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ABSTRACT: Post-translational phosphorylation and the related conformational changes
in signaling proteins are responsible for regulating a wide range of subcellular processes.
Human Pinl is central to many of these cell signaling pathways in normal and aberrant
subcellular processes, catalyzing cis—trans isomerization of the peptide w-bond in
phosphorylated serine/threonine-proline motifs in many proteins. Pinl has therefore
been identified as a possible drug target in many diseases, including cancer and
Alzheimer’s. The effects of phosphorylation on Pinl substrates, and the atomistic basis for
Pinl recognition and catalysis, are not well understood. Here, we determine the
conformational consequences of phosphorylation on Pinl substrate analogues and the
mechanism of recognition by the catalytic domain of Pinl using all-atom molecular
dynamics simulations. We show that phosphorylation induces backbone conformational
changes on the peptide substrate analogues. We also show that Pinl recognizes specific
conformations of its substrate by conformational selection. Furthermore, dynamical
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correlated motions in the free Pinl enzyme are present in the enzyme of the enzyme—substrate complex when the substrate is in
the transition state configuration, suggesting that these motions play significant roles during catalytic turnover. These results
provide a detailed atomistic picture of the mechanism of Pinl recognition that can be exploited for drug design purposes and
further our understanding of the synergistic complexities of post-translational phosphorylation and cis—trans isomerization.

Conformational transitions and the switching of biomole-
cules play important roles in subcellular processes. These
processes generally involve recognition and transient inter-
actions between biomolecules. The local switching of the
isomeric state of the peptide bond preceding proline (also
known as the w-bond angle) from trans to cis, or vice versa, is
known to bring about conformational changes in proteins and
regulate a wide range of subcellular processes." When the prolyl
w-bond is in the trans configuration, the protein may have a
particular function that is altered when the prolyl w-bond is
switched to the cis configuration, thereby allowing biological
signaling processes to utilize the additional conformational
diversity created by the two possible isomeric states of the w-
bond angle. However, this signaling mechanism is very slow on
the biological time scale and is therefore regulated by
ubiquitous peptidyl prolyl cis—trans isomerases (PPlases),
accelerating cis—trans isomerization of the prolyl peptide
bond by several orders of magnitude.” The role of cis—trans
isomerization in the interleukin tyrosine kinase (Itk) SH2
domain,® ligand gated 5-HT3 ion channel,*> HIV capsid
formation,® and protein folding” are a few familiar examples.
Unlike the two well-known PPlases, cyclophilins® and FKBPs,”
the more recently discovered human Pinl is a phosphorylation-
dependent PPlase.'® Pinl is specific for prolyl w-bonds when
the preceding residue is a phosphorylated serine (pSer) or
phosphorylated threonine (pThr), combining the regulatory
role of post-translational phosphorylation and conformational
switching of prolyl w-bonds (Figure 1). In particular, Pinl is
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Figure 1. Pinl catalyzes cis—trans isomerization of the peptide
backbone w-bond angle of proline when the preceding residue is a
phosphorylated serine or phosphorylated threonine. The @-bond
angle is colored yellow when it is in the trans configuration (left) and
in the cis configuration (right).

involved in mitosis, various cancers, and Alzheimer’s
disease.""'> Additionally, many important proteins in humans
have been identified as substrates for Pinl,'* including RNA
polymerase IL'*

The discovery of Pinl has provided additional evidence of
the involvement of PPlases in cell signaling."® Pinl plays an
important role in the G,—M phase transition in mitosis through
its interaction with topoisomerase.'' This interaction allows
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Pin1 to localize chromatin in the G,—M phase of mitosis. Pinl
also interacts with many other important mitotic proteins such
as CDC25C, EM11, and WEEL."® Inhibition or deletion of
Pinl leads to mitotic catastrophe and chromatin condensation;
therefore, Pinl is a key enzyme in mitosis. During the G;—S
phase transition, Pinl interacts with Cyclin D1, creating
stabilization and nuclear localization for the transition, and
the level of Pinl in normal cells is elevated because many of its
protein substrates control this transition. In various cancers
(breast, thyroid, and prostate), Pinl and its substrate, Cyclin
D1, are overexpressed, indicating that both play an important
role in oncogenesis.13 Consequently, Pinl has been an effective
early diagnostic marker in prostate cancer.'® Pinl is viewed as a
“double-edged sword”."” In normal cells, phosphorylation of
Ser/Thr-Pro motifs occurs in many signaling pathways.
Similarly, in cancer cells, phosphorylation of Ser/Thr-Pro
motifs follows oncogenic signaling. As a result, Pinl regulates
proteins that are involved in both promotion and suppression
of onco§enesis and has been identified as a target for drug
design.'® In Alzheimer’s disease, it is believed that Pinl actually
protects against the disease, because it is deactivated in the early
stages of the illness through oxidative modification.'’ More
specifically, phosphorylation and dephosphorylation of tau
protein regulate the assembly of microtubules in neuronal cells,
and Pinl regulates cis—trans isomerization of numerous pSer/
pThr-Pro motifs in tau protein.17 When Pinl is depleted,
tangling of hyperphosphorylated tau takes place, which is one
of the hallmarks of Alzheimer’s disease, eventually resulting in
cell death.'® Clearly, deciphering the exact role of Pinl and its
mechanism of action at the atomic level will provide a deeper
understanding of many diseases and will help in the design of
new classes of drug candidates.

The distinguishing characteristic of Pinl compared to the
other PPlases is that it is selective for the peptide @w-bond of
pSer/pThr-Pro motifs. Therefore, phosphorylation of Ser/Thr-
Pro motifs facilitates the interaction between Pinl and its
protein substrates. It is known that phosphorylation perturbs
the free energy landscape of proteins.19_21 However, the effects
of phosphorylation on the conformational landscape of Pinl
substrates and how phosphorylation facilitates recognition by
Pinl are not well understood. In addition, X-ray crystal
structures of Pinl bound to its natural substrates have not been
determined. Therefore, a detailed atomistic understanding of
how Pinl interacts with its substrate is lacking. Also, knowledge
of the interactions of Pinl with its natural substrates could
improve our understanding of the mechanism of cis—trans
isomerization of Pinl and possibly other isomerases, a
mechanism that is still not well understood and controver-
sial.>** In understanding the effects of phosphorylation on the
conformation of Pinl substrates and the role phosphorylation
plays in the recognition by Pinl, we focus here on studying the
effects of phosphorylation on the conformational preferences of
well-studied substrate analogues, Ace-Ala-Ala-X-Pro-Phe-Nme,
where X is pSer and pThr, and their interactions with Pinl
using all-atom molecular dynamics (MD) simulations in explicit
water. Simulations of the free substrate analogues and one of
the enzyme—substrate complexes were conducted using
accelerated molecular dynamics (aMD),>® which allows for a
very efficient and thorough sampling of the configurational
space and the slow cis—trans isomerization of the prolyl -

bond.
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B METHODS

All simulations were conducted using the Amber 10 suite of
programs’* and the modified parm99SB** version of the force
field of Cornell el al,*® with the reoptimized dihedral
parameters for the peptide backbone w-bond.”” The NPT
ensemble at a pressure of 1 bar and a temperature of 300 K was
used for all the simulations with the explicit TIP3P*® water
model, and the SHAKE® algorithm was used to constrain all
bonds involving hydrogen. The Langevin thermostat was used
for regulating the temperature of the system to 300 K with a
collision frequency of 1.0 ps™'. Short-range nonbonded
interactions were calculated with a cutoff of 9 A, and all long-
range interactions were calculated using the particle mesh
Ewald summation.’® A time step of 2 fs was used to integrate
Newton’s equations of motion.

