conformation by applying external forces, because

little is known about the opening pathway, and application

of a force along ad hoc reaction coordinates could bias the

resulting behavior of the system. The dimer represents

a minimal unit with which to examine the mechanical

properties of PCNA, containing one intact subunit-subunit

interface. To this end, we have performed and analyzed

four independent equilibrium simulations of dimeric

PCNA from yeast, as well as one equilibrium simulation of

the full trimeric yeast PCNA. From the four simulations,

we obtain nearly 240 ns of total simulation time, with indi-

vidual simulations of 92, 46, 51, and 48 ns in length. (See

Materials and Methods for details.)

Analysis of the stability of the protein reveals the effect of

removing one of the subunits. At the onset of the simula-

tions, the PCNA dimer rapidly relaxes away from the starting

conformation of crystallized trimeric PCNA, as measured by

the rapid growth in RMSD in the Ca positions of the entire

protein (Fig. 2). The individual domains, however, are quite

stable, with an average RMSD of<1.0 Å, indicating that this

conformational change is mainly due to the rigid body

motions of the individual domains relative to one another.
In-plane relaxation and out-of-plane motions
of PCNA

To probe the effect these interdomain motions may have on the

overall conformation of the dimer, we define two order param-

eters that monitor the conformational fluctuations observed

during each simulation. Relative to the starting conformation

and initial plane of the ring, these parameters decompose the

fluctuations into in-plane and out-of-plane motions.

The degree to which PCNA fluctuates out-of-plane was

measured by calculating the vertical displacement of the

center-of-mass of domain 1A (Fig. 1) with respect to plane

of the ring in the crystal structure. To accomplish this, a rect-

angular coordinate system was defined such that the z axis is

the principal axis perpendicular to the plane of the ring of the

PCNA crystal structure. Each instantaneous structure in
Biophysical Journal 98(12) 3062–3069
a simulated trajectory was then aligned onto domain 2B of

the crystal structure, and the z coordinate of the center-of-

mass of domain 1A was recorded. Positive and negative

values correspond to right- and left-handed out-of-plane

deformations, respectively. In-plane opening was tracked

by constructing a trimer of PCNA artificially using two

copies of the instantaneous conformation. The first copy is

aligned as described for the calculation of the out-of-plane

coordinate. The second copy is then translated and rotated

to superimpose domain 2A onto domain 1A of the first

copy. This positions domain 1A and 1B of the second

copy in the position of the third subunit in the trimer

(domains 3A and 3B, respectively). Merging the coordinates

of the first copy and domains 1A and 1B of the second

creates an artificial trimer with a gap between subunits 2

and 3. Even though the motions of subunit 1 and 3 are arti-

ficially correlated, they should still capture the range of

conformations of the open trimer that are thermally acces-

sible. The conformational change in the in-plane direction

is measured as d–d0, where d is the distance between the

center-of-mass of domain 1A and the center-of-mass of 3B

projected onto the xy plane, and d0 is the distance measured

in the crystal structure. Conformations are sampled at 40-ps

intervals after discarding the first 5 ns from each simulation.

Fig. 3 shows the projection of the longest simulation onto

the above-defined parameters as a function of time, while

Fig. 4 A shows the projections of all four simulations onto

the two-dimensional space of the same parameters.

In all four simulations, PCNA relaxes in-plane to adopt

a more open conformation. While there are oscillations in

the in-plane distance, the peak in the distributions for the

aggregate of all four simulations is ~15 Å (Fig. 4 D). In-plane

distances larger than 25 Å are observed in all four simula-

tions. The in-plane distance can be related to the gap across

the open interface (see the Supporting Material text); in all
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FIGURE 3 In-plane and out-of-plane motions of PCNA. (A) In-plane and (B) out-of-plane order parameters from dimer simulation 1 were calculated at 40-ps

intervals. PCNA relaxes in the in-plane direction, while simultaneously diverging from the planar conformation found in the crystal structure of the closed

trimer. In panel B, positive values of the order parameter correspond to conformations consistent with a right-handed spiral, while negative values correspond

to left-handed spirals. Over the course of the 92-ns simulation, PCNA takes on conformations consistent with both right- and left-handed spirals.
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four simulations, gaps are observed which are sufficient to

allow duplex DNA to be threaded through the opening.

