Research Activities and Findings in the past
& Ongoing Research Projects

Biomolecules operate as nanomachines to carry out precise biochemical functions by
incurring proper conformational changes. To realize the spatial extent, the time scale and
the physical origin of such motions is of the utmost importance and also of my great
interest. As a theoretical biophycist and a graduate from school of medicine, I exploit
theoretical/computational means as well as develop new methodologies to gain insights
of life in the molecular level. MD simulations, Normal Mode Analysis using standard
forcefields, Elastic Network Model and Gaussian Network Model are tools that I used to
study the equilibrium conformational dynamics of proteins and nucleotides in all-atom
(fine-grained) or in residue (coarse-grained) levels.

Conformational changes of biomolecules occur to accommodate substrate or to facilitate
interactions with their binding partners form the simplest dynamic picture of life in the
molecular level. KNF (induce-fit) and MWC (pre-existing equilibrium) models were
suggested decades ago to explain the allosteric phenomenon of hemoglobin. However,
the physical origin(s) of the two models has not been understood in enough depth at the
molecular level so as to properly explain the observed conformational changes.
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My past researches had a heavy emphasis on the “pre-existing” subject while during the
past two years I took up the “induce-fit” route and found these two models (MWC&KNF)
could basically reconcile at a simple yet carefully formulated theory, Linear Response
Theory (LRT), recently revisited by theoretical biophysicists [23]. With Drs Nobuhiro G6
and Akio Kitao, we went one step further to formulate a time-dependent LRT to study
primary response of myoglobin upon photodissociation.

The ongoing projects and published research results of mine are listed as follows.



Prediction of catalytic rate of enzyme mutants and mechanical reasons for some
evolutionarily conserved residues — theory and experiment (with Dr Shakhnovich)

(ongoing)

Allosteric regulation in enzyme activity can be seen as the ability of proteins to visit
many conformational states. Mechanical energy is required for protein to take from one
state to the other and the binding/hydrolysis of a cognate substrate can provide such
energy. We hypothesize that there are some key mechanical residues (KMR),
evolutionarily conserved, which could perturb the energy dramatically upon mutation,
and therefore possibly jeopardize enzyme activity from places remote to the catalytic
center. People have shown experimentally that single mutation G121V of BF-BG loop, which
is more than 19A away from the closest atom of DHF at the active site, reduces the rate of
hydride transfer in DHFR by 163 fold. Also, double mutation M42F-G121A impairs enzyme
activity by 21 times more than individual effects combined would do (i.e. highly non-additive)
when the two residues are 20A away from each other. We would first apply more comprehensive,
published approaches that are to use classic + quantum mechanics simulations to predict
mutant activities. Then, we will attempt to develop purely classic-mechanics-based simple
models to tackle the same issue. Shall this be successful, we will then apply the models to other
enzymatic systems to verify our first-principal-based understandings of enzyme catalytic
mechanism. We also have a wet lab to verify our predictions in a uniformed, controlled
environment. This theory-joint-experiment project will first identify a few KMR and then
theoretically predict by how much the catalytic rate would reduce/increase if the possibility for
DHER to visit a catalysis-prompted bound state is impaired/boosted by a given mutation.

Time-dependent Linear Response Theory to studying primary responses of
myoglobin (with Drs Nobuhiro G0 and Akio Kitao) (ongoing/submitted [14])

The primary response of proteins occurs at femto- to picosecond range is understood as
protein response to force perturbations. The extent of response at a given atom i can be
expressed as the sum of component ij of fluctuation variance multiplying force fj applied
on atom J [23].

