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ABSTRACT
Cyclophilin A (CypA) is the well-studied member of a group of ubiquitous and evolutionarily conserved families of enzymes called peptidyl–prolyl isomerases (PPIases). These enzymes catalyze the cistrans isomerization of peptidyl-prolyl bond in many proteins. The distinctive functional path triggered by
each isomeric state of peptidyl-prolyl bond renders PPIase-catalyzed isomerization a molecular switching mechanism to be used on physiological demand. PPIase activity has been implicated in protein folding, signal transduction, and ion channel gating as well as pathological condition such as cancer, Alzheimer’s, and microbial infections.
The more than five order of magnitude speed-up in the rate of peptidyl–prolyl cis–trans isomerization by CypA has been the target of intense research. Normal and accelerated molecular dynamic simulations were carried out to understand the catalytic mechanism of CypA in atomistic details. The results

reaffirm transition state stabilization as the main factor in the astonishing enhancement in isomerization
rate by enzyme. The ensuing intramolecular polarization, as a result of the loss of pseudo double bond
character of the peptide bond at the transition state, was shown to contribute only about −1.0 kcal/mol
to stabilizing the transition state. This relatively small contribution demonstrates that routinely used
fixed charge classical force fields can reasonably describe these types of biological systems. The computational studies also revealed that the undemanding exchange of the free substrate between β- and αhelical regions is lost in the active site of the enzyme, where it is mainly in the β-region. The resultant
relative change in conformational entropy favorably contributes to the free energy of stabilizing the
transition state by CypA. The isomerization kinetics is strongly coupled to the enzyme motions while the
chemical step and enzyme–substrate dynamics are in turn buckled to solvent fluctuations. The chemical
step in the active site of the enzyme is therefore not separated from the fluctuations in the solvent. Of
special interest is the nature of catalysis in a more realistic crowded environment, for example, the cell.
Enzyme motions in such complicated medium are subjected to different viscosities and hydrodynamic
properties, which could have implications for allosteric regulation and function.
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1
1.1

INTRODUCTION

Peptidyl-Prolyl Isomerases (PPIases)
The versatile nature of enzymes and their essential role in many vital biological processes have

long been characterized (1, 2). It is well known that in addition to environmental factors, the functionality of an enzyme is intricately tailored to the nature of its targeted substrate (3, 4). The same is true for
the catalysis of cis-trans isomerization of proline-containing proteins (5, 6). Although nonproline cispeptide bonds (ω-bonds) have been observed in 5–6% of protein crystal structures(7), proline is the
most distinguishable amino acid that can readily adopt both cis and trans isomers. This is due to the
small free energy difference between the two configurations of peptidyl-prolyl bond (8). Prolinecontaining proteins therefore have the possibility of adopting different conformational states with
distinctive regulatory role in many essential biological processes, such as protein folding(9), ion channel
gating(10), and signal transduction(11).
However due to a high free energy barrier of approximately 20 kcal/mol, the peptidyl-prolyl cis–
trans isomerization is inherently slow with a rate in the order of tens to hundreds of seconds(12, 13).
Fortunately, the rate of these important processes are enhanced by more than five orders of magnitude
through the catalytic action of a group of ubiquitous and evolutionarily conserved enzymes called
peptidyl–prolyl isomerases(PPIases)(14).
Four structurally unrelated families of PPIases include Cyclophilins (Cyps), FK506-binding proteins (FKBPs), parvulins, and PTPA (15-19). Cyclophilins can be found in most cells of different tissues of
all organisms (15). All cyclophilins have a common domain of approximately 109 amino acids(the cyclophilin-like domain) and a second domain unique to each member of the family (15). There are 17 cyclophilins in the human genome with Cyclophilin A (CypA) as the well-studied member of this family(20).
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The structure and physiological characteristics of CypA (the target of our study) are discussed in more
details in Section 1.3.
FKBPs have been also found in many different organisms. All FKBP domains share a structure of
five stranded anti-parallel β-sheet with a short α-helix (21). Parvulins are small peptidyl-prolyl cis/trans
isomerases, which show a typical βαααβαββ folding topology and a group of highly conserved residues
(22). Pin1, the well-studied member of parvulin family, contains a WW binding and a PPIase domains
that specifically catalyzes the phosphoserine/threonine-proline motifs in different protein
substrates(23). This substrate specificity provides a double regulatory mechanism of post-translational
phosphorylation and conformational switching involved in Pin1 function(24).
Phosphotyrosyl phosphatase activator (PTPA), the recently discovered member of PPIases family
represents a well-conserved protein that has been found in a wide range of organisms from yeast to
human (18). In contrast to monomeric cyclophilins, FKPBs and parvulins with a central beta-sheet, the
active site of PTPA is located at the interface of a substrate-induced dimer in an all-alpha-helix fold catalytic domain(8). The regulatory role of PPTA is thought to be through reactivation of the protein phosphatase 2 (18).
1.2

PPIases as Molecular Switch
The distinctive functional path triggered by each isomeric state of peptidyl-prolyl bond renders

PPIase-catalyzed isomerization a molecular switching mechanism to be used as a regulatory mechanism
in both physiological and pathological condition(8). Some examples of these important features of PPIases are summarized in following sections.
1.2.1

Physiological Role of PPIases

Cell Signaling: The appropriate timing and amplitude of signaling pathways are critical for the efficient functionality of the complicated network of biological processes. Extensive studies have proven
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the role of PPIases in different signaling pathways of intra and extra cellular processes. For instance, the
critical role of Pin1 in phosphorylation-specific prolyl isomerization for amplifying the Neu-Raf-Ras-MAP
kinase pathway on multiple levels has been well studied(25).
Neuron Activity: The higher abundance of Cyclophilins and FKBPs in the brain than in the immune system signifies their critical role in the neuronal activities(26). It has been shown that FKBP52
catalyze cis/trans isomerization of some areas of TRPC1 implicated in controlling channel opening(27).
FKBP52 controls the TRPC1 gating through isomerization, which in turn is required for turning of neuronal growth cones to netrin-1 and myelin-associated glycoprotein and for axon guidance of commissural interneurons in the growing spinal cord(27).
Immune response: The discovery of inhibition of CypA and FKBP families by immunosuppressive
drugs CsA and FK506 sparked the initial interest in the possible regulatory role of peptidyl-prolyl isomerization in the immune system. However, it was soon realized that PPIase activity is not involved in immunosuppression mechanism by these drugs. Nevertheless, later discoveries showed that PPIases have
themselves specific and important role in the immune system responses. Increasing number of evidences has established the regulatory role of Pin1 in the immune system. For instance, interferon-regulatory
factor 3 (IRF3), the factor responsible for the establishment of innate immunity in response to either
viral or microbial infection is negatively regulated by Pin1(28). It has been shown that inhibition of Pin1
by RNA interference or genetic deletion resulted in enhanced IRF-3-dependent production of interferonbeta, and finally the reduction of virus replication(28).
Cell Cycle: There are extensive studies on Pin1 regulatory role in different levels of cell cycle in a
wide range of cells and organisms (29, 30). For instance, a study on human cells and Xenopus extracts
showed direct interaction of Pin1 with a group of mitotic phosphoproteins in a way that is both
phosphorylation-dependent and mitosis-specific (31). These Pin1-binding proteins include the representative mitotic regulators Cdc25 and Cdc27(31).
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Gene expression: PPIases activity is also implicated in different levels of gene expression including phosphorylation-dependent peptidyl-prolyl isomerization with Pin1 and Phosphorylationindependent isomerization by CypA and FKBPs(25). One of the studied examples is Fpr4, a member of
the FK506 binding protein family in Saccharomyces cerevisiae, which catalyzes the proline isomerization
of histones H3 in vitro(32). This enzyme binds the amino-terminal tail of histones H3 and H4 and catalyzes the isomerization of H3 proline in vitro. It is shown the isomerization by Fpr4 inhibits the ability of
Set2 to methylate H3 K36 in vitro. These findings imply that the conformational state of proline, controlled by Fpr4, is important for methylation of H3K36 by Set2(32). Also, further studies suggest that abrogation of Fpr4 catalytic activity in vivo results in increased levels of H3K36 methylation and delayed
transcriptional induction kinetics of specific genes in yeast(32).
1.2.2

PPIases and Pathogenesis

As mentioned earlier, the molecular switching mechanism triggered by PPIases activity is involved in an extremely interrelated network of physiological pathways. It is therefore not surprising that
any irregularly in the enzymatic activity of PPIases would result in a wide range of pathogenic condition.
Some instances of diseases related to CypA activity will be discussed in Section 1.3.
As for Pin1 and FKBP’s, the pathological activity of these enzymes is also implicated in many different diseases. For instance Increasing numbers of studies indicated overexpressed level of Pin1 in
many human cancers such as breast and brain tumors as well as cancer of the prostate, lung, ovary, cervical, and melanoma(33). High expression levels of FKBP family have been also reported in human cancer tissues compared to non-tumour samples. These include the high expression or down-regulation of
FKBP51 in glioma, lymphoma and melanoma as well as pancreatic and colorectal cancer(34).
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1.3

Human Cyclophilins
1.3.1

General Features of Human Cyclophilins

Cyclophilins have been found in mammals, plants, insects, fungi, and bacteria (15). They are
structurally conserved throughout evolution and all have PPIase activity. There are 17 isoforms of cyclophilins in the human genome, but the function of most of them is unknown(20).
All Cyclophilins share a common fold architecture consisting of eight antiparallel β sheets and
two α-helices that pack against the sheets(15). The active site of the cyclophilin family consists of
catalytic arginine and a highly conserved set of hydrophobic, aromatic, and polar residues including
Phe60, Met61, Gln63, Ala101, Phe113, Trp121, Leu122, and His126(20). These residues constitute a
binding surface along the PPIase domain of approximate 10 Å along the Arg55–His126 axis and 15 Å
along the Trp121–Ala101 axis(20). Most of these residues are well conserved across all PPIase domains
and participate in enzyme catalytic activity or substrate and inhibitor binding(20). A study on 15 of 17
members of Human cyclophilin revealed that regions of the isomerase domain outside the prolinebinding surface have isoform specificity for both in vivo substrates and drug design(20). The study
suggested that this site of diversity may be exploited for the development of selective ligands for each
isoform(20).
1.3.2

Human Cyclophilin A (CypA)

The 18-kDa Cyclophilin A is the first member of the Cyclophilin family to be identified in mammals (15). Interestingly, the purification of CypA from bovine thymocytes as an intracellular protein did
not coincide with its identification as a protein with PPIase activity (15). Only five years later it was
demonstrated that the protein with PPIase activity and cyclophilin A are indeed the same. CypA is a
cytosolic protein that is present in all tissues of mammals and constitute up to 0.1–0.6% of the total cytosolic proteins (35). However, other Cyclophilins are found in the endoplasmic reticulum (ER), the mito-
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chondria, or the nucleus (15). CypA is the main target of the immunosuppressive drug cyclosporine
(CsA), a cyclic 11-amino-acid peptide that was initially isolated from the fungus Tolypocladium inflatum(15). Cyclosporine A binds and inhibits CypA with an IC50 value of 19 nM(36).
1.3.3

CypA Structure

CypA is a single domain protein of 165 residues with a globular structure dimensions of approximately 34 x 33 x 30 Å (37, 38). It consists of an eight-stranded antiparallel β-barrel structure, with two α
helices flanked each side of the barrel (37)(Figure 1). Two a-helices and eight beta-strands create a
compact hydrophobic core with residues Val-6, Phe-8, Val-20, Phe-22, Leu-24, Phe- 36, Leu-39, Tyr-48,
Phe-53, Ile-56, Leu-98, Met-100, Phe-112, Ile-114, and Phe-129(37).
A pocket contains several conserved hydrophobic, and polar residues construct the binding site
of CsA and other substrates in one side of the hydrophobic core (37). Residues in this pocket include
His-54, Arg-55, Ile-57, Phe-60, Met-61, Gln-63, Asn-102, Gln-111, Phe-113, Trp-121, Leu-122, Lys-125,
and His-126(37).

Figure 1 The structure of Human Cyclophilin A (CypA) (From Ref 38)
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1.3.4

Physiological roles of CypA

CypA with (kcat/Km) of about 16 μM−1 s−1 has been shown to play critical role in many physiological processes including:
Ion Channel Gating: 5-Hydroxytryptamine type 3 (5-HT3) receptors are members of the Cys-loop
receptor superfamily (39). Neurotransmitter binding in these proteins triggers the opening (gating) of an
ion channel by means of conformational change. Studies have shown that a specific proline between the
two transmembrane helices of 5-HT3 can associate binding to gating through a cis–trans isomerization
of the protein backbone(40). Studies on several Proline analogues demonstrate a strong correlation between the cis–trans energy gap and the activation of the channel(40). The observation suggests that
CypA-catalysed cis–trans isomerization of this single proline provides the switch that makes conversion
between open and closed states of the channel(40).
Signaling: The interleukin-2 tyrosine kinase (Itk) participates in the intracellular signaling events
leading to T cell activation(41). It is shown that the Itk catalytic activity is regulated by the peptidylprolyl isomerase activity of cyclophilin A(42). CypA forms a stable complex with Itk in T cells that is disrupted by cyclosporine administration(42).
The Itk conformational heterogeneity is induced by isomerization of Asn-286–Pro-287 peptide
bond which its isomerization state plays the key role in regulating ligand selection. The cis and trans
states of Asn-286–Pro-287 peptide bond bind different ligands which in turn trigger different signaling
pathways and physiological processes(42).
Intracellular trafficking: In the course of programmed cell death (apoptosis), the apoptosisinducing factor (AIF) moves from mitochondria to nuclei and finally contribute to the execution of cell
death(43). Studies have shown that lethal translocation of AIF to the nucleus requires interaction with
CypA, suggesting a model in which two proteins that normally reside in separate cytoplasmic
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compartments acquire novel properties when moving together to the nucleus(43). In vivo studies
demonstrate that elimination of CypA indeed affords the neuroprotection in vivo(43).
1.3.5

Pathological condition by CypA

In addition to playing critical role in many important physiological processes, the peptidyl-prolyl
isomerase activity of CypA is also implicated in various pathological condition and diseases. Below some
examples of the pathological condition involving CypA are summarized.
Viral Infection: CypA has been shown to have a critical role in the human immunodeficiency virus type 1(HIV-1) infectivity (44). Extensive studies have shown that HIV-1 binds CypA via Gly89-Pro90
peptide of the flexible and exposed loop within the N-terminal domain of the structure called capsid(45). Capsid is the protein which forms the virion core and assembles into a cone enclosing the viral
RNA. During the viral life cycle, the viral genome and related enzymes enter host cell and organized and
packaged through capsid assembling and disassembling(46). Only viruses with the mature capsids can
infect other host cells. The conformational changes necessary for capsid assembly and disassembly are
shown to be through the CypA-catalysed cis-trans isomerization of the peptidyl-prolyl bond in capsid(47). As a result of this interaction, CypA is packaged into HIV-1 virions during viral replication at a
molar ratio of 1:10 CypA/CA(48). Mutation of either G89 or P90 or addition of immunosuppressive drug
cyclosporine A (CsA) prevents CypA packaging into HIV-1 virions leading to the formation of noninfectious particles(49).
In addition to HIV-1 infectivity, CypA is also implicated in other viral infections including hepatitis
C virus (HCV), hepatitis B virus (HBV), influenza A virus, respiratory syndrome coronavirus (SARS-CoV),
and cytomegalovirus (HCMV)(35).
Cancer: CypA has been proposed as a biomarker for certain cancer subtypes because the CypA
expression levels have been shown to correlate with progression of different types of tumor (50). CypA
is thought to act via different pathological mechanisms including increased cell proliferation, blockage of
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apoptosis, malignant transformation, and metastasis (50). CypA is implicated in different kinds of cancer
including small cell lung cancer, pancreatic and breast cancer as well as squamous cell carcinoma, glioblastoma multiforme, and melanoma (50).
Degeneration of Nervous System: The pathological function of CypA is also detected in neurodegenerative diseases such as Alzheimer and Amyotrophic lateral sclerosis (ALS)(35).
One study showed that CypA-driven activation of a pro-inflammatory pathway in the brain determines the release of neurotoxic molecules from the vessels, damaging neurons and their connections
(35). It is also shown that the CD147 receptor, by interacting with CypA, can influence amyloid-β peptide
levels, a protein that is important in developing Alzheimer’s disease (35).
Other diseases: Increasing number of studies demonstrated the role of CypA in various types of
cardiovascular diseases such as Atherosclerosis and Abdominal aortic aneurysm (35). The increased level
of CypA malfunction is also implicated in Rheumatoid Arthritis, Periodontitis, Asthma, aging and diabetes (35).
1.3.6