In addition to the in-plane motions discussed above, the

simulations also reveal divergences from the planar structure

seen in the crystal structure of the full trimer. Fluctuations in

the out-of-plane direction allow PCNA to realize conforma-

tions that are consistent with both right- and left-handed

spirals. The distribution of out-of-plane displacements

is strongly peaked with an average value of –4.8 5 1.4 Å

(5 denotes standard error of the mean; see Supporting

Material) (Fig. 4 C). Previously, Kazmirski et al. (17) observed

primarily right-handed fluctuations in two out of three (10 ns)

simulations of PCNA from yeast. In simulations that displayed

predominantly conformations consistent with a left-handed

spiral, they attributed that behavior to a rare energetically unfa-

vorable breaking of two backbone hydrogen bonds in the inter-

subunit b-sheet. Our results, from>200 ns of simulation time,

indicate no strong preference for spirals of a particular handed-

ness, nor do they indicate a bistability in handedness induced

by a reorganization of internal interactions. These results are

robust to the choice of force field (see Supporting Material).

Two 38-ns simulations of dimeric PCNA from P. furiosus
(pfuPCNA) show a similar broad out-of-plane distribution,

but with a slight bias in the opposite handedness and an

average value of 5.5 5 2.3 Å (Fig. S4).

Although the simulations of the PCNA dimer show that the

molecule is able to sample nonplanar conformations, it is

important to examine to what extent the closure of the full

trimeric ring restricts those motions. Therefore, we performed

a simulation (32 ns) of the full trimer to measure to what extent

the ring maintained a planar conformation. We measure devi-

ations from planarity using the same out-of-plane displace-

ment order parameter used to analyze the dimer simulations.

The sign of the displacement, in this context, no longer indi-
cates whether the fluctuations are right- or left-handed; the

continuity of the closed ring dictates that for any displacement

out-of-plane, part of the protein will form a left-handed spiral,

while the rest of the ring must form a right-handed spiral with

a matching pitch. Interestingly, even the closed PCNA ring

moves in and out of planarity several times during the trajec-

tory. The maximum vertical displacement of the center-of-

mass of domain 1A is ~6 Å above and 7 Å below the plane,

compared to the maximum displacement of 10 Å and 20 Å

above and below the plane, respectively, observed in the

dimer simulations (see Supporting Material).
A common set of internal deformations drive
large-scale conformational changes

By connecting the global deformations of the dimer to a set of

internal collective motions, we aim to understand the role of

local protein flexibility in the conformational changes we

observe in the dimer simulations. To this end, we have

analyzed the conformational ensemble of the four MD simula-

tions using principal component analysis (PCA) (23,24). PCA

extracts a set of nonredundant modes that are ordered by their

contribution to the total RMSF observed over the entire MD

trajectory. The first two modes correspond to a bending and

twisting motion of the dimer, induced by a bending and

twisting motion of the b-sheet embedded in the intersubunit

interface (Fig. S6). Projecting the simulated dynamics back

onto these two modes demonstrates that they are uncorrelated

(linear correlation coefficient r¼ –0.004), echoing the results

derived from PCA of the static structures of anti-parallel b-

sheets found in different proteins (29). Modes 3–5 correspond

to similar bending and twisting deformations within the indi-

vidual subunits mediated by the intrasubunit b-sheets. The

additional contacts between the interdomain linker and the
Biophysical Journal 98(12) 3062–3069
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FIGURE 4 In-plane and out-of-plane conformations of PCNA. In-plane and out-of-plane order parameters from each of the four simulations were calculated

at 40-ps intervals after removal of the first 5 ns of simulation. (A) Projection of in- and out-of-plane conformations. Each point represents a single conformation,

colored by independent trajectory. (B) Conformational ensemble obtained using the anisotropic network model. (C) Histogram of out-of-plane displacements.

(D) Histogram of in-plane distances. The data presented in panels C and D represent the aggregate of the MD simulations shown in panel A.

3066 Adelman et al.
b-sheets within a subunit appear to stiffen those sheets relative

to the flexibility observed in the unhindered intersubunit sheet.

Together, these five modes account for 82% of the total

displacement observed in the simulations.
Brownian-driven elastic deformations dominate
the motions of dimeric PCNA

To investigate to what degree the topology and material elas-

ticity govern the conformational dynamics, we construct

a simpler physical model of PCNA, and ask whether it can

describe the conformational changes that we observe in the

all-atom MD simulations. Instead of working with the

complete set of atomic coordinates, we build a coarse-grained

ANM (26), such that PCNA is represented by only the Ca

atoms connected by a homogeneous network of harmonic

springs. This model allows for dynamics governed only by

topologically determined conformational elasticity, without
Biophysical Journal 98(12) 3062–3069
allowing for internal reorganization of interactions that could

give rise to metastable conformational states. ANMs have

been used to examine the conformational fluctuations of

proteins around their native state, and recent work has shown

a close correspondence between the collective motions

described by an ANM and those characterized by performing

PCA on ensembles of structures determined by nuclear

magnetic resonance, X-ray crystallography, and MD simula-

tions for HIV-1 Protease (30).