In the past year, we have formulated a tlme -dependent response function
<A§(t)>f=k—jdtZ<Ar(0)Ag(t ) >, fi(t—t)

B 0 j=t
,within which the time-dependent covariance matrix (or so derived matrices) can be

expressed in the normal mode space with solvent friction taken into account [22] (friction
is obtained from velocity time correlation function, calculated from MD trajectory).
Proteins, projected into each normal mode, as a single oscillator subject to solvent
friction and random forces, can be traced to its time-dependent conformational changes
upon external or internal perturbations (e.g photodissociation to release otherwise bound
monoxide ligand). We study the time course of structural changes between deoxy- and
carbonmonoxy myoglobin (CO-Mb) upon multi- or single point (at Fe of heme) force
perturbations and compare the results with observables of UV resonance raman (UVRR)
spectrum upon photodissociation of CO. A qualitative and quantitative agreement has



been obtained for the relaxation and primary-response time constants at respectively 10s
picoseconds and 100s femtoseconds to a few picoseconds.

Principal component analysis of native ensembles of biomolecular structures
(PCA_NEST): insights into functional dynamics (with Drs Ivet Bahar and Akio
Kitao) (published [13])

The PCA of the native ensemble of structures accessible to a given biomolecule is shown
in the present study to provide information on functional dynamics and biomolecular
design features. Calculations performed for NMR ensembles of structures show that, in
20 out of 24 examined proteins, the conformational differences A{®} observed between
the NMR structures and their X-ray counterparts are consistent with the principal modes
of motion identified by PCA and supported by the physics-based anisotropic network
model (ANM). These ‘robust modes’, insensitive to model parameters and methods, point
to directions of conformational changes that are energetically favored by the particular
topology of native contacts.

We argue that the molecules are designed to so move for functional reasons.
Evidence is given here that catalytic residues of 12 examined enzymes, structures of
which are determined by NMR, are shown to occupy highly constrained, ‘immobile’,
positions along the dominant PC profiles. Notably, the residues identified to be highly
constrained in these robust PC modes are verified to be evolutionarily conserved, further
supporting the utility of the PCA of structural ensembles for identifying potential
functional sites (PFSs).

In the supplementary material of this article, we reported a study that shows a
handful of conformers indicated by low PCA modes have been sufficient to reproduce the
NMR order parameters. The result shows that to have a proper sampling of
conformational space, rather than the size of the ensemble, is the key to successfully
reproduce the experimentally characterized observables.

Finally, we compile the present mathematical tools into public accessible domain.
The online portal, PCA_NEST (PCA of Native Ensembles of STructures), uses as input
ensembles of protein and/or polynucleotide structures accessible under native state
conditions, and releases the corresponding principal modes of structural changes and
potential functional sites (PFSs) via a user-friendly interface. PCA NEST is at
http://ignm.ccbb.pitt.edu/oPCA_Online.htm

Insights into Equilibrium Dynamics of Proteins from Comparison of NMR and
X-ray Data with Computational Predictions (with Drs Ivet Bahar and Angela
Gronenborn) (published [12])

PCA NEST work described above is a continuous effort to answer the question whether
or not positional uncertainties of NMR structures and the structural differences between
Xray-determined conformers for the same proteins are of "errors" in structural
determination or that they do carry information of functional dynamics. In 2007, we
presented a study that the positional uncertainties of NMR structures do outline the
protein equilibrium dynamics that physics-based models (GNM & ENM), would describe,
based on the evidence of agreements of rmsd profiles of 64 NMR-solved protein
ensembles and that predicted by GNM and ENM [12].


http://ignm.ccbb.pitt.edu/oPCA_Online.htm

For a representative set of 64 nonhomologous proteins, each containing a structure solved
by NMR and X-ray crystallography, we analyzed the variations in atomic coordinates
between NMR models, the temperature (B) factors measured by X-ray crystallography,
and the fluctuation dynamics predicted by the Gaussian network model (GNM). The
NMR and X-ray data exhibited a correlation of 0.49. The GNM results, on the other hand,
yielded a correlation of 0.59 with X-ray data and a distinctively better correlation (0.75)
with NMR data. The higher correlation between GNM and NMR data, compared to that
between GNM and X-ray B factors, is shown to arise from the differences in the
spectrum of modes accessible in solution and in the crystal environment. Mainly,
large-amplitude motions sampled in solution are restricted, if not inaccessible, in the
crystalline environment of X-ray [12]. Combined GNM and NMR analysis emerges as a
useful tool for assessing protein dynamics.

