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Abstract

Conformational flexibility of proteins has been linked to their designated functions. Slow
conformational fluctuations occurring at microsecond-millisecond time-scale, in particular, have
recently attracted considerable interest in connection to the mechanism of enzyme catalysis.
Computational methods are providing valuable insights into the connection between protein
structure, flexibility and function. In this report, we present studies on identification and
characterization of microsecond flexibility of ubiquitin, based on quasi-harmonic analysis (QHA)
and normal mode analysis (NMA). The results indicate that the slowest 10 QHA modes, computed
from 0.5 ps molecular dynamics ensemble, contribute over 78% of all motions. The identified slow
movements show over 75% similarity with the conformational fluctuations observed in nuclear
magnetic resonance ensemble and also agree with displacements in the set of X-ray structures. The
slowest modes show high flexibility in f1-B2, a1l-$3, and B3-p4 loop regions, with functional
implications in mechanism of binding other proteins. NMA of ubiquitin structures was not able to
reproduce the long time scale fluctuations as they were found to strongly depend on the reference
structures. Further, conformational fluctuations coupled to the cis/trans isomerization reaction
catalyzed by the enzyme cyclophilin A (CypA), occurring at the microsecond-millisecond time-scale,
have also been identified and characterized based on QHA of conformations sampled along the
reaction pathway. The results indicate that QHA covers the same conformational landscape as the
experimentally observed CypA flexibility. Overall, the identified slow conformational fluctuations
in ubiquitin and CypA indicate that the intrinsic flexibility of these proteins is closely linked to their
designated functions.
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l. INTRODUCTION

Proteins exhibit a wide range of conformational fluctuations, from subtle rearrangements of a
few atoms to large-scale movements involving the entire protein. The time-scales for these
internal protein motions range from femtoseconds (1071° s) to microseconds and longer
(>10755).1:2 On one side of this range are repeated motions localized in small regions of the
protein and involving a small number of atoms. These types of fast motions commonly known
as vibrations (examples include bond stretching and angle bending) occur on femtosecond to
picosecond time-scales. Motions such as rotations of side-chains and movement of flexible
loops occur over longer time-scales, often spanning from a few nanoseconds to the sub-
microsecond time-scale. On the other side of this range are the large conformational changes,
involving multiple secondary structure elements or even spanning the entire protein, occurring
on microsecond (or longer) time-scale. These slow, coherent, collective, and repeated
conformational changes, also referred to as protein breathing motions, are different from the
random conformational fluctuations.? Recently, conformational motions in proteins and in
particular the slow fluctuations, have attracted considerable interest due to their possible
interconnection in enabling a protein to perform its designated function such as enzyme
catalysis.1712

Experimental techniques continue to provide information about protein motions at a variety of
time-scales. Neutron scattering has been used to monitor fast thermal motions (picosecond to
100 picoseconds)13~15 nuclear magnetic resonance (NMR) experiments have provided
information in the intermediate range (nanoseconds and longer);3:16:17 spin-echo neutron
scattering on microsecond-millisecond range;18 hydrogen-deuterium exchange has been used
to measure slower conformational changes occurring in proteins (milliseconds);1° and
crystallography20 has revealed conformational changes between different states during
reaction. Moreover, recent Mdssbauer effect and neutron scattering experiments have indicated
that the bulk solvent and hydration-shell fluctuations control protein motions and function.
21723 These experimental investigations of protein motions have faced an inherent problem;
as mentioned above the internal motions of proteins occur at a wide range of time scales but
the range of observed motions strongly depend on the relatively narrow time scale resolution
window of the experimental method used.

Theoretical and computational methods continue to provide new insights into protein motions,
as well as the possible role of these motions in protein function such as enzyme catalysis.1:6:
24 particularly, normal mode analysis (NMA)25728 and its various extensions29:30 have
provided insights into the conformational fluctuations associated with individual protein
structures, as well as flexibility intrinsically associated with the overall shape of proteins and
its linkage to protein function. In NMA, a harmonic approximation of the potential energy
landscape for a protein conformation in a local energy minimum (or its vicinity) is computed
by diagonalization of the Hessian matrix.31 Even though NMA provides information about fast
and slow protein motions, these are representative of conformational fluctuations observed in
the vicinity of the reference structure (see Figure 1).32 Moreover, it is widely discussed that
the slow conformational changes in the proteins show a large degree of anharmonicity.33—36
The harmonic approximation limits the use of NMA to small amplitude motions in the potential
energy surface associated with a local minimum?3’ (corresponding to the gray region in Figure
1). Therefore, NMA is not well suited to study conformational changes associated with
biochemical processes such as enzyme catalysis, which covers distant areas of the
conformational energy landscape. Methods such as time-averaged normal coordinate analysis
(TANCA)38 have been developed to overcome some of the inherent limitations of NMA.
TANCA provides more reproducible modes by diagonalizing the time-averaged Hessian
matrix. The fast motions that differ considerably between the reference structures are removed
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in TANCA. However, TANCA is computationally very expensive, as it requires calculation
of the Hessian for each structure of molecular dynamics (MD) trajectory.

Quasi-harmonic analysis (QHA)3? and related principal component analysis techniques,40
41 based on the eigenvalue decomposition of an ensemble of protein conformations, have
provided a useful method for identifying motions particularly at long time-scales (see Figure
1). QHA captures the large-scale conformational fluctuations within a collection of protein
conformations by diagonalizing the mass-weighted covariance matrix known as the atomic
fluctuation matrix (F,p). For a system with N atoms, F,z is a 3N x 3N symmetric matrix,
defined as shown below:

Fup= (50~ Gl (). .

where o and B represent the 3N degrees of freedom in Cartesian space; m is the mass of the
atom and the quantity within { ) denotes an average over the ensemble of structures in MD
simulation. The inverse square root of the eigenvalues determined by diagonalizing F 5
represent the frequencies associated with protein eigenmodes. The eigenvectors represent the
displacement vectors of the individual atoms. The lowest frequencies correspond to large-scale
cooperative motions in the protein; the higher frequencies represent localized motions. For a
system with N atoms there are 3N-6 internal modes; however, due to computational reasons
typically only a limited number of slow modes (lowest frequencies) are computed. Note, QHA
allows identification of protein motions at a variety of time-scales as the atomic fluctuation
matrix can be computed from protein conformational sampled during a single MD simulation
(short time-scale),42 a collection of MD trajectories (collectively representing long time-
scale),43 or a set of conformations obtained using various sampling techniques (which could
represent protein present in different stages during its functional cycle).

