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Abstract
Calculating NMR relaxation effects for proteins with dynamics on multiple timescales generally
requires very long trajectories based on conventional molecular dynamics simulations. In this
report, we have built Markov state models from multiple MD trajectories and used the resulting
MSM to capture the very fast internal motions of the protein within a free energy basin on a time
scale up to hundreds of picoseconds and the more than three orders of magnitude slower
conformational exchange between macrostates. To interpret the relaxation data, we derive new
equations using the model free framework which includes two slowly exchanging macrostates,
each of which also exhibits fast local motions.. Using simulations of HIV-1 Protease as an
example, we show how the populations of slowly exchanging conformational states as well as
order parameters for the different states can be determined from the NMR relaxation data.
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Introduction
The study of the dynamics of proteins can help us to understand the mechanisms of
molecular recognition which underly such processes as ligand binding, allosteric inhibition,
and signaling.1,2 Human immunodeficiency virus type 1 protease (HIV-1 PR) is an enzyme
involved in the processing of gag-pol polyproteins, a critical step for the viral maturation
and the life cycle of HIV-1. Many x-ray crystal structures 4 of HIV-1 PR have been solved
in both the free state and in complex with inhibitors. The free state (e.g. PDB 1HHP),
without inhibitors bound, is defined by a semiopen conformation which is a C2 symmetric
homodimer with a substrate-binding pocket loosely covered by two β-hairpins (the flaps).
When complexed with inhibitors (e.g. PDB 1HVR), however, HIV-1 PR has a closed form.
Namely, the two flaps close in toward the bottom of the active binding site and form a
complete cavity closure; in addition there is a change in the relative orientation of the flaps
(i.e. change in “handedness”). To accomplish ligand binding, it is thought that the two flaps
have to open further to allow for the access of the ligand to the active site.5 Such an open
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state (PDB 1TW7) was found in a crystal structure which was determined to be stabilized by
crystal packing contacts.6 (See Figure 1 for pictures of the four macrostates of HIV-1 PR).

Obtaining dynamical information for HIV-1 PR in solution, however, requires resorting to
other techniques, such as nuclear magnetic resonance (NMR) relaxation R1/R2/NOE,7–9

chemical exchange from Carr-Purcell-Meiboom-Gill (CPMG) and spin-lock experiments,10

and electron paramagnetic resonance (EPR) experiments.11 Through measurements of R1/
R2/NOE, the Torchia group found that residues in the flap tips are flexible on the sub-
nanoseconds (ns) timescale.9 Chemical exchange experiments10 however showed that the
flaps undergo significant rearrangement from the semiopen to the closed state on a much
longer time scale of up to 100 microseconds (μs). Typically, NMR relaxation parameters
(R1/R2/NOE) have been used to probe sub-ns fast motions,12,13 because the application of
the popular model-free approach14,15 to their interpretation requires that the internal motions
be separated from overall rotations and decay on a much faster time scale than the tumbling.
In contrast, chemical exchange effects probed by CPMG and spin-lock experiments16 detect
much slower motions on the μs to ms timescale associated with larger conformation
changes. These transitions are typically modeled as occurring between macrostates (free
energy basins) which lack internal motion, e.g. they are assumed to be rigid. In this paper we
provide a framework for extracting information from NMR relaxation measurements (R1/
R2/NOE) about the populations of interconverting macrostates which also undergo fast
motions within the macrostates. We show how the model-free approach to extract order
parameters for fast motions within a single macrostate can be extended to include fast
motions within two (or more) macrostates and the much slower conformational exchange
between them. The expression for the NMR relaxation simplifies in two limits: when the
conformational exchange is much slower than the tumbling (the common situation), or much
faster than the tumbling.