Here an ANM, based on the average structure obtained

from the MD simulations, was parameterized with a single

homogenous spring constant and cutoff distance to best

reproduce the pattern and magnitude of the RMSF calculated

from the all-atom simulations (Fig. 5 A). By optimizing the

least-squares difference between the residue fluctuations

obtained by the two methods, we obtained a correlation coef-

ficient of 0.93, resulting from a cutoff of 13 Å and a uniform

spring constant of 0.4 kcal/(mol Å2).
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To make a direct comparison between the ANM and our

all-atom simulations, we generated an ensemble of 10,000

independent structures based on the first 100 normal modes

with nonzero eigenvalues, li, by displacing the atomic coor-

dinates along the eigenvector by a random normal variate

with variance kBT/li. We then performed PCA on the

ensemble of conformations generated by the ANM using

the same method described for the all-atom simulations.

To quantify the similarity between the collective motions

extracted from the MD simulations and those from the

ANM, we calculate the overlap, Oi, j between modes i and j,
defined as the normalized dot product of the eigenvectors vi

and vj for different models (31). An overlap of 1 indicates exact

co-linearity of the motion described by that pair of modes. A

pairwise comparison of the first nine modes from each model

is shown in Fig. 5 B. Such a plot confirms the strong correspon-

dence between the modes derived from the all-atom and elastic

network modes; this is shown by the tight clustering of over-

laps with values approaching 1 along the ideal diagonal. In

particular, the first three modes have an overlap of 0.96,

0.88, and 0.83, respectively. These modes account for 75%

of the total variance in the all-atom simulations.

Further comparison can be made between the ANM and the

all-atom MD by projecting the ensemble of independent

conformations onto the in- and out-of-plane order parameters.

Projection of the ensemble onto the two-dimensional order

parameter space is shown in Fig. 4 B, and the histograms of

the conformations for each is compared with the all-atom

simulations in Fig. 4, C and D. The in-plane distances from

the two methods are shown to be substantially similar using

the Kolmogorov-Smirnov test (p ¼ 0.06). Although qualita-

tively similar, the out-of-plane displacements observed in

the two ensembles of conformations do not display matching

distributions with statistical significance. It is likely that we

have not obtained an equilibrium distribution from our all-

atom simulations, resulting in the spurious shoulder at �10

Å, which accounts for most of the difference between the
distributions. Having only fit the ANM using the scalar

mean-squared fluctuation of individual residues, the degree

to which this simple model fits the directionality of the collec-

tive motions as well as the approximate distributions of

conformations projected onto the two order parameters is

remarkable. This is especially true when compared to system-

atic studies of large numbers of protein motions using ANM

(32) and direct comparisons between ANM and MD simula-

tions for specific proteins (30,33). This suggests that the

dynamics of the open ring may be dominated by the elastic

properties imbued by the topology of PCNA, rather than infre-

quent transitions between discrete conformational states.
Coarse-grained free energy landscape of trimeric
PCNA in the open state

To estimate the energetic cost of deforming PCNA during the

ring opening process once one of the interfaces has been dis-

rupted, we build an ANM of the full trimer based on the

parameterization that we have validated with the dimeric

system. The PCNA trimer was constructed artificially by

using two copies of the average structure from the MD simu-

lations as described above. Using the procedure described for

the ANM of the dimer, we generate an equilibrium ensemble

consisting of 100,000 independent open-clamp conforma-

tions which we call the ensemble of trimers. We then calculate

the extent of in- and out-of-plane opening in this ensemble,

using the same order parameters described for the dimer,

with the modification that the out-of-plane deviations are

based on the vertical displacement of domain 3A. We

construct a coarse-grained free energy landscape by calcu-

lating the probability distribution in the two-dimensional

space of these order parameters using a kernel density esti-

mate; the free energy is then obtained using Eq. 3.

The resulting coarse-grained two-dimensional free energy

landscape is shown in Fig. 6, and suggests that once the

contacts at an interface are disrupted either spontaneously
Biophysical Journal 98(12) 3062–3069
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FIGURE 6 Coarse-grained free energy landscape for an open PCNA
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used to calculate the energetic cost of deforming an PCNA trimer with

one disrupted subunit-subunit interface. Contour isolines are plotted in 1-
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spond to conformations in the ensemble that are consistent with the FRET

distance measured in the presence of ATP and the clamp loader RFC (15).
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or by interactions with RFC, PCNA easily diffuses among

the conformations that are relevant to its biological func-

tion. Specifically, the structure of the archael clamp loader

bound to PCNA in an open conformation (13) requires

a vertical displacement of domain 3A of ~18 Å, coupled

with a small in-plane opening distance of ~5–10 Å. Our

coarse-grained free energy landscape suggests that this

conformation transition relative to the preferred open-state,

in the absence of RFC, requires only 3–5 kBT from the

external environment.