A significant advantage of QHA over other methods is that it allows identification of slow
conformational fluctuations that span over distant areas of the protein energy landscape such
as the reaction pathway during enzyme catalysis.>#3:44 MD simulations in combination with
techniques such as umbrella sampling®® can be used to model the free energy landscape
associated with enzyme reaction pathway as a function of a reaction coordinate. As depicted
in Figure 2, QHA of the entire set of conformations sampled along the various sections of the
reaction coordinates allows identification of conformational fluctuations at the reaction time-
scale. Overcoming the limitations of NMA based approaches, QHA provides a methodology
to explore protein motions that are associated with longer time-scales.

Reaction coupled slow conformational fluctuations in a number of enzyme systems including
cyclophilin A (CypA) has been successfully identified using the above approach.43:44 In
CypA, identification of 3 reaction coupled slow conformational modes that are closely linked
to enzyme mechanism has lead to the discovery of a network of coupled vibrations associated
with the catalytic mechanism. Detailed characterization of conformational fluctuations in the
cis/trans isomerization catalyzed by CypA showed the existence of a network of coupled
motions within the protein affecting the catalytic step. These motions (termed as reaction
coupled motions) extended all the way from the flexible surface loop regions to the active site
of the protein, showing correlated motions even among residues that are located >15 A away.
More recently, we have also discovered that these conformational fluctuations identified with
the use of QHA are preserved across enzymes folds catalyzing different types of chemical
reactions: cis/trans isomerization by CypA; hydride transfer by dihydrofolate reductase
(DHFR) and ribonuclease A (RNaseA). In these enzyme systems, the networks are formed by
a series of hydrogen bonds and interactions are conserved across multiple species and show
coupling to the enzyme mechanism at long time-scales. For CypA and DHFR, the presence of

J Phys Chem B. Author manuscript; available in PMC 2010 December 31.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ramanathan and Agarwal Page 4

these networks has been independently verified by other computational studies and NMR
investigations.12:46:47 Furthermore, QHA has also allowed identification and characterization
of reaction-coupled flexibility in diverse members of an enzyme super-family that catalyze the
common sub-step of hydride transfer.

QHA isemerging as an important method for identification of slow conformational fluctuations
within proteins. However, the degree of certainty with which the motions identified by QHA
at long time-scales (microsecond and longer) can reproduce the motions observed through
experimental methods such as NMR/X-ray crystallography#8:49 remains an important concern.
The amount of conformational sampling that is required to observe the slow motions
corresponding to experimentally available data is also of concern.50752 Further, QHA does
not provide any information about the time-scales of motions — only the relative direction and
the magnitude of motions are available from the analysis. The eigenvalues provide relative
information about the frequencies associated with the eigenmodes; however, in a number of
cases the exact time-scale of the computed motions cannot be assessed definitively. For
example, if the motions are computed by combining conformations sampled by several MD
simulations based on different starting structures, information about the time-scale of the
identified motions is missing.>3:%4

In this report, we present a systematic characterization of slow protein conformational
fluctuations identified using QHA and NMA. Further, a methodology for identifying
conformational fluctuations associated with an enzyme reaction is also discussed. Microsecond
motions in ubiquitin, a small globular protein, are identified, characterized and compared to
experimentally available microsecond ensemble of ubiquitin structures. The selection of
ubiquitin is based on the availability of a number of conformations through NMR studies as
well a large number of X-ray crystal structures. Recent studies by Lange and coworkers have
provided insights into the structural heterogeneity of ubiquitin, characterized by NMR at the
us time-scale.® Our results indicate that the computationally obtained slow motions can
reliably reproduce the conformational fluctuations observed from experimental techniques.
The use of multiple MD simulations based on different crystal structures accounting for the
structural diversity in the protein allows the range of slow motions to be explored quickly.
Further, the regions identified to have significant conformational flexibility identified by QHA
correspond to the regions that show structural deviations in the different structures from X-ray
as well as NMR. The utility of QHA is further analyzed by studying slow conformational
changes associated with a reactive process such as the cis/trans isomerization reaction
catalyzed by enzyme CypA. Detailed comparison shows that the identified motions are in
agreement with the information available from experimental techniques (NMR). Detailed
characterization of these computationally identified conformational fluctuations provides
important insights in the interconnection between the protein structure, flexibility and function.

IIl. METHODS

A. Ubiquitin

Ubiquitin is found in all eukaryotes, known to have an important role in labeling proteins for
degradation.55 Its structure is evolutionarily conserved, consisting of five -strands arranged
as an anti-parallel sheet interspersed with two a-helices located close to the N- and C-termini
of the protein.56—28 Ubiquitin is known to bind diverse targets and therefore its flexibility
associated with binding other proteins is of interest. Human ubiquitin (76 residues in a single
chain) was selected for computationally identifying and characterizing the ps conformational
flexibility due to the structural diversity available from different experimental techniques as
well as ps flexibility as recently observed with NMR.#° The set of conformations in this NMR
study included all of the structural heterogeneity observed from 46 X-ray crystallographic
structures in which ubiquitin was complexed with diverse proteins. Moreover, it was observed
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that a linear combination of a small set of principal components was able to explain the pincer-
like motion of residues involved in forming the binding interactions; and conformational
selection, rather than induced-fit mechanism, was sufficient to explain all of the structural
heterogeneity in ubiquitin binding dynamics.

The availability of a number of X-ray structure/NMR ensembles and structural deviations
within these structures provides information on the conformational fluctuations when the
protein samples the kinetically accessible parts of the energy landscape. The recently reported
us NMR refinement with orientational restraints (EROS) with 116 structures (PDB code:
2K39)*9 for comparisons with the computational results. The 46 X-ray crystal structures of
ubiquitin available in the PDB database59 were also used. These structures were aligned to the
reference structure 1UBQ57 before simulation and analysis. The N-terminal residue 1 and the
C-terminal tail consisting of residues 71-76 were excluded from our analysis due to the large
displacements in the free ends, and for X-ray ensemble analysis only the heavy atoms were
used.