Many molecular dynamics simulations6,17–27 of HIV-1 PR have been performed, the general
picture that emerges is consistent with experimental results although the transition
timescales between macrostates estimated from MD results are much faster than
experiments suggest.10 The unliganded HIV-1 PR in solution predominantly occupies a
semiopen macrostate and also there is a closed state component.17–19,22,28 The transition
between the semiopen state and the closed state can be achieved through large
conformational rearrangements of the two β-sheet flaps and may also involve other
intermediates such as the transient open state.6,16–19,24 A major drawback of standard MD
simulations is that the current computer power limits the timescales that can be simulated to
values where only a very small number of slow conformational changes on times of the
order of μs can be observed and therefore the ability to converge quantities like NMR
correlation functions for the internal motions is severely compromised. Early simulations
only lasted from a few hundred picoseconds (ps)28 to several ns.18,19 Simmerling’s group
utilized an implicit solvent model29 and extended the timescale to ~40 ns.22,23 More recent
reports25 have included explicit waters and reached 100 ns. The latest GPUGRID project
(http://gpugrid.net) performed large ensembles (461) of explicit solvent MD simulations
each with an average simulation time of 50 ns.26

To reach simulations lasting tens of microseconds or longer in a single trajectory, either we
have to resort to special purpose computers such as Anton from D. E. Shaw research30,31 or
more advanced simulation methods.17,20,21,27,28,32 Coarse-grained models20,21 reduce an
atomic residue to one bead and enable dynamical simulations on the timescale of tens of μs,
but with the sacrifice of atomic details and the elimination of all fast modes, which may be
important for modeling the motions of larger protein segments like the HIV PR flaps.
Accelerated MD simulations such as metadynamics32 have been performed to study the
substrate binding mechanism of HIV-1 PR using a 1.6 μs trajectory with explicit solvent.
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Although accelerated methods are able to locate free energy minima and construct free
energy surfaces, on a shorter simulation timescale than standard MD methods, the real
dynamics of conformational changes is difficult to recover. Furthermore, many accelerated
methods require a predefinition of reaction coordinates and are limited to problems in low
dimensions. To obtain protein folding trajectories on the timescale of μs, recently our
group33–36 developed a framework using Gillespie stochastic simulations44 based on
Markov state models37–41(MSM) that were constructed from atomistic replica exchange
molecular dynamics (REMD) simulations.42–44 We were able to generate μs trajectories for
HIV-1 PR at six different temperatures and to compute transition pathways between
different native forms of HIV-1 PR and to determine key features of the kinetics without
specifying the reaction coordinates in advance.27

In principle NMR relaxation parameters can be calculated directly by analyzing MD
trajectories45–48 although it requires very long simulations, at least an order of magnitude
longer than the slowest decay of the motions of interest. Trajectories of duration tens of
microseconds or longer are needed to capture the effects of slow conformational exchange
on NMR parameters.49–56 In this report we use Markov state models37–41 to generate
stochastic trajectories lasting 10 microseconds for HIV-1 PR and we compute the
corresponding NMR correlation functions. We show how the results can be interpreted using
a model free framework that includes fast internal motions coupled with slow
conformational exchange.

