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Abstract

Molecular dynamics (MD) trajectories provide useful insights into molecular structure and
dynamics. However, questions persist about the quantitative accuracy of those insights. Experi-
mental NMR spin relaxation rates can be used as tests, but only if relaxation superoperators can
be efficiently computed from MD trajectories — no mean feat for the quantum Liouville space for-
malism where matrix dimensions quadruple with each added spin 1/2. Here we report a module
for the Spinach software framework that computes Bloch-Redfield-Wangsness relaxation su-
peroperators (including non-secular terms and cross-correlations) from MD trajectories. Predicted
initial slopes of nuclear Overhauser effects for sucrose trajectories using advanced water models

and a force field optimised for glycans are within 25% of experimental values.



1. Introduction

Molecular dynamics (MD) simulations are useful for studying conformational mobility of
small molecules and large biomolecular systems [1,2], but concerns persist about the accuracy
of conformer energies and populations predicted by MD force fields. There are encouraging indi-
cations that MD predicts reasonable timescales for transitions between conformers [3], but this
success must be validated: with few exceptions [4], force field parameters are commonly set to
reproduce thermodynamic properties and quantum mechanical energies, not the rates of confor-
mational transitions or residence times. As new water models with correct self-diffusion and vis-
cosity are developed [5], and new approaches to modelling unstructured regions of proteins are

explored [6,7], thorough experimental validation is becoming increasingly important [8,9].

Magnetic resonance is unique in its ability to probe conformations and their dynamics,
particularly through spin relaxation and cross-relaxation measurements. However, most models
used to interpret spin relaxation data make spartan approximations about local mobility [10,11]
and use isolated spin pair models. More elaborate treatments of NMR [12-15] and EPR [16,17]
relaxation using MD simulations recently emerged, but they still mostly use spin pair approxima-
tions; the work from one of our groups is also in this category [18,19]. What is needed is a software
framework that would be able to directly convert an MD trajectory into a relaxation superoperator
[20] for an arbitrary spin system.

In this communication we report an implementation of this functionality within the Spinach
library [21]. We tested the proposed methods on aqueous sucrose (GLYCAMOG6 force field [22])
with OPC [5] and TIP5P [23] water. Conformational mobility in sucrose is well researched, partic-
ularly by 3C spin relaxation measurements interpreted using isolated spin-pair approximations
[24-26]. Here, we will focus on the less straightforward but more informative 'H-"H nuclear Over-
hauser effect (NOE) that probes the contacts between the H1 anomeric proton (Figure 1) of glu-
cose and H11,12 protons of fructose positioned across the glycosidic bond connecting glucose
and fructose residues. We demonstrate that (cross-)relaxation rates extracted from 1 ps long MD
trajectories are in excellent agreement with the experimental data, given that discrepancies in
NOEs of 9-25% translate into distance errors of 1.5-4.2%. This is good news for the GLYCAMO06
force field, as well as for OPC and TIP5P water models. Nuclear spin
(cross-) relaxation rates are easy to measure, and we recommend that such tests are included in

standard benchmark sets for novel molecular dynamics force fields.



2. Numerical evaluation of Redfield’s integral

Standard spin relaxation theory treatment using Bloch-Redfield-Wangsness (BRW) for-

malism [20,27] yields the following expression for the unthermalised relaxation superoperator:
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where ﬁo is the static part of the Hamiltonian commutation superoperator, ﬁl(t) is the centred
stochastic part, {ék} is a suitable superoperator basis, g, (t) are the corresponding expansion

coefficients, angular brackets denote ensemble average, and the following conditions must hold:
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where (||_||) denotes matrix 2-norm (largest singular value) and t/*** is the longest characteristic
decay time found in the correlation functions gy, (7).
Numerical calculation of the integral in Eq (1) is best set up by taking a step back in Gold-

man’s derivation [28] and undoing the substitution of ﬁl (t) to obtain:
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where angular brackets denote ensemble average. Given a sufficiently long molecular dynamics
trajectory, this expression may be computed by cutting the trajectory into segments, such that
each segment is sufficiently long to converge the integral, and the number of segments is suffi-

cient to approximate the ensemble average.

Numerical evaluation of Eq (3) has two convergence conditions. One is for the ensemble
average, where the squared standard deviation of the mean for the matrix-valued content of the

angular bracket — abbreviated below as {...) — must be much smaller than the mean-squared:

e R0 (4)

where N is the number of samples (in our case, approximately 1000). This condition may be

checked directly because the samples are computed explicitly. The standard deviation information



may be used in two alternative ways: either as a convergence condition on the ensemble average
and thus on the minimum number of trajectory segments, or (when the number of segments can-
not be changed) as a source of statistical uncertainty information on the resulting relaxation and

cross-relaxation rates.

The other convergence condition is on the upper limit T of the finite integral that approxi-

mates the improper integral in Eq (3):
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A practical criterion may be obtained by using the representation given in Eq (1) and noting that
the integral may be reduced to a linear combination of Fourier transforms of the correlation func-

tions of the following general form [20,27]:
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where the frequencies w are drawn from the set of all eigenvalue differences of the static Hamil-

tonian. The convergence condition for this integral is that
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After a variable substitution T — 7+ T on the left hand side, and an observation that the fixed

phase multiplier e**T has no influence on the modulus of the integral, we obtain:
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A sufficient condition here is to have | gy, (T + T)| < |gwm (7)], for which a posterior check may be
performed at run time. We have set the upper integration limit so as to have the integration resid-
ual smaller than 5% (corresponding to T being approximately 3 times our estimated longest rota-

tional correlation time), but the parameter is of course user-selectable.

In practical calculations, the trajectory was parsed into Matlab using MDToolbox [29].
Chemical shifts were assumed to be isotropic (CSA has a negligible effect on longitudinal cross-
relaxation rates in this system) and J-couplings were assumed to be fixed (scalar relaxation of

the first and second kind are also negligible). The coordinates from each MD frame were fed into



Spinach [21] to obtain spin Hamiltonians corresponding to each frame of the trajectory. The inte-
gral in Eq (3) was then computed using the standard trapezium quadrature rule subject to the
convergence conditions discussed above. For the purposes of the integration, the molecular dy-
namics trajectory was down-sampled to the longest time step that still guarantees accurate eval-
uation of the integral in Eq (6), where two conditions must be satisfied: