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Simulation of electron paramagnetic resonance spectra of spin-labeled molecules
from replica-exchange molecular dynamics
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We report a general approach for the simulation of the electron paramagnetic resonance (EPR) spectra of spin
labels attached to peptides and proteins directly from replica-exchange molecular dynamics (REMD) trajectories.
Conventional MD trajectories are generally inadequate for the prediction of EPR line shapes since the label can
become trapped in one or more of a set of rotameric states, thus preventing both conformational sampling and
accurate estimates of the exchange rates between different rotamers. The advantage of using REMD is its ability
to provide both efficient conformational sampling and kinetic information for spin-label dynamics. Our approach
is illustrated with spin-labeled peptide. This approach to REMD-EPR simulation paves the way for the wider
application of MD modeling to the simulation and interpretation of EPR spectra of spin-labeled molecules.
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Recent advances in electron paramagnetic resonance (EPR)
instrumentation have made the method of site-directed spin
labeling (SDSL) with nitroxide spin probes a valuable and
widely used tool in the study of protein global and local
motions and conformational changes as well as nanometer-
range distance measurements using both continuous-wave
(CW) and pulsed EPR (DEER/PELDOR) [1-8]. The most
widely used spin label (SL) to date, methanethiosulfonate SL.
(MTSL) contains a nitroxide radical linked to a protein or
peptide cysteine residue by a disulfide bond forming a side
chain, usually denoted R1 (Fig. 1) [1-7,9-11]. EPR spectral
line shapes contain information about both label and protein
dynamics. The internal motional flexibility of the tether of
R1, arising from the five dihedral angles connecting R1 to the
protein (peptide) backbone, 1-5 in Fig. 1, comprises a total
of 108 (3 x 3 x 2 x 3 x 2) rotameric states, which have been
shown to be crucial for the line shapes [1-7,9,10]. However,
the interpretation of such EPR spectra is not trivial and requires
full computer modeling [6,12—19]. It is desirable to be able to
predict EPR spectra from the results of molecular-dynamics
(MD) simulations of actual structures at the atomistic scale. A
common approach is to combine the motions of the SL from
MD trajectories with the protein rotation diffusional dynamics
modeled by Brownian dynamics (BD) trajectories [15,17].
In the past 20 years, substantial progress has been made in
this direction. Simulations of SL contributions to EPR from
MD have been attempted by using its probability distribution
generated from MD in order to approximate the ordering
potential for subsequent calculation using the BD method
[6,18]. In a different approach, single MD trajectories have
been employed for the direct simulation of EPR [17,19-21].
EPR spectra have also been simulated using multiple MD
trajectories for the construction of a discrete stochastic Markov
chain model for the rotameric dynamics of R1 [15]. However,
while librational motions within each rotameric state of R1
are well captured in conventional MD trajectories, this is not
the case for the slow exchange dynamics among rotamers.
Regardless of the number of MD trajectories employed,
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the SL can become trapped in one of the rotameric states,
thereby preventing both efficient conformational sampling and
estimation of the exchange rates among different states, thus
resulting in an inadequate EPR spectra simulation.

Parallel tempering simulations in the form of replica-
exchange MD (REMD) of an extended ensemble of states
provide an elegant and powerful way to enhance sampling of
states which cannot be sampled efficiently otherwise [22-24].
Equally importantly, it has been shown recently that REMD
is not only a powerful method to enhance conformational
sampling but also can provide useful kinetic information
[25-28]. For example, using REMD-based methods, accurate
kinetic information for protein folding and unfolding has
been successfully extracted [25,27,28]. In particular, it has
been shown that slow transition rates with the time constants
of the order of microseconds can be obtained accurately
from relatively short discontinuous REMD trajectories with
exchanges as short as 5 ps [27].