Cyclophilin A Inhibitors

The most studied and tightest binding ligand of CypA, cyclosporine A (CsA) binds CypA and inhibits its catalytic activity (35). However, the widespread use of CsA as an immunosuppressant in transplantation has shown multiple side effects such as severe nephrotoxicity(35). Due to the side effects of CsA
there is now a great interest in developing compounds that selectively inhibit CypA without immunosuppressive effects. In this regard, it is shown that isoenzyme specific inhibitors would probably lack calcineurin-binding properties and, therefore, has fewer side effects than a CsA(35). Examples of these
non-immunosuppressive analogues of CsA are Alisporivir with anti-viral effect and NIM811 that has
shown anti-inflammatory effects in acute lung injury and arthritis (35).
Finding CypA inhibitors with capacity to target specific functions of CypA, while leaving other
functions unaffected is current main challenge in developing CypA inhibitors(35). MM218 is an example
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of such inhibitors that while selectively inhibit the extracellular fraction of CypA with a stronger antiinflammatory effect than CsA, has shown no detectable adverse effects in animal samples (35).
1.3.7

Suggested Mechanisms for CypA-Catalysed Isomerization

The origin of the highly accelerated rate of more than five orders of magnitude in isomerization
of a peptide substrate by CypA has been attributed to different mechanisms including:
Nucleophilic attack: It was initially proposed that the astounding rate enhancement of peptidylprolyl isomerization by CypA can be explained by a nucleophilic attack mechanism (51). The nucleophilic
groups on the enzyme (e.g. cysteine) can attack the carbonyl carbon atom of the residue preceding Proline. This results in the collapse of pseudo-double bond of the peptide bond and formation of a tetrahedral intermediate. The easier rotation around the peptide bond compared to pseudo-double bond reduces the activation energy barrier that finally results in the rate enhancement. However, the purified
mutant proteins with no nucleophilic groups were shown to retain full affinity for cyclosporine A and
equivalent catalytic efficiency as a peptidyl-prolyl isomerase (36). Therefore, the nucleophilic groups in
enzyme play no essential role in catalysis.
Bond distortion: The distortion of peptidyl-prolyl amide bond is also suggested as an alternative
mechanism of CypA-catalysed isomerization(52). According to this mechanism, although the amide
resonance stabilization favours the planarity of the prolyl peptide bond, the thermal motions of the
peptide bond at ambient temperature distort the peptide bond up to ±20° without significantly
increasing the energy. The population of these 20° distorted ground state is therefore increased via hydrogen bonding with enzyme Asn102 while developing another H-bond with Arg55 guanidinium group.
This later H-bonding stabilizes the lone pair on the amide nitrogen which finally results in weakening of
pseudo-double peptide bond(52).
Substrate desolvation: Previous studies have shown that the weakening of the pseudo-doublebond character of C−N in nonaqueous environment of PPIase ac ve site resulted in a small reduction of
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the isomerization barrier height by about 1.3 kcal/mol(53). Likewise, a small decrease in the barrier
height by about 1.8 kcal/mol with a resulting speedup of up to 20-fold was observed for the rate of
cis−trans isomeriza on in micelles (54, 55). In addition, molecular dynamics simulations in the absence
of explicit water molecules around the prolyl peptide bond have shown an increase in the rate of
cis−trans isomeriza on (56). The speedup is due to a reduction in the effective roughness on the energy
landscape that results in a change in the kinetic prefactor and, therefore, the rate of isomerization (56).
The role of enzyme dynamics: An example of the role of enzyme dynamics in the catalytic action
of CypA is illustrated in the work of Fraser et al.(57). Using ambient temperature X-ray crystallography
and NMR relaxation experiments a less active CypA mutant was studied. The study concluded that the
reduction in catalytic rate was due to interruption of the motions that are involved in the interconversion of the substrate. However, other studies ruled out the enzyme dynamics involvement in chemical
step during catalysis. The controversy over the role of enzyme dynamics will be discussed in more detail
in chapter 4.
Transition State Stabilization: Although each of the mechanisms mentioned above can rationalize some of the catalytic activity of CypA, none of them can quantitatively explain the observed high
isomerization speed-up in the presence of the enzyme. However, the transition state stabilization mechanism has been shown to reasonably describe the observed rate enhancement of peptidyl-prolyl isomerization by CypA (55). The free energy landscape, which represents the energetic interplay between substrate and enzyme during the isomerization, can provide mechanistic clue to the catalytic action of
CypA. In chapter 3 the mechanism of transition state stabilization of CypA-catalyzed isomerization will
be discussed in more details.
1.4

Research Aims and Approach in Present Work
Considering the wide range of CypA physiological and pathological roles, understanding the de-

tails of its action in the human body is critical. Many experimental studies have been carried out on PPI-
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ases and enzyme mechanism, in general. However, there are certain levels of atomic details that are still
not accessible using current experimental techniques. In this regard, Molecular Dynamics (MD) simulation methods are promising and complementary to experiments in investigating the biomolecular processes at atomistic detail and with respect to their dynamic nature.
In the present work, using a combination of conventional and accelerated molecular dynamics
simulation, we investigated the involving interactions, dynamics, and solvent effects in the catalytic
mechanism of Cyclophilin A as a model system to understand the intricacies of enzyme catalysis. Accelerated MD allowed us to observe the cis-trans interconversion in the catalyzed and uncatalyzed isomerization processes in explicit water. We aimed to detect and elaborate the underlying network of energetic interactions and dynamic coupling between substrate and enzyme that result in astonishing rate
enhancement of peptidyl-prolyl cis to trans isomerization. The effects of solvent dynamics on isomerization kinetic and its implication for obtaining accurate isomerization kinetics in actual biological environment were also examined.
Our results show configurational-sensitive interactions and strong coupling between enzyme
dynamics and chemical step, which is also intricately affected by solvent dynamics. The results highlight
the importance of configurational state and dynamical contributions from enzyme and solvent in catalyzed peptidyl-prolyl isomerization. The results, therefore, can provide implication for catalysis in general as well as efficient targeting of Cyclophilin A in pathogenic settings. In addition, we were also interested in exploring the entropic effects of substrate confinement by enzyme and its implication for binding energy. Our results suggest that the loss in conformational entropy at the transition state relative to
the cis and trans states in the free substrate is decreased in the complex. This relative change in conformational entropy contributes favorable to the free energy of stabilizing the transition state by CypA.
In another part of this work, the effects of intramolecular polarization, as a result of the loss of
pseudo double bond character of the peptide bond at the transition state, were investigated. The results
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showed that intramolecular polarization contributes only about −1.0 kcal/mol to stabilizing the transition state. This relatively small contribution demonstrates that routinely used fixed charge classical force
fields can reasonably describe these types of biological systems. The results from this work provide further insights into the mechanism of CypA, a member of a poorly understood family of enzymes that are
central to many biological processes.

14
1.5

1.

References

Wolfenden R. Enzyme catalysis: Conflicting requirements of substrate access and

transition state affinity. Mol Cell Biochem 1974,3:207-211.
2.

Wolfenden R, Snider MJ. The Depth of Chemical Time and the Power of Enzymes as

Catalysts. Acc Chem Res 2001,34:938-945.
3.

Berridge MV, Tan AS. Characterization of the Cellular Reduction of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT): Subcellular Localization,
Substrate Dependence, and Involvement of Mitochondrial Electron Transport in MTT
Reduction. Arch Biochem Biophys 1993,303:474-482.
4.

Han Z, Niu T, Chang J, Lei X, Zhao M, Wang Q, et al. Crystal structure of the FTO protein

reveals basis for its substrate specificity. Nature 2010,464:1205-1209.
5.

Harrison RK, Stein RL. Mechanistic Studies of Enzymatic and Nonenzymic Prolyl Cis-Trans

Isomerization. J Am Chem Soc 1992,114:3464-3471.
6.

Zoldák G, Aumüller T, Lücke C, Hritz J, Oostenbrink C, Fischer G, et al. A Library of

Fluorescent Peptides for Exploring the Substrate Specificities of Prolyl Isomerases. Biochemistry
2009,48:10423-10436.
7.

Jabs A, Weiss MS, Hilgenfeld R. Non-proline cis peptide bonds in proteins. J Mol Biol

1999,286:291-304.
8.

Lu KP, Finn G, Lee TH, Nicholson LK. Prolyl cis-trans isomerization as a molecular timer.

Nat Chem Biol 2007,3:619-629.
9.

Wedemeyer WJ, Welker E, Scheraga HA. Proline cis-trans isomerization and protein

folding. Biochemistry 2002,41:14637-14644.

15

10.

Gaburjakova M, Gaburjakova J, Reiken S, Huang F, Marx SO, Rosemblit N, et al. FKBP12

binding modulates ryanodine receptor channel gating. J Biol Chem 2001,276:16931-16935.
11.

Chen SY, Wulf G, Zhou XZ, Rubin MA, Lu KP, Balk SP. Activation of beta-catenin signaling

in prostate cancer by peptidyl-prolyl isomerase Pin1-mediated abrogation of the androgen
receptor-beta-catenin interaction. Mol Cell Biol 2006,26:929-939.
12.

Dugave C, Demange L. Cis−Trans Isomeriza on of Organic Molecules and Biomolecules:

Implica ons and Applica ons†. Chem Rev 2003,103:2475-2532.
13.

Fischer G. Chemical aspects of peptide bond isomerisation. Chem Soc Rev 2000,29:119-

127.
14.

Schiene-Fischer C, Aumüller T, Fischer G. Peptide Bond cis/trans Isomerases: A

Biocatalysis Perspective of Conformational Dynamics in Proteins. In: Molecular Chaperones.
Edited by Jackson S: Springer Berlin Heidelberg; 2013. pp. 35-67.
15.

Wang P, Heitman J. The cyclophilins. Genome Biol 2005,6.

16.

Siekierka JJ, Hung SH, Poe M, Lin CS, Sigal NH. A cytosolic binding protein for the

immunosuppressant FK506 has peptidyl-prolyl isomerase activity but is distinct from
cyclophilin. Nature 1989,341:755-757.
17.

Scholz C, Rahfeld J, Fischer G, Schmid FX. Catalysis of protein folding by parvulin. J Mol

Biol 1997,273:752-762.
18.

Jordens J, Janssens V, Longin S, Stevens I, Martens E, Bultynck G, et al. The protein

phosphatase 2A phosphatase activator is a novel peptidyl-prolyl cis/trans-isomerase. J Biol
Chem 2006,281:6349-6357.

16

19.

Leulliot N, Vicentini G, Jordens J, Quevillon-Cheruel S, Schiltz M, Barford D, et al. Crystal

structure of the PP2A phosphatase activator: Implications for its PP2A-specific PPlase activity.
Mol Cell 2006,23:413-424.
20.

Davis TL, Walker JR, Campagna-Slater V, Finerty PJ, Jr., Paramanathan R, Bernstein G, et

al. Structural and Biochemical Characterization of the Human Cyclophilin Family of PeptidylProlyl Isomerases. PLoS Biol 2010,8:e1000439.
21.

Dornan J, Taylor P, Walkinshaw MD. Structures of immunophilins and their ligand

complexes. Curr Top Med Chem 2003,3:1392-1409.
22.

Jaremko Ł, Jaremko M, Elfaki I, Mueller JW, Ejchart A, Bayer P, et al. Structure and

Dynamics of the First Archaeal Parvulin Reveal a New Functionally Important Loop in Parvulintype Prolyl Isomerases. J Biol Chem 2011,286:6554-6565.
23.

Guito J, Gavina A, Palmeri D, Lukac DM. The Cellular Peptidyl-Prolyl cis/trans Isomerase

Pin1 Regulates Reactivation of Kaposi's Sarcoma-Associated Herpesvirus from Latency. J Virol
2014,88:547-558.
24.

Velazquez HA, Hamelberg D. Conformational Selection in the Recognition of

Phosphorylated Substrates by the Catalytic Domain of Human Pin1. Biochemistry 2011,50:96059615.
25.

Lu KP, Zhou XZ. The prolyl isomerase PIN1: a pivotal new twist in phosphorylation

signaling and disease. Nat Rev Mol Cell Biol 2007,8:904-916.
26.

Snyder SH, Lai MM, Burnett PE. Immunophilins in the Nervous System. Neuron

1998,21:283-294.

17

27.

Shim S, Yuan JP, Kim JY, Zeng W, Huang G, Milshteyn A, et al. Peptidyl-Prolyl Isomerase

FKBP52 Controls Chemotropic Guidance of Neuronal Growth Cones via Regulation of TRPC1
Channel Opening. Neuron 2009,64:471-483.
28.

Saitoh T, Tun-Kyi A, Ryo A, Yamamoto M, Finn G, Fujita T, et al. Negative regulation of

interferon-regulatory factor 3-dependent innate antiviral response by the prolyl isomerase
Pin1. Nat Immunol 2006,7:598-605.
29.

Ping Lu K, Hanes SD, Hunter T. A human peptidyl-prolyl isomerase essential for

regulation of mitosis. Nature 1996,380:544-547.
30.

Lu P-J, Zhou XZ, Liou Y-C, Noel JP, Lu KP. Critical Role of WW Domain Phosphorylation in

Regulating Phosphoserine Binding Activity and Pin1 Function. J Biol Chem 2002,277:2381-2384.
31.

Shen M, Stukenberg PT, Kirschner MW, Lu KP. The essential mitotic peptidyl–prolyl

isomerase Pin1 binds and regulates mitosis-specific phosphoproteins. Genes Dev 1998,12:706720.
32.

Nelson CJ, Santos-Rosa H, Kouzarides T. Proline Isomerization of Histone H3 Regulates

Lysine Methylation and Gene Expression. Cell 2006,126:905-916.
33.

Bao L, Kimzey A, Sauter G, Sowadski JM, Lu KP, Wang D-G. Prevalent Overexpression of

Prolyl Isomerase Pin1 in Human Cancers. The American Journal of Pathology 2004,164:17271737.
34.

Li L, Lou Z, Wang L. The role of FKBP5 in cancer etiology and chemoresistance. Br J

Cancer 2011,104:19-23.
35.

Nigro P, Pompilio G, Capogrossi MC. Cyclophilin A: a key player for human disease. Cell

Death Dis 2013,4.

18

36.

Liu J, Albers MW, Chen CM, Schreiber SL, Walsh CT. Cloning, expression, and purification

of human cyclophilin in Escherichia coli and assessment of the catalytic role of cysteines by sitedirected mutagenesis. Proc Natl Acad Sci U S A 1990,87:2304-2308.
37.

Ke HM, Zydowsky LD, Liu J, Walsh CT. Crystal structure of recombinant human T-cell

cyclophilin A at 2.5 A resolution. Proc Natl Acad Sci U S A 1991,88:9483-9487.
38.

Ke H. Similarities and differences between human cyclophilin A and other β-barrel

structures: Structural refinement at 1.63 Å resolution. J Mol Biol 1992,228:539-550.
39.

Jansen M, Bali M, Akabas MH. Modular design of cys-loop ligand-gated ion channels:

Functional 5-HT3 and GABA rho 1 receptors lacking the large cytoplasmic M3M4 loop. J Gen
Physiol 2008,131:137-146.
40.

Lummis SCR, Beene DL, Lee LW, Lester HA, Broadhurst RW, Dougherty DA. Cis-trans

isomerization at a proline opens the pore of a neurotransmitter-gated ion channel. Nature
2005,438:248-252.
41.