System preparation and conformational sampling—S8 different starting X-ray crystal
structures, which covered the structural diversity of ubiquitin, were used as starting points for
MD simulations (see supporting information for details). These starting structures were
obtained from Protein Data Bank with the following access codes: 1UBQ; 1P3Q (chain U);
57 1S1Q (chain B);60 1TBE (chain B);61 1Y IW (chain A);62 2D3G (chain B);63 2FCQ (chain
B);64 and 2G45 (chain B).65 Each of the 8 crystal structures was processed using the AMBER
8.0 simulation suite and the parm98 force-field.66:67 Note, we have previously verified the
ability of parm98 force-field for its ability to reliably reproduce conformational fluctuations
in proteins.44 Standard amino-acid residues were used to build the protein structures. After
determining the protonation state for each amino-acid residue at pH 7.0, missing hydrogen
atoms were added to the protein. The structures were placed in a rectangular box of SPC/E
water,%8 such that the distance between the protein and the side of water box was 10 A.

The prepared systems were equilibrated using the following protocol. First, the water molecules
were minimized using the steepest descent method for 500 steps, followed by conjugate
gradients minimization until the root mean square (rms) of the gradients was less than 0.25
kcal/moleA. In the next step, the protein atoms were minimized using a similar procedure to
release close contacts in crystal structures. A small MD simulation of 25.0 picoseconds (ps)
with a gradual increase of the temperature in the system to about 300 K, followed by a 25.0 ps
constant pressure simulation in which the water molecules were unrestrained to allow
occupation of vacuous regions. Five additional steps of equilibration at constant volume were
performed with each step consisting of an energy minimization (threshold 0.001 kcal/mol. A)
followed by a 5.0 ps MD run. In these steps, positional restraints were applied to solute atoms.
For the first of the five step, the force constant was 100 kcal/mol. A2, followed by a gradual
scaling of 0.5 for subsequent steps. The final equilibration was performed without any
positional restraints. Another MD simulation with a temperature ramp over 25.0 ps to readjust
the temperature to 300 K followed by a 25.0 ps constant pressure MD step to fill any remaining
voids was performed to reach the equilibrated structure.

All production runs were performed using the NVE ensemble, with periodic boundary
conditions. The particle-mesh Ewald (PME) method was used for electrostatic interactions; a
10 A cut-off for Lennard-Jones interactions and SHAKE was used for restricting motions of
all covalent bonds with hydrogen atoms. All simulations were performed at 300 K and 1 atm
pressure. The data from simulations were stored every 1 ps. A total of 62,500 snapshots were
collected totaling 62.5 ns of time for each production runs. Collectively for the 8 systems, the
total conformations sampled are referred to as the 0.5 us MD ensemble.
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Identification of protein motions—QHA was performed on the conformations sampled
in the MD simulations; and a corresponding principal component analysis was performed with
the 116 structures in EROS ensemble and the 46 X-ray crystal structures. For all the 8 MD
simulations, the structures were fit to the reference structure of 1UBQ to remove rotational/
translational movements. QHA modes were computed for 0.1 us, 0.2 ps, 0.3 ps, 0.4 usand 0.5
us MD ensembles; for each analysis 1,250 structures (stored at regular intervals) from each of
the 8 MD simulations, therefore a total of 10,000 structure, were used for each ensemble. Note
that 0.1 ps, 0.2 us, 0.3 ps, 0.4 ps and 0.5 us MD ensembles are based on 12.5 ns, 25.0 ns, 37.5
ns, 50 ns and 62.5 ns individual MD trajectories respectively from each of the 8 MD
simulations.

Normal Mode Analysis—Twelve structures from each simulation (at 5 ns, 10 ns, 15 ns, ...,
55 ns, 60 ns), therefore, a total of 96 structures from the eight simulations were analyzed with
NMA. Prior to NMA, the starting structure was minimized using both Newton-Raphson and
conjugate gradients minimization method until an RMS tolerance of 1074 kcal/mol . A~ was
reached. Solvent was excluded from the calculations and the nmode program.® from the
AMBER suite of programs was used to compute the normal modes for ubiquitin.

B. Cyclophilin A

Substrate free enzyme—The motions in the free enzyme were characterized based on 5
MD trajectories. The starting points for 4 of these trajectories were selected form the NMR
ensemble (PDB code 10CA)70 and an X-ray crystal structure (PDB code 1AWQ)71 with the
substrate excluded. AMBER’s parm98 force-field was used for simulations. Each of these
structures was simulated in explicit solvent and equilibrated following the procedure already
described for ubiquitin simulations. A total of 10 000 conformations corresponding to the total
10 ns sampling (stored after every 1 ps over 2.0 ns for each MD trajectory) were used for the
QHA analysis.

Modeling the enzyme reaction—The motions within cyclophilin A associated with the
enzyme reaction are known to occur on the ps-ms time-scale. A combination of 37
simultaneous MD simulations was used to characterize the conformational fluctuations
associated with the cis/trans isomerization reaction catalyzed by the enzyme. As illustrated in
Figure 2, the methodology samples the reaction pathway with the use of reaction coordinate
(amide bond dihedral angle) into discrete intervals. Individual MD runs are then used to sample
the potential of mean force (PMF) for the free energy profile (FEP) as a function of the chosen
reaction coordinate. In the case of CypA, the counter clock-wise rotation along the peptide
bond of the substrate was chosen as the reaction coordinate. A discrete interval of 5° rotations
for the peptide bond was chosen to sample the reaction pathway. The details of the simulations
set-up and production runs have been published previously.43:44

CypA end-states only—QHA modes were also computed for an ensemble of enzyme
complex conformation with substrate in reactant and product only (end-states). Extended MD
trajectories of 5ns each for the reactant and product states were generated with a total of 8,000
conformations used for the QHA modes computation.