Here we present a general approach for the prediction of
EPR motional spectra of SL in biomolecules from REMD
trajectories. Using the intervals between exchanges in REMD,
we calculate the frequencies of transitions between dihedral
rotameric states. We then construct a coarse master equation
describing the population of each of the states for SL rotameric
dynamics by projecting the dynamical trajectory (DT) onto the
108 coarse-grained states [26]:

dPi(t) _
dr

YKy Pi(t) = K ;i Pi(0), M

where P;(t) is the probability for being in state i at time ¢, and
K;jis the 108 x 108 rate matrix. The formal solution of Eq. (1)
can be presented in a matrix form using a matrix exponential,
namely P(t) = exp(tK)P(0), where exp(tK) is a propagator
of the system and for a given lag time ¢ is defined as the
transition probability matrix (TPM) || exp(tK)||;; [26]. TPM
can be estimated from a DT using the branching probability
Si;j of changing the state from i to j:
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FIG. 1. (Color online) Structure of R1 SL attached to the Cys
thiol side chain. Dihedral angles of the tether are numbered. Number
3 corresponds to the -S-S- dihedral angle. Both the magnetic axes of
the nitroxide head group of SL and the peptide axes are indicated by
arrows, where x and z axes of the magnetic frame lie along the N-O
direction and perpendicular to the nitroxide plane, respectively.

where N;; represents the number of transitions in an REMD
trajectory that are sampled at intervals ¢ [15,29] and are
calculated from the uninterrupted short segments of the REMD
trajectory. The detailed balance is enforced by symmetrizing
the transition matrix: Nisjym = 1(Ni; + Nj;). TPM is then
employed in the stochastic kinetic Monte Carlo (KMC)
algorithm for generating the time evolution of the population

in each of the respective states [30,31].
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Our approach is illustrated with both MD and REMD
simulations on a model system, a spin-labeled peptide con-
sisting of 16 amino acids LYS-GLU-THR-ALA-LYS-PHE-
GLU-ARG-GLN-HIS-CYS-ASP-SER-THR-SER-ALA with
the SL attached to thiol side chain of the CYS residue. We
have used the GROMACS 4.5.5 package to simulate both MD and
REMD trajectories [32] for the spin-labeled peptide in water
using the GROMOS96 force field [33] and using the force-field
parameters previously developed by us for MTSL SL [19]. To
prevent the peptide from unfolding in water, terminal amino
acids of both ends were restrained to their initial positions
throughout the simulations. The REMD simulation used 35
replicas between 300 and 500 K with temperatures selected
in accordance with the previously published approach [34].
The simulation was run to produce a 40 ns trajectory saved
at 1 ps intervals with exchanges being attempted every 6 ps.
Additionally, several MD simulations 100 ns in length with
the temperature set to 300 K with different starting dihedral
conformations have been carried out, and a long MD trajectory
of 1600 ns was also generated. Figures 2(a) and 2(b) show
convergence curves for both long MD and 40 ns REMD
simulations, respectively. One can see that MD convergence
is achieved at ~1000 ns with the maximal deviation of ~4%
of the total population among the states. Because of more
efficient sampling, the convergence in REMD is achieved at
much shorter times (25 ns) with a maximal deviation of ~2%.

Our focus is on the dihedral dynamics of R1, and for this
reason the dynamics of the probe is transformed from the
laboratory frame to the peptide backbone fixed frame [35]
defined by N, C, and Co atoms shown in Fig. 1.

Dihedral flips are essentially described by discrete Markov
chain stochastic dynamics [15]. However, short-time dynamics
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FIG. 2. (Color online) (a) and (b) Convergence of the simulations represented by both the maximal deviation [max; |P,-€q(t) — Pfq(tmax)l]

(circles) and mean-square deviation [\/ Zi[Pfq(t) — P,-“'(t,,m)]2 /108] (triangles) among the equilibrium populations of states for MD and
REMD runs, respectively; (c) temperatures sampled by one of the replicas during REMD; (d) illustration of transition path based assignment
of rotameric states using dihedral angle 1 as an example with the assignment of its coarse-grained states I, II, and III corresponding to the mean
values of approximtely 180°, +60°, and —60°, respectively, shown in (e).
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in MD trajectories are not necessarily Markovian. As a result,
the time series can contain many spurious transitions back and
forth between states i and j before a real transition occurs,
leading to the overestimation of the rates of conformational
exchanges [15]. To suppress non-Markovian kinetics, we have
adapted a transition-based assignment (TBA) method [27,29].
According to this approach, the states are assigned with the
help of transition paths which connect well-defined regions,
and the transition takes place only when the trajectory crosses
from one band to another. This is illustrated in Figs. 2(d)
and 2(e) with the assignment of coarse-grained states for
dihedral 1 with the bands shown in blue (light gray). Hence fast
fluctuations do not contribute to a state change. Previously it
has been demonstrated by Buchete and Hummer that both rate
matrices and slow relaxation times obtained from REMD runs
using TBA are independent of lag times as short as 1 ps [27,29].
In all our simulations, the stringent condition of 15° for the
dihedral widths, as reported for peptides [29], was used.