Accelerated Molecular Dynamics of Pin1 Substrate
Analogues. The substrate analogues, Ace-Ala-Ala-X-Pro-Phe-
Nme, were built with XLEAP, where X was Ser, Thr, pSer, or
pThr. The parameters used for the pSer and pThr residues
were developed by Homeyer et al.>' The dianionic form of pSer
and pThr was used in this study because it was shown that at
around neutral pH the phosphate group is deprotonated and
Pinl prefers to bind its substrates in the dianionic form even at
low pH.>*** The substrates were placed in a cubic periodic
water box with the edges of the box at least 10 A from any part
of the substrates. Two Na* ions were added to the systems of
phosphorylated substrates to attain electrostatic neutrality. The
systems were then equilibrated with a series of minimization
and molecular dynamics simulations. Each equilibrated system
was then simulated for 260 ns using accelerated molecular
dynamics. A boost energy, E, of 127 kcal/mol and an a of 20
kcal/mol were used for the acceleration. Accelerated molecular
dynamics was implemented in a modified version of pmemd in
the AMBER 10 suite of programs. Each simulation was then
repeated 10 times, each with a different random seed. A
snapshot of the simulation was written to the trajectory file
every five steps. A high frequency of data collection was used to
reduce errors due to reweighting.** Ptraj and Matlab were used
to analyze the data.

Molecular Dynamics Simulations of Pin1 and Pin1—
Substrate Complexes. The starting structure for this study
was a 1.7 A resolution X-ray crystal structure of an inhibitor-
bound complex of Pinl with Protein Data Bank (PDB) entry
2Q5A.* Only the catalytic domain was used. The WW domain
was removed, because it does not affect the catalytic activation
and binding of the catalytic domain.>> The inhibitor was
removed to prepare the system for the free Pinl enzyme. To
prepare the enzyme—substrate complexes, the peptidomimic
inhibitor was modified to the sequence of the substrate
analogues. The peptidomimic inhibitor already provided the
peptide backbone template, and the side chains of the non-
natural amino acids were modified to amino acids in our
sequence by retaining the common atoms. Xleap was used to
add the missing atoms. The systems were solvated in a periodic
truncated octahedron water box with the edges of the box at
least 10 A from any part of the solute. The systems were then
neutralized with counterions. The systems were equilibrated
with a series of minimization and molecular dynamics
simulations, initially applying a harmonic constraint only on
the solute with a force constant of 200 kcal mol™ A™* and
reducing it by half for each subsequent equilibration step until it
equals 25 kcal mol™" A2 A final molecular dynamics
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Figure 2. Contour plot in kilocalories per mole of the conformational space of unphosphorylated (Ser) and phosphorylated serine (pSer) in the free
substrate analogue, Ace-Ala-Ala-pSer-Pro-Phe-Nme, of Pinl. (A) ¢— or Ramachandran plot (top) of Ser, with the relevant regions labeled as a (a-
helical region), # (f-region, broadly defined), and Lax (left-handed helical region), and w— plot (bottom) of Ser and the preceding w-bond angle of
the Ser-Pro motif. (B) ¢—y or Ramachandran plot (top) of pSer and w— plot (bottom) of pSer and the preceding w-bond angle of the pSer-Pro
motif.
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Figure 3. Contour plot in kilocalories per mole of the conformational space of Pro in the free phosphorylated and unphosphorylated substrate
analogue, Ace-Ala-Ala-pSer-Pro-Phe-Nme, of Pinl. (A) ¢— or Ramachandran plot (top) of Pro of the unphosphorylated substrate and w— plot
(bottom) of proline and the preceding w-bond angle of the unphosphorylated Ser-Pro motif. (B) ¢—y or Ramachandran plot (top) of Pro of the
phosphorylated substrate and @— plot (bottom) of proline and the preceding @-bond angle of the pSer-Pro motif.
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simulation was conducted without any harmonic constraints.
The systems were then simulated for 110 ns each. The first 10
ns was discarded as additional equilibration. The resulting
conformation of the peptide @w-bond of the X-Pro motif of the
substrates was in the cis configuration. The transition state and
trans configurations of the Pinl—substrate complexes were
generated by slowly converting the @-bond angle from cis (0°)
to transition state (90°) and then to trans (180°) using the
angle restraint in AMBER with a force constant of 1000 kcal
mol™" rad™® During the simulation of the Pinl—substrate
complex when the w-bond angle of the substrate is in the
transition state configuration, the w-bond angle was held using
the angle restraint between 85° and 95° with a force constant of
1000 keal mol ™ rad ™2 The principal component analysis* was
conducted by combining the trajectories of free Pinl and Pinl
in the different states of the substrates (cis, trans, and transition
state) using the Ptraj module in the AMBER suite of programs.
The accelerated molecular dynamics simulation of the Pinl—
substrate (X = pSer) complex was conducted for 260 ns starting
from the fully equilibrated structure by applying the
acceleration to the substrate in the active site of Pinl. A
boost energy, E, of 127 kcal/mol and an a of 15 kcal/mol were
used for the acceleration. A snapshot of the simulation was
written to the trajectory file every five steps.

B RESULTS AND DISCUSSION

We have conducted extensive sampling of the conformational
space of Pinl substrate analogues, Pinl—substrate complexes,
and free Pin1, using all-atom molecular dynamics simulations in
explicit water. These simulations have allowed us to study the
effects of phosphorylation on the conformations of the
substrates, containing the pSer/pThr-Pro motifs, and the
mechanism of recognition by the catalytic domain of Pinl.
Post-translational modification of proteins by phosphorylation
is intricately involved in many normal and aberrant signaling
pathways in biology. Therefore, understanding the exact role of
phosphorylation in biology is a key to treating many diseases.