Kaur M, Bahia MS, Silakari O. Inhibitors of interleukin-2 inducible T-cell kinase as

potential therapeutic candidates for the treatment of various inflammatory disease conditions.
Eur J Pharm Sci 2012,47:574-588.
42.

Brazin KN, Mallis RJ, Fulton DB, Andreotti AH. Regulation of the tyrosine kinase Itk by

the peptidyl-prolyl isomerase cyclophilin A. Proc Natl Acad Sci U S A 2002,99:1899-1904.
43.

Zhu C, Wang X, Deinum J, Huang Z, Gao J, Modjtahedi N, et al. Cyclophilin A participates

in the nuclear translocation of apoptosis-inducing factor in neurons after cerebral hypoxiaischemia. The Journal of Experimental Medicine 2007,204:1741-1748.

19

44.

Schaller T, Ocwieja KE, Rasaiyaah J, Price AJ, Brady TL, Roth SL, et al. HIV-1 Capsid-

Cyclophilin Interactions Determine Nuclear Import Pathway, Integration Targeting and
Replication Efficiency. PLoS Pathog 2011,7.
45.

Chatterji U, Bobardt MD, Stanfield R, Ptak RG, Pallansch LA, Ward PA, et al. Naturally

Occurring Capsid Substitutions Render HIV-1 Cyclophilin A Independent in Human Cells and
TRIM-cyclophilin-resistant in Owl Monkey Cells. J Biol Chem 2005,280:40293-40300.
46.

Yoo S, Myszka DG, Yeh C, McMurray M, Hill CP, Sundquist WI. Molecular recognition in

the HIV-1 capsid/cyclophilin A complex. J Mol Biol 1997,269:780-795.
47.

Endrich MM, Gehrig P, Gehring H. Maturation-induced Conformational Changes of HIV-1

Capsid Protein and Identification of Two High Affinity Sites for Cyclophilins in the C-terminal
Domain. J Biol Chem 1999,274:5326-5332.
48.

Grättinger M, Hohenberg H, Thomas D, Wilk T, Müller B, Kräusslich H-G. In

VitroAssembly Properties of Wild-Type and Cyclophilin-Binding Defective Human
Immunodeficiency Virus Capsid Proteins in the Presence and Absence of Cyclophilin A. Virology
1999,257:247-260.
49.

Bosco DA, Eisenmesser EZ, Pochapsky S, Sundquist WI, Kern D. Catalysis of cis/trans

isomerization in native HIV-1 capsid by human cyclophilin A. Proc Natl Acad Sci U S A
2002,99:5247-5252.
50.

Lee J, Kim SS. Current implications of cyclophilins in human cancers. J Exp Clin Cancer

Res 2010,29.
51.

Fischer G, Wittmann-Liebold B, Lang K, Kiefhaber T, Schmid FX. Cyclophilin and peptidyl-

prolyl cis-trans isomerase are probably identical proteins. Nature 1989,337:476-478.

20

52.

Hur S, Bruice TC. The Mechanism of Cis−Trans Isomeriza on of Prolyl Pep des by

Cyclophilin. J Am Chem Soc 2002,124:7303-7313.
53.

Eberhardt ES, Loh SN, Hinck AP, Raines RT. Solvent Effects on the Energetics of Prolyl

Peptide Bond Isomerization. J Am Chem Soc 1992,114:5437-5439.
54.

Kramer ML, Fischer G. FKBP-like catalysis of peptidyl-prolyl bond isomerization by

micelles and membranes. Biopolymers 1997,42:49-60.
55.

Hamelberg D, McCammon JA. Mechanistic insight into the role of transition-state

stabilization in cyclophilin A. J Am Chem Soc 2009,131:147-152.
56.

Hamelberg D, Shen T, McCammon JA. Insight into the role of hydration on protein

dynamics. J. Chem. Phys 2006,125:094905.
57.

Fraser JS, Clarkson MW, Degnan SC, Erion R, Kern D, Alber T. Hidden alternative

structures of proline isomerase essential for catalysis. Nature 2009,462:669-673.

21
2
2.1

MOLECULAR DYNAMICS SIMULATION

Abstract
A broad range of experimental techniques is now being applied to extract information on

biomoleculars structure, dynamics and function. However, the extent of spatial and temporal resolution
imposed by experimental methodologies limits the accessible level of precision and accuracy in such
methods. On the other hand, computational modeling has been proven as a promising tool in response
to demands for more precise and predictable description of biological structures, dynamic behavior, and
function. Among the computational methods, Molecular Dynamics (MD) is now widely applied in different areas of biomolecular simulations such as computer-aided drug discovery and free-energy prediction. Although the computational expenses and sampling issues have been a major concern in the application of MD simulations, there has been substantial progress toward addressing these limitations, making MD as a more reliable method in biomolecular modeling. In this chapter, a summary of MD simulation method, its applications, and limitations are presented. Finally, a summary of recent advances in
MD methodology with an emphasis on Accelerated Molecular Dynamics (the enhanced-sampling method used in the present work) is presented.
2.2

Introduction
The study of function and highly dynamic nature of biomolecules entails using analysis tech-

niques that go beyond the static picture determined by crystallography or other experimental methods(1). Molecular Dynamics is one of the promising methods that provide the temporal and spatial evolution of systems based on Newtonian physics. By using a force field (a combination of physics laws and
parameter derived from QM or experimental data), the forces acting on each atom are computed. The
positions and velocities of particles at each time step are then updated as system evolves. The desired
information (e.g. interactions, radial distribution function, autocorrelation function, etc.) are then

22
extracted from the data of temporal and special evolution of the system. The timescale of MD depends
on the size and nature of the system or process under study.
2.3

Applications
MD is now used in a wide range of studies on biomolecular system to elucidate information

related to interaction energy, protein folding, channel gating and other important biological event
involving protein, nucleic acids, carbohydrates and lipid bilayers. A summary of some examples of application of MD in study of biomolecular systems is presented below.
2.3.1

Protein Folding and unfolding

One application of MD in studying protein folding is illustrated in the study on several unfolded
conformations of a variant of HP-35 NleNle molecule with simulation time scale comparable to the experimental folding time(2). With no need to assume a conventional two-state kinetic or a Markov state
model, the relaxation to the folded state was monitored for retrieving experimental observable
(quenching of tryptophan by histidine). The MD simulation showed that the relaxation rate to the folded
state and the number of resolvable kinetic time scales depend upon starting structure(2). In addition,
those starting structures with folding rates most similar to experiment are suggestive of the existence of
some native-like structural elements in the experimentally relevant unfolded state. This large-scale MD
simulation, therefore, reveal kinetic complexity that is not resolved in the experimental data(2).
Another example of the complimentary role of experimental and computational studies is
highlighted in the work of Ladurnel et al. (3). Using the experimental data from protein engineering and
NMR spectroscopy, this work developed algorithms for helix propensity, folding pathways and energy
landscapes. The MD simulations of the unfolding of chymotrypsin inhibitor 2 (CI2) showed the transition
state ensemble for unfolding/folding of the protein. These simulated transition state structures were
then used to design faster folding mutants of CI2. The models also detected some unfavorable local in-
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teractions that, when removed, the rate of folding of the protein was increased up to 40-fold(3). This
study again highlights the significant progress toward describing complete folding pathways at atomic
resolution by using a combination of experiment and simulation(3).
2.3.2

Transport System

MD simulation can be also applied to monitor the motions of each atom during conformational
changes necessary for transport of different molecules across the membrane. In this regards, MD simulations have been used for the study of different biological transport systems including aquaporins, ion
channels, and active transporters(1). These studies have provided important information on the membrane transportation including the mechanism of the fast rate of substrate permeation in channels, substrate selectivity and transport regulation in response to various stimuli(1).
Arkin et al.(4) used MD simulation for Na+/H+ antiporters that their timely function is central to
cellular salt and pH homeostasis. Using existing experimental data the study identified three conserved
aspartates that are key to an atomically detailed model of antiporter function (4). These residues control
the pH and binding site as well as alternating accessibility of binding site to the cytoplasm or periplasm.
The simulation also detected two protons that are required to transport a single Na+ ion; A protonated
D163, which revealed the Na+-binding site to the periplasm, and the subsequent protonation of D164
that releases Na+(4).
In another study by Jensen et al.(5), the permeation of hundreds of ions through a potassium
channel was followed by applying microsecond-timescale MD simulations at different transmembrane
voltages (1, 5). The study identified transitions between microscopic states that cause the permeation of
an individual ion(1). A “knock-on” conduction mechanism, by which the translocation of two selectivityfilter-bound ions is triggered by a third, incoming ion, was therefore presented with atomic details by
MD simulation (1, 5).
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2.3.3

Molecular Interactions

New developments in MD methodology have also allowed atomic-level monitoring of protein interaction in intra and extracellular environment in a wide range of pathways. For instance, one study by
Buch et al.(6) highlights the power of MD in complete reconstruction of the enzyme-inhibitor binding
process for trypsin-benzamidine complex. In this study, through running a total number of 495 MD simulations of the binding process, 187 binding events were detected from which the binding paths were
constructed. The paths can predict the kinetic pathway of the inhibitor diffusing from solvent to the
bound state and passing through two metastable intermediate states instead of directly entering the
binding pocket. In addition, the simulation gives a standard free energy of binding comparable to the
experimental value and a two-states kinetic model with related rate constants for unbound to bound
transitions(6).
MD simulation has been also used in the discovery of potent Anti-HIV agents that target the
Tyr181Cys variant of HIV Reverse Transcriptase(7). Previous studied have developed two non-nucleoside
reverse transcriptase inhibitors (NNRTIs) that inhibit HIV replication. Although these compounds inhibit
replication of wild-type HIV-1 in infected human T-cells with different EC50 values, they show no activity
against viral strains containing the Tyr181Cys (Y181C) mutation(7). Modeling the binding process detected the underlying problem as an extensive interaction between the dimethylallyloxy substituent and
Tyr181. Although this undesirable contact can be diminished by substitution with a phenoxy group, but
it also lead to a loss of inhibition activity of about 1000-fold(7). This problem was then solved by using
FEP (free-energy perturbation) substituent scans to find the benefits of addition of a cyanovinyl group to
the phenoxy ring. The study exemplified the efficient construction of novel NNRTIs with high potency for
both wild-type HIV-1 and Y181C-containing variants using MD simulation(7).
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2.3.4

Computational Protein Design

MD techniques have also been widely used in computational protein design where the structure
or enzymatic activity are optimized for various application such as biosensors, industrial catalysts, or
therapeutic antibodies(1). For instance Sun et al., worked on Graphene and its water-soluble derivative,
graphene oxide (GO) which show interesting physical and chemical properties with wide applications in
biotechnology and biomedicine(8). GO has been shown to be the most efficient inhibitor for αchymotrypsin (ChT) but the nature of its interaction with bioactive proteins and its potential in enzyme
engineering are not well understood(8). Using MD simulation, the authors investigated the interactions
between ChT and graphene/GO and found that ChT is adsorbed onto the surface of GO or grapheme
through one α-helix as an important anchor to interact with GO. The strong cationic and hydrophobic
interaction between ChT and GO leads to the deformation of the enzyme active site and its inhibition.
The adsorption of ChT onto the graphene surface has little effect on its active site. In addition, its secondary structure is not affected after being adsorbed onto GO or graphene surface. This study highlights
another example of MD technique as a tool for designing efficient artificial inhibitors(8).
2.3.5

MD Simulation of Nucleic Acids

Contrary to the common picture of nucleic acids as static structures, experimental investigations
of both RNAs and DNAs have revealed their diverse structure, function, and dynamics(1). Nevertheless,
due the smaller number of available nucleic acid structures and imperfect force fields the number of MD
simulations of nucleic acids are far less than those of proteins(9). One main consideration in simulation
of nucleic acid is the treatment of high charge density of nucleic acids and commonly associated divalent
cations(1). This molecular feature of nucleic acids implies that the simple point charges model may not
work well in these systems and therefore considering polarization effects may be essential(1).
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2.4

Limitations of MD simulations
The timescale accessibility of MD methods has long been the main challenge for different bio-

molecular simulation. The timescales accessible to MD is shorter than that of most biomolecular events
of interest and, therefore, would result in limited applicability of MD simulations(1). Until recently MD
simulations were limited to nanosecond timescales with very high computational cost for simulations of
even a few microseconds(1). While recent advances have increased the timescales accessible to simulation up to millisecond-scale, these techniques are still computationally expensive and not applicable for
all biochemical processes.
The accuracy level of the force field models is another challenge for a reliable MD simulation.
The force fields used in the simulation are based on quantum-mechanical approximations and experimentally derived parameters. In addition, classical MD simulations are limited to chemical processes
with no or little quantum effects such as bond formation and cleavage or polarizability. These limitations
are now addressed by using polarizable force fields or applying hybrid MD/QM methods where quantum
effects are captured in particular part(s) of system while other areas are treated by MD simulation(10).
2.5

Advanced Techniques in MD Simulation: Accelerated MD
Although the basic form of MD simulation has been unchanged over decades, the speed and ac-

curacy of these simulations have improved substantially over the past few years(1). A wide range of
developments in hardware, software, and methodology aims to maximize MD capabilities to access
longer timescales as well as to improve force field accuracy. These methods include the parallelization
across general-purpose computer chips(1, 11), developing graphics processing units(12), and specialpurpose parallel architectures( such as Anton)(1, 13).
In addition, the long-timescale simulations demands different level of accuracy in force fields; a
force field that is sufficient for short-timescale simulations may not work well at longer timescales and,
therefore, may need parameter readjustments(1). These adjustments have been carried out for torsion-
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al angles in protein backbone and side chain, charge distributions of ionizable amino acid residues as
well as different parameters for lipids and small drug-like molecules(1).
On the other end of a wide range spectrum of techniques aimed to make Molecular Dynamics
simulation even more efficient are enhanced sampling methods. These methods have been increasingly
used in the simulation of events not accessible by conventional MD. Examples of these techniques include targeted molecular dynamics(TMD)(14), Replica Exchange Molecular Dynamics(REMD)(15), umbrella sampling(16), metadynamics(17) and accelerated molecular dynamics (aMD)(18). While the techniques based on simple potential modifications such as TMD have provided valuable conformational
information, the REMD methods have proven to enhance sampling of the energy landscape(19). However, because of the alteration in the actual kinetics of the systems under study the success of these
methods has been empirical rather than rigorous(19). In addition, most of the enhanced-sampling
methods need a priori knowledge about the energy landscape of the system. Nevertheless, successful
application of enhanced sampling methods can be achieved by considering its specific contexts(19).
Accelerated MD (aMD), the method used in our work, is the enhanced-sampling method with no
need for a prior knowledge of the energy landscape of the system. The accelerated MD has been shown
to accurately and efficiently explores conformational space with improved sampling(18). The application
of aMD simulation in our study provided insightful information on the atomic details of uncatalyzed and
CypA-catalyzed peptidyl-prolyl isomerization. The aMD method was proposed by Hamelberg et al.(18),
based on the earlier hyperdynamic model(20) which simulates infrequent biomolecular events without
any prior knowledge of the energy landscape. In the hyperdynamic method the potential energy surface
V(r), is modified by adding a bias potential, ∆V(r), to create an altered potential, V*(r), such that the
potential surfaces near the minima are raised and those near the barriers are left unaffected(18)(Figure
2).
V*(r) = ∆V(r) + V (r) (2-1)
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Figure 2 Accelerated molecular dynamics method as represented by normal potential, the biased potential, and the threshold boost energy, E.