lll. RESULTS

Identification of slow conformational flexibility of ubiquitin

Slow conformational fluctuations in ubiquitin were identified with QHA of the conformations
that sampled the potential energy surface during the MD trajectories. In the most straight
forward way, these fluctuations could be identified by generating a microsecond trajectory
followed by the QHA of the system snapshots collected during the simulation. However,
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currently computing microsecond trajectories of even small proteins is computationally
expensive and time-prohibitive as it would require several months of simulation run-time even
with best computer hardware. As an alternate approach, for this study 8 independent MD
simulations each based on a different starting X-ray crystal structure and 62.5 ns in duration
were generated. The total set of conformations used for QHA corresponds to 0.5 ps sampling
of the potential energy surface (obtained by combining all the 8 MD simulations). This
approach leads to an obvious question: does the analysis of this total ensemble provide
information about ubiquitin flexibility at microsecond or the nanosecond time-scale? We
provide an answer to this important question below after the detailed characterization of the
QHA modes and comparison with the experimental information.

Figure 3 depicts the ubiquitin backbone flexibility as identified based on the individual MD
trajectories as well as the 0.5 us MD ensemble. An indication of the backbone flexibility of
ubiquitin is provided by the root mean square fluctuations (RMSF) as computed from the 0.5
us ensemble of MD structure. RMSF includes the complete set of motions; however, the
motivation of this study is to characterize the slow conformational flexibility. Therefore, slow
conformational fluctuations were identified by computing QHA modes from a set of 10,000
conformations in the individual 62.5ns MD trajectories as well as the entire 0.5 ps MD
ensemble. The modes computed from the 0.5 us MD ensemble are referred to as QHAq 5,5 in
the remaining text of this report. As depicted in Figure 3, QHA analysis of individual 62.5 ns
MD trajectories can identify the mobile regions qualitatively; however, are unable to correctly
characterize the range of motions (displacements) due to limited coverage of the energy
landscape. An aggregation of the slowest 10 QHA 5,5 modes (obtained by summing up the
atomic displacements in the modes) indicates that they are sufficient to capture the majority
of fluctuations in the most mobile region of ubiquitin when compared to all motions; in
particular, these slowest modes show similar displacements in the most mobile regions of
ubiquitin backbone. Note the slowest modes are defined by the low frequencies (eigenvalues)
corresponding to the modes. Quantitative estimates indicate that slow 10 modes represent 78.4
% of the flexibility reflected in the 0.5 us ensemble (slowest 20 modes capture 87% and slowest
50 modes capture 94% of flexibility). Therefore, the slowest 10 modes were selected for
detailed analysis and characterization. The advantage of using the slowest 10 modes instead
of the total RMSF (root mean square fluctuations) is that it allows characterization of the slow
conformational fluctuations by removing the fast motions.

Ubiquitin shows considerable flexibility at the microsecond time-scale (see Figure 4). In
addition to the QHAq 5,5, ubiquitin flexibility was also characterized based on the structures
from the X-ray and the NMR ensembles. The modes based on 46 X-ray structures and 116
structures in the NMR ensemble (EROS) represent the principal component modes computed
in a similar way to the QHA. Note, that the EROS ensemble corresponds to the microsecond
time-scale as defined by the resolution of the NMR experiments.#°Figure 4 (a) depicts slow
conformational fluctuations of ubiquitin as an aggregate of the top 10 slow modes from the
QHAg 5,5, EROS and X-ray. The microsecond scale flexibility is observed in three major
regions: B1-B2 hairpin; al1-p3 loop and B3-a2 loop. The computational results agree with the
EROS results, except for the B3-02 loop, where the simulations indicate higher flexibility; also
computational simulations show additional flexibility in the p2-al region (see further
discussion below). Figure 4 (b) depicts that computationally even at 0.1 ps there is qualitative
agreement within the experimentally observed flexibility as the regions of high flexibility are
similar. However, with additional sampling of the potential energy surface (0.2 ps, 0.3 ps,
0.4ps and 0.5 ps), the amplitude of the motions in the flexible regions of the protein becomes
enhanced and is able to qualitatively reproduce the experimentally observed backbone
flexibility in the microsecond NMR ensemble. While NMR ensemble agrees with
computationally characterized flexibility, the X-ray ensemble shows subdued motions. This is
potentially an artifact as the amplitude of fluctuations observed are based on simulations of
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unbound ubiquitin in solution, compared to the ubiquitin from X-ray ensembles where it is
present in complex with other proteins.”2 This has also been reported previously in the
comparison of X-ray structure with the NMR ensemble.49 Particularly, the residues lle44 and
His68 show close contacts with binding partners in the X-ray structures; in simulations where
the binding partners are absent, these regions show increased flexibility.

Individual slow modes from the QHAq 5,,s and EROS ensembles provide interesting insights
into intrinsic large scale motions of ubiquitin with a potentially functional role. Figure 5 shows
a movie like representation of the slowest mode from the two ensembles; this mode shows an
opening/closing motion associated with the binding site of ubiquitin.” As also previously
reported, this mode involves the “pincer-like” motion of a1-p3, B1-B2 and B3-p4 loop regions.
QHA 5,5 also reveals large motions in the B2-al regions and to smaller extent in the B3-a2
loop region (see supporting information for animated movies of the modes). These two loops
show highly correlated movements with to the opening/closing motions. The motion of
residues lle44, Lys63 and His68 that make close contacts with the binding proteins are observed
to be restricted in this mode, which also agrees with the findings from the study of the EROS
ensemble. A comparison of other slow modes indicates that the magnitude and the directions
of motions in modes 2-10 from QHAOQ.5us and EROS ensembles were also observed to be
similar. As mentioned above, it was found that the slowest 10 modes contribute >78% of the
ubiquitin flexibility, therefore, similarity in the slowest 10 modes between the computational
and experimentally calculated modes indicates overall similar microsecond flexibility of
ubiquitin. Overall, similarity in flexible regions and the displacement amplitudes within modes
from the MD simulations and experimental ensembles (EROS) indicates that QHA is able to
reproduce the conformational fluctuations of ubiquitin.