Effects of Phosphorylation on the Conformational
Equilibrium of Pin1 Substrate Analogues. Accelerated
molecular dynamics simulations were conducted on Pinl
substrate analogues (Ace-Ala-Ala-X-Pro-Phe-Nme), where X
was Ser, Thr, pSer, or pThr. Each substrate was simulated for
260 ns, and each simulation was repeated 10 times for a total of
2.6 ps. The results of the conformational sampling of the Ser/
pSer-Pro motifs of the free substrates are summarized in
Figures 2 and 3. The results for Thr/pThr-Pro are similar to
those for Ser/pSer-Pro and are summarized in Figures S1 and
S2 of the Supporting Information. The Ramachandran or g—y
plots for X = Ser and Thr reveal that the right-handed a-helical
region (¢ ~ —75° and y ~ —50°) for serine is slightly more
populated than that for threonine. The left-handed helical
regions for both X = Ser and Thr are reasonably populated,
although the left-handed basin for X = Ser is slightly broader.
Nonetheless, the f-region for both X = Ser and X = Thr is the
most populated, with a very broad basin. These results are
similar to those obtained by Lee et al.*” in their study of the
Gly-Ser-Ser-Ser peptide, but with some differences. They
concluded that prior to phosphorylation the backbone of
serine is mainly in the f-region and polyproline II region, with
very little or no a-helical conformation. In this study, a
significant population of the a-helical conformation is seen
prior to phosphorylation, although the pf-conformation
dominates.
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An earlier NMR study by Tholey et al.®>® showed that
phosphorylation of the Gly-Ser-Ser-Ser peptide results in
changes to the *] coupling constants of the backbone angles,
indicating a change in the equilibrium conformation of the
peptide. These results were later supported by Shen et al.>* who
used atomistic Brownian dynamics simulations. They showed
that phosphorylation increases the a-helical population of the
peptide backbone conformation. Similar results were also
obtained for the Thr-pSer-Pro-Ile peptide as well as for the
pSer/pThr-Pro dipeptide.***" A similar effect is also observed
here for Pinl substrate analogues. Upon phosphorylation, i.e.,
when X = pSer or pThr, there are two main observations: a
considerable increase in the population of the right-handed a-
helical conformation and a decrease in the population of the
left-handed helix for both the pSer- and pThr-containing
substrates as compared to the unphosphorylated substrates.
The population of the f-region in both substrates, however,
does not change significantly upon phosphorylation (Figure 2B
and Figure S1B of the Supporting Information). In this study,
the majority of the increase in the population of the a-helical
region has been at the expense of the left-handed region. The
population of the left-handed helical region when X = pThr is
almost wiped out upon phosphorylation, while a small
population of the left-handed helical conformation is
maintained when X = pSer. Also, phosphorylation decreases
the level of the left-handed helical region of the flanking
residues of X-Pro but does not significantly alter their a—f
equilibria, as summarized in Figures S3 and S4 of the
Supporting Information. Therefore, the results suggest that
the effects of phosphorylation on the backbone conformation
of the substrate are mainly local but can propagate beyond the
phosphorylation site. One major difference between the two
types of substrates is that the high-energy or “forbidden” region
(energies of more than 40 kcal/mol) is larger when X = Thr
and pThr than when X = Ser and pSer. Therefore, the Thr/
pThr-Pro motif seems to be less flexible than the Ser/pSer-Pro
motif. Beck et al.** have shown that threonine-containing
motifs covers less space on the Ramachandran plot than serine-
containing motifs. Our results show that this is also true for the
phosphorylated motifs, and these subtle differences between
the conformations of pThr-Pro and pSer-Pro motifs and their
effects on the substrate analogues of Pinl could have
implications for the slight differences in their recognition and
catalysis by Pinl. For example, it appears that pThr-Pro-
containing substrates binds better to Pinl than pSer-Pro-
containing substrates,* but the catalytic activity of Pinl for
pSer-Pro-containing substrate seems higher than that of pThr-
Pro substrates.**

Previously, it was shown that there is a dependency of the w-
bond an§le on the backbone yrangle of Pro for X-Pro
motifs.*>™ It turns out that there is also a dependency of the
w-bond angle on the backbone y-angle of X. In Figures 2 and 3
(bottom), we have plotted the w-angle of Ser and pSer as a
function of the w-bond angle and that of Pro for the
unphosphorylated and phosphorylated substrate analogues,
respectively. As expected, the predominant isomer for the w-
bond angle is trans for all the substrates, as can be seen from the
@—y spaces in Figures 2 and 3. Interestingly, the a-helical and
P-regions defined by the yrangle of X and Pro can easily
interconvert and are almost equally populated when the w-
bond angle is in the trans configuration for the unphosphory-
lated substrates. However, the f-region of the y~angle of X and
Pro is more populated when the w-bond angle is in the cis

dx.doi.org/10.1021/bi2009954 | Biochemistry 2011, 50, 9605—9615
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Figure 4. Structure and binding site of the catalytic domain of Pinl. (A) X-ray crystal structure (PDB entry 2QSA) of the catalytic domain of Pinl
(white), with a peptidomimetic in the active site. The active residues are shown using surface representation. (B) Residues that make up the active
sites. (C) Peptidomimetic inhibitor interacting with the proline binding pocket and the phosphate binding residues (Lys 63, Arg 68, and Arg 69)
(blue). (D) Substrate analogue, Ace-Ala-Ala-pSer-Pro-Phe-Nme, in the active site interacting with the proline binding pocket and the phosphate

binding residues (Lys 63, Arg 68, and Arg 69) (blue).

configuration for the unphosphorylated substrates than the a-
helical region. Also, the barrier separating the a-helical and -
regions is smaller when the w-bond angle is in the trans
configuration than when it is in the cis configuration; therefore,
it is easier for X-Pro motifs to change backbone conformations
when they are in the trans configuration. The barrier separating
the a-helical and f-regions, when the w-bond angle is in the
trans configuration, is slightly lower for Pro than for X.

Upon phosphorylation, there is a slight reduction in the
barrier separating the a-helical and f-regions for Pro when the
w-bond angle is in the cis configuration, creating a
thermodynamically stable valley for the conformational
transition. The same barrier for X does not change much
upon phosphorylation. Therefore, the results suggest that
phosphorylation also can act to facilitate the conformational
transition between the a-helical and f-regions for Pro when the
w-bond angle is in the cis state. In addition to lowering the
barrier between the a-helical and S-regions of Pro when the w-
bond is in the cis configuration, phosphorylation also increases
the a-helical population of Pro, as shown in Figure 3.