Previous suggestions for defining ∆V(r) suffer from different problems such as high computational cost, discontinuity in calculations, low accuracy and the changes in the shape of energy
surface(18). The aMD method, however, suggested a new ∆V(r) in a way that maintain the underlying
shape of the unmodified potential energy surface. In addition, the problem of discontinuity in calculations is removed by smoothly merging the modified potential with the original potential at a threshold
‘‘boost energy’’ value of E(18). The ∆V is therefore defined as:

( )=

( )
(

( ))

(2-2)

Where α is a tuning parameter, that determines how deep the modified potential energy basin
would be(18).
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Selection of E and α determines how the potential of the system will be altered and how aggressively the molecular dynamics will be accelerated. The appropriate choices of E and α are important for
efficient and accurate sampling of the energy landscape. In general, E should be greater than the minimum of V(r) near the starting structure. Otherwise, the simulation will always be performed on the true
potential that is simply a normal MD simulation. For large molecules with multiple minima very close
together, an average potential energy on the true potential can be used as Vmin. Since at low values of E
the modified potential falls below most of the transition state regions with the same probability of
escape as unmodified potentials, the choice of α is not that critical to the overall potential energy
landscape. However, at high value of E, the modified potential becomes isoenergetic in most places for
small α, and the molecular system experiences a random walk. Therefore, in order to maintain the basic
shape of the potential energy surface at high values of E, and preserve the same potential energy wells
that is present on the unmodified potential surface, α has to be set to a much higher value than zero.
The statistics sampled on the biased potential are then corrected to remove the effect of the
leading to convergence to the correct canonical probability distribution(18). Normally, the sampled
points of a system from an altered Hamiltonian are reused with different statistical weights to evaluate
its properties at the original potential(21). A statistical analysis of the precision of reweighting-based
simulations such as accelerated MD provided a quantitative method to estimate the number of sampled
points required in the crucial step of reweighting of these methods(21). These information and analysis
can provide a priori guidance for the strategy of setting up the parameters of advanced simulations before a lengthy one is carried out.
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3
3.1

Enzyme-Substrate Interactions

Abstract
The precise catalytic mechanism of peptidyl–prolyl cis–trans isomerases (PPIases) has been elu-

sive, despite many experimental and computational studies. Here, we investigated the interactions between cyclophilin A and a well-studied substrate analogue through exploring the conformational space
using accelerated molecular dynamics, free in solution and in the active site of CypA. The enthalpic and
entropic contributions in isomerization were probed via conformational interconversion during catalysis.
We show that the undemanding exchange of the free substrate between β- and α-helical regions is lost
in the active site of the enzyme, where it is mainly in the β-region. Our results suggest that the loss in
conformational entropy at the transition state relative to the cis and trans states in the free substrate is
decreased in the complex. This relative change in conformational entropy contributes favorable to the
free energy of stabilizing the transition state by CypA. We also show that the ensuing intramolecular
polarization, as a result of the loss of pseudo double bond character of the peptide bond at the
transition state, contributes only about −1.0 kcal/mol to stabilizing the transition state. This relatively
small contribution demonstrates that routinely used fixed charge classical force fields can reasonably
describe these types of biological systems. Our results provide further insights into the mechanism of
CypA, a member of a poorly understood family of enzymes that are central to many biological processes
3.2

Introduction
In the kinetic sense, enzymes can facilitate a chemical reaction by effectively reducing the free

energy barrier separating the reactants and products. The free energy barrier of isomerization in CypAsubstrate bound complex includes enthalpic and entropic components that originate from favorable (or
unfavorable) intramolecular interactions, as well as desolvation of the substrate as it binds to the active
site of the enzyme.
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Previously (1, 2), accelerated molecular dynamics was used to investigate the catalytic
mechanism of cyclophilin A. The cis–trans isomerization of a substrate analogue with a −Gly–Pro– motif
derived from the HIV-1 capsid monomer was simulated directly, without any conformational constraint,
free in explicit water and in the active site of cyclophilin A. The resulting reweighted free energy profiles
suggested that catalysis occurs mainly through the stabilization of the transition state in the active site
due to a combination of favorable hydrophobic and hydrogen bonding interactions (Figure 3). However,
in addition to these specific interactions that are mainly enthalpic in nature, little is known about possible entropic effects on the free energy of stabilizing the transition state. In trying to fully understand the
mechanism of CypA, we have further examined the conformational phase space of the well-studied
substrate analogue, Ace–Ala–Ala–Pro–Phe–Nme, with improved dihedral force field parameters(3) for
the ω-bond angle, free in solution and in the active site of CypA. The conformational preferences of the
substrate have entropic implications for the free energy of stabilizing the transition state since the relative change in the conformational entropy of binding would affect the binding free energy.

Figure 3. Cis–trans isomerization of the peptidyl–prolyl bond of a substrate analogue with the −Ala–Pro–
motif by CypA. (Left) The binding site of CypA with the hydrophobic pocket and some of the key residues
highlighted. (Right) The relatively planar configurations of the cis and trans isomers separated by a pyramidal transition state in the active site of CypA.
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In the second part of this chapter, the issue of conformational dependence of partial atomic
charge and its effect on electrostatic interaction and binding energy are discussed. As indicated in studies by Warshel and co-workers (4, 5), the catalytic effect is primarily due to electrostatic effects that
provide important enthalpic contributions to enzyme catalysis. These contributions originate from a better stabilization of possible charge buildup at the transition state in the active site than in water (5).
Therefore, the importance of electrostatics contribution in enzyme catalysis calls for precise treatments
of the electron distribution, which is modeled as partial charges. The electron distribution and resulted
electrostatic and binding energy are subjected to the effects of polarizability during catalysis. The
polarization effects (electron redistribution) arise not only from the environment (solvent or enzyme
active site) but can also be originated from the geometrical variations in the molecular structure of the
substrate itself(6-9). The Intramolecular polarization is referred to redistribution of the electron cloud in
response to alteration of the internal electric field arising from changes in nuclei positions in the molecule. Different methods have been developed to incorporate both inter- and intramolecular polarization
effects in polarizable force fields (10-13). However, pure classical molecular dynamics simulations would
not accurately capture intramolecular polarization resulting from geometrical change in processes such
as peptidyl–prolyl cis–trans isomerization. This limitation implies the possibility of considerable error
associated with the calculation of electrostatic, conformational and binding energies of a compound(14).
During isomerization of the peptidyl–prolyl bond (Figure 3), the transition state partially loses the pseudo double bond character of the ω-bond angle that leads to redistribution of the electrons, especially on
the nitrogen. What is the effect of charge redistribution at the transition state on the substrate binding
energy and catalytic mechanism of CypA? The answer to this question is important for two reasons: one,
it will allow us to understand the suitability of the fixed charge model for studying the catalytic
mechanism of cyclophilin A, and two, it will provide the free energy contribution of the charge
redistribution to the stabilization of the transition state by CypA. Therefore, in this work, we have de-
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termined the effect of intramolecular polarizability (redistribution of the partial charges at the transition
state) on the binding free energy of the substrate in the transition state by CypA.
3.3

Computational Method
3.3.1

The MD Simulations of Catalytic Process of cis–trans Isomerization

The simulations were carried out with the well-studied substrate analogue, Ace–Ala–Ala–Pro–
Phe–Nme, and the 1.58 Å resolution crystal structure complex of CypA with PDB ID 1AWR. The substrate
analogue in the complex was modified from HAGPIA to Ace–AAPF–Nme. The coordinates of the backbone atoms and the common atoms of the side chain residues were kept the same. The xleap module in
AMBER was used to add the missing atoms and solvate the free peptide and enzyme-bound substrates
with explicit TIP3P water model(15) in a cubic and octahedron box, respectively. All simulations were
run using the AMBER 10 suite of programs(16) with the modified version(17) of the parm99(ff99SB) allatom force field(18) and the reoptimized dihedral parameters for peptide ω-bond(3). The systems were
equilibrated in the NTP ensemble with pressure of 1 bar and temperature of 300 K followed by MD
simulations. During all simulations, the temperature was regulated with a Langevin thermostat with a
collision frequency of 1 ps–1. A cutoff of 10.0 Å was applied for nonbonded short-range interactions
while the long-range electrostatic interactions were treated by the particle mesh Ewald method(19). All
bonds involving hydrogen atoms were maintained using the SHAKE algorithm(20). A time step of 2 fs
was used to numerically integrate Newton's equation of motions.
The simulations were carried out with accelerated molecular dynamics (1, 21), in order to accelerate the rate of the slow cis–trans isomerization of the peptidyl–prolyl bond. A modified version of
pmemd in AMBER 10 suite of programs was used to run all accelerated molecular dynamics simulations.
For the free substrate in water, five independent accelerated MD simulations were carried out for a
total time of 1.3 μs using a boost energy E of 60 kcal/mol above the average total dihedral energy
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calculated after equilibration and α of 10 kcal/mol. For the CypA complex in water, we carried out eight
independent accelerated MD simulations (a total time of 1.19 μs) with the ligand selectively boosted, (2,
22) using the same boost parameters as the free substrate. The configurations were then reweighted by
the strength of the Boltzmann factor of the bias potential energy, exp[βΔV(r)], in order to calculate the
probability distributions. The Boltzmann reweighting is exact, and the related statistical analysis on the
precision has been previously discussed(23).
3.3.2

Calculating Atomic Partial Charges at the Transition State

We created the initial configuration of the Ace–Ala–Pro–Nme, with the peptidyl–prolyl bond of
Ala–Pro in the transition state, i.e., ω ≈ 90°, using the xleap module in AMBER. The transition state configuration of the Ace–Ala–Pro–Nme was then minimized using the Gaussian03 program(24), and the
electrostatic potential was calculated at the HF/6-31G* level of theory. The calculated electrostatic potential was then used to obtain partial charges using the standard two-step RESP method (25, 26). The
partial charges of Ace and Nme were set to those in the standard AMBER force field. We therefore only
allowed the partial charges of the central −Ala–Pro– motif to vary in the transition state of the substrate
analogue, Ace–Ala–Ala–Pro–Phe–Nme.
3.3.3

Free Energy Calculations

Thermodynamic integration(27) was used to calculate the relative binding free energy of the
substrate in the transition state by CypA between the two states: the initial state has the standard
partial charges from the AMBER force field and the final state has the recomputed partial charges
specific to the transition state configuration. In this regard, free energy is defined as a function of a
developing, coupling parameter, λ, which represents the progress of the partial charges of the transition
state from an initial state (with AMBER standard charges) to the final state (with redistributed charges).
The configuration of the peptidyl–prolyl bond of the Ala–Pro motif of the substrate was maintained at
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the transition state by restraining the ω-bond angle around 90° using a flat-bottomed well potential with
a force constant of 1000 kcal/mol/rad2. A seven-point Gaussian quadrature was used, with λ values corresponding to 0.02544, 0.12923, 0.29707, 0.50000, 0.70292, 0.87076, and 0.97455, to approximate the
integral of the total free energy. Three separate runs with different initial random seeds were carried
out for each window.
3.4

Result and Discussion
3.4.1

Free energy landscape of the catalyzed and uncatalyzed processes

Free energy profiles provide interesting information about the extent of interactions between
enzyme and substrate during isomerization. To obtain free energy profiles, extensive aMD simulations of
around 1.2 μs for each free and CypA-bound substrate (Ace-Ala-Ala-Pro-Phe-Nme) were carried out(28).
The free energy profiles show distinctive features of isomerization in free and enzyme-bound substrate
(Figure 4A). Most noticeable is the directionality of isomerization (from trans to cis or vice versa in the
active site of the enzyme) as compared to symmetrical isomerization in free substrate. Also, binding
energy of the transition state has a lower free energy than that of cis and trans isomers, resulting in a
net reduction of free energy barrier by approximately 9 kcal/mol from trans to cis. Even when effects of
the kinetic prefactor of a typical kinetic rate equation are ignored, this reduction in barrier height alone
can account for more than 5 order of magnitude of speedup in the rate of isomerization in the presence
of CypA. How does cyclophilin make such a big difference in the rate of peptidyl-prolyl isomerization?
The interactions between the enzyme and the substrate are sensitive to the configuration of the substrate (2, 28, 29). The substrate in the transition state configuration makes the most favorable hydrogen
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Figure 4. (A) The free energy profiles along the ω-bond angle of the –Ala–Pro– motif, for the free
substrate (black) in solution and in the enzyme–substrate complex (red). (B) Thermodynamic cycle connecting the free energy of the substrate (S) binding to CypA and free energy of cis–trans isomerisation
with t, ts and c represent the trans, transition state, and cis configurations, respectively. The barrier
heights are obtained from the free energy profiles in (A). CypA+Sx, where x is c, ts or t, means both CypA
and Sx are free in solution and CypA:Sx means the enzyme–substrate bound complex.

bonding interactions (mainly between the substrate and Arg55, Asn102, Gln63 and Trp121 of CypA;
Figure 5A) in addition to the hydrophobic effects involving the substrate proline and the proline-binding
pocket of CypA(2, 29). It was shown that although these interactions can be formed when the substrate
is in the cis and trans configurations, they are best formed in the transition state (Figure 5B), resulting in
more favorable free energy of binding the transition state relative to the other states. The more favorable interactions with the transition state configuration result in a lower free energy barrier as compared
to the uncatalyzed isomerization. Upon binding the cis or trans state of the substrate, the free energy of
the complex has to be lower than the sum of the free energy of the free substrate and free CypA. The
barrier separating the cis and trans configuration in the catalyzed reaction therefore can only be lower
than that of the uncatalyzed reaction, only if the difference in magnitude between the free energy of
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the CypA-transition state complex and the sum of free CypA and free substrate in transition state is
greater than that when the substrate is in the cis or trans state (Figure 4B). In effect, the free energy of
interaction between the enzyme and substrate in the transition state has to be much more favorable
than that between the substrate in the ground states and the enzyme, in order to have a lower free
energy barrier during catalysis.

Figure 5. (A) Key active site residues (Arg 55, Gln 63 and Asn 102) and Trp 121 that form hydrogen
bonds with the substrate, and the substrate in the transition state configuration (yellow). The probability distributions of hydrogen bond distances between CypA and the substrate in the (B) trans, (C) transition-state and (D) cis configurations. Hydrogen bonds are formed between Arg 55 guanidinium carbon
and the carbonyl oxygen of the substrate Pro (magenta), the backbone nitrogen of Asn 102 and the
carbonyl oxygen of Ala (royal blue), the backbone oxygen of Asn 102 and nitrogen of Ala of (cyan) and,
the side-chain amino nitrogen of Gln 63 and the carbonyl oxygen of Ala, preceding the –Ala–Pro– motif
(orange) (from Ref.29 ).

The directionally of the isomerization process has also been a source of contention. The free
substrate can isomerize in either direction from cis to trans and vice versa. NMR studies suggested that
the C-terminus rotates during catalysis(30). However, analysis using solved X-ray crystal structures sug-
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gested that the N-terminus, not the C-terminus, rotates during catalysis(31). Our simulations clearly
showed that it is the N-terminus that rotates during catalysis in the clockwise direction (toward +90 °), if
one is looking down the C-N bond, through the positive direction (Figure 5A). The origin of the
directionality of isomerization during catalysis is explained by the favorable hydrogen-bonding
interaction between the carbonyl oxygen of the peptidyl-prolyl bond angle and the backbone hydrogen
of Asn 102 of CypA (2), rendering the path more favorable than the opposite rotation. Rotation of the Cterminus is highly unfavorable since the side-chain of the proline residue of the substrate is snuggled in
the hydrophobic cavity of the active site of CypA in all of the different states of the substrate.
3.4.2

Conformational Confinement by the Enzyme and Entropic Implications

It is established that CypA binds the substrate in the transition state configuration more favorably than
the cis and trans states.(2, 28, 32, 33) The free energy of binding is due to an enthalpic contribution,
which is a result of the enzyme-substrate interactions, and entropic contributions, which can be
attributed to loss or gain in conformational flexibility during catalysis. The entropic contributions to the
free energy barrier may originate from the solvent,(34) substrate,(35) and the enzyme.(36) We focus on
the possible entropic contributions to the lowering of the catalytic barrier due to conformational
changes of only the substrate, assuming that the relative change of the others is small for the different
states of the substrate.
The conformational phase space of the -Ala-Pro- motif of the substrate analogue in the free substrate
and CypA-substrate bound complex are shown in Figure 6. These conformational changes of the
substrate as projected on the φ-ψ backbone of proline (Figure 6A) show that, despite an apparent
preference for the β-region over the α-helical region for the free substrate, the energetic barriers
between α- and β-regions is low enough to allow for undemanding interconversion between these
conformational sub-states. On the other hand, the enzyme limits the flexibility of the substrate and con-
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fines it to the predominantly β- and polyproline II (PPII)-regions. Similar behavior with minor changes
was observed when the phase space is projected on the φ-ψ of the preceding Ala residue.