Mechanochemical Activity of Enzymes (with Drs Ivet Bahar) (published [1])

To understand the coupling between collective dynamics and catalytic activity of the
enzyme, a systematic analysis of 98 non-homologous enzymes of different EC classes
were analyzed using GNM (11, 18), fluctuation patterns near the known catalytic residues
(experimentally known) are studied (18). In more than 70% of the examined enzymes,
the hinge minima predicted by the GNM are found to be co-localized with the catalytic
sites (1). Low rotational mobility (<7%) was observed for the catalytic residues
consistent with the functional necessity of enzymes to achieve precise mechanochemical
activities (1). These studies agree with previous studies that hinge flexibility is an
important mechanism in determining protein conformation and facilitating ligand binding
(19), in mediating allosteric effects (21) or fine-tuning enzyme functions (5, 11, 20).

This work has been cited 61 times according to google since published in 2005 June.

Chemistry-free model for Characterizing/Predicting Key Residues that Control
Enzymatic Functions (with Drs Ivet Bahar and Akio Kitao) (ongoing [p1])

A de novo algorithm, COnformational-Mobility-based Prediction of enzyme ACTive sites
(COMPACT) [p2], was developed to further test the idea that ‘enzyme active sites
co-localized with the dynamic hinge centers’ [1]. COMPACT, a protein active site
predictor based on coarse-grained structure (shape of the molecule) and dynamic
information, has scored a selectivity rate of 0.82 and a moderate to low specificity rate
0.37 over 18 enzymes in different enzyme classes. COMPACT basically narrows down
potential candidates of catalytic residues, hinge minima, predicted from GNM, to
spatially clustered ones with relatively high solvent accessibilities for its position in the
protein. This allows the prediction for biomolecules’ functional sites without even
knowing the amino-acid sequence and atomic coordinates. We repeated a similar
procedure on X-ray electron density maps of enzymes and were able to locate the position
of the functional sites within the electron cloud with a sensitivity and specificity of 0.73
and 0.33 respectively. The restrained dynamics can be of an important active site design
properties [20] and the prominent geometrical shape of enzyme is highly related to its
active site location. The online implementation of this prediction algorithm can be found
in OGNM [10] and Dynomics.


http://dynamics.iam.u-tokyo.ac.jp/Dynomics.htm

Intrinsic Dynamic Domains reveal dynamic requirements of protein-protein
docking orientation. (with Dr Shun Sakuraba) (ongoing/submitted [15])

A new parameter-free approach is proposed to define dynamic domains according to
biomolecules' intrinsic collective dynamics. A domain interface plane, defining the
separation of domains, and bending axes, about which the domains bend, are as well
defined in a parameter-free manner.

The algorithm involves reduction of 3N by 3N inverse Hessian matrix into an N by N
covariance matrix that is to be diagonalized to give eigenvectors which define dynamic
domains. The so-defined domains are termed 'Intrinsic Dynamic Domains' (IDDs).

As IDDs are examined on all the 8 'difficult' cases in a standard protein-protein
docking benchmark, it is found that the interface planes, defined using Linear
Discriminant Analysis (LDA) approach, of big proteins always dissect through their
small binding partner. In addition, the bending axes of docked protein pairs tend to be
perpendicular to each other, which minimize the mutual dynamical interferences of a
docking event. A docking scheme that “seeks the tranquility in the move” is proposed to
explain dynamics-refrained docking behavior.

Model with Energy Penalty on Inter-residue Rotation gives superior description of
crystallographic temperature factors and protein conformational changes. (by
myself) (ongoing/submitted [16])

Gaussian Network Model (GNM) is demonstrated NOT rotation invariant for its potential
that penalizes the rigid-body rotation. As a result, rigid-body rotation is found to blend in
GNM modes, especially in the most collective a few. A new model is proposed here to
remove such external contributions when maintaining the mode motions that result from
a potential that penalizes inter-residue rotation. The new model is shown to well describe
crystallographic temperature factors and protein open«close transition.