The ability of QHAq 5,5 to reproduce the experimentally observed ubiquitin flexibility at
microsecond time-scale was characterized in further detail. In order to perform a quantitative
comparison, the large-scale fluctuations computed using QHA on the total 0.5 us MD
simulations and EROS ensemble were compared by calculation of the overlap for the slowest
modes. The overlap between two sub-spaces spanned by the eigenvectors is defined by Hess’s
metric’4 as follows:

i=1 j=1 (Eq. 2)

where D1 and D5, represents the number of eigenvectors considered from each of the ensembles;

v,.l represents the it eigenvector from each of the ensembles. y indicates the degree of similarity
of mations between the two ensembles, with a value of 1 indicating identical motions. Based
on the observation that slowest 10 modes are able to qualitatively reproduce the flexibility in
most mobile region of the proteins, we computed the overlap for slowest 10 modes. As indicated
in Table 1, the QHA modes computed based on 0.1 ps, 0.2 ps, 0.3 ps and 0.4 us MD sampling
show close to 80% overlap, indicating that the large scale conformation fluctuations are
reproducible across various sections of the MD sampling. This also provides an indication of
the robustness of QHA methodology in identifying slow conformational fluctuations.

A corresponding calculation of overlaps of the modes from MD simulation with that of EROS
also indicates about 75% agreement between the two ensembles (see Table 1). Note that the
window of previous NMR investigations has been very broadly defined on the microsecond
time-scale. X-ray ensemble shows lower degree of similarity; as mentioned before this is
possibly due to the comparison of bound ubiquitin in X-ray complexes with apo-ubiquitin. The
largest differences in flexibility between the computational and EROS ensembles are observed

J Phys Chem B. Author manuscript; available in PMC 2010 December 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ramanathan and Agarwal Page 9

in the 2-al and B3-02 loops. It is possible that the 0.5 ps scale simulations have allowed 32-
al and B3-a2 loop regions to explore areas within the potential energy surface that were not
accessible during the window of the EROS or the X-ray ensembles, particularly the higher
energy regions of the conformational energy landscape that were not accessible to EROS/X-
ray ensemble structures (see further discussion below on conformational sampling of various
regions of the conformational energy landscape). Additionally, it is also possible that the force-
field overestimates the flexibility of these two regions in the MD simulations, or that the NMR
investigations have underestimated the flexibility of the protein. Table 1 and the information
in Figure 4(b) also indicate that the extent of conformational fluctuations improves with
additional sampling between the 0.1-0.5 ps ensembles. The comparison of the overlap between
these ensembles (see last column Table 1) indicates convergence toward the conformational
flexibility at the microsecond time-scale. Additional sampling of the conformational landscape
may lead to changes in the overlaps; however, as discussed below these changes are not
expected to be qualitatively much different.

The ability of the slow modes to cover the conformational landscape was also characterized,
based on the calculation of projections along the MD trajectories and NMR ensemble. The
projections from each of the ensembles were calculated using:

qi(D=(x(1) = (x)) - v;, (Eq. 3)

where gj (t) is the projection of the tth snapshot in the trajectory; x(t) is the corresponding
positional vector, { x ) the mean positional vector and v; represents the it eigenvector. The
extent of overlap between the projections from the slow modes has been previously used in
literature to characterize the sampling of the conformational energy landscape in computational
methods as well as the structural deviations observed in experimental techniques (including
NMR and X-ray ensembles).42:49:54 Within the projections of the slowest two modes (see
Figure 6), it was observed that the EROS ensemble is entirely covered by the combined MD
simulation. This indicates that 0.5 us aggregate MD simulations were sufficient to cover all
the states visited by EROS ensembles. In addition, MD simulations are also able to cover certain
areas of the potential energy landscape not observed from the experimental ensembles
(explaining the larger motions sampled by MD). This is especially evident at the right side of
Figure 6 (a), which is markedly devoid of any EROS related structures. Similarly, other slower
modes also indicate that the MD simulation covers all of the conformations from the EROS
ensemble [Figure 6 (b)], indicating a widespread agreement between the subspaces spanned
by MD and EROS ensembles.

The use of 8 separate MD simulations based on different starting structures allows
characterization of us flexibility with relatively short trajectories (62.5 ns each). As is depicted
in Figure 6, the slowest QHA 5,,s modes cover the part of the landscape that is also explored
by the EROS ensemble. The projection of the slowest QHA 5,,s modes on the MD and NMR
structures indicate that starting MD trajectories from different structures allows quick sampling
of the neighboring area of the landscape, while it could be envisioned that the longer trajectories
would allow sampling of other distant areas of the landscape. From these projections, up to 6
areas or clusters are identified and marked by the ellipses in Figure 6. These clusters correspond
to areas of the landscape visited by MD simulations. Note that some individual trajectories
visited more than one cluster (for example 1YIW and 2G45) with the intersection point or
overlap between the ellipses corresponding to higher energy states or transition points. Any
of the 8 ubiquitin MD simulations less than 50 ns did not show the presence of these
conformational states or transition points. The use of multiple MD simulations allows quick
sampling of the different clusters, which would otherwise take much longer simulations time.
An interesting observation from these plots, indicate that the projections from NMR ensemble
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are located in one or more clusters; which are also most visited area by the various MD
trajectories. This common area of the plot is the most visited area by multiple MD simulations.
This could possibly indicate the presence of a more populated conformational sub-state of
ubiquitin that is visited both during the computational (MD) and experimental (NMR) methods.
These plots also provide an indication that the 0.5 us MD ensemble has covered the extent of
conformational landscape accessible by ubiquitin at the microsecond time-scale. Additionally,
the coverage of larger portion of the landscape (beyond what is explored by NMR) provides
an explanation of higher flexibility indicated by the MD simulations. These observations are
consistent with the overlaps listed in Table 1. Further MD sampling would lead to filling out
the gaps in these plots (sampling of the higher energy transition points); therefore, qualitatively
any significant differences in the slow conformational fluctuations are not expected.