Figure 6.Two-dimensional contour plots in kcal/mol of the conformational space of Pro in the (A) free
substrate and (B) enzyme–substrate complex. Shown are the φ – ψ or Ramachandran plot (top) and the
Ψ–ω dependency (bottom) of the –Ala–Pro– motif

A previous study (37) of the catalytic mechanism of CypA using metadynamics showed that the
free substrate with a −Gly–Pro– motif preferred being in the α-helical region to the β-region, contrary to
our present results. We believe that this discrepancy is not due to differences in the sequence but due
to the choice of the force field since the present results are similar to earlier studies of cis–trans
isomerization in different sequences(38). The older AMBER parm99 force field used in their study is
known to overstabilize the α-helical conformation of protein backbone and has since been modified to
parm99SB in order to correct this problem. We are using the updated parm99SB force field, with correc-
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tions for the dihedral parameters of the ω-bond angle(3). However, despite over stabilization of the αhelical region of the free substrate in their study, the β-sheet and PPII conformations of the substrate
were found to be more stable in the complex, inline with our present findings, emphasizing the
preference for the backbone of the substrate in the β and PPII conformations by CypA
The restriction of the substrate in the β/PPII-region upon binding to the enzyme is also
represented by the 2D free energy projection on the peptidyl-prolyl ω-bond and the ψ of proline as
shown in Figure 6B. This conformational confinement brings about important entropic implications for
catalysis. The evolution of the conformational state of the substrate from either trans or cis basin to the
low-accessible transition state involves inherent negative conformational entropy changes. The loss in
entropy due to reaching transition state in the enzyme is less than that of the free substrate, which has
more open conformational space to explore.
Considering the free energy of binding. the cis or trans (ΔGcis/trans) and transition states (ΔGts),
then ΔGcis/trans = ΔHcis/trans – TΔScis/trans and ΔGts = ΔHts – TΔSts. The relative free energy of binding the transition state, ΔΔG = ΔGts – ΔGcis/trans = ΔΔH – TΔΔS. Therefore, a positive ΔΔS change in the conformational
entropy will result in a more negative ΔΔG, leading to a lower free energy barrier of isomerization in the
active site of the enzyme. The lowering of the free energy is therefore mainly due to the enthalpy (hydrophobic and hydrogen bonding interactions), but is also entropically (confinement of the substrate in
the active site) driven.
3.4.3

Surprisingly Small Intramolecular Polarization Effect

Accurate treatment of electrostatic interactions in classical molecular dynamics simulations
relies, in addition to other force field parameters, on precise calculation of atomic partial charges and
accounting for possible polarization effects.(39) In general, it is assumed that the fixed partial charges
are transferable from one conformation to the other in typical classical molecular mechanics force
fields. However, alteration of the environment and the conformation can easily polarize the atoms (8,
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40-42). The conformational dependence of atomic partial charges has therefore long been considered
for accurate treatment of intra- and intermolecular energies. For example, a quantum mechanically
calculation of the difference in the free energy of hydration between ethanol and propanol reveals that
the main errors are due to neglecting the variations in the atomic partial charges during conformational
changes(14).
During cis–trans isomerization of peptidyl-prolyl ω-bond, the relatively planar geometry in the
cis and trans ground states becomes pyramidal in the transition state (Figure 7).(3, 43) The nitrogen
atom of proline in the amide bond is pushed out of plane, which would naturally lead to the localization
of the electron and loss of the pseudo double C–N bond character. This electronic rearrangement would
lead to a new distribution of partial charges, especially on atoms around the peptidyl-prolyl ω-bond (intramolecular polarizability). The maximum partial charge redistribution is expected at the transition
state because it has the highest degree of the conformational distortion from the planar cis and trans
ground states. How much does this redistribution of atomic charges affect the electrostatic energy and,
therefore, the free energy of binding the transition states by CypA? As shown earlier (Figure 4), a pure
classical description of the system with a fixed charge model (without accounting for charge
redistribution in the transition state) shows a reduction of approximately 9 kcal/mol in the free energy
barrier of CypA-catalyzed isomerization. However, does the system utilize the change in electronic structure for further stabilization of the transition state and barrier crossing?
To answer this question, we carried out free energy calculations using thermodynamics
integration to estimate the relative change in free energy of binding the transition state by CypA with
two different sets of partial charges: the normal fixed AMBER partial charges that correspond to the
substrate in the trans state and that of the redistributed partial charges recomputed using the transition
state configuration. As mentioned earlier, the transition state binds to the enzyme better than the cis
and trans isomers with the maximum conformational distortion from the ground states.
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Figure 7. Pyramidalization on both sides of a proline nitrogen during Isomerization. Right: Typical pyramidal conformations in transition state. Left: The free energy landscape of the Ace−Pro−NMe as a func on
of the pyramidality and the reaction coordinate ω′ (from Ref 43)

Quantum mechanical calculations were carried out on the Ace–Ala–Pro–Nme motif (Figure 8A)
to compute the electrostatic potential at the HF/6-31G* level of theory, fixing the configuration of the
prolyl–peptide bond at the transition state. The RESP method (25, 26) was then used to calculate the
partial charges on atoms in the Ala–Pro motif at the transition state (Figure 8B). According to the
thermodynamic cycle shown in Figure 8C, the binding free energies corresponding to the two sets of
charges (ΔG2 and ΔG4) are connected to the changes in free energies when the substrate undergoes
charge redistribution free in solution and in the active site of CypA (ΔG3 and ΔG1, respectively). Therefore, the relative binding free energy of the substrate in the transition state with the redistributed partial charges, as compared to the regular AMBER partial charges, is ΔΔG = ΔG2 – ΔG4 = ΔG1 – ΔG3. This relative free energy difference (ΔΔG) was calculated to be −0.6 ± 1.2 kcal/mol. The diﬀerence is small and,
at first,

surprising.
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Figure 8. A) Motif of −Ala–Pro– of the substrate analogue in the transition state with the atoms defined.
(B) Partial atomic charges of the −Ala–Pro– motif as defined in the AMBER force field (ts) and the
recomputed partial charges in the transition state configuration (ts*). (C) Thermodynamic cycle connecting the free energy of binding and free energy of charge redistribution of the substrate free in solution
and in the active site of CypA–substrate complex. P and S represent the enzyme and substrate, respectively; ts and ts* represent the transition state with the AMBER force field partial charges and the
recomputed partial charge for the transition state configuration, respectively.

The surprisingly small effects of intra-polarizability can, however, be explained by the binding interactions. As described earlier, isomerization is facilitated in the active site of the enzyme mainly
through a combination of favorable hydrophobic and long-lasting hydrogen bonding interactions. The
two well-formed H-bonds are between the carbonyl oxygen of the peptidyl prolyl bond and the
backbone NH group of Asn102, as well as between the guanidinium moiety of Arg55 and the carbonyl
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oxygen of proline (Figure 3A). The partial charges of the atoms directly involved in these interactions
change only slightly, while the overall net charge during isomerization is constant. The nitrogen atom of
proline, with the maximal increase in the magnitude of the partial negative charge, has little
contribution to hydrogen bonding due to its average distance of about 4 Å from the nitrogen atom of
the guanidinium moiety of Arg 55. We could, therefore, conclude that for these types of systems, the
use of the fixed charges is sufficient to capture the majority of the electrostatic interactions during catalysis.
In addition to studying the effects of charge redistribution on the relative free energy of binding
the transition state, we also took into account changes in several bond lengths, especially the C–N
peptide bond during the free energy calculations. Conformational dependence of bond lengths(44) is
not as influential on the free energy as that of dihedral angles, but the evidence of such effects have
been previously studied(45). Here, we looked for possible effects of such bond length changes on the
relative binding free energy of the transition state by CypA. The bonds that are around and directly involved in the peptidyl–prolyl amide ω-bond were allowed to change during the free energy calculations,
in addition to the partial charges. Comparison of QM optimized bond lengths at the transition state and
those obtained from the AMBER force field parameters shows only small differences. As expected, the
bond lengths that changed the most include the C–N (peptide), as well as the C═O, N–Cα, and N–Cδ
bonds. The changes observed for C–N and C═O bonds are especially in accordance with expected
changes in bond lengths due to the loss of the pseudo double bond character of the peptide bond in the
transition state. The electronic rearrangement in the transition state led to an increase in the C–N bond
length from 1.33 to 1.41 Å, similar to previous observation(43), and a small decrease (about 0.04 Å) in
the bond length for the C═O bond. Therefore, the variation of bond lengths and the partial charges during isomerization did not make any noticeable difference in the calculated relative binding free energy.
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3.5

Summary
Molecular dynamics simulations were used to investigate the uncatalyzed and catalyzed cis–

trans interconversion and the role of intramolecular polarizability of the substrate in the catalytic mechanism of CypA. As previously observed, preferential binding of the transition state of the substrate by
CypA is the dominant contribution to catalysis. We show that the conformational space of the substrate
is more restricted in the active site of the enzyme than when it is free in solution. The results suggest
that the relative change in conformational entropy of binding the transition state by CypA is positive,
contributing favorably to the relative free energy of binding. Therefore, the overall effect will lead to a
reduction in free energy barrier of the cis–trans isomerization in the active site of the enzyme, as compared to the free substrate in solution.
In addition, our results suggest that intramolecular polarizability due to the loss of the pseudo
double bond character of the C–N bond contributes only about −1.0 kcal/mol to the binding free energy
of the transition state. This surprisingly small contribution from intramolecular polarizability to the free
energy of binding amounts to a fraction of the overall expected barrier reduction. The results, therefore,
validate the use of molecular mechanics force fields with fixed partial charges to reliably describe these
types of systems in which the active site of the enzyme is essentially hydrophobic.
3.6
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4

ENZYME DYNAMICS AND SOLVENT EFFECTS IN PEPTIDYL-PROLY ISOMERIZATION

(Some parts of this chapter are verbatim as it appears in Doshi U., McGowan L. C., Tork-Ladani
S., Hamelberg D., Resolving the complex role of enzyme conformational dynamics in catalytic function,
2012, PNAS, 109, 5699-5704).
4.1

Abstract
The dynamics effects, either inherent in the system or originating from the environment, have

been shown to play an important role in the enzyme-catalyzed reactions. However, the bulk of information produced by extensive computational and experimental studies is far from providing a consensus on the exact nature and mechanism of dynamics effects in catalysis. In the current work, extensive
nMD(normal molecular dynamics) and aMD(accelerated molecular dynamics) simulations were carried
out to study the effects of enzyme and solvent dynamics on the catalysis of peptidyl-prolyl isomerization
by Cyclophilin A. The study revealed strong dynamics contributions from enzyme and solvent that
ultimately change the kinetic behavior of chemical transformation during isomerization. The results
here highlight the importance of considering solvent and enzyme dynamic contributions, along with the
energetic interactions, in studying the mechanism of action of cyclophilin A especially in realistic environments such as cells.
4.2

Introduction
In addition to the enzyme-substrate energetic interactions discussed in the previous chapter,

the dynamic contributions from enzyme and solvent are of great importance in catalysis. In the first part
of this chapter, an introduction of enzyme and solvent dynamics effects in catalysis is presented. In addi-
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tion, a summary of Kramers rate theory and its application as a theoretical model for description of dynamics effects in our study of CypA-catalyzed isomerization are discussed.
4.2.1

General features of enzyme dynamical effects in the catalysis

Biological processes involve extremely entangled network of highly dynamic molecules and
events that define the specific function of each biomolecule. The dynamic properties of proteins with
the time scale in the range of picoseconds to seconds are essential for their efficient and versatile functions in the intra- and extracellular environments. The key initial step in a series of events involved in
catalysis of different biological processes by enzyme is molecular recognition. Departing from a rather
rigid key-lock model, the “induced fit” and “fluctuation fit” were initial descriptive models of molecular
recognition(1). These early models relied on the altered macromolecular conformations that are
differently populated in the absence or presence of ligands. The later “conformational selection” model,
described the binding of enzyme and ligand in a milieu containing a pre-existing equilibrium of multiple
macromolecular conformations, among which ligands can select the best fitting ones(1).
Of special importance and interest is the enzyme conformational dynamics and its putative role
in the catalysis of the biochemical reactions of various type and complexity. These conformational
changes are present in different steps of catalysis including substrate targeting and binding, actual
chemical action on the substrate in the active site of the enzyme, as well as the final step of product
release(2). The studies on enzyme conformational dynamics are, therefore, important to understand the
mechanism of action, which in turn is essential in development and optimization of any therapeutic intervention in related diseases.
Extensive experimental and computational researches have been performed to elucidate the
exact nature and function of enzymatic motions during catalysis, Nevertheless, the results of these study
have not succeeded to formulate a reliable consensus on the subject(2-6). The numerous studies on the
enzyme dynamics have even led to conflicting views on the exact role of these effects during catalysis in
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a particular system. For instance, a study on mutant dihydrofolate reductase linked the abrogated millisecond-time-scale conformational fluctuations of enzyme active site to severely impairment in its hydride transfer ability(7). On the other hand, a computational approach to the same system implied that
dynamical knockout mutations simply change the chemical step in catalysis by changing the activation
free energy and not by any dynamical effect(8). The authors therefore concluded that conformational
dynamics does not contribute to the chemical reaction, and electrostatic preorganization is the main
factor in catalysis. These conflicting views, therefore, reflect the necessity for considering not only the
methodology but also the semantic issues involved in probing dynamics effects in catalysis.
The experimental data for enzyme dynamics effects are based on observation from ensembleand time-averaged studies, as the temporal behavior of every atom cannot be observed directly(9).
While this problem can be addressed by computational approaches such as MD and QM, the associated
costs- due to the inclusion of atomistic and solvent details- limit the size and nature of the process under
study. Nevertheless, MD and QM simulations(for reactions involving bond breaking and formation) as
well as the inclusion of polarization effects are now widely carried out for various enzymes(10). In addition, the application of hybrid QM/MM methods in studying enzyme reactions considerably reduces the
computational costs(11). The QM treatment of atoms involving in the reaction while treating the rest of
the system by MM force field have provided a very efficient way in simulation of enzymatic reactions(12). The parameterized semi-empirical methods and density functional theory are also of interest
due to the low computational cost and possibility of extending the simulation to larger systems(9). The
time scales, amplitudes, and energetics of motions in proteins have been studied by various NMR
methods. This is particularly true with the relaxation dispersion experiments which probe molecular
motions in the microsecond to millisecond timescale quantitatively and with much higher sensitivity
than traditional transverse relaxation experiments where clusters of motions-function couples in
proteins are detected(13). In a work on catalytic dynamics effects by PPIases, Labeikovsky et al.(14) lo-
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cated regions of Pin1 active site that undergo conformational changes during substrate binding and
catalytic step. It was shown that the rate of global conformational exchange detected during catalysis is
in the same time regime as turnover rates determined by the coupled chymotrypsin assay. Because a
subset of the active site residues undergoes kinetically similar exchange processes even in the absence
of substrate, the study suggested that this area is already “primed” for catalysis(14).
Another extensive study on a total of 117 crystal structures for ten enzymes of different sizes
and oligomerization states revealed coupling between the catalytic loop motions and enzyme global dynamics(15). A combination of principal component analysis (PCA), theoretical method, and MD simulation detected the dominant conformational changes of specific loops upon substrate binding. The
analysis suggested that robust global modes cooperatively defined by the overall enzyme architecture
entail local components that assist in suitable opening/closure of the catalytic loop over the active
site(15).
On the other side of a wide spectrum of methods for studying enzyme dynamical effects lay the
QM methods. For instance, the persistent deviation of empirical results from semi-classical predictions
regarding the enzymatic C-H activation has resulted in the incorporation of QM nuclear tunneling effects
into theoretical models (16). In this regard, a study on thermophilic alcohol dehydrogenase and dihydrofolate reductase, revealed the connection between protein conformational substates and the tunneling
properties of the active site (16).
4.2.2