Theory and Methods
Building the Markov state kinetic network model

Recently, Markov state models37–41,56–58 have been constructed to study the complex
dynamics of proteins on long time scales, including larger scale conformational
transitions,27,60,61 protein folding,33,36,43,62,63 and ligand binding.32,64 In these models the
conformational space is discretized onto a set of states and a network connecting them is
constructed from short time MD simulations, for example. The construction of a transition
matrix to connect the states is crucial; it can be constructed from an energy-landscape
approach41,65 based on the energy minima and first-order saddle points, a dynamical
approach utilizing short66,67 or long MD simulations62 and Bayesian techniques,63,68–70 or
by utilizing REMD42 and constructing links based on structural similarity.27,33,35,36 In a
previous study27 of the kinetics of HIV-1 PR using a Markov state model, we analyzed
pathways for opening the flaps of HIV-PR at different temperatures using transition path
theory. In this report we build a kinetic network at finer resolution and compute NMR
relaxation effects from the stochastic trajectories on the network. The details regarding the
MD simulations of HIV-1 PR dimer, the construction of the kinetic network, and the
stochastic simulation are described in our previous work27,33,36 and the supporting
information (SI). Briefly, 20 MD simulations of HIV-1 PR each of duration 20 ns were
performed using the molecular simulation package IMPACT71 with the OPLS-AA force
field (2005),72 and the AGBNP implicit solvent model.73,74 To build the network, we first
chose 200000 snapshots which were stored every 2 ps from the 20 MD trajectories each of
length 20 ns, and calculated the C-α RMSD matrix for both flaps (residues 43–58 and 142–
157) between each pair of snapshots, which requires storage of 4 × 1010 matrix elements.
These snapshots were clustered into 82291 conformational nodes using an RMSD criteria of
0.5 Å and each node has a corresponding snapshot. (See Figure 3S in SI for the distributions
of these clustered nodes, the classification of these nodes to four macrostates, and the
positions four macrostates when they are projected onto the first two principal components.)
The kinetic network of conformational nodes was created by connecting all pairs of nodes
which have node snapshot RMSDs < 1.2 Å. The rate constant kij between any two connected
nodes was parameterized to fit the short time molecular dynamics using Eq. 6 in the SI. The
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key idea is that large conformational changes are propagated by many local transitions
through structurally similar nodes. This assumption is reasonable when the resolution of the
network model is high; in a high resolution network the local kinetics on the network is
largely diffusive; large scale conformational kinetics are determined by a combination of
local diffusive motions and the varying density of the network nodes along the transition
paths which determines the probability of being at a barrier. We note that this approach is
similar in spirit to the method of estimating the rate matrix from metadynamics trajectory
data by Laio et al.32,91 except that in our approach the MD is not biased along
predetermined reaction coordinates. A 10-μs trajectory was generated from the Gillespie
stochastic simulation44 on the kinetic network starting from a node in the semiopen state.

Two-macrostate exchange model with internal motion for NMR relaxation
For a molecule with a single free energy minimum significantly lower than all the others, the
model-free approach14 and its extended version15 is the main theoretical framework used to
estimate structural and dynamical information from NMR fast relaxation experiments by
neglecting the other free energy basins. Namely, the global free energy minimum defines a
macrostate and the fast local fluctuations around the minimum are sufficient to explain
NMR relaxation quantities such as R1/R2/NOE. Due to its simplicity and generality, the
model free framework is the main way that NMR fast relaxation measurements on proteins
are analyzed,8,9 with the diffusion tensor describing the overall rotation and the order
parameter S2 and decay constant τe representing local internal motions of each residue that
can be fitted from the experimental values of R1/R2/NOE. This framework, however, will
fail if there exists large conformational changes to other macrostates and the populations of
the other states are not substantially smaller than the major one. For the case of HIV-1 PR,
previous analysis based on this model free framework could not provide distinct values for
the populations of the semiopen and closed states.8,9 To extract the populations of two
macrostates and information about their fast internal motions and slow conformational
exchange from NMR relaxation experiments, we have derived general equations for the
rotational correlation functions of spin-pin vectors using a model which includes these
effects. The results for the two-state exchange model between free energy basins which also
includes fast internal motions within each basin as depicted in Figure 2 are presented below.
Assuming the existence of a common diffusion tensor and the exchange time is well-defined
between two states which can be described locally by the model-free approach,14 we found
that the internal rotational correlation function of a spin-spin vector can be written as (Eqs.
35, 36 and 37 of SI),

(1)

with

(2)

and

(3)

As shown in Figure 2, the correlation function converges to three important values on
different time scales (Eqs. 40, 41, and 42 of SI):
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(4)

(5)

(6)

where PA(PB), S2
A(S2

B), τeA(τeB) denote the equilibrium populations, generalized order
parameters, and time constants of internal motions from the model-free theory, for the two
distinct macrostates (A and B) respectively, and θAB is the angle between the two
equilibrium positions of a spin-spin vector in state A and state B. P(2)(x) is the second order
Legendre polynomial. τEX is the time constant of two-state exchange which is related to the
two rate constants (A → B and B → A) by τEX = 1/(kAB+kBA). After multiplying the
overall rotation and internal correlation functions (Eqs. 45 and 46 of SI) and Fourier-
transforming, Eqs. 1 to 6 provide a new way to extract equilibrium and dynamics
information for the individual macrostates and the exchange rate between them from NMR
relaxation data.