To date the only available structural information on the

open structure of the PCNA clamp is from an electron micros-

copy image of the clamp and RFC clamp loader on DNA (13)

and a measurement of the distance across the gap based on

fluorescent resonance energy transfer (FRET) measurements

done in the presence of RFC and ATP (15). Onto our calcu-

lated free energy landscape (Fig. 6), we overlay points corre-

sponding to conformations in the ensemble of trimers that

match the distance computed from the FRET efficiency

(34 5 0.5 Å) observed between the two fluorescently labeled

residues (15). We note that the vast majority of the points

consistent with that distance range fall within a few 1–2 kBT
and fewer than 2% of conformations are >3 kBT in energy

of the minimum of the surface. The potential of mean force,

calculated along the coordinate defined by the FRET pair

distance, yields a similar result (Fig. S7): the optimum
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FRET distance measured lies in the middle of a wide, flat

potential-of-mean-force minimum that rises <1 kBT over

a range of ~20 Å.
DISCUSSION

Although structural studies of PCNA and the RFC complex

that loads PCNA onto DNA indicate that it must interconvert

between a closed planar ring and an open right-handed spiral

(11,13,15), our understanding of this process is limited because

it is difficult to measure the material properties of PCNA exper-

imentally. In particular, it is essential to understand the confor-

mational flexibility and energetic cost of deforming PCNA in

the absence of RFC in order to understand how the complicated

pieces of the loading machinery work in concert.

Our simulations provide insight into the mechanical prop-

erties of PCNA in isolation by examining the conformational

fluctuations of the molecule in two forms. In the first form, we

mimic an open ring by removing a single subunit, which

allows the molecule to fluctuate as if the ring were maintained

in its open form. These simulations show that PCNA relaxes

in the in-plane direction, while transiently sampling out-of-

plane conformations consistent with both left- and right-

handed spirals. We also simulated PCNA in a second

form—the full trimer in its stable closed configuration—

which allows us to measure the effect of the closure constraint

on the conformational fluctuations at equilibrium. While the

closed ring does not allow lateral relaxation of the ring in-

plane as observed in the dimer, the continuity of the ring

does not inhibit PCNA from fluctuating out-of-plane.

The simulations suggest that the flexibility of PCNA

appears sufficient for it to pattern itself onto the right-handed

spiral of RFC once a ring-opening event has occurred,

although PCNA itself does not have a strong preference to tran-

siently adopt conformations of a particular handedness. In fact,

PCNA from yeast and a thermophilic archaeon display small

but opposite biases for fluctuations of a particular handedness.

Although these biases may arise from incomplete sampling,

our analysis nevertheless suggests that protein flexibility rather

than equilibrium bias allows PCNA to deform to bind RFC.

Therefore, PCNA does not appear to be pretensioned to fit

the binding surface of the clamp loader RFC (17), although

our simulations confirm the observation that PCNA, like the

E. coli b-clamp, relaxes in-plane when opened (17,34).

Furthermore, in- and out-of-plane motions are uncorrelated,

suggesting that if these motions are ordered along the opening

pathway, the temporal arrangement of such intermediaries is

dictated by RFC and not by energetic barrier imposed by

PCNA’s mechanical properties. In our simulations, PCNA

appears to behave in a manner consistent with an elastic mate-

rial undergoing stochastic deformations driven by Brownian

forces from the solvent, suggesting a minimal role for long-

range interactions or other structural elements within PCNA

that would trap it in metastable conformations for long times.

The small energetic cost of deforming PCNA over a wide
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range of conformations relative to kBT indicates that PCNA is

likely compliant rather than complicit in the loading process.
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structure of functionally active human proliferating cell nuclear antigen
determined by small-angle neutron scattering. J. Mol. Biol. 275:
123–132.

15. Zhuang, Z., B. L. Yoder, ., S. J. Benkovic. 2006. The structure of
a ring-opened proliferating cell nuclear antigen-replication factor C
complex revealed by fluorescence energy transfer. Proc. Natl. Acad.
Sci. USA. 103:2546–2551.

16. Barsky, D., and C. Venclovas. 2005. DNA sliding clamps: just the right
twist to load onto DNA. Curr. Biol. 15:R989–R992.