Conformational Selection in Pin1 Recognition. The
overall cis—trans equilibrium and barrier along the w-bond are
only slightly affected by phosphorylation. The barrier from the
trans configuration to the cis configuration is calculated to be
~20 kcal/mol for both the unphosphorylated and phosphory-

9609

lated substrate analogues, very similar to experimentally
measured values.’> Because phosphorylation does not seem
to greatly affect the cis—trans barrier, it can be argued that
phosphorylation renders the Ser/Thr-Pro motifs almost
unrecognizable by the other ubiquitous and promiscuous
isomerases (cyclophilins and FKBPs), and specific for Pinl
recognition. What role does phosphorylation therefore play in
Pinl recognition and specificity?

X-ray crystal structures of natural substrates or substrate
analogues bound to Pinl have not been determined. However,
structure-based drug design has provided several lead
compounds for targeting Pin1,** and X-ray crystal structures
for some of those comgounds in the active site of Pinl have
been determined.*>*”** To study the mechanism of Pinl
recognition of its natural substrates, we have modeled the
enzyme—substrate complex from a 1.7 A resolution X-ray
crystal structure of a phosphorylated peptidomimetic inhibitor
bound in the active site of Pin1,>° with PDB entry 2QS5A, as
shown in Figure 4A. The active site residues of Pinl are shown
in Figure 4B. The peptidomimetic inhibitor serves as an ideal
starting point for modeling the natural substrate because it
readily provides the template for the peptide backbone, and
non-natural amino acid side chains can be easily modified to
natural amino acids by keeping the common atoms. We
modified the Pinl-bound inhibitor to the substrate analogues

dx.doi.org/10.1021/bi2009954 | Biochemistry 2011, 50, 9605—-9615
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Figure S. Contour plot in kilocalories per mole of the ¢—y space or Ramachandran plot of the pSer-Pro motif of the substrate analogue, Ace-Ala-
Ala-pSer-Pro-Phe-Nme, in the active site of the catalytic domain of Pinl for pSer (top) and Pro (bottom) (A) when the w-bond angle of the pSer-
Pro motif is in the trans configuration and (B) when the w-bond angle of the pSer-Pro motif is in the cis configuration.
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Figure 6. Contour plot in kilocalories per mole of the w— space of (A) pSer and (B) Pro of the pSer-Pro motif of the substrate analogue, Ace-Ala-
Ala-pSer-Pro-Phe-Nme, when bound in the active site of the catalytic domain of Pinl.

with X = pSer or X = pThr. The complexes were then solvated
with explicit water, minimized, and equilibrated for 10 ns. The
final equilibrated structure of the complex between Pinl and
the substrate analogue when X = pSer is shown in Figure 4D.
The active site can be broadly separated into two compart-
ments. His 59, Leu 61, Cys 113, Leu 122, Met 130, Gln 131,
Phe 134, Thr 152, Ser 154, and His 157 (residues on the left of
Figure 4B) form the X-Pro binding pocket that mainly
recognizes the side chain of proline. Lys 63, Arg 68, and Arg
69 form the binding pocket for the phosphate moiety of pSer
that could form a clawlike structure around the phosphate
moiety.*” The configuration of the resulting X-Pro w-bond
angle is in the cis isomer (@ ~ 0°) after the modification.
Simulations of both complexes with the w-bond angle of the X-
Pro motif of the substrate analogues in the cis conformation

9610

were each extended for 100 ns. The w-bond angle of the X-Pro
motif of the substrates for both complexes was gradually
converted to the trans (180°) conformation over a 1 ns MD
simulation using angle restraints, and the complexes were
allowed to relax with the w-bond angle of the substrate in the
trans conformation for an additional 10 ns. The trans complexes
were also then simulated for an additional 100 ns.

Analyses of the backbone dihedral angles of the substrate
when bound to Pinl suggest that, in addition to recognizing the
phosphate group of the substrate, Pinl prefers specific
backbone conformations of the substrate depending on the
configuration of the w-bond angle. When the @-bond angle of
the substrate is in the cis configuration, the backbone
conformations of the X-Pro motifs are in the f-region, and
this is true for both X = pSer and X = pThr as shown in Figure

dx.doi.org/10.1021/bi2009954 | Biochemistry 2011, 50, 9605—9615
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Figure 7. (A) Probability distribution of the first principal component (PC1) of the Pinl—substrate complex when the @-bond angle of the pSer-Pro
motif of the substrate is in the trans (blue), cis (green), and transition state (red) configurations and free Pin1 (cyan). The different conformations of
free Pinl along PC1 are shown as insets. The motion along PC1 is due to a hingelike motion between the helix (orange) and f-turn (yellow), with
the proline binding pocket in the middle, colored by atom type (cyan for carbon, blue for nitrogen, and red for oxygen). (B) Plot of the first two
principal components (PC1 and PC2) for the different states of the Pinl—substrate complex and free Pinl.