Enzyme dynamical effects in CypA-catalyzed isomerization

As an extensively studied enzyme of the PPIases family, Cyclophilin A has been also the subject
of ongoing controversy over the role of enzyme dynamics in its catalytic function.
Recent NMR relaxation experiments suggested the link between protein dynamics and PPIase
activity of CypA (3, 17). These experiments detected motions for the backbone of several amino acid
residues of the active site, such as catalytically important Arg55 and Asn102 which occur only during
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substrate turnover(3). It was shown that Arg55 experiences the same μs-ms time-scale motions as those
of isomerization during the catalysis (17-19). As a part of conserved network of motionally coupled residues extending from surface regions to the active site, Arg55 has been identified to be critical residue
for CypA-catalyzed isomerization(3). This direct effect of Arg55 motions in isomerization barrier crossing
during catalysis implies, in contrast to many other enzymes, that the movement of Arg55 and not its
rigidity are critical for this specific chemical transformation(18). Nevertheless, although MM/QM studies
by Cui and co-workers (20) showed the important catalytic role of Arg55, but their study found no effect
of protein motions on catalysis in a nanosecond time scale (3, 20). The authors, however, suggested that
protein dynamics in the sub-millisecond time scale may play a role in catalysis(3).
Other NMR relaxation studies have also detected strong correlation between microsecond conformational fluctuations of the CypA active site and the microscopic rates of substrate turnover(4). The
detected characteristic enzyme motions during catalytic transformation with frequencies corresponding
to the catalytic turnover rates were suggested to be already present in the free enzyme(13). The study
suggested that these motions are intrinsic property of the enzyme that not only is present in the active
site but also in a wider dynamic network. Based on these results the authors proposed that the preexistence of collective dynamics in enzymes before catalysis is a common feature of biocatalysts during
evolution(13).
Several computational studies have also revealed important features of CypA dynamics in free
and enzyme-bound substrate.(21-23). MD simulations have shown that conformational dynamics of the
active site residues of substrate-bound CypA is inherent in the substrate-free enzyme(22). During catalysis, CypA interacts with its substrate via conformational selection as the configurations of the substrate
changes during the chemical transformation. The results of the study also suggested coupling among
enzyme-substrate intermolecular interactions, dynamics of CypA, and the chemical step(22).
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In addition, computational studies have shown the implication of enzyme conformational dynamics in drug design(23). An MD analysis on dynamics of CypA active site showed that similar ensembles of enzyme conformations recognize diverse inhibitors and bind different configurations of the substrate(23). In addition, different nonpeptidomimetic inhibitors are recognized by enzyme ensembles
that are similar to those that tightly bind the transition state. These results suggest that the enzyme–
substrate ensembles are more relevant in structure-based drug design for CypA than free enzyme. The
study therefore concluded that the optimized interactions of lead compounds with the enzyme’s conformational ensemble similar to those bound to the substrate in the transition state could lead to more
potent inhibitors(23).
4.2.3

Kramers rate theory for studying dynamics effects in catalysis

An accurate description of enzyme and solvent dynamic effects in biological processes depends
on a realistic model that reflects all contributing factors in the system under study. Kramers rate theory(24, 25) has proven to be an intriguing model for studying kinetic behavior in biological systems. This
model was applied in our study of enzyme dynamics effects in the prolyl-peptidyl isomerization and,
therefore, a summary of the model is presented here.

Figure 9. One-dimensional potential model used in Kramers rate theory (From Ref 25)
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In 1940(24), Kramers suggested a model for a chemical reaction consisting of a classical particle
of mass M moving in a one-dimensional double-well potential U(x) (Figure 9). The coordinate of particle
corresponds to the reaction coordinate(x) where its values at the minima of the potential, (U(x)) are xa
and xc that denote the reactant and product states, respectively(25). These states are separated by xb at
the maximum of U(x) which correspond to the transition state (or activated complex). All of the
remaining degrees of freedom of both reacting and solvent molecules form a heat bath at a
temperature T. The thermal bath creates fluctuating force, (ξ(t)) and linear damping force, (Mγẋ), where
γ is a constant damping rate. The motions of the particle therefore represented by Langevin equation
as:
Ẍ= −

( )−

ẋ+ ( )

(4-1)

In the presence of strong friction (higher γ) the corresponding rate of escape from the reactant
well is represented by Kramers equation as:
=

exp(

#

)

(4-2)

where ωo and ωb are the curvatures of the reactant well and the barrier region, respectively, ΔG#
is the free energy barrier height, and Deff is the effective diffusion coefficient. Deff is representative of
frictional and dynamics effects from internal or environmental origin. This means that the uncatalyzed
and enzyme-catalyzed reactions would have different values for Deff and rates due to the disparity of
environmental effects in free and enzyme-bound substrate.
4.2.4

Current Study

In the first part of the current work, we studied the role of CypA dynamics in the cis-trans isomerization of peptidyl-prolyl bond of the well-studied substrate analogue of CypA (Ace-AAPF-Nme). The
effects of enzyme dynamics in CypA-catalyzed were monitored with extensive MD and aMD simulations.
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However, due to high barrier of isomerization, a sufficient number of trans-cis transitions would not be
observed in a standard MD trajectory of even several hundred nanoseconds. This problem posed limitation in obtaining enough kinetic data in our study of enzyme dynamics effects. The MD simulations
therefore were carried out with lower energy barriers.
The main determinant of the energy barrier of isomerization is the V2 parameter. This parameter is the force constant in the dihedral energy function of Amber force field(26):
∑dihedrals

[1 + cos(

− )]

(4-3)

In this equation n, ω, and γ represent the periodicity, dihedral angle, and phase angle, respectively. V2 (for which n = 2 and γ = 180°) predominantly controls the rotational barrier only around the
peptidyl-prolyl bonds switching between cis and trans states(27). Changing V2 modifies the total potential and hence the free-energy barriers of isomerization (21).
The reoptimized value of V2 is 28 kcal/mol(27) which would lead to high energy barrier and a
second-timescale isomerization. In the current work, the isomerization timescale was shifted from seconds to nanoseconds by reducing V2 to lower values of 11.0, 9.0, 7.0, 5.0, 4.0, and 0 kcal/mol. For each
value of V2, we performed individual normal MD (nMD) simulations on the free solvated substrate to
model the uncatalyzed reaction in solution as well as on the CypA-substrate complex to model the
catalyzed isomerization in the active site of the enzyme. In addition, the free energy profiles for the uncatalyzed and CypA-catalyzed cis-trans isomerization for each distinct value of the rotational barrier
were generated using umbrella sampling (Section 4.3.5). Free energies of activation (ΔG#) and the curvatures of the trans well (ωo and ωb) were calculated from the free energy profiles.
The study revealed that the dynamics of isomerization is intricately coupled to enzymatic motions resulting in a multi-exponential kinetics, contrary to a single- exponential one in the free substrate.
The extent of the coupling between chemical step and enzyme dynamics depends on the peptidyl-prolyl
bond barrier height and its characteristic timescale. Modeling kinetic data obtained from the survival
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probability profiles allowed us to plot the kinetic rate versus the free energy barrier with a well-defined
slope of 1/kBT using the overdamped region of Kramers equation (Section 4.2.3). The results showed
that the enzyme conformational dynamics can be incorporated into the substrate’s effective diffusion
coefficient, which turns out to be about 13 times lower in enzyme environment than in solution.
Therefore, the enzyme conformational dynamics alter and modulate the pre-exponential kinetic factor
and reaffirmed stabilization of the transition state as the main effect in enhancing chemical rates.
In the above-mentioned part of the study and with an assumption of constant diffusion coefficient in Kramers rate model, the kinetic parameters for the trans to cis isomerization in the free and enzyme-bound substrate were calculated. The study on the isomerization in the other direction, i.e., cis to
trans in the free and enzyme-bound substrate with the same assumption would give an overall view of
enzyme dynamics effects on both directions. Comparison of the kinetic results with experimental data
can further validate our computational approach in kinetic study of peptidyl-prolyl isomerization.
The enzyme fluctuations discussed here are not themselves separated from the environment at
which they maneuver and do their job. Picturing proteins as solvent-stripped entities does not reflect
their real complicated dynamics and function. Extensive theoretical and experimental studies about the
effects of solvent dynamics on the enzyme dynamic and function have been done for various processes
involving proteins(28, 29). The results of these studies highlight the importance of solvent properties
and its power in shifting the direction of an enzymatic reaction.
The quest for understanding dynamical effects in CypA-catalyzed peptidyl-prolyl isomerization
further led us to examine the solvent contributions more closely and to investigate whether the dynamics of the substrate during catalysis are influenced by the dynamics of the solvent. The enzymatic motions at different timescales were shown to be coupled to the substrate dynamics during catalysis. What
is the extent to which the solvent motions influence the dynamics of the chemical step?
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Using different values for solvent viscosity, extensive MD simulations were carried out to examine the effects of solvent dynamics on the isomerization in the CypA-bound substrate. The results revealed that the dynamics of the solvent affect the rate and kinetic behavior of substrate isomerization in
the active site of CypA. The chemical step in the active site of the enzyme is therefore not separated
from the fluctuations in the solvent. Of special interest is, therefore, the nature of catalysis in a more
realistic crowded environment, for example, the cell. Enzyme motions in such complicated medium are
subjected to different viscosities and hydrodynamic properties, which could have implications for allosteric regulation and function.
4.3

Computational Method
4.3.1

Models for studying enzyme dynamics in the trans to cis isomerization

Free enzyme: To be consistent with previous studies on peptidyl-prolyl isomerase Cyclophilin A
(CypA) (that employed monoprotonated CypA at His92), its X-ray structure (PDB code 1VBT, chain A)
was modified to reflect the monoprotonation state at δ-nitrogen and neutral charge on His92. The coordinates of the bound substrate Ala-Ala-Pro-Phe and water molecules were deleted from the PDB file and
the missing first residue Methionine was added using the xleap program. After neutralizing the positive
charges on the protein by addition of equal number of counterions, CypA was solvated in a truncated
periodic octahedral box (having approximate dimensions of 75 × 75 × 75 Å3) with solvent placed at a
spacing distance of up to 10 Å away from the solute unit and was filled with TIP3P water(30). An initial
minimization of 1,000 steps with the steepest descent algorithm was carried out in which CypA was held
with a harmonic restraining force constant (k) of 100 kcal∕mol·Å2 while the solvent was allowed to relax.
Subsequently, two MD runs were performed: the first run for 100 ps with a k of 100 kcal∕mol·Å2 followed by the second one for 200 ps in which k was reduced to 20 kcal∕mol·Å2. Finally, the system of
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solvated CypA was equilibrated for 200 ps without any restraints on the protein. These steps brought
the density and temperature of the system to approximately 1 g/mL and 300 K, respectively.
Substrate-bound CypA: To begin with, we used the crystal structure of CypA in complex with
the peptide HAGPIA from HIV-1 capsid protein (PDB code 1AWR, chain A). Using xleap the substrate in
the complex was then modified to a blocked tetrapeptide Ace-Ala-Ala-Pro-Phe-Nme, as one of the most
specific and widely studied substrates of CypA. Since the ω dihedral between Ala-Pro moiety is in the
default trans configuration, the resulting structure was used as CypA bound to the substrate in the trans
state (Ctrans). This complex was solvated in a truncated periodic octahedral box filled with TIP3P water
molecules that were placed up to 10 Å away from the solute unit. The system was then subjected to the
4-step equilibration as was done for the free enzyme (see above). Since the ω dihedral between Ala-Pro
moiety remained in the default trans configuration (i.e., around ± 180°), the equilibrated structure was
used as the starting configuration for standard MD simulations on CypA bound to the substrate in the
trans state (Ctrans). To model the complex of CypA and the substrate in the transition state (CTS), the ω
dihedral was gradually changed to 90° with restraints during an additional equilibration. During the
equilibration and production runs the Ala-Pro ω dihedral was restrained in the transition state
configuration using a flat-welled parabola with its flat region defined by 90° ± 5° and linear region by 90°
± 10° with a force constant of 1000 kcal∕mol·rad2. Starting with the equilibrated structure of CTS we carried out an additional short equilibration in the absence of any restraints that allowed the ω dihedral to
achieve the cis configuration (i.e., around 0°). The resulting structure was used as the initial model for
simulations on CypA bound to the cis isomer of the substrate (Ccis).
Free substrate: The starting structure of the free substrate Ace-Ala-Ala-Pro-Phe-Nme was generated using the xleap program. The peptide was then solvated in a cubic periodic box with each side
being 35 Å and filled with TIP3P water molecules. The water molecules were placed up to 10 Å away
from the peptide and the system was subjected to minimization and equilibration. The ω bond between
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the Ala-Pro moiety was generated in the trans configuration by default and remained in that configuration throughout the equilibration phase.
4.3.2

Molecular dynamics (MD) Simulations

MD simulations were performed with the AMBER 10 suite of programs(26) with the modified
version of the parm99 force field(31). We used the reoptimized parameter(27) for the torsional force
constant; i.e.,V2 = 28 kcal∕mol, which controls the potential energy barrier for rotation about the ω
bond. All input files were generated using the xleap program and the crystal structures from the protein
databank (PDB). The equilibration and production runs for each study were carried out at the NPT
(number of atoms, pressure, and temperature are kept constant) ensemble with a constant pressure of
1 bar and temperature of 300 K. Temperature and pressure regulation was achieved, respectively, using
Langevin thermostat with collision frequency of 1 ps−1 and isotropic position scaling with a coupling
constant of 1 ps for coupling to external pressure bath. Bonds involving hydrogen atoms were constrained using the SHAKE(32) algorithm with a tolerance of 0.0001. Particle mesh Ewald(33) method
was used to evaluate long-range interactions whereas short-range non-bonded interactions were
calculated with a cutoff of 9 Å. An integration time step of 2 fs was used to numerically solve Newton’s
equations of motion. Data was saved every 500 steps, i.e. every 1 ps. The production runs were
performed in sets of 10 ns, each time restarting the simulation with a unique random number seed.
While free CypA was subjected to MD for 300 ns, for each complex of CypA, i.e. Ctrans, CTS, and Ccis production runs of 50 ns were performed. In each case, the first 10-ns data was assigned to an additional
equilibration and hence was discarded for any further analysis. Since the activation barriers to cis-trans
isomerization are very high; i.e., approximately 20 kcal∕mol, no transitions from trans to cis or vice versa
were observed in the normal MD simulations of the CypA-substrate complexes. Also, throughout the
length of the simulations the CypA-substrate complexes were found to be intact; i.e., the substrate remained in the binding pocket of CypA. For CTS, the ω dihedral was restrained around 90° during the pro-

65
duction runs. In addition to MD simulations on free CypA and CypA-substrate complexes, MD simulations on the free substrate carried out for 50 ns.
4.3.3

Accelerated molecular dynamics (aMD) simulations

Extensive aMD simulations were carried out with the pmemd module that was modified inhouse for the implementation of the aMD formulation(34). aMD was employed for four different cases:
(1) free CypA, (2) substrate-bound CypA for kinetic studies, (3) free substrate for equilibrium studies (4)
substrate bound to CypA for equilibrium studies. For cases 1 and 2 that were aimed at speeding up the
conformational dynamics of CypA, three different and increasing levels of acceleration were elicited by
setting α to 64 kcal∕mol and varying E. For each level of acceleration, the production phase runs were
carried out for 110 ns. The bias potential was applied to all the torsions of the enzyme in cases 1 and 2.
However, in case 2, only CypA was subjected to aMD, the bound substrate was simulated with normal
MD. For cases 3 and 4, aMD was used to increase the conformational sampling rate to observe several
cis-trans transitions and obtain free energy profiles after applying the reweighting procedure. (35) aMD
was carried out for the free substrate with E = 107 and α = 10 kcal∕mol in five independent runs of 260
ns each (for a total of 1.3 μs). In the case of the substrate bound to CypA, the substrate was subjected to
aMD while the enzyme was simulated with normal MD. Two different acceleration levels were used with
E = 107 and α = 10 kcal∕mol, which was run for 780 ns, and with E =102 and α = 5 kcal∕mol run for 410
ns, giving a total simulation time of 1.19 μs. For these simulations, V2 was set to the reoptimized value of
28 kcal∕mol. The VMD program(36) was used to visualize molecules.
4.3.4