Which equation (Eq. 5 or 6) to fit the data to depends on the relative timescales of overall
rotation τM (τ1, τ2, and τ3 for anisotropic cases) and conformational exchange τEX. When
τe ≪ τM ≪ τEX (slow exchange model), the decay of overall rotation is much quicker than
the rate of exchange between the two macrostates, CI(t) → F(t) and the second plateau Eq. 6
is averaged out by the tumbling. In contrast, both plateaus, Eq. 5 and Eq. 6, contribute in the
fast exchange limit when τM ≫ τEX ≫ τe.

Results and Discussion
Constructing a ten-microsecond trajectory from the kinetic network model

A 10 μs trajectory was obtained from the stochastic simulations on the kinetic network
constructed from 20 short MD trajectories each of length 20 ns (see Section I in SI).
3,123,612 conformational snapshots were saved for analysis once a transition to new node
occurs (Note that snapshots are not evenly distributed for a Gillespie simulation). In Figure
3, we display the RMSD time series of the two flaps by aligning all conformational
snapshots to the semiopen crystal state (PDB 1HHP). The trajectory starts from a
conformational node in the semiopen state and experiences 79 transition events from the
semiopen to the closed conformation, and from the closed to semiopen state respectively.
The mean first passage time for the former is 95.0 ns and 30.8 ns for the later and results in
an estimated exchange time of 23.3 ns. This result is consistent with our previous work20

where the kinetic network was built from REMD conformations sampled at different
temperatures and weighted to the target temperature using the T-WHAM method.75

The transition timescale (~100 ns) from the semiopen to the closed state is consistent with
other simulation results.22,25–27 However, it is apparently much faster than the
experimentally estimated relaxation time which is of the order of 70 μs.10 This discrepancy
might be due to two factors, one experimental and the other computational. The measured
chemical shift differences used to extract the transition timescale from the CPMG
experiment10 may correspond to the differences between the semiopen state and the
expanded one (with smaller population and longer exchange time27) instead of the
differences between the semiopen and the closed state. Secondly, the discrepancy may be
due to the protein force field and the use of an implicit solvent model which does not include
the frictional effects of the solvent on the motion. Early MD simulations18,19,28 were able to
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observe the flap opening from the semiopen state (e.g. the semiopen to the transit state in
Figure 3) but not the transition to the closed state. Recently the Simmerling group22 found a
transition of the semiopen to the closed state within 10 ns using the AMBER FF99 force
field76 and the implicit (Generalized Born) model29 with low viscosity, but no transitions
within 45ns with the addition of explicit waters. More recent simulations25 with the
AMBER FF99 and TIP3P explicit water model exhibited one transition on the 100ns
timescale. We emphasize that our 10 μs MSM trajectory provides many more observations
of transitions in a series from the semiopen to transit, to expanded, and back to the closed
state than previous simulations.

The colored lines in Figure 3 mark four states shown in Figure 1. Also shown in Figure 3 are
a 20 ns segment (Fig. 3(b)) from the MSM trajectory and a 20 ns segment (Fig. 3(c)) from
the MD trajectory respectively. The MSM and MD trajectories exhibit very similar
behavior. The semiopen and the closed states have longer lifetimes than the other two
metastable states. The transit state is a metastable intermediate with a short lifetime (several
ns). The expanded state is visited after the transit state and has the shortest lifetime
compared with the other three (less than 1 ns).