17. Kazmirski, S. L., Y. Zhao, ., J. Kuriyan. 2005. Out-of-plane motions
in open sliding clamps: molecular dynamics simulations of eukaryotic
and archaeal proliferating cell nuclear antigen. Proc. Natl. Acad. Sci.
USA. 102:13801–13806.

18. Caves, L. S., J. D. Evanseck, and M. Karplus. 1998. Locally accessible
conformations of proteins: multiple molecular dynamics simulations of
crambin. Protein Sci. 7:649–666.

19. Ivetac, A., and J. A. McCammon. 2009. Elucidating the inhibition
mechanism of HIV-1 non-nucleoside reverse transcriptase inhibitors
through multicopy molecular dynamics simulations. J. Mol. Biol.
388:644–658.

20. Phillips, J. C., R. Braun, ., K. Schulten. 2005. Scalable molecular
dynamics with NAMD. J. Comput. Chem. 26:1781–1802.

21. MacKerell, A. D., D. Bashford, ., M. Karplus. 1998. All-atom empir-
ical potential for molecular modeling and dynamics studies of proteins.
J. Phys. Chem. B. 102:3586–3616.

22. MacKerell, Jr., A. D., M. Feig, and C. L. Brooks, 3rd. 2004. Extending
the treatment of backbone energetics in protein force fields: limitations
of gas-phase quantum mechanics in reproducing protein conformational
distributions in molecular dynamics simulations. J. Comput. Chem.
25:1400–1415.

23. Ichiye, T., and M. Karplus. 1991. Collective motions in proteins:
a covariance analysis of atomic fluctuations in molecular dynamics
and normal mode simulations. Proteins. 11:205–217.

24. Kitao, A., F. Hirata, and N. Go. 1991. The effects of solvent on the
conformation and the collective motions of protein: normal mode anal-
ysis and molecular dynamics simulations of melittin in water and in
vacuum. Chem. Phys. 158:447–472.

25. Hess, B., C. Kutzner, ., E. Lindahl. 2008. GROMACS 4: algorithms
for highly efficient, load-balanced, and scalable molecular simulation.
J. Chem. Theory Comput. 4:435–447.

26. Atilgan, A. R., S. R. Durell, ., I. Bahar. 2001. Anisotropy of fluctua-
tion dynamics of proteins with an elastic network model. Biophys. J.
80:505–515.

27. Silveman, B. W. 1986. Density estimation for statistics and data anal-
ysis. In Monographs on Statistics and Applied Probability. Chapman
and Hall, London.

28. Yang, S., N. Banavali, and B. Roux. 2009. Mapping the conformational
transition in Src activation by cumulating the information from multiple
molecular dynamics trajectories. Proc. Natl. Acad. Sci. USA.

29. Emberly, E. G., R. Mukhopadhyay, ., N. S. Wingreen. 2004. Flexi-
bility of b-sheets: principal component analysis of database protein
structures. Proteins. 55:91–98.

30. Yang, L., G. Song, ., R. L. Jernigan. 2008. Close correspondence
between the motions from principal component analysis of multiple
HIV-1 protease structures and elastic network modes. Structure.
16:321–330.

31. Tama, F., and Y. H. Sanejouand. 2001. Conformational change of
proteins arising from normal mode calculations. Protein Eng. 14:1–6.

32. Yang, L., G. Song, and R. L. Jernigan. 2009. Protein elastic network
models and the ranges of cooperativity. Proc. Natl. Acad. Sci. USA.

33. Lyman, E., J. Pfaendtner, and G. A. Voth. 2008. Systematic multiscale
parameterization of heterogeneous elastic network models of proteins.
Biophys. J. 95:4183–4192.

34. Jeruzalmi, D., O. Yurieva, ., J. Kuriyan. 2001. Mechanism of proces-
sivity clamp opening by the d-subunit wrench of the clamp loader
complex of E. coli DNA polymerase III. Cell. 106:417–428.
Biophysical Journal 98(12) 3062–3069

http://www.biophysj.org/biophysj/supplemental/S0006-3495(10)00422-4
http://www.biophysj.org/biophysj/supplemental/S0006-3495(10)00422-4

	The Mechanical Properties of PCNA: Implications for the Loading and Function of a DNA Sliding Clamp
	Introduction
	Materials and Methods
	Simulation details
	Principal component analysis
	Anisotropic network model
	Reconstruction of a coarse-grained free energy surface

	Results
	In-plane relaxation and out-of-plane motions of PCNA
	A common set of internal deformations drive large-scale conformational changes
	Brownian-driven elastic deformations dominate the motions of dimeric PCNA
	Coarse-grained free energy landscape of trimeric PCNA in the open state

	Discussion
	Supporting Material
	References