Kinetic studies of prolyl isomerization in free and enzyme- bound substrate

The torsional barriers were lowered to 11.0, 9.0, 7.0, 5.0, 4.0, and 0 kcal∕mol. Changing V2 modifies the total potential and free energy barriers of isomerization and, therefore, enable us to shift the
timescale from seconds to nanosecond and to get reasonable kinetic statistics.
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For each value of V2, normal MD simulations were carried out on the free solvated substrate to
model the uncatalyzed reaction in solution as well as on the CypA-substrate complex to model the
catalyzed isomerization in the active site of the enzyme. Each run of the simulation created several
thousand trajectories starting with the substrate in the trans well and terminated once the substrate
escaped from the trans well and reached the transition state.
In a different set of simulations, the CypA-bound substrate was simulated with normal MD with
V2 set to 7.0 kcal/mol while the enzyme was subjected to three increasing levels of acceleration (Section
4.3.3). For each case, free energy profiles projected onto the ω dihedral were calculated from umbrella
sampling (Section 4-3-5). ΔG#, ωo, and ωb were estimated from such one-dimensional free energy profiles. The probability of survival S(t) in the trans well for time t or longer was then calculated from the
distribution of dwell times, p(τ), as follows:
( )=∫

( )

(4-4)

The results were the analyzed using the DISCRETE program(37) that provides nonlinear least
square solution of multiexponential decays without any a priori guesses for the number of exponentials
or initial parameters. The survival probability function, S(t), was fitted to the sum of discrete multiexponential decays:
( )=∑

(− / )

(4-5)

Ai and τi are amplitudes and time constants of the phase i, respectively.
The average rate constant is:
=(

)

Where <
<

(4-6)
> is the average lifetime as:

>= ∑
4.3.5

(4-7)
Umbrella sampling for obtaining potentials of mean force (PMF)
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In order to generate the PMF’s along the ω dihedral, the cis-trans isomerization in the free and
enzyme-bound substrate was simulated using the combination of normal MD and umbrella sampling(38).
The following set of procedures were repeated for the free substrate having different torsional
barriers (i.e., V2) of 9.0, 7.0, 5.0, 4.0, and 0.0 kcal∕mol and for the enzyme-bound substrate with V2 = 9.0
kcal∕mol. Umbrella sampling simulations were run in 11 separate windows, each having the same harmonic potential restraint (i.e., force constant of 32.83 kcal∕mol·rad2 or 0.02 kcal∕mol·deg2) and ran for 1
ns. The windows were placed every 10° along the ω dihedral starting from 80° and ending at 180°. To
ensure that the biasing potential is harmonic everywhere the width of each window was maintained at
360° (i.e., 180° from the position of ω where each window is placed). In addition, the distance between
the amide proton of Phe113 and Cα of the substrate’s Pro was restrained at 11 0.5 Å by applying a
harmonic force constant of 1000 kcal∕mol·Å2 to ensure that the substrate remained in the active site of
CypA through the simulations. Data from each window was unbiased and combined using the rapid and
memory efficient implementation(39) of the Weighted Histogram Analysis Method (WHAM)(40) by Alan
Grossfield. Each PMF was finally calculated using 100 bins and a convergence tolerance of 10−6 kcal∕mol
in the WHAM program.
4.3.6

Calculation of the order parameters (S2)

S2 values for backbone N-H or side-chain bond vectors were obtained from the plateau region of
the autocorrelation functions calculated by the Ptraj module of AMBER by applying second order Legendre polynomials. Order parameters were not calculated for residues that did not have amide bonds; i.e.,
the first residue and Prolines. For Prolines, an arbitrary value of 1 were assigned.
4.3.7

Characterization of CypA dynamics
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The distributions of side-chain dihedrals of the active site residues excluding Alanines and included Ser99 that is located much farther from the active site were examined. Serr99 was considered
despite the fact that it is away from the active site because it has been shown(4) that this residue
exhibit changes in NMR chemical shifts between two CypA conformers that are comparable to those of
active site residues. Interconversions between conformational substates that require protein dynamics
on timescales slower than microseconds will not be observed in finite-length (i.e. 0.3 μs) normal MD.
Therefore, we carried out accelerated MD to increase the sampling rate, as well as the conformational
space sampled by the free enzyme. Indeed, changes were observed in the conformational distributions
of the side-chain dihedrals of the active site residues when the results from normal MD were compared
to those from accelerated MD at different levels of acceleration. The side-chain dihedrals for Phe60,
Ser99, Phe113, Leu122, His126 that essentially showed a single peak in normal MD was observed to
populate more than one rotamer in accelerated MD. With accelerated MD Met61 also exhibited a third
peak in addition to two existing rotamers. For the remaining residues, the number of rotamers, as observed in normal MD, remained constant and showed only a redistribution of population in accelerated
MD. In these residues, the rotameric transitions were also faster, suggesting that dynamics slower than
the microsecond timescale was captured in accelerated MD. For ease of comparison between our study
and recent crystallographic studies by Fraser and coworkers(41) the range of side-chain values obtained
from MD simulations i.e. [−180° to +180°] to [0° to 360°] were rescaled by adding 360° to angles less
than 0°. The positions of the major and minor peaks also agreed well with the X-ray data shown in Figure. (41), indicating that MD simulations sampled true conformations. These results clearly showed the
plasticity and conformational heterogeneity present in the active site of CypA even in the absence of
substrate(22). Performing increasing levels of accelerated MD not only extended the sampling range but
also allowed us to identify the potentially slow timescale motions.
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No significant difference in the backbone dihedral space sampled by the active site residues in
the free and the substrate-bound CypA was found. Comparison of the distributions of side-chain
dihedrals in the free and substrate-bound CypA clearly indicated that the side-chain rotamers preferred
in the bound CypA were already sampled in the free enzyme, confirming to experimental
observations(13, 22). There was simply a shift in the rotameric population going from the free to the
bound CypA or from one bound state to another.
4.3.8

Enzyme dynamical Effects in the cis to trasn isomerization

The simulations were carried out with the cis configuration of the same substrate analogue,
Ace–Ala–Ala–Pro–Phe–Nme, which was used for studying the kinetics of trans to cis isomerization
(Section 4.3.1). As for CypA-substrate complex, we start with the 1.58 Å resolution crystal structure
complex of CypA with PDB ID 1AWR. The substrate analogue in the complex was modified from HAGPIA
to Ace–AAPF–Nme. Using xleap module in AMBER, the substrate peptide bond where changed to the cis
state and the missing atoms were added to the system. The free peptide and enzyme-bound substrates
with explicit TIP3P water model were solvated in cubic and octahedron box, respectively. The same procedures described in Sections 4.3.1 and 4.3.2 were carried out for minimization, equilibration and production steps of free and enzyme-bound substrate. During minimization and equilibration runs the AlaPro ω dihedral was restrained in the cis configuration using a force constant of 1000 kcal∕mol·rad2.
Extensive MD simulations were carried out to gather sufficient data for elucidating of kinetic parameters of cis to trans isomerization of peptidyl-prolyl bond in the free and enzyme-bound substrate.
As in the simulation of trans to cis isomerization (Section 4.3.2), the values of reoptimized dihedral force
constant (V2) for rotation around peptide bond were reduced to lower ones of 11.0, 9.0, 7.0, 5.0, 4.0,
and 0 kcal/mol. For each value of V2, individual normal MD simulations of isomerization in free and enzyme-bound substrate were performed. The simulations were initialized from starting structure at cis
well and terminated when it reach to transition state (i.e., 90°) in the clockwise direction or when the
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substrate diffused out of the active site. After getting sufficient number of jumps to transition state, the
probability of survival in the cis well for time t or longer and average time constant <τ> were calculated
from the distribution of dwell times, p(τ), as described in Section 4.3.4.
4.3.9

Diffusion coefficient from auto-correlation functions

To find the diffusion coefficient from the autocorrelation function, we needed to get the fluctuation distribution of the peptidyl prolyl ω-bond in the trans well. These fluctuations were recorded using
normal MD simulation in TIP3P water and with using the actual reoptimized parameter of torsional potential (V2 = 28 kcal/mol) for peptidyl-prolyl ω-bond in free and enzyme-bound substrate. The procedures for preparation trans states of free and CypA-bound substrate as well as the nMD simulation were
the same as those described above (Sections 2-1-1 and 2-1-2).
Using Ptraj module of Amber 10 suite of programs, the autocorrelation functions of fluctuation
of the peptide bond were calculated and plotted. These fluctuations can be modeled as a special case of
the Ornstein–Uhlenbeck (OU) process. Therefore, the tail of the autocorrelation functions were fitted to
a single exponential curve and the diffusion coefficients were obtained from equations 4-2 and 4-3 at
T=300 K.
4.3.10

Solvent dynamic effects in the cis to trans isomerization

The general procedure for measurement of solvent dynamics effects in the cis to trans peptidylprolyl isomerization in the active site of CypA was the same as what described in Section 4.3.2. The only
difference is modification of the viscosity of the solvent by altering the frequency of the Langevin
thermostat (equation 4-1) for only water molecules while keeping the collision frequency of the rest of
the system (substrate and CypA) at 1.0 ps-1. The TIP3P water model was used for all of the simulations.
Individual normal MD simulations of enzyme-bound substrate were carried out for each value of solvent
collision frequency (1, 5, 10, 20, and 40 ps-1) and V2 value of 7.0 kcal/mol. The simulations were
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initialized from starting structure at the cis well and terminated when it reach to the transition state
(i.e., 90°) in the clockwise direction or when the substrate diffused out of the active site. After getting
sufficient number of the jumps to transition state, the survival probabilities and the average time constant corresponding to each value of solvent collision frequency were calculated as described in Section
4.3.2.
4.4

Results and discussion
4.4.1

Enzyme dynamicaleffects in trans to cis isomerization

Extensive MD and aMD simulations were carried out to examine the effects of enzyme dynamics
in CypA-catalyzed isomerization of peptidyl-prolyl bond. However, due to high energy barrier of isomerization, sufficient number of trans to cis transitions would not be observed in a standard MD trajectory of
even several hundred nanoseconds. The MD simulations therefore were carried out with lower energy
barrier using reduced values for torsional constant (V2 parameter in Amber force field), as described in
Section 4-2-4.
Extensive studies have revealed that enzyme fluctuations are influential in substrate recognition
and binding as well as product release.(42) What about their role in the actual chemical step during catalysis? We addressed this question in respect to the cis-trans isomerization of the peptidyl-prolyl bond
by CypA to see if CypA fluctuations can actually change the kinetics of the chemical step (isomerization)?
Comparing the survival probabilities in the trans well (Figure 10) reveals contrasting feature of
isomerization in the free and enzyme-bound substrate. In both cases, increasing energy barrier (torsional potential parameter, V2) will increase the time constant of decay of survival probabilities (Table 1). In
the free substrate, a single-exponential decay of survival probability of substrate in trans well is observed. Interestingly, with the same energy barrier, the survival probabilities of enzyme-bound substrate
in trans well show a multi-exponential decay. This observation clearly revealed the effect of environ-
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ment (enzyme in this case) on the kinetic behavior of the isomerization. This means that the enzyme
motions have coupled to substrate dynamics and, therefore, affect the chemical step during catalysis.
Further evidence supporting the notion of the coupling between the dynamics of the enzyme
and isomerization in the substrate came from a second approach, accelerating the motions of only enzyme, CypA, by accelerated molecular dynamics. The aMD resulted in faster CypA dynamics by an
increase in its conformational plasticity as revealed by the shift of backbone and side chain order
parameters to lower values, as well as conformational heterogeneity at the active site of free
enzyme(22) (Figures 11 and 12).

Figure 10. Effects of enzyme dynamics on isomerisation. Decay of probability of survival in the trans well as a
function of time obtained from nMD simulations of (A) Uncatalyzed and (B) isomerization with V2 set to 11.0
Figure 10. Effects of enzyme dynamics on isomerization. Decay of probability of.
(cyan), 9.0 (red), 7.0 (blue), 5.0 (yellow), 4.0 (green), and 0.0 (magenta) kcal/mol. Continuous lines are fits to
single exponential in (A) and multiexponential functions in (B). (Inset to C) Plots of survival probability functions on an extended timescale when V2 = 7.0, 9.0 and 11.0 kcal∕mol.
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Figure 11. Effects of accelerating CypA dynamics on prolyl isomerization in the substrate. Distribution of
order parameters (S2) obtained from (A) normal MD and (B) accelerated MD of free CypA using the
highest level of acceleration. Fluctuations with the largest amplitudes are indicated by the smallest S2
(red) while those with the smallest amplitudes are depicted with the largest S2 (blue). (C) Decay of
probability of survival in the trans well as a function of time when V2 = 7 kcal∕mol. Shown are the
isomerization kinetics in the free substrate (cyan, S) when subjected to nMD and the enzyme-bound
substrate when CypA was subjected to nMD (blue, ES) as well as aMD at the lowest (orange, A1),
intermediate (dark red, A2), and the highest (dark green, A3) level of acceleration. Continuous black
lines are mono- or multiexponential fits.
The simulations here also confirmed recent experimental observations (13, 43) that enzyme
conformational dynamics in CypA takes place over a broad range of timescales even in the substratefree state (Figure 12)
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Figure 12. Accelerated MD increases the dynamics in CypA active site. Structure of CypA (gray) is shown
with its active site residues in stick representation. The ten active site residues are colored (see color
scale) according to S2 values obtained from (A) nMD and (B) aMD for their specific side-chain bond
vectors indicated in brackets as follows: Arg55(NE-CZ bond), Phe60(CA-CB bond), Met61(CG-SD bond),
Gln63(CG-CD bond), Ala101(CA-CB bond), Asn102 (CG-ND2 bond), Ala103(CA-CB bond), Phe113(CA-CB
bond), Leu122(CG-CD1 bond), His126(CA-CB bond).
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Table 1. Free energy barriers (∆G#), diffusion coefficient (Deff) and time constants (τ) for the uncatalyzed
and catalyzed trans to cis isomerization with different torsional barriers (V2)

V2

∆G#

<τ>

Deff

∆G#

<τ>

Deff

(Kcal/mol)

(Kcal/mol)

(ns)

(deg2/s)

(Kcal/mol)

(ns)

(deg2/s)

nMD

0

0.81

0.05

18.1 * 1014

0.01

1.37*1014

nMD

4

2.3

0.28

18.1 * 1014

0.07

1.37*1014

nMD

5

3.16

0.54

18.1 * 1014

0.16

1.37*1014

nMD

7

3.93

2.48

18.1 * 1014

0.99

0.50

1.37*1014

nMD

9

5.57

16.11

18.1 * 1014

2.31

1.35

1.37*1014

nMD

11

7.42

61.65

18.1 * 1014

3.49

6.24

1.37*1014

aMD

28

20.0

1.22 * 1011

18.1 * 1014

10.74

2.7*105

aMD I

7

2.09

0.26

5.44*1014

aMD II

7

2.37

0.14

13.36*1014

aMD III

7

2.7

0.09

31.23*1014

It was shown that accelerating CypA dynamics changes the kinetics of prolyl isomerization in the
bound substrate, resulting in a faster decay of the survival probability (Figure. 11 C). The results showed
a gradual speed up in isomerization as the extent of acceleration of CypA motions was increased (Table
I). The corresponding faster decay of the survival probability of the substrate in the trans well reaffirms
the intricate coupling between enzyme dynamics and fluctuations in the substrate during catalysis.
4.4.2

Modeling enzyme dynamical effects with Kramers rate theory
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Kramers rate theory in the high-friction region(24) (Section 4-2-3, Figure 9) was then used to estimate the substrate relative effective diffusion, Deff, in the catalyzed and uncatalyzed isomerization processes. The kinetic data (k, ΔG#,ωo and ωb) for each rotational barrier were fitted to the logarithm form
of Kramer equation:
ln

= ln

The plots of ln(

−

#

(4-8)