S and Figure SS of the Supporting Information. However, when
the w-bond angle of the substrates is in the trans configuration,
the backbone conformations of the X-Pro motif of the
substrates in the complexes are mainly in the a-helical region
(Figure S and Figure SS of the Supporting Information). The
backbone conformation of the substrates is localized in the
complex and is similar for both pSer- and pThr-containing
substrates. The results therefore suggest that Pinl recognizes its
two different substrates in a similar fashion and selects a very
small number of substates of the many different conformations
that can be accessed by the free substrates. It is interesting to
note that the backbone conformation of Pro, when the @w-bond
angle is in the cis configuration for both free substrates (when X
= pSer and pThr), is also mainly in the § region, and Pinl
recognizes this dominant conformation in the cis configuration.
We also conducted accelerated molecular dynamics of the
Pinl—substrate complex, when X = pSer, for 260 ns, to study
cis—trans isomerization of the X-Pro w-bond in the active site of
Pinl. As seen in the results obtained from the normal molecular
dynamics simulations, Pinl prefers the substrate in the a-helical
conformation when the w-bond angle is in the trans
configuration and the f-region when the w-bond angle is in
the cis configuration, as shown in Figure 6. The results further
suggest that the ease of cis—trans isomerization along the w-
bond angle depends on the backbone conformation of Pro. The
cis—trans barrier height on the positive side of the w-bond angle
when the backbone conformation of Pro is a-helical is lower
than those of the other possible paths, also shown in Figure 6.
These results therefore present compelling evidence that Pinl
recognition and binding, and possibly catalysis, rely not only on
the electrostatic effects of the phosphate moiety but also on the
ensuing changes in the secondary structure of the substrates.
This interplay between the backbone conformations and
isomeric states of the Pinl substrates and Pinl recognition
could be very important for proper function. For example,
proline-directed serine/threonine kinases and phosphatases
phosphorylate and dephosphorylate Ser/Thr-Pro motifs,
respectively, only if the w-bond angle is in the trans
conﬁguration.U’SO'SI Therefore, Pinl is critical to maintaining
the cis—trans equilibria and regulating the function of its
substrates and other proteins.
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Interestingly, in addition to the recognition of specific
conformations of the substrate analogues in the different states,
the mechanism of Pinl recognition is also based on
conformational selection, which is believed to be a widespread
mechanism in protein recognition.”>**> We conducted principal
component (PCA) analysis*® on the simulations of free Pinl
and the substrate-bound complexes of Pinl, when the w-bond
angle of the substrate is in trans, cis, and transition state
configurations. The simulations of the transition state of the
substrate analogues bound to Pinl were also conducted for 100
ns, using normal molecular dynamics, while the @-bond angle
was kept between 85° and 95° with an angle force constant
restraint of 1000 kcal mol ™" rad™2. Similar results were obtained
for X = pThr; therefore, only the results for X = pSer are
shown. Figure 7 shows the distribution of the first two
eigenvectors of the slowest principal components (PC)
projected back on the trajectories. The eigenvalues of the top
five eigenvectors are 197.2, 23.2, 12.8, 11.5, and 8.9 A%
therefore, it can be seen that the first two PCs characterize
almost 90% of the motions described by the top five PCs, and
the first PC represents more than 70% of all the motions.
Figure 7A shows the distribution of PC1 of Pinl in the different
states. Free Pinl spans a large region of PCl1 with
approximately three peaks, representing the different con-
formations of Pinl along PC1. However, it is interesting to see
that the conformations of Pinl that bind the substrate
analogues when they are in the cis, trans, and transition state
configurations are subsets of the free enzyme. The
conformations of Pinl that bind the cis and trans configurations
of its substrate are similar, representing the least populated peak
of free Pinl. The ensemble of conformations that binds the
trans configuration has a distribution narrower than that of the
cis configuration. However, the transition state configuration is
recognized by a broader range of conformations that partly
include that of the cis and trans configurations and, to a larger
extent, one of the two dominant ensembles of conformations of
the free enzyme. Therefore, the distribution of the
conformations along PC1 that bind the transition state is
much broader than that of the cis and trans configurations, as
shown in Figure 7.
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Figure 8. Dynamical cross-correlated motions of Pinl residues in (A) free Pinl and Pinl bound to the substrate in the (B) trans, (C) cis, and (D)
transition state configurations. The main correlated motions of Pinl are labeled m1, m2, and m3, and the residues and domains involved in these

motions are depicted at the right.

The motion of Pinl that is most dominant and captured by
the first principal component is also shown as insets in Figure 7.
This motion represents a hingelike motion between an a-helix
and a f-turn, with the proline binding pocket sitting between
the two. Therefore, this hingelike motion modulates the active
site and could possibly have a meaningful role to play in the
catalytic mechanism of the enzyme. The different ensembles of
conformations that recognize the different configurations of the
substrate analogue interact slightly differently with the pSer-Pro
motif. The side chain of Pro of the substrate forms a
hydrophobic interaction with the proline binding pocket of
Pinl (Figure 4) when the substrate is in the cis, trans, and
transition state configurations. Also, the phosphate moiety of
the side chain of pSer always forms electrostatic interactions
with the phosphate binding pocket (also Figure 4) irrespective
of the state of the substrate. Arg 69 and Lys 63 form more
stable interactions with the phosphate moiety than Arg 68, as
shown in Figure S6 of the Supporting Information. Arg 69 and
Lys 63 are more localized around the phosphate group, while
Arg 68 is more mobile and rarely interacts with the phosphate
group. Unlike the cis and trans states, the results suggest that
the transition state of the substrate interacts a little more
favorably with Arg 68. These results agree well with earlier
mutational studies showing that Arg 69 is more important for
binding than Arg 68.%

Dynamical and Correlated Motions in Pin1. The
motion of Pinl along the first principal component is shown
to be the most dominant (Figure 7) and spans a large range in
the free enzyme. This motion is dominant in the enzyme of the
transition state-bound complex and also spans a relatively large
range, as compared to that of the frans- and cis-bound
complexes. This led us to speculate that in addition to the
ability of the enzyme to stabilize the transition state during
catalysis this dominant motion in the free enzyme could play a
key role during catalytic turnover. This is interesting because
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the well-studied cyclophilin A, which is a cis—trans isomerase of
a different family, has been shown to possess motions in the
free enzyme that are present in the enzyme—substrate complex
during catalytic turnover. These motions are believed to assist
in catalysis by moving the substrate from one state to the
other.*™® This dynamical phenomenon has also been
observed in other enzymes,*”*® including Pin1.>*~%' However,
the effect of these dynamical motions on the catalytic rate and
whether they provide any enhancement to the rate of catalysis
as compared to the isomerization of the substrate (free in
solution) are not clear and are still being debated.“”® What is
clear is that these dynamical motions are generally coupled with
the catalytic process, as the enzymes are very dynamic and have
to alter their conformations to recognize the substrate in the
different states, as observed in this work.

In addition to the dynamical motions represented by the first
principal component, we have also calculated the dynamical
correlated motions in free Pinl and the substrate-bound
complexes in the three different states, as shown in the
dynamical cross correlation map in Figure 8. It is interesting
and surprising to see that correlated motions in the free enzyme
(labeled as m1, m2, and m3 in Figure 8) are also present in the
enzyme conformations that bind the transition state. However,
they are not present in the trans—enzyme complex and are only
slightly present in the cis—enzyme complex. The correlated
motions in free Pinl are more similar to that of the transition
state complex than those of the cis and trans complexes (Figure
8). All of the highlighted motions involve amino acids between
positions 122 and 140 (colored orange in Figure 8) and three
other parts of the enzyme (colored yellow in Figure 8). All of
the correlated motions in one way or another involve residues
that make up the active site of Pinl. The segment of residues
122—140 contains most of the residues that make up the
proline binding pocket, including Phe 134 that is at the base of
the cavity. The m1 correlated motion is between the majority of
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the proline binding site residues (Leu 122, Met 130, Glu 131,
and Phe 134) and three other active site residues, Thr 152, Ser
154, and His 157, one of which (Ser 154) is actively involved in
hydrogen bonding with the substrate when the substrate is in
the trans and transition state configurations. The correlated
motion depicted by m2 is again between the majority of the
proline binding site residues (Leu 122, Met 130, Glu 131, and
Phe 134) and two other active site residues, Cys 113 and Ser
114. Cys 113 can hydrogen bond with the substrate when it is
in the cis configuration and also when it is in the transition
state. The third correlated motion, m3, involves the proline
binding pocket and the residues that make up the phosphate
binding pocket (Lys 63, Arg 68, and Arg 69). Several of these
residues have previously been identified as being important for

59=61
Our results

catalysis using NMR relaxation experiments.
therefore suggest that these motions are relevant to catalysis,
because they involve all of the residues that make up the active
site of the enzyme. Also, the correlated motions in the free
enzyme show up only slightly when the substrate is in the cis
configuration. The correlated motions become intense when
the substrate is in the transition state configuration and are not
present when the substrate is in the trans configuration.
Therefore, these motions are coupled with the catalytic process
in moving the substrate across the transition state from cis to
trans and vice versa.