The following procedure was used for generating extended
DTs from REMD trajectories. First, for each dihedral angle
initial values were assigned based on the ideal reference
angles of each rotamer, namely 60°, —60°, and 180° for a
multiplicity of 3 and 90° and —90° for a multiplicity 2. Then
the coarse graining of the states was refined by performing
K-means clustering for the values of all five dihedral angles
of the SL calculated from REMD [30,36]. Second, for the
entire trajectory, the TBA of states was performed. All the
frames with the same rotameric state were stored together
in homogeneous pools, one for each state. Finally, after
constructing the TPM, the KMC algorithm has been applied
to produce long DTs (4000 ns) by generating stochastic
dynamical exchanges among the states with frames being
selected by iterating over the appropriate pools.

The line shapes of the EPR spectra of nitroxide SLs are
determined entirely by the variation in time of the directions
of magnetic axes of the nitroxide head group. These are
the principal axes of the g and A tensors which define the
Zeeman interaction and the '*N nuclear hyperfine coupling to
the electron spin, respectively. Both tensors are anisotropic,
leading to a strong dependence of the EPR resonances on the
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direction of the applied magnetic field relative to the principal
magnetic axes. EPR spectra were calculated from single DTs
using a previously published procedure [19]. In brief, the
simulation algorithm is based on the numerical propagation
of the full spin density matrix in order to generate the time
evolution of the statistically averaged transverse magnetization
of the electron spin [6,12]. The Fourier-Laplace transform
of the magnetisation trajectory provides the contribution to
the EPR spectrum. The total line shape intensity must be
averaged over all possible, evenly distributed, orientations of
the molecule in the sample.

In the next sections, we compare the results obtained from a
100 ns MD (a typical length employed in previous studies [10,
15,17,19,20]), long 1600 ns MD, and 40 ns REMD trajectories.
A converged 1600 ns MD trajectory which sampled all the 108
rotameric states of SL was used as a standard in the analysis
of REMD-EPR simulation results. Both long MD and short
REMD trajectories indicate that among a total of 108 rotameric
states, 24 have negligible populations of <0.15%. On the other
hand, a 100 ns trajectory provides much poorer sampling of
the states with only 42 states sampled. Among them, 31 states
have populations of less than 0.15% each.

Figure 3 compares the simulated autocorrelation functions
of rotational dynamics of the z-magnetic axis of the SL and the
EPR spectra predicted at two resonance frequencies (bands),
respectively, for all three cases. One can see that there is
a clear disagreement between the data simulated using 100
and 1600 ns MD trajectories shown as black and red lines,
respectively, in Figs. 3(a)-3(c). In particular, EPR line shapes
corresponding to 100 ns MD run are substantially broader in
both X- and W-bands than in the case of a 1600 ns trajectory,
indicating a higher degree of motional restraint of the SL
during the former run. It is important to note that 100 ns MD
trajectories generated from different starting configurations
resulted in significantly different EPR line shapes (not shown
here).

To test our REMD-EPR simulation approach, we first
generated a long 4000 ns DT from the TPM obtained from
the original 1600 ns MD trajectory which can be viewed
as a special case of a continuous REMD trajectory with
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FIG. 3. (Color) (a) Rotational autocorrelation functions for the z axis of the nitroxide frame of the SL; (b) and (c) show EPR spectra
simulated for X- (9.5 GHz) and W-band (94 GHz) frequencies, respectively. Black, red, blue, and green lines correspond to the correlation
functions and spectra calculated using 100 ns MD, 1600 ns MD, MD-KMC, and REMD-KMC trajectories, respectively. EPR spectra are

normalized to their maximum intensities.
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no exchange boundaries. Both the correlation function and
EPR spectra calculated from this MD-KMC DT are shown
as blue lines in Fig. 3 and are in excellent agreement
with the ones calculated directly from the 1600 ns MD
trajectory.