Comparison of QHAq 5us with NMA

NMA provides a quadratic approximation of the potential energy surface based on a reference
structure; and is well suited to study motions close to a local energy minimum (see Figure 1).
NMA modes were computed for 12 structures each separated by 5 ns for each of 8 MD
simulations, therefore, a total of 96 set of NMA modes were obtained (see Methods section for
more details). The results are summarized in Figure 7 and Figure 8. As depicted in Figure 7,
various ubiquitin regions show high flexibility; however; there are considerable differences in
the regions of larger flexibility between different structures. The high-lighted regions
particularly show flexibility that is not reproduced in other structures. Even though the regions
of flexibility are similar to the QHA 5,.s; the magnitude of displacement is much smaller for
NMA modes when compared to the QHA modes, as is visible by comparison with colored
regions in Figure 4 (note that the color-bars are on same scale for the two figures). This
difference possibly exists as NMA characterizes motions that explore the immediate vicinity
of the local minimum of the reference structure (gray area in Figure 1) whereas QHA of 0.5
us ensemble indicates sampling of a larger portion of the conformation energy landscape.26
The conformational flexibility identified by NMA shows considerably lower agreement with
the EROS ensemble as well (see Table 2); therefore, is much less able to reproduce the
experimentally observed ubiquitin flexibility.

Characterization of the correlation between the NMA modes indicates several interesting
aspects of ubiquitin flexibility. As depicted in Figure 8, the NMA show considerable variation
during the MD trajectory as indicated by considerably lower correlations with the other
structures in the same MD simulation. For 1P3Q, 1YIW and 2G45 in particular as the trajectory
evolved the lower correlation indicates changes in normal modes. This is also possibly an
indication of the MD simulation sampling different areas of the energy landscape. However,
in the case of 1TBE and 1UBQ the normal modes show a larger correlation, possibly indicate
of MD simulation sampling the neighboring areas of the energy landscape. It is interesting to
note that these observations are similar to the one mentioned above for QHA.

Cyclophilin A

Reaction coupled flexibility of CypA at millisecond time-scale—We have
previously reported the reaction coupled flexibility in cyclophilin A.1:10:43:44 The slow modes
were identified based on 18,500 enzyme-substrate conformations sampled along the reaction
pathway. The amide bond dihedral angle was used as reaction coordinate and the reaction was
slowly mapped from the reactant to the product state. QHA was used to compute the modes
and the coupling to the reaction was defined by the amount of variation in the amide bond
dihedral angle (reaction coordinate) in each mode. Figure 9 depicts the aggregated flexibility
of CypA at microsecond-millisecond time-scale coupled to the reaction. The results show the
presence of large flexibility both in regions close to the active-site (substrate is indicated by
ball-and-stick substrate in the figure) as well as in the distal areas of CypA. In particular the
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regions 12-15, 6876, 78-84, 101-107, 118-125 and 136-152 show large flexibility along the
reaction pathway. Previously, we have reported the top 3 reaction coupled modes which were
characterized in detail; and these modes were independently reproduced in different 4 X-ray
structures of human CypA catalyzing entirely different substrates. Qualitatively the regions of
flexibility agree with NMR spin relaxation studies as reported by Kern and coworkers. 12 An
NMR ensemble for human CypA corresponding to the cis/trans isomerization reaction is not
available to perform analysis similar to ubiquitin as reported above. However, an NMR
ensemble for substrate free CypA is available with 20 structures (PDB code: 10CA).70
Therefore, comparison of flexibility in substrate-free CypA was performed. The substrate free
simulations of CypA and the NMR ensemble show similar conformational flexibility. As
depicted in Figure 10, the regions showing large conformational fluctuations include residues
12-15, 43-51, 66-84, 101-106, 120-126 and 146-151. The QHA modes were computed with
5 MD simulations, each 2.0 ns in duration, therefore, the total conformational sampling only
corresponds to 10.0 ns. However, even at the nanosecond time-scale (left) the results
qualitatively show agreement with the NMR ensemble (right). Based on the insights from the
ubiquitin results presented above, it can be envisioned that with more sampling there would
be quantitative agreement in the observed flexibility as well.

The extent of conformation fluctuations observed within CypA during the course of reaction
pathway was further characterized by computing the projections of the slowest modes. The
projections from the slow modes of QHA from reaction path sampling and NMR ensembles
indicate that the structural heterogeneity in the reaction path sampling as well as the substrate-
free MD covered and even exceeded the NMR ensemble (see Figure 11). The presence of
additional structures within the reaction path-sampling ensemble indicates that it covered a
larger area within the potential energy landscape, which includes the NMR ensemble as a
subset. Even though the NMR projections are localized to a section of the projection maps, it
provides an indication that the reaction-coupled modes are sampled by the NMR ensemble.
Note that the NMR ensemble does not have the substrate bound; however, as previously
reported these reactions promoting motions are intrinsically associated with the CypA structure
and mechanism.12:44 In our calculations, the overlap between the reaction path sampling and
substrate-free MD was found to be 0.65.

The time-scale of the identified reaction coupled conformational fluctuations in CypA has been
suggested to the time-scale of reaction, which corresponds to the us-ms time-scale. However,
the total MD sampling performed for reaction pathway is only on the order of nanoseconds.
The formulation of QHA loses the information about time (see Eq. 1), moreover the
combination of different MD simulations along the reaction pathway adds uncertainty to the
time-scale of the QHA modes. The eigenvalues associated with the modes obtained only
provide relative information between the modes. Therefore, the top most reaction coupled
modes were characterized for the behavior along the reaction profile as well as to obtain
information the on the time-scale of the periodicity. Figure 12 depicts the projections of
conformational snapshots on the top most reaction coupled modes. The results indicate a
periodic behavior at the time-scale of the reaction (us-ms). Therefore, the observed slow
conformational fluctuations from the QHA of conformational snap-shots along the reaction
pathway correspond to the ps-ms time-scale. Note that the significant similarity between the
ubiquitin flexibility computed from QHA 5,5 and EROS ensemble indicate presence of us
conformational fluctuations in proteins.