B CONCLUDING REMARKS

In this study, we have shown that phosphorylation is an
important mechanism by which transient conformational
changes can be induced in proteins via post-translational
modification of serine or threonine. The phosphate moiety and
perturbation of the equilibrium distribution of protein
conformations control the recognition mechanism with other
proteins, such as human Pinl, and are central to regulating
many intricate subcellular processes. Our results suggest that
Pinl recognizes the specific backbone conformation of its
substrates using conformational selection and has a wider range
of conformations that recognize the transition state. These
different ensembles of conformations of Pinl can be separately
targeted with slightly different classes of compounds as a drug
design strategy, exploiting the conformational variability of
Pinl. Also, correlated motions in the free Pinl enzyme are
present in the ensemble of conformations that bind the
substrate in the transition state configuration. The exact role of
these dynamical coupled motions in the catalytic activity of
Pinl is yet to be determined and requires much further study.
Fully understanding the atomistic basis for Pinl recognition
and the mechanism of catalysis of the cis—trans isomerization of
the pSer/pThr-Pro motifs in signaling proteins will provide the
foundation for the development of new classes of compounds
for the treatment of many diseases, including cancer and
Alzheimer’s.

B ASSOCIATED CONTENT

© Supporting Information
Six figures. This material is available free of charge via the
Internet at http://pubs.acs.org.

9613

B AUTHOR INFORMATION

Corresponding Author

*Department of Chemistry, Georgia State University, P.O. Box
4098, Atlanta, GA 30302-4098. E-mail: dhamelberg@gsu.edu.
Telephone: (404) 413-5564. Fax: (404) 413-5505.

Funding
This work is supported in part by National Science Foundation
CAREER Grant MCB-0953061 and the Georgia Cancer
Coalition.

B ACKNOWLEDGMENTS

We thank Dr. Urmi Doshi for helpful discussions during the
preparation of the manuscript. In this work, we used Georgia
State University’s IBM System pS supercomputer, acquired
through a partnership of the Southeastern Universities
Research Association and IBM supporting the SURAgrid
initiative.

B ABBREVIATIONS

MD, molecular dynamics; aMD, accelerated molecular
dynamics; FKBP, FK binding proteins; HIV, human
immunodeficiency virus; PPlase, peptidyl prolyl cis—trans
isomerase; Itk, interleukin tyrosine kinase; pSer, phosphory-
lated serine; pThr, phosphorylated threonine; SH2, Src
homology 2; 5-HT3, 5-hydroxytryptamine-type 3 receptor.

B REFERENCES

(1) Kun Ping, L., Finn, G, Tae Ho, L., and Nicholson, L. K. (2007)
Prolyl cis-trans isomerization as a molecular timer. Nat. Chem. Biol. 3,
619—629.

(2) Fanghanel, J., and Fischer, G. (2004) Insights into the catalytic
mechanism of peptidyl prolyl cis/trans isomerases. Front. Biosci. 9,
3453—-3478.

(3) Severin, A., Joseph, R. E. Boyken, S, Fulton, D. B, and
Andreotti, A. H. (2009) Proline Isomerization Preorganizes the Itk
SH2 Domain for Binding to the Itk SH3 Domain. J. Mol. Biol. 387,
726—743.

(4) Lummis, S. C, Beene, D. L, Lee, L. W, Lester, H. A,
Broadhurst, R. W,, and Dougherty, D. A. (2005) Cis-trans isomer-
ization at a proline opens the pore of a neurotransmitter-gated ion
channel. Nature 438, 248—252.

(5) Melis, C., Bussi, G., Lummis, S. C. R,, and Molteni, C. (2009)
Trans—cis Switching Mechanisms in Proline Analogues and Their
Relevance for the Gating of the 5-HT3 Receptor. J. Phys. Chem. B 113,
12148-12153.

(6) Yoo, S., Myszka, D. G., Yeh, C.-y.,, McMurray, M., Hill, C. P., and
Sundquist, W. 1. (1997) Molecular recognition in the HIV-1 capsid/
cyclophilin A complex. J. Mol. Biol. 269, 780—795.

(7) Brandts, J. F., Halvorson, H. R, and Brennan, M. (1975)
Consideration of the possibility that the slow step in protein
denaturation reactions is due to cis-trans isomerism of proline
residues. Biochemistry 14, 4953—4963.

(8) Handschumacher, R, Harding, M., Rice, ], Drugge, R, and
Speicher, D. (1984) Cyclophilin: A specific cytosolic binding protein
for cyclosporin A. Science 226, 544—547.

(9) Siekierka, J. J,, Hung, S. H. Y., Poe, M., Lin, C. S., and Sigal, N. H.
(1989) A cytosolic binding protein for the immunosuppressant FK506
has peptidyl-prolyl isomerase activity but is distinct from cyclophilin.
Nature 341, 755—=757.

(10) Ly, K, Hanes, S., and Hunter, T. (1996) A human peptidyl-
prolyl isomerase essential for regulation of mitosis. Nature 380, 544—
547.

(11) Ly, K. P., and Zhou, X. Z. (2007) The prolyl isomerase PIN1: A
pivotal new twist in phosphorylation signalling and disease. Nat. Rev.
Mol. Cell Biol. 8, 904—916.

dx.doi.org/10.1021/bi2009954 | Biochemistry 2011, 50, 9605—9615


http://pubs.acs.org
mailto:dhamelberg@gsu.edu

Biochemistry

(12) Theuerkorn, M., Fischer, G., and Schiene-Fischer, C. (2011)
Prolyl cis/trans isomerase signalling pathways in cancer. Curr. Opin.
Pharmacol. 11, 281—287.

(13) Ryo, A, Liou, Y.-C,, Lu, K. P, and Wulf, G. (2003) Prolyl
isomerase Pinl: A catalyst for oncogenesis and a potential therapeutic
target in cancer. J. Cell Sci. 116, 773—783.

(14) Shaw, P. E. (2007) Peptidyl-prolyl cis/trans isomerases and
transcription: Is there a twist in the tail> EMBO Rep. 8, 40—45.

(15) Zhou, X. Z, Lu, P. J, Wulf, G, and Lu, K. P. (1999)
Phosphorylation-dependent prolyl isomerization: A novel signaling
regulatory mechanism. Cell. Mol. Life Sci. 56, 788—806.