IGNM Database (with Drs Ivet Bahar et al) (published [2])

Structural knowledge of a protein is not sufficient for understanding and controlling its
function. We have systematically characterized protein dynamics by designing and
creating a database of protein functional motions based on the Gaussian Network Model.
This database, called IGNM (http://ignm.ccbb.pitt.edu) [2], contains the computed GNM
dynamics for 20,058 structures from the Protein Data Bank (PDB), and generated
information on the equilibrium dynamics at the level of individual residues. iGNM is a
database of predicted mobilities for all PDB structures (deposited prior to September 1st,
2003), ranging from small enzymes to large complexes and assemblies in a unified
framework. The results are stored on a web-based system, and configured so as to permit
users to visualize or download the results through a standard web browser using a simple
search engine (hence the name, internet GNM). Static and animated images for describing
the conformational mobility of proteins over a broad range of normal modes are
accessible, along with an online calculation engine available for newly deposited
structures. The current version of iIGNM consists of three modules: Database Engine [2],
GNM Computations Engine [10], and Visualization Engine [7]. Since Nov. 2005, we
have an updated iGNM version (http://ignmtest.ccbb.pitt.edu) for GNm results of all the
proteins in PDB (updated weekly). We also parsed the PDB files more carefully and
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advanced our search engine to locate GNM data from proteins bearing certain desired
features (i.e. size of the protein, X-ray or NMR proteins, resolutions etc.). We also report
the results about the correlation between predicted and experimentally observed thermal
fluctuations as well as the strength of the spring constant used in the GNM computation.

0GNM Web Server (with Drs Ivet Bahar et al) (published [10])

The web-based system, oOGNM [10], enables users to calculate online the shape and
dispersion of normal modes of motions for proteins, oligonucleotides and user-compiled
complexes or monomers using GNM. Computations with new engines, including the
implementation of a new algorithm, PowerB [10], computing the theoretical thermal
fluctuations, are 5-6 order of magnitude faster than those using conventional normal
mode analyses. Our implementation also provide a handle to rapid assessments of
dynamics of DNA/RNA/Protein complexes by GNM using EN representation that each
amino acid and nucleotide is represented by 1 and 3 nodes, respectively, connected by
harmonic springs. The rapid computation has facilitated the assessment of thermal
fluctuations for a set of 1250 non-homologous proteins. Results have shown a broad
range [7.3-15A] of inter-residue distances can be applied to GNM to get equivalent
fluctuations and the correlations with X-ray temperature factors improve with increasing
crystallization temperatures.

OGNM can be accessed at http://ignm.ccbb.pitt.edu/GNM_Online_ Calculation.htm. On
the other hand, the anisotropic fluctuations [14] (based on elastic network model) of
biomolecules can be obtained and assessed in another webserver of ours, ANM
webserver [10a], at http://ignmtest.ccbb.pitt.edu/cgi-bin/anm/anm1.cgi.

The IGNM/0oGNM database/webserver [1,10] as well as ANM webserver [10a] have been
made links available in PDB at

http://www.pdb.org/pdb/static.do?p=software/software links/modeling_and_simulation.h
tml ; iIGNM in fact has been the first dynamics database commensurate with PDB in size.
The emerged Dynomics project interlinks the existing resources of ours with results from
atomistic-NMA based on semi-empirical force fields (Promode collaborated with Dr.
Wako) and experimentally characterized (mainly by X-ray crystallography)
conformational changes (Dyndom; collaborated with Dr Hayward).

Study of Polymerase Q (Collaboration with Dr Richard Wood et al.) (published [6])
The basic question we had for this study was why PolQ, a DNA polymerase involved in
DNA repair process, has a low fidelity to bypass DNA damages. Given the known PolQ
sequence at hand, we performed homology (comparative) modeling to obtain its 3D
structure and found an insertion loop docked perfectly in the DNA minor groove despite
its flexible nature demonstrated by normal mode analysis (6). We therefore inferred the
‘culprit’ that influences the fidelity of PolQ to be the insertion 1 loop we identified in this
work. This work was published on EMBO journal.