Comparing reaction path coupled and end-states flexibility

Identification of the reaction coupled flexibility is computationally expensive as it requires
sampling the entire reaction pathway; moreover, this methodology can be considered limiting
if suitable description of the reaction coordinate is not available. As an alternate methodology,
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we investigated the QHA modes obtained from the set of CypA-substrate conformations in the
end states only (reactant and product states). Comparison of the aggregated flexibility based
on the slowest 10 reaction coupled modes (see Figure 9) as well as the projections of the modes
computed from the reaction pathway and the end states only (reactant + product) indicate that
the results are qualitatively similar (see Figure 11). A detailed comparison of the individual
motions from the two simulations as well as the overlap between the modes further indicated
that the slowest reaction coupled modes from the reaction path sampling and end-state
simulations were similar. These results indicate that the intrinsic flexibility of CypA does not
change; however, sampling over the reaction pathway provides the complete extent of
conformational fluctuations that are sampled by the enzyme.

It is interesting to note that the end-state MD showed two densely sampled regions within the
landscape whereas the reaction path sampling was more uniform. As could be somewhat
expected, the end-state structures sampled states did not entirely overlap with the reaction path
sampling. Based on these observations, it appears that the information contained in the end-
state simulations is only qualitatively representative of the conformational flexibility within
the protein during the course of the reaction step. However this information is not sufficient to
provide quantitative estimates of the actual motions (displacements) along the course of the
reaction. Nonetheless, the end-state QHA modes provide a quick way for identification of the
reaction coupled flexibility. It should be cautioned that if the end-states differ considerably,
and there is structural rearrangement in the protein and the end states sample different parts of
the phase space, then the qualitatively insight obtained may not be representative of the reaction
pathway.

V. CONCLUSIONS AND SUMMARY

Proteins exhibit motions at a wide rage of time-scales and an increasing body of evidence
suggests the possible link between the slow conformational fluctuations and protein function
such as enzyme catalysis. In this paper, we have used computational methods to identify and
characterize slow conformational fluctuations in proteins. The flexibility of a soluble protein,
ubiquitin, sampling the conformational energy landscape and the flexibility coupled to the
peptidyl-prolyl cis/trans isomerization catalyzed by enzyme cyclophilin A have been
identified. The characterization of these slow motions identified using computationally
methods are in agreement with the flexibility associated with NMR ensembles and the
structural deviations in a collection of X-ray structures.

The microsecond flexibility in ubiquitin was characterized using QHA of the conformations
generated along 8 MD trajectories starting from 8 different crystal structures. Overall, the total
ensemble corresponded to 0.5 us sampling. In addition to significantly reducing the run time
of the simulations by performing these 8 runs simultaneously, this approach enables the
sampling of separate areas of the energy surface due to starting from differences in crystal
structures. The characterization of the slow conformations indicated that the top 10 modes
accounted for over 78% of flexibility observed at the microsecond time-scale. The slowest
mode indicated “pincer-like” motion, as was previously identified using microsecond NMR.
This motion has been implicated in ubiquitin binding to other proteins in solution. The
identified motions were compared to the structural deviations observed in the collection of
ubiquitin structures in complex with other proteins, as well as the recently characterized NMR
ensemble. The degree of similarity between NMR ensemble flexibility and the QHAg 5,
modes was observed to be close to 0.75 (for the top 10 modes), indicating a significant
agreement in the nature of the slow motions at microsecond time-scale. Further, the coverage
of the conformational landscape by the computationally and experimentally identified
flexibility was observed to be similar, even though individual trajectories sampled only 62.5
ns. The use of multiple trajectories allows for most of the conformational flexibility at the ps
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time-scale to be reproduced. Therefore, we propose that combination of multiple trajectories
provides an efficient method to explore long scale conformational fluctuations. Other
investigations have also reported similar observations.*1:75

Normal modes, which represent a quadratic approximation of the energy landscape near a local
energy minimum, indicated similar flexibility in ubiquitin for a collection of structures.
However, the motions from NMA were only able to qualitatively reproduce the protein regions
with large displacements. The magnitude and the direction of the motions differed considerably
with the starting structures, and showed low overlap (less that 50%) with the NMR ensemble.
Therefore, it appears that the motions corresponding to the ps time-scale are less likely to be
fully characterized with NMA and related methods.

Microsecond-millisecond (us-ms) flexibility coupled to the reaction catalyzed by enzyme
CypA was identified by QHA of the enzyme-substrate conformations sampled along the
reaction pathway. In combination of reaction pathway sampling such an umbrella sampling,
QHA provides a unique method of identifying slow conformational flexibility coupled to the
enzyme mechanism. Similar to the case of ubiquitin these modes also show agreement with
the experimentally determined protein flexibility. Further, as we previously reported these
modes play a promoting role in the cis/trans isomerization reaction by the CypA. For enzyme
catalyzed reactions, the reaction coupled flexibility can be approximated by QHA of
conformations obtained by a combination of the reactant and the product states only. This
allows overcoming a limitation of this methodology, as it requires sampling along the reaction
pathway. The slow conformation fluctuations based on the entire reaction pathway and the
end-states only were qualitatively similar for the CypA catalyzed reaction. The coverage of
conformational landscape was similar for the first 4 modes coupled to the reaction. From a
mechanistic point of view, it could be rationalized that when the reactant and product states of
the enzyme do not show large conformational changes involving rearrangements of secondary
structures, sampling just the reactant and product states provided qualitative information about
the large-scale motions involved in the catalytic sub-step.