(16) Finn, G, and Lu, K. P. (2008) Phosphorylation-specific prolyl
isomerase Pinl as a new diagnostic and therapeutic target for cancer.
Curr. Cancer Drug Targets 8, 223—229.

(17) Zhou, X. Z., Kops, O., Werner, A,, Ly, P. J., Shen, M., Stoller, G,,
Kullertz, G., Stark, M., Fischer, G., and Lu, K. P. (2000) Pinl-
dependent prolyl isomerization regulates dephosphorylation of
Cdc25C and tau proteins. Mol. Cell 6, 873—883.

(18) Pei-Jung, L., Wulf, G., Zhou, X,, Davies, P., and Lu, K. (1999)
The prolyl isomerase Pinl restores the function of Alzheimer-
associated phosphorylated tau protein. Nature 399, 784—788.

(19) Shen, T., Zong, C., Hamelberg, D., McCammon, J. A, and
Wolynes, P. G. (2005) The folding energy landscape and
phosphorylation: Modeling the conformational switch of the NFAT
regulatory domain. FASEB J. 19, 1389—1395.

(20) Groban, E. S. Narayanan, A, and Jacobson, M. P. (2006)
Conformational changes in protein loops and helices induced by post-
translational phosphorylation. PLoS Comput. Biol. 2, e32.

(21) Narayanan, A., and Jacobson, M. P. (2009) Computational
studies of protein regulation by post-translational phosphorylation.
Curr. Opin. Struct. Biol. 19, 156—163.

(22) Hamelberg, D., and McCammon, J. A. (2009) Mechanistic
insight into the role of transition-state stabilization in cyclophilin A. J.
Am. Chem. Soc. 131, 147—152.

(23) Hamelberg, D., Mongan, J., and McCammon, J. A. (2004)
Accelerated molecular dynamics: A promising and efficient simulation
method for biomolecules. J. Chem. Phys. 120, 11919—11929.

(24) Case, D. A., Cheatham, T. E. III, Darden, T., Gohlke, H., Luo,
R, Merz, K. M. Jr,, Onufriev, A, Simmerling, C,, Wang, B,, and
Woods, R. J. (2005) The Amber biomolecular simulation programs. J.
Comput. Chem. 26, 1668—1688.

(25) Hornak, V., Abel, R, Okur, A., Strockbine, B., Roitberg, A., and
Simmerling, C. (2006) Comparison of multiple Amber force fields and
development of improved protein backbone parameters. Proteins 6S,
712-728.

(26) Cornell, W. D., Cieplak, P., Bayly, C. L, Gould, 1. R, Merz, K.
M, Ferguson, D. M,, Spellmeyer, D. C,, Fox, T., Caldwell, J. W,, and
Kollman, P. A. (1995) A Second Generation Force Field for the
Simulation of Proteins, Nucleic Acids, and Organic Molecules. J. Am.
Chem. Soc. 117, 5179—5197. (1996) 118, 2309.

(27) Doshi, U., and Hamelberg, D. (2009) Reoptimization of the
AMBER Force Field Parameters for Peptide Bond (Omega) Torsions
Using Accelerated Molecular Dynamics. J. Phys. Chem. B 113, 16590—
1659S.

(28) Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R.
W., and Klein, M. L. (1983) Comparison of simple potential functions
for simulating liquid water. J. Chem. Phys. 79, 926—935.

(29) Ryckaert, J.-P., Ciccotti, G., and Berendsen, H. J. C. (1977)
Numerical Integration of the Cartesian Equations of Motion of a
System with Constraints: Molecular Dynamics of n-Alkanes. J. Comput.
Phys. 23, 327-341.

(30) Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H.,
and Pedersen, L. G. (1995) A smooth particle mesh Ewald method. J.
Chem. Phys. 103, 8577—8593.

(31) Homeyer, N, Horn, A, Lanig, H., and Sticht, H. (2006)
AMBER force-field parameters for phosphorylated amino acids in
different protonation states: Phosphoserine, phosphothreonine,
phosphotyrosine, and phosphohistidine. J. Mol. Model. 12, 281—289.

9614

(32) Schutkowski, M., Bernhardt, A., Zhou, X. Z., Shen, M., Reimer,
U, Rahfeld, J.-U, Lu, K. P, and Fischer, G. (1998) Role of
Phosphorylation in Determining the Backbone Dynamics of the
Serine/Threonine-Proline Motif and Pinl Substrate Recognition.
Biochemistry 37, 5566—5578.

(33) Daum, S., Fanghanel, J., Wildemann, D., and Schiene-Fischer, C.
(2006) Thermodynamics of phosphopeptide binding to the human
peptidyl prolyl cis/trans isomerase Pinl. Biochemistry 45, 12125—
12138S.

(34) Shen, T., and Hamelberg, D. (2008) A statistical analysis of the
precision of reweighting-based simulations. J. Chem. Phys. 129, 034103.

(35) Zhang, Y., Daum, S., Wildemann, D., Zhou, X. Z., Verdecia, M.
A.,, Bowman, M. E,, Liicke, C., Hunter, T., Lu, K.-P., Fischer, G., and
Noel, J. P. (2007) Structural Basis for High-Affinity Peptide Inhibition
of Human Pinl. ACS Chem. Biol. 2, 320—328.

(36) Stein, S. A. M., Loccisano, A. E., Firestine, S. M., and Evanseck,
J. D. (2006) Principal Components Analysis: A Review of its
Application on Molecular Dynamics Data. In Annual Reports in
Computational Chemistry (David, C. S., Ed.) Chapter 13, pp 233—261,
Elsevier, Amsterdam.

(37) Kyung-Koo, L., Cheonik, J., Seongeun, Y., Hogyu, H., and
Minhaeng, C. (2007) Phosphorylation effect on the GSSS peptide
conformation in water: Infrared, vibrational circular dichroism, and
circular dichroism experiments and comparisons with molecular
dynamics simulations. J. Chem. Phys. 126, 235102.

(38) Tholey, A, Lindemann, A., Kinzel, V., and Reed, J. (1999)
Direct Effects of Phosphorylation on the Preferred Backbone
Conformation of Peptides: A Nuclear Magnetic Resonance Study.
Biophys. J. 76, 76—87.

(39) Shen, T., Wong, C. F., and McCammon, J. A. (2001) Atomistic
Brownian Dynamics Simulation of Peptide Phosphorylation. J. Am.
Chem. Soc. 123, 9107-9111.

(40) Hamelberg, D., Shen, T. and McCammon, J. A. (2005)
Phosphorylation Effects on cis/trans Isomerization and the Backbone
Conformation of Serine-Proline Motifs: Accelerated Molecular
Dynamics Analysis. J. Am. Chem. Soc. 127, 1969—1974.