Correlation functions and NMR parameters from the network MSM trajectory
Figure 4 shows the internal rotational correlation functions and plateaus on different time
scales (the first 100ps and up to 250 ns) for the N-H vectors of residues 51 and 52, computed
from the 10 μs network MSM trajectory. (More correlation functions of residues in the
floppy flap regions are included in Figure 4S and 5S.) From these figures, we can see that
the correlation functions for some residues (e.g. 40, 47 and 60) decay and reach the plateau
value (S2

P2, equilibrium S2(CI(∞))) very quickly, on a time scale of ps. For other residues
(e.g. 49, 50, 51 and 52) instead, the correlation functions have a very quick initial decay (ps)
to an initial plateau (S2

P1), then a slow decay on a much longer time scale, ~100 ns,
gradually approaching the second plateau value (S2

P2). The time scales for the slow decay
are close to the mean first passage time of the transition from the semiopen to closed state.

As shown in Figures 4(a) and 4(b), the fast decay of the rotational correlation functions for
residues 51 and 52 (on the flap tip) during the first 100 ps calculated from the Markov state
network simulations agree well with those from the underlying MD simulations. Namely,
the local dynamics within the macrostates sampled by the MD simulations are captured by
the network MSM. Figure 6S shows that the equilibrium order parameters S2 (S2

P2 from the
average of all snapshots) calculated from the twenty MD simulations (20 ns per simulation)
are consistent with those from the 10 μs network MSM trajectory. The agreement between
correlation functions and order parameters calculated from the MD simulations and those
calculated from the stochastic simulations on the kinetic network confirms that the
construction of the network and the stochastic simulations capture the main characteristics
of the fast local dynamics of the individual macrostates and the slow semiopen to closed
state transition. Furthermore, as shown in Fig. 7S of SI, the calculated order parameters are
qualitatively consistent with those derived from the NMR experiments,9 except that residues
51 and 52 appear less flexible when comparing the order parameters derived from the
experimental NMR relaxation data with the values extracted from the MSM simulation. We
should note that the residue 51 and 52 are located in the tips of two flaps and exhibit more
complicated motions comparing to other residues. The experiment derivation,9 instead, only
used a model-free model assuming a single free energy minima.

Figures 4(c) and 4(d) compare the rotational correlation functions for residues 51 and 52
calculated from the 10 μs network MSM trajectory with the theoretical predictions from the
two-macrostate model (with fast internal motions) of Eqs. 1 to 3 using the S2 values of the
semiopen and closed states in Figure 5, the populations fitted in Figure 6(b) and the
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exchange time of 23.3 ns. The theoretical curve of residue 51 overlaps with the one
calculated directly from the network MSM very well. The prediction for residue 52 is
slightly worse than that of residue 51. This is mostly due to the fact that S2

P2 is sensitive to
the cross term in Eq. 6 which is determined by the average angle of the spin vectors between
the equilibrium positions of the semiopen and closed states. The agreement can be improved
if the spin vector equilibrium positions of both states are allowed to optimize.

Fitting the model free equations to the Markov state simulation
Figure 5 displays the order parameters at long time (S2 =S2

P2 =CI(∞)) calculated from the
equilibrium average over the network MSM trajectory for two different macrostates:
semiopen and closed, with the statistical populations of 0.638 and 0.224. (Figure 8S in SI
also includes the transit and expanded states with much smaller populations of 0.012 and
0.001. Note that adding the four populations does not sum to 1.0; there is a residual
population of ~ 14 % which does not correspond to well defined states.) The semiopen state
is the major population and together the semiopen plus closed states contain more than 85%
of the total population. This is consistent with the results of previous MD simulations22,26

and experiments.9 All four states have similar order parameter S2 profiles, except that there
are large differences for residues located in the flap regions. Thus, the local motions of
residues within the flaps are significantly different within the different macrostates. For
residue 52, S2 is 0.2 within the closed state but is almost 0.5 in the semiopen state. It is
worth pointing out that the total S2 for some residues (such as 49 and 50) are smaller than
the individual values from the semiopen or closed states. This is, in contrast, different for
other residues (e.g. residues 51 and 52) whose total S2 are between the values for the
individual semiopen and closed states. This difference originates from the cross term in
Equation 6 and is not contained within the current model-free theory.14