Overall the characterization of ps-ms conformational fluctuations of ubiquitin and CypA
indicates that flexibility is closely related to their designated function. Even though the role of
protein flexibility in function is topic of an ongoing debate;’6 similar to the observations
reported here, increasing evidence from other groups also suggests a close link between protein
conformational fluctuations and enzyme catalysis.”’~"® Computational methods continue to
provide valuable insights into protein motions. The results presented here indicate that QHA
is a robust method for identifying the slow conformational fluctuations at long time-scales.
Recent investigations from our group have indicated that the reaction promoting slow
conformational fluctuations are conserved as a part of enzyme folds catalyzing different
chemistries such as peptide bond isomerization, hydride transfer and single strand RNA
hydrolysis.80 Further, we have also discovered that the reaction coupled flexibility in diverse
members of an enzyme superfamily, catalyzing the common sub-step of hydride transfer, is
entirely conserved.81 Overall these results indicate that enzyme structure encodes dynamics
and together structure-dynamics encode function.
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Refer to Web version on PubMed Central for supplementary material.
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Coordinate

Figure 1. Conformational fluctuations identified by QHA and NMA are based on alternate ways
to approximate potential energy surface
NMA identifies motions in the vicinity of energy minimum, while QHA can identify motions

that span distant areas of the energy surface.
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Figure 2. Methodology for identification of slow conformational fluctuations associated with an
enzyme reaction

A number of MD runs are used to sample the conformations along reaction pathway by using
a suitable description of the reaction coordinate and umbrella sampling method. The biasing
potentials or umbrella potentials (marked dark black curves) allow sampling of the higher
energy regions. The set of conformations (each conformation is indicated by a gray dot)
sampled in all MD simulations is used for generation of the free energy profile (black curve)
as well as the construction of the covariance matrix for QHA.
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Figure 3. Ubiquitin backbone flexibility as characterized by 0.5 ps and 62.5 ns conformation
sampling

The gray curve corresponds to an average of 3 individual MD trajectories (based on the 1P3Q,
1S1Q and 1UBQ crystal structures) each 62.5 ns in duration, while the solid black curve
corresponds to a total of 0.5 us sampling from 8 separate MD simulations. Flexibility as
quantified by the slowest 10 QHA modes (solid black curve) is compared to total RMSF of
0.5 us MD ensemble (dashed black curve), which corresponds to all modes.
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Figure 4. Microsecond conformational fluctuations in ubiquitin as identified by QHAg 5,5, NMR
(EROS) and X-ray ensembles

(a) Normalized inverse frequency weighted positional fluctuations for C, atoms are shown in
a tube-like representation; thicker tubes represent large-scale fluctuations and thinner tubes
represent lower fluctuations. The actual magnitude of the fluctuation is also color-coded, red
indicating regions with highest conformational flexibility and blue representing regions within
the protein that are relatively less flexible. (b) Comparison of the ubiquitin backbone fluctuation
at the microsecond time-scale. Inverse frequency weighted positional fluctuations in ubiquitin.
The positional fluctuations from MD ensembles are shown compared with the microsecond
scale NMR and X-ray ensemble. The secondary structure of ubiquitin is overlaid on top of the
plot for ease of visualization and identifying regions that show high flexibility.
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Figure 5. Comparison of the slowest mode of ubiquitin at microsecond time-scale based on
QHAg 55 (computational) and EROS ensemble (experimental)

The modes are depicted in a movie like fashion, with subsequent conformations shown in
lighter colors. Four regions of the protein are highlighted with different colors and labeled;
these regions indicate large displacements. These motions involve a pincer-like motion
involving p1-p2, C-terminal part of al helix and a1-B3 loops. The amplitudes of the motions
are arbitrarily scaled for visualization, however, see text for comparison of the coverage of
conformational landscape.
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Figure 6. Projections of the slowest modes from ps MD ensemble and experimental EROS for (a)
model vs. mode2 and (b) mode3 v. mode4

Gray circles represent the ensemble of structures from MD simulations with red squares
represent EROS structures. The slowest 4 modes computed with QHAg 5,5 Were used
calculating the projections for structures from all 8 MD simulations and the NMR ensemble.
As marked with ellipses, the projections can be separated into 6 and 5 clusters; one or more of
which are sampled by individual trajectories. Note the computed projections represent
summation over all atoms in the proteins.
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Figure 7. Average RMS fluctuations determined based on NMA of ubiquitin, based on 8 structures
used in this study

The displacement vectors for the slowest 10 modes were aggregated (by summing all atomic
displacements in the modes) and averaged for 12 conformations. Note, that the fluctuations
are colored on the same scale as results of QHA analysis (Figure 4). The circled areas indicate
regions with flexibility which is not reproduced in other structures. These results show lower
amplitudes and less reliable modes than QHA.
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Figure 8. Correlation of positional fluctuations as computed by NMA for structures along the 8
MD trajectories

The 8 plots indicate the 8 MD systems used in this study. NMA was performed on 12 structures
in each trajectory separated by 5ns (5ns, 10ns, ..., 60ns) and the degree of correlations of normal
modes between the 12 structures are shown as a matrix. The degree of correlation was obtained
as taking a dot product of all eigenmodes following by normalization. These results indicate
change in NMA modes over the course of the MD trajectory, except for I.TBE and 1UBQ that
seem to be sampling in the nearby areas.
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reaction pathway QHAend-state

Figure 9. Reaction coupled flexibility in the enzyme CypA

Inverse frequency weighted positional fluctuations for the top 10 reaction coupled modes based
on QHA of conformations from (a) entire reaction pathway (b) end-states only (reactant +
product). Substrate is shown in ball-and-stick representation, while the enzyme is shown as
cartoon. Similar results indicate that the end-state results qualitatively agree with the full
reaction pathway.
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Figure 10. Conformational fluctuations of substrate-free cyclophilin A
from MD simulation and NMR ensemble (LOCA). The inverse frequency weighted positional

fluctuations for the slowest 10 modes for CypA are depicted.
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Figure 11. Projection of MD and NMR structures on the modes coupled to the reaction catalyzed
by CypA

(a) mode 1 vs mode 2 (b) mode 3 vs mode 4. The grey open circles correspond to the projections
from the set of 18,500 conformations sampled along the reaction pathway; red squares
correspond to the NMR structures. The yellow filled circles correspond to the end-states MD
only. Note the computed projections represent summation over all atoms in the protein.
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Figure 12. Displacement (averaged projection) as a function of reaction coordinate for the three
top most modes coupled to the reaction in enzyme CypA
The occurrence of maxima within these plots provides indication of time scale of the

conformational changes.
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Table 2
Correlation of positional fluctuations between NMA, QHA and EROS modes

The comparison represents the correlation between inverse frequency weighted top 10 modes. NMA shows lower
agreement with EROS as compared to QHA results.

Normal Mode Analysis

EROS 1P3Q 1TBE 2G45

QHAps,s 0713 0.641 0490 0441
EROS 0607 0624 0.436
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