The rational design of enzymes (Collaboration with Dr Alan Russell et al.)
(published [3,4])
We studied the cause that attributes to the enzyme activity loss in the immobilized
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sarcosine oxidase. A few lysine residues not only bearing their structural and dynamic
significance but also possessing abnormal pKa shift, inferred from the software UHBD,
were identified to involve in this process (4). The same techniques were also used to
rationalize how a cysteine residue, locating far away from the enzyme active site, can
possibly interfere with the catalytic ability of creatine amidinohydrolase upon the
contamination of silver ions (3) in a biosensor comprised of above-described two
enzymes.

Relation-mappings of protein dynamics between experimental and theoretical
approaches to reveal the time scales of the dynamic events (with Dr Akio
Kitao)(ongoing)

No matter for the “errors/uncertainties” in protein structure determination or equilibrium
fluctuations of atoms in proteins at a given temperature, there is a characteristic time to
describe the spatial span of such “uncertainties” or fluctuations. By decomposing
time-average fluctuations into constituents of frequency components (normal modes/PCA
modes), the theoretical methods allow us to subtract or add up a range of these
components to obtain the best agreement with experimental observables so as to
understand the timescales of our interests, either the experimental observables themselves
or fluctuation variance characterized by a given theoretical means.

We substantiated the idea in a comparison of time scales of order parameters of ubiquitin
characterized experimentally from NMR relaxation data with that predicted by two
theoretical approaches, namely MD simulations and Elastic Network Model using
Lipari-Szabo formalism.

S; = %(<xij2>2 + <y > <z ST 2 <X > 42 <X 2> + 2 <y 2>7) —%
We first performed a long 120ns MD simulation and then obtain the PCA modes of its
trajectory. Instead of getting N-H bond order parameters (OP) directly from all the
snapshots using above equation, we first obtain a new set of snapshots that is generated
from subsequent removal of contributions of low modes to positional deviations from the
mean and then obtain OP for the resulting set of snapshots. We identify how many modes
needed to be deleted to have the best experimental and theoretical agreement of OP and
find the characteristic time from the correlation function of PC-coordinates of that very
mode. We successfully obtain the characteristic time is slightly less than 1 ns for OP of
ubiquitin, which is the generally accepted time scale for order parameters. We can then
adopt similar approach to gauge the time scale of elastic network model from first
identifying the mode until which slow modes are subsequently deleted to give the best
agreement with experimental data. This technique is expected to explore the ‘real’ time
scale of CG-MD as well as other experimental observables such as isotropic or
anisotropic temperature factors.



Profile of transmembrane dipolar potential is a function of membrane tension (with
Dr M. Chachisvilis)

It has been known that physical forces applied to tissues, organs or blood vessels could
trigger their down stream biochemical signal propagation. Our hypothesis here is that the
mechanical forces (such as applied a tension on lipid membranes) could cause membrane
morphology as well as dipole potential changes, which in turn cause the conformational
changes of membrane proteins. We used MD simulations while maintaining constant
membrane tension to investigate the dipole potential changes across the membrane. The
dipole potential profiles predicted from simulation well agree with that suggested from
experimental data. The next step would be to insert a membrane protein in the membrane
and see how the dipole potential changes would influence the conformation of membrane
protein.

Pre-steady state enzyme kinetics studies on octaprenyl pyrophosphate synthase and
undecaprenyl pyrophosphate synthase (with Dr P.H. Liang)(published [8,9])

The study is about cell wall sugar elongation process catalyzed by two enzymes,
octaprenyl pyrophosphate synthase and undecaprenyl pyrophosphate synthase (potential
anti-bacteria target). We were able to determine the kinetic of intermediate steps of this
elongation process. In Liang’s lab, the techniques acquired include PCR, site-directed
mutagenesis, sequencing technique, isotope assays used in kinetic study, concepts of
pre-steady-state techniques including stop-flow operation.
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