(41) Byun, B. ], and Kang, Y. K. (2010) Conformational preferences
and prolyl cis—trans isomerization of phosphorylated Ser/Thr-Pro
motifs. Biopolymers 93, 330—339.

(42) Beck, D. A. C,, Alonso, D. O. V., Inoyama, D., and Daggett, V.
(2008) The intrinsic conformational propensities of the 20 naturally
occurring amino acids and reflection of these propensities in proteins.
Proc. Natl. Acad. Sci. U.S.A. 105, 12259—12264.

(43) Zhou, W,, Yang, Q,, Low, C. B,, Karthik, B. C., Wang, Y., Ryo,
A, Yao, S. Q, Yang, D, and Liou, Y.-C. (2009) Pinl Catalyzes
Conformational Changes of Thr-187 in p27Kipl and Mediates Its
Stability through a Polyubiquitination Process. J. Biol. Chem. 284,
23980—23988.

(44) Yaffe, M. B, Schutkowski, M. Shen, M., Zhou, X. Z,
Stukenberg, P. T., Rahfeld, J. U,, Xu, J., Kuang, J., Kirschner, M. W,,
Fischer, G., Cantley, L. C., and Lu, K. P. (1997) Sequence-specific and
phosphorylation-dependent proline isomerization: A potential mitotic
regulatory mechanism. Science 278, 1957—1960.

(45) Fischer, S., Dunbrack, R. L., and Karplus, M. (1994) Cis-Trans
Imide Isomerization of the Proline Dipeptide. J. Am. Chem. Soc. 116,
11931-11937.

(46) Schiene-Fischer, C., Aumuller, T., and Fischer, G. (2011)
Peptide Bond cis/trans Isomerases: A Biocatalysis Perspective of
Conformational Dynamics in Proteins. Top. Curr. Chem., .

(47) Guo, C., Hou, X,, Dong, L., Dagostino, E., Greasley, S., Ferre,
R., Marakovits, J., Johnson, M. C., Matthews, D., Mroczkowski, B.,
Parge, H. Vanarsdale, T, Popoff, I, Piraino, J, Margosiak, S,
Thomson, ], Los, G., and Murray, B. W. (2009) Structure-based
design of novel human Pinl inhibitors (I). Bioorg. Med. Chem. Lett. 19,
5613—5616.

(48) Potter, A, Oldfield, V., Nunns, C.,, Fromont, C,, Ray, S,
Northfield, C. J., Bryant, C. J., Scrace, S. F., Robinson, D., Matossova,
N., Baker, L., Dokurno, P., Surgenor, A. E., Davis, B., Richardson, C.
M., Murray, J. B,, and Moore, J. D. (2010) Discovery of cell-active

dx.doi.org/10.1021/bi2009954 | Biochemistry 2011, 50, 9605—9615



Biochemistry

phenyl-imidazole Pinl inhibitors by structure-guided fragment
evolution. Bioorg. Med. Chem. Lett. 20, 6483—6488.

(49) Hamelberg, D., Shen, T., and McCammon, J. A. (2007) A
proposed signaling motif for nuclear import in mRNA processing via
the formation of arginine claw. Proc. Natl. Acad. Sci. US.A. 104,
14947—14951.

(50) Brown, N. R,, Noble, M. E., Endicott, J. A., and Johnson, L. N.
(1999) The structural basis for specificity of substrate and recruitment
peptides for cyclin-dependent kinases. Nat. Cell Biol. 1, 438—443.

(51) Weiwad, M., Kullertz, G., Schutkowski, M., and Fischer, G.
(2000) Evidence that the substrate backbone conformation is critical
to phosphorylation by p42 MAP kinase. FEBS Lett. 478, 39—42.

(52) Ma, B., and Nussinov, R. (2010) Enzyme dynamics point to
stepwise conformational selection in catalysis. Curr. Opin. Chem. Biol.
14, 652—659.

(53) Grant, B. J, McCammon, J. A, and Gorfe, A. A. (2010)
Conformational selection in G-proteins: Lessons from Ras and Rho.
Biophys. ]. 99, L87—-L89.

(54) Eisenmesser, E. Z., Millet, O., Labeikovsky, W., Korzhnev, D.
M., Wolf-Watz, M., Bosco, D. A., Skalicky, J. J., Kay, L. E., and Kern, D.
(200S) Intrinsic dynamics of an enzyme underlies catalysis. Nature
438, 117—121.

(S5) Schlegel, J., Armstrong, G. S., Redzic, J. S., Zhang, F., and
Eisenmesser, E. Z. (2009) Characterizing and controlling the inherent
dynamics of cyclophilin-A. Protein Sci. 18, 811—824.

(56) Agarwal, P. K., Geist, A., and Gorin, A. (2004) Protein dynamics
and enzymatic catalysis: Investigating the peptidyl-prolyl cis-trans
isomerization activity of cyclophilin A. Biochemistry 43, 10605—10618.

(57) Hammes-Schiffer, S., and Benkovic, S. J. (2006) Relating
Protein Motion to Catalysis. Annu. Rev. Biochem. 75, 519—541.

(58) Bhabha, G,, Lee, J., Ekiert, D. C., Gam, J., Wilson, L. A., Dyson,
H. J, Benkovic, S. J., and Wright, P. E. (2011) A dynamic knockout
reveals that conformational fluctuations influence the chemical step of
enzyme catalysis. Science 332, 234—238.

(59) Labeikovsky, W., Eisenmesser, E. Z., Bosco, D. A,, and Kern, D.
(2007) Structure and dynamics of pinl during catalysis by NMR. J.
Mol. Biol. 367, 1370—1381.

(60) Namanja, A. T, Peng, T, Zintsmaster, J. S., Elson, A. C,,
Shakour, M. G., and Peng, J. W. (2007) Substrate recognition reduces
side-chain flexibility for conserved hydrophobic residues in human
Pinl. Structure 15, 313—327.

(61) Namanja, A. T., Wang, X. J., Xu, B., Mercedes-Camacho, A. Y,,
Wilson, K. A, Etzkorn, F. A, and Peng, J. W. (2011) Stereospecific
gating of functional motions in Pinl. Proc. Natl. Acad. Sci. US.A. 108,
12289—12294.

(62) Pisliakov, A. V., Cao, J., Kamerlin, S. C., and Warshel, A. (2009)
Enzyme millisecond conformational dynamics do not catalyze the
chemical step. Proc. Natl. Acad. Sci. U.S.A. 106, 17359—17364.

(63) Kamerlin, S. C., and Warshel, A. (2010) At the dawn of the 21st
century: Is dynamics the missing link for understanding enzyme
catalysis? Proteins 78, 1339—1375.

9615

dx.doi.org/10.1021/bi2009954 | Biochemistry 2011, 50, 9605—9615