) vs. ΔG# with a well-defined slope of 1/kBT were created and the effective

diffusion coefficients, Deff were then calculated from the y-intercept of these plots (Figure 13 and Table
1). Generally, a changes in the free energy barrier (ΔG#) or the kinetic prefactor (which is manifested in
Deff) can influence the rate of isomerization. Several environmental factors including solvent viscosity
and dynamics, enzyme internal friction and dynamics as well as energetic roughness in the aqueous environment and the enzyme’s active site are included in Deff. This means that in the uncatalyzed and catalyzed reactions different values for Deff of free and enzyme-bound substrate would be observed.
Comparison of Deff in catalyzed and uncatalyzed isomerization indeed showed such influence;
Deff is decreased for the isomerization in the enzyme. Enzymatic motions effectively limit substrate diffusion and reduce the anticipated increase in isomerization rate if only the reduction in ΔG# is considered.
A rate enhancement of approximately 4.5 × 105 times was observed for enzyme-catalyzed isomerization,
using the Kramers rate theory, which is in excellent agreement with experimentally observed speedup of
~105(44). Since the diffusion coefficient has actually been reduced in enzyme, the main factor in rate
enhancement in catalysis is therefore attributed to decreasing in free energy barrier. As discussed in
chapter 3 preferential binding of transition state, compared to binding of the enzyme to cis or trans reduces the free energy barrier of isomerization. The results here therefore reaffirm the stabilization of
transition state as the main factor in rate speed-up by cyclophilin A.
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Figure 13. Comparison of peptidyl-prolyl isomerization kinetics in the free and the enzyme-bound substrate. Kramers plots are shown in the form of ln(k∕ωoωb) vs. ΔG#.(A) Normal MD data points for uncatalyzed (open blue circles) and catalyzed (filled blue circles) isomerization when V2= 0, 4, 5, 7, 9, and 11
kcal∕mol. (B) Same plot as in (A). For clarity, only data points from normal MD corresponding to V2=7.0
kcal∕mol are shown. Also plotted are the data points for catalyzed from accelerated MD when the lowest (violet), intermediate (magenta), and the highest (red) level of acceleration are applied on CypA. All
continuous lines are linear fits with slope=1∕kBT. (C) Same plot as in (A) with linear fits that are
extrapolated to higher free energy barriers. Data points for uncatalyzed (open orange circle) and
catalyzed (filled orange circle) are shown when the reoptimized V2=28 kcal∕mol was used in accelerated
MD and assumed to follow the corresponding linear trends (i.e., red and green lines, respectively). Gray
dashed lines above the red and below the green lines (with the same slope=1∕kBT) represent illustrative
kinetic trends for catalyzed isomerization in CypA mutants with faster and slower dynamics, respectively
than the wild-type enzyme. Horizontal and vertical dashed lines with arrows depict reduction in free
4.4.3

Diffusion coefficients from autocorrelation functions

A comparison of values of Deff obtained from autocorrelation function and those from Kramer
rate theory can be used to validate applying Kramer model in describing the kinetics of peptidyl-prolyl
isomerization in the type of systems studied in this work.
From a dynamic perspective, the high friction environment of the biomolecular system make the
inertia component become less significant compared to that of diffusion and, therefore, the molecular
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motions tend to obey the Brownian dynamics. The diffusive properties along a degree of freedoms of
such system can then be elucidated from the autocorrelation function of the velocity. Here we used a
previously(45) developed model for description of the changes in peptidyl-prolyl ω-bond as a Brownian
motion on an effective one-dimensional (1D) energy profile, U(ω). These Brownian motions in a harmonic potential can be modeled as a position space analog of the Ornstein−Uhlenbeck (OU) process(46),
with
( ) = ( − )2

(4-7)

Here, K is the effective force constant and γ ≈ 180o. The effective diffusion coefficient of free and
enzyme-bound substrate can be then calculated from the autocorrelation function of ω-bond as:
( ) ( )

= exp(−

/

)

(4-8)

Where
< 2 > = kBT/K

(4-10)

The diffusion coefficients of the free and enzyme-bound substrate in the trans well were therefore obtained from these autocorrelation functions (Figure 14). The slower the decay, the smaller is the
diffusion coefficient. As it turned out, the effective diffusion in the active site environment of CypA is
about 14 times smaller than that of the free substrate in solution, in good agreement with the observed
around 13 times smaller Deff estimated during barrier crossing using the Kramers rate theory. The
observation, therefore, validates our kinetic approach and reaffirms the reliability of Kramer rate model
for kinetic description of these biological systems.

Figure 14. The autocorrelation function of peptide ω-bond angle in free (red) and
enzyme-bound substrate (black).
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4.4.4

Enzyme dynamical effects in other direction: cis to trans isomerization

Extensive normal MD with the cis isomer of the same substrate as above (Ace-AAPF-Nme) and
same values of reduced torsional energy parameter, V2, for -Ala-Pro- ω bond were carried out. Again,
using the lowered torsional parameter led overcoming the high energy barriers and more jumps to transition state from which the isomerization kinetics were extracted. Figure 15 shows the profiles for the
decay of survival probability function, S(t) in the cis well, for catalyzed and uncatalyzed isomerization.

Figure 15. Effects of enzyme dynamics on isomerization. Decay of probability of survival in the trans well
as a function of time obtained from normal MD simulations of (A) Uncatalyzed and (B) isomerization
with V2 set to 11.0 (cyan), 9.0 (red), 7.0 (blue), 5.0 (yellow), 4.0 (green), and 0.0 (magenta) kcal/mol.
Continuous lines are fits to a single exponential in (A) and multiexponential functions in (B)

These figures clearly show the sharp contrast between single and multiexponential decay of survival probability function in free and enzyme-bound substrate respectively. The single-exponential decay
of survival probability function in free substrate indicates the lack of or very weak coupling between
substrate dynamics and fluctuation in the solvent. On the other hand, the multiexponential behavior in
enzyme-bound substrate revealed a strong coupling between the dynamics of chemical step and its environment. The reduction of the torsional barrier height shifted the isomerization timescale from millisecond to nanosecond, approaching to the enzyme fluctuations timescale. Therefore, a coupling be-
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tween enzyme and substrate dynamics at different levels can be developed. The extent of these dynamics associations and resulting changes in the isomerization kinetics depend on the applied torsional barrier. The multiexponential decay of survival probability in the cis well is similar to that of trans isomer.
Therefore, coupling between enzymatic motion and chemical steps can be observed in both isomerization directions regardless of starting isomer.

Table 2. Comparison of the ratios of the rate constant of cis to trans over rate constant of trans to cis
(kcis to trans /ktrans to cis) isomerization in the free and enzyme-bound substrate with different torsional
energy parameter, V2.

kcis to trans /ktrans to cis
V2

free substrate

enzyme-bound substrate

0

5.5

0.13

4

2.3

0.37

5

2.4

0.58

7

3

0.99

9

5

1.0

11

2.5

0.7

Table 2 summarizes the ratios of rate constant of the cis to trans over rate constant of trans to
cis isomerization (kcis to trans /ktrans to cis) in free and enzyme-bound substrate with different torsional energy
parameter, V2. In the free substrate, the ratio of rate constant of cis to trans over that of trans to cis is
greater than 1 for all V2 values. In contrast, this ratio is less than 1 in enzyme-bound complex again for
all values of V2. These results can be explained by the free energy profile of the isomerization along the
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substrate ω bond. In the free substrate, the cis isomer has slightly higher energy than trans, leading to a
smaller energy barrier to transition state. In contrary, the better binding of the enzyme to the cis stabilizes this state relative to trans that lead to increase in the survival time in cis well and higher time constant of cis-trans isomerization in the enzyme-bound substrate.
Averaging over listed ratios in Table 2 yields to an average ratio (kcis to trans /ktrans to cis) of 3.45 in
free and 0.64 in enzyme-bond substrate. The results here are interestingly in agreement with the
experimental data for the ratio of rate constant of cis to trans (k cis to trans.exp ) over the rate constant of
trans to cis (ktrans to cis.exp). Experimental data from dynamic NMR studies on the kinetics of the same system have shown a Kcis to trans.exp/ktrans to cis.exp of 3 and 0.69 for isomerization in free and enzyme-bond substrate respectively. These results here therefore further validate the computational approach applied in
this work for studying the kinetics of peptidyl-prolyl isomerization.
4.4.5

Solvent dynamical effects in catalysis

To examine the effects of the solvent dynamics, extensive MD simulations of the kinetics of the
cis to trans peptidyl-prolyl isomerization in the active site of CypA, using different viscosity of the solvent, were carried out. Based on the Stokes’ law, the collision frequency (γ) in the Langevin dynamics
(Section 4.2.3) is directly related to the viscosity (η) as:
=

(4-11)

Where m and α are the particle mass and hydrodynamic radius, respectively.
The kinetic rate of going over the isomerization barrier is obtained from the survival probabilities in Figure 16. The TIP3P water(30) model was used for all the simulations, and the viscosity was
modified by altering the collision frequency of the Langevin thermostat for only water molecules while
keeping the collision frequency of protein and substrate at 1.0 ps-1. The rates were obtained at five different viscosities of solvent, that is, collision frequencies of 1, 5, 10, 20, and 40 ps-1. As expected, a multiexponential kinetic behavior was observed again for the isomerization process of the substrate in the
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enzyme-bound complex with different solvent viscosity (Figure 16). Interestingly, the solvent dynamics
(represented by the value of collision frequency) appears to affect the dynamics of the enzyme, which
ultimately changes the kinetic behavior of the isomerization process. The substrate in the active site of
the enzyme, therefore, “feels” the solvent fluctuations and the chemical step is not separated from the
dynamics coupling between enzyme and solvent.
The observation here is in the line with previous studies regarding solvent effects on protein
motions and function (28, 29, 47). For instance, a study on Raman and neutron scattering spectra of lysozyme showed that the protein fluctuations follow the dynamics of the solvents glycerol and trehalose(48). The enzyme’s fast conformational fluctuations and low-frequency vibrations as well as their
temperature variations were shown to be very sensitive to the solvent behavior. Based on this study the
authors concluded that solvent dynamics control protein dynamics and activity and therefore protein
appears to be a ‘‘slave’’ of the solvents on the picosecond time scale(48).

Figure 16. Solvent dynamical effects on the isomerization kinetics of enzyme-bound substrate. (A) Decay of probability of survival in the cis well as a function of time using different solvent collision frequency (γ) set to 1, 5, 10, 20 and 40 ps-1 (B) The average survival time in the cis well as a function of solvent
collision frequency (γ).
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A series of interesting studies by Frauenfelder et al. on myoglobin examined dynamic effects
originating from the hydration shell as well as fluctuations in the bulk solvent(47, 49-51). These studies
showed that protein motions (and therefore their functions) can be slaved or nonslaved to the solvent
dynamics. While nonslaved motions (such as bond formation) are independent of the solvent fluctuations, the rates of slaved motions are proportional to the fluctuation rate of the solvent. For instance, it
was shown that large-scale protein motions, such as the exit of a ligand from the protein interior, follow
the dielectric changes in the bulk solvent. On the other side, the fluctuations in the hydration shell control fast motions of the protein (51). Solvent is therefore not a passive observer in the biochemical processes; its motions dominate a broad range of biomolecular dynamics and function, including conformational fluctuations, relaxations, and catalysis.
Hare, as shown in Figure 16B, the rate of peptidyl-prolyl isomerization in the active site of CypA
is a function of the solvent viscosity; the higher the viscosity, the slower the rate. This observation is of
special interest for studying the nature of catalysis in more realistic crowded environment, for example,
the cell. Understanding the real kinetics of biological processes, by considering the effects of cell viscosity, is of great importance. The hydrodynamic properties of the intracellular matrix control the diffusionmediated cellular processes, such as metabolism and signaling as well as many treatment procedures
including drug delivery(52).
The viscosity effects have been also studied on the photochromism properties of a fluorescent
protein(53). Kao et al. recently studied the environmental dependence of photochromism in Dronpa(a
fluorescent protein) which exhibits a unique capability of reversible light-regulated on-off switching(53).
They found that the photoswitching kinetics of the chromophore inside Dronpa is actually slowed down
by increasing medium viscosity outside Dronpa. This finding is a special example of a fluorescent protein
where the hydrodynamics of the environment affects the internal chromophore. In addition, the spatial
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distribution of microviscosity in the live cells was shown to be reflected in the kinetic behavior of biochemical processes in different parts of the cell(53).
4.5

Summary
In the current study, extensive MD and aMD simulations were carried out to investigate the dy-

namics effects of Cyclophilin A and solvent on the kinetics of peptidyl-prolyl isomerization during catalysis. Due to high energy barrier of isomerization and difficulties with collecting sufficient data, the simulations were carried out with reduced torsional energy barriers. The study revealed strong coupling between the isomerization kinetics and dynamics contributions from both enzyme and solvent. The singleexponential kinetics of isomerization in the free substrate changed to a multi-exponential behavior in
the active site of the enzyme. Applying Kramer rate model to interpret kinetic data revealed that the
effects of enzyme motions can effectively incorporated into the substrate diffusion coefficient. It was
shown that substrate diffusion coefficient is about 13 times less in the enzyme-bound substrate compared to that of free substrate. The observation here, therefore, reaffirms the transition state
stabilization, and not dynamics effects, as the main factor in more than 105 rate speed-up in
isomerization by cyclophilin A. The excellent agreements between calculated and experimental values
for rate speed-up by enzyme validate our approach in application of Kramers rate theory in modelling
enzyme dynamics effects. In addition, changing the solvent viscosity was show to alter the kinetic behavior and rate of isomerization in enzyme-bound substrate. The results here highlight the importance of
environment properties in kinetic behavior of peptidyl-prolyl isomerization. This realization is especially
of interest for realistic study of the isomerization in different physiological and pathological settings.
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5

CONCLUDING REMARKS AND OUTLOOK

An astonishingly interlaced network of energetic and dynamic effects drives enzyme catalysis.
The exploration of the conformational space of a substrate analogue of CypA revealed that the enzymesubstrate interactions are sensitive to the configuration of the substrate. Preferential binding of the
transition state makes stabilization of the transition state as the major player in the speedup of the
isomerization reaction. The conclusion here is in contrast with previously suggested mechanisms that
could not justify the more than five order of magnitude enhancement in peptidyl-prolyl cis-trans isomerization by CypA.
Our results also suggested that the loss in conformational entropy at the transition state relative
to the cis and trans states of the free substrate is decreased in the complex. This relative positive conformational entropy favorably contributes to the free energy of stabilizing the transition state by CypA.
The relatively small contribution from intramolecular polarizability, due to loss of double-bond character
of the peptidyl prolyl bond, allows the use of fixed-charge model for a reasonable description of these
types of systems. In addition, it was shown that the substrate dynamics and therefore isomerization kinetics are strongly coupled to the enzyme motions. This means that in addition to substrate recognition
and product release, the enzymatic motions affect the actual chemical step during catalytic isomerization. These enzyme-substrate dynamics coupling are in turn buckled to solvent fluctuations that alter
the kinetic behavior and rate of isomerization.
Further studies on CypA dynamics effects in catalysis can be directed to testing isomerization in
actual physiological targets of CypA, such as HIV capsid and Interleukin-2 tyrosine kinase (Itk). Taking to
account CypA dynamics effects during catalysis can provide invaluable information for designing CypA
inhibitors in numerous pathological conditions. More studies involving CypA can also be directed to understanding environmental effects on the catalytic action of CypA. How can the cellular environment
affect the dynamic behavior and function of CypA in different cells? How does the changing viscosity in
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different parts of the cell alter the kinetics of CypA-catalyzed peptidyl-prolyl isomerization and its subsequent signaling pathways?
In addition, although the intramolecular polarization was shown to have no considerable effect
on binding energy of our system, the application of a fixed-charge model for various molecular systems
should be examined carefully. This is especially true for highly sensitive systems with ionizable residues
and metals where even smallest fluctuation can lead to large structural and dynamics alterations in molecule. The fixed-charge model can be therefore utilized in the simulation of less sensitive systems such
as binding in hydrophobic active site.