Due to the short life times and very small populations of the transit and expanded states, in
what follows we focus on fitting the NMR data only to the semiopen and closed states.
Figure 6 shows that the order parameters (S2

P1 and S2
P2) estimated on different time scales

can be well fit to the two-state exchange model using Eqs. 4 to 6. The population of the
seimopen state was found to be 0.73 and 0.76 for S2 fitted to the short (Eq. 5) and long time
(Eq. 6) behavior respectively. Namely S2

P1 (S2
P2) calculated from the correlation functions

on different time scales can be used to predict the correct populations for the semiopen and
closed macrostates, which are consistent with the population statistics extracted directly
from the network MSM trajectory. The resulting population of the semiopen state from
fitting (~ 0.74) is ~ 10% larger than the population estimated directly from the network
MSM as shown in Figure 5. This is due to the fact that ~ 14% of the conformations cannot
be assigned to any of the four macrostates and these conformations are absorbed into the
semiopen state by the fitting.

For the analysis presented in this section, the overall tumbling has been removed from
consideration, hence we were able to fit S2 both on short and long time scales. Since the
experimentally derived time scale of HIV-1 PR isotropic tumbling time9 in water is around
12 ns, which is much faster than the conformational exchange of the HIIV-1 PR flaps
between the semiopen and closed macrostates,10 in practice, we can only fit experimental
data to the slow-exchange model (Eqs. 4 and 5). For some systems it might be possible to
adjust experimental conditions so as to vary the kinetics between the slow and fast exchange
limits, by e.g. adjusting the viscosity or temperature to increase the rotational correlation
time.
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Conclusions
In summary, we built a Markov state kinetic network model to study the conformational
dynamics of HIV-1 PR using the twenty short MD trajectories (20 ns each) to parameterize
the model. The transition matrix among the microstates (network nodes) was estimated
using structure similarity rather than Bayesian techniques63,68–70 In this work, we performed
stochastic simulations on the kinetic network and constructed a 10 microsecond MSM
trajectory to capture the dynamics of the HIV-1 PR flaps. The correlation functions and the
NMR order parameters calculated from the stochastic simulation are in accord with the short
MD results. Namely, we can build network MSMs from short MD simulations to study not
only the short time behavior and local dynamics within the individual states but also capture
the long time kinetics corresponding to conformational transitions between macrostates.

Besides the development of early theories77–81 of NMR relaxation in macromolecules and
the introduction of the model-free formula,14,15 there are other theories which can be used to
interpret NMR relaxation in proteins, including those with more complex treatments of the
coupling of interdomain and overall motions with different diffusion tensors,82 the coupling
between internal dynamics and rotational diffusion in the presence of exchange,83,84 and
relaxation without separating the overall rotations from internal motions.85 In this paper we
assume the overall and internal motions can be separated and we use the model-free
description for the local motions within individual macrostates. We have derived the general
equations (see SI) for the rotational correlation functions of spin-spin vectors for a model in
which there are two slowly exchanging macrostates, each of which also exhibits fast internal
motions. We have demonstrated that the correlation functions derived from this model
closely resemble those calculated from the 10 microsecond stochastic Markov state
trajectory of HIV-1 PR. This suggests that it should be possible to fit the experimental NMR
relaxation data of HIV-1 PR to the two-macrostate slow exchange model and extract the
local dynamics within the semiopen and closed states as well as the exchange rates between
those two states, and their populations. (We should emphasize that the two-state model with
fast internal motions within the macrostates is only an approximation to the full dynamics.
Such a simple model, though more complicated than the traditional model-free approach, is
not expected to reproduce all of the complex dynamics.) Such fitting procedure will help us
to understand conformational changes or population shifts of HIV-1 PR due to ligand
binding or drug resistant mutation revealed by MD simulations and experiments such as
EPR.86–90 The major problem to be overcome is summarized below.