Finally, the TPM has been calculated from the 40 ns REMD
trajectory concatenated for 300 K. In the REMD run, there
were no real exchanges recorded which connect any two states
with different -S-S- angles. As a result, the TPM has a block
diagonal form with two subblocks mixing only the states
corresponding to different values of a -S-S- dihedral angle.
It has been observed previously that a very low exchange rate
between the two conformations of the disulfide torsion angle
is an intrinsic property of R1 and is due to a high potential
barrier to rotation [15,19]. This is confirmed by the results
from the long 1600 ns MD run indicating only four changes for
this angle. Thus two independent subtrajectories of appropriate
lengths proportional to the relevant total populations of the two
-S-S- states were generated from the corresponding subblocks
and concatenated into a single 4000 ns REMD-KMC DT. The
resulting single discontinuity in REMD-KMC DT at ~2000 ns
is too slow a dynamical change on the EPR time scale to have
any effect on the line shape. The resulting correlation function
and predicted EPR spectra of both bands, shown as green lines
in Fig. 3, are in agreement with the ones calculated directly
from the 1600 ns MD trajectory. EPR spectra simulated from
both 1600 ns MD and REMD correspond to characteristic line
shapes reported in the literature for the solvent exposed sites
of the spin-label attachment [1].

It is instructive to look at how adequately the equilibrium
populations of conformational states are represented in all
three cases considered, namely 100 ns MD, 1600 ns MD,
and 40 ns REMD trajectories. For solvent exposed or partially
exposed sites of SL attachments, rotational flips of dihedrals
4 and 5 occur on the subnanosecond to few nanosecond
time scale and usually are well captured in a single 100 ns
MD trajectory [15,19]. In contrast, the dynamics of dihedrals
1-3 are generally too slow to be adequately represented by
100 ns trajectories, with dihedral 3 rarely seen on such a
time scale [15,19]. Figure 4 shows equilibrium populations Peq
of 18 rotameric states (3 x 3 x 2) corresponding to dihedral
angles 1-3 [Figs. 4(a), 4(b), and 4(c) show results for 100 ns
MD, 1600 ns MD, and 40 ns REMD runs, respectively].
It also presents schematic representations of sampled SL
conformations corresponding to these states averaged over
librational motions and the motions of the remaining dihedrals
4 and 5. The results clearly show that the 100 ns trajectory
does not sample well accessible states, with only eight of
them seen compared to all the states visited in the long MD
run. In the 100 ns run among eight sampled states, two
make the dominant contribution for 80% of the sampling
time. In contrast, a relatively short 40 ns REMD run is able
to adequately reproduce the states including the ability to
sample both rotameric subspaces associated with the -S-S-
dihedral angle. Small differences observed between some
corresponding populations of rotameric states are within the
accuracy of convergence of the simulations. Importantly, the
label in our model is solvent exposed with broad distribution
among rotameric states resulting in the low value of the order
parameter (~0.05). As aresult, small differences in population
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FIG. 4. (Color online) Parts (a), (b), and (c) show conformations
of 18 SL states arising from the dihedral angles 1-3 generated from
100 ns MD, 1600 ns MD, and 40 ns REMD runs, respectively. Insets
on the right show equilibrium populations of these states calculated
from the corresponding runs.

among multiple rotameric states have a negligible effect on the
simulated EPR spectra. After coarse graining of the states by
TBA in the REMD trajectory, one can estimate the averaged
lifetime of a particular state i from the mean duration of
all visits to this state. The calculated lifetimes show good
agreement between the 1600 ns MD and REMD runs with
the lifetimes averaged among all 18 states to be 1025 and
990 ps, respectively. This is different from the 100 ns trajectory,
which has a mean lifetime of 640 ps among the sampled
states.

In conclusion, we have reported an approach for predicting
the EPR spectral line shapes arising from the motions of the
nitroxide SL using REMD. Our approach is general and is
applicable to any SL. The advantage of using relatively short
REMD runs [the 40 ns REMD run with parallel replicas was
>50 times faster compared to the sequential 1600 ns MD one]
for simulating EPR spectra of SL motions opens the prospect of
applying the REMD-EPR method to a wide range of molecular
systems. Since multiple replicas with different temperatures
are used in REMD, prediction of variable-temperature EPR
spectra from a single REMD run is also possible. The REMD-
EPR approach can also be adopted for an accurate calculation
of the rotameric distribution of SLs, which is important
for the analysis of distance distribution measurements by
pulsed EPR.
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