Generally there are three observables (R1/R2/NOE) for one spin-spin vector from a NMR
relaxation experiment with one magnetic field. In contrast, the two-macrostate slow
exchange model with fast internal motions requires the determination of five parameters
(S2

A, S2
B, τeA, τeB, θAB) for the internal motions of each residue and three parameters (PA,

PB, τEX) for the equilibrium and exchange information which are common to all residues as
well as the diffusion tensor for overall motion. Hence the number of experimental data
points is smaller than the number of the unknown parameters to fit. In order to tackle this
problem, obtaining experimental NMR relation data at multiple magnetic fields is one
direction to take. An alternative approach is fitting the experimental quantities from NMR
relaxation of HIV-1 PR by simultaneously optimizing the diffusion tensor and the
parameters describing the fast internal motions and slow conformational exchange using a
genetic algorithm. Work along these lines is underway in our lab.
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Figure 1.
Four macrostates of HIV-1 PR from crystal structures and our MD simulation with the
OPLS-AA force field and the AGBNP implicit solvent model. (Up: side view, Bottom: top
view of flaps only) (a) semiopen crystal structure (PDB 1HHP), (b) transit state from MD
simulation (RMSD from the semiopen is 2.61), (c) expanded state (similar to PDB 1TW7)
from MD simulation (RMSD from the semiopen is 6.47), and (d) closed crystal structure
(PDB 1HVR without ligand, RMSD from the semiopen is 3.26). Residue 51 and 52 are
located in the tip of each flap.
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Figure 2.
Two-state conformation exchange model. The macromolecule has two distinct conformation
states A and B which share the same principal coordinates frame (diffusion tensor). (a) free
energy representation, (b) motions represented by different coordinate frames, (c) schematic
graph for a rotational correlation function of internal motions.
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Figure 3.
Time series of RMSDs from the semiopen crystal state in different simulation trajectories.
The color lines mark the RMSDs of four states in Figure 1. (a) 10 μs network simulation, (b)
280–300 ns part of (a), (c) 20 ns from one of the short MD simulations.
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Figure 4.
Comparison of internal correlation functions of the N-H vectors from residue 51 and 52: (a)
and (b) are correlation functions of residue 51 and 52 at first 100 ps from the network MSM
and that from the 20 ns MD trajectories, (c) and (d) are correlation functions of residue 51
and 52 up to 250ns from the network MSM and the theoretical prediction of two-macrostate
slow exchange model with fast internal motion (Eq. 1 to 3). The color lines mark the
calculated S2

P1 and S2
P2 from the network MSM.
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Figure 5.
S2 (S2

P2 =CI(∞)) for all states, and two different macrostates (semiopen and closed) of
HIV-1 PR, calculated from the 10 μs network trajectory. S2

P2 is calculated using the
equilibrium average of all snapshots or that belonging to the individual states. The legends
in the figure also show the statistical populations (0.638, 0.224) of the two different states
respectively. There are other states not belonging to any twos with a total population of 0.14
roughly.
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Figure 6.
S2 from the 10 μs network trajectory is fitted to two-state exchange model. (a) S2

P1 is
estimated at t = 100ps of CI(t). (PA = 0.73 and PB = 0.27 by fitting to Eqs. 4 and 5); (b) S2

P2
is calculated using equilibrium average of all snapshots and θAB is estimated from the
simulation data. (PA = 0.76 and PB = 0.24 by fitting to Eqs. 4 and 6).

Xia et al. Page 19

J Phys Chem B. Author manuscript; available in PMC 2014 June 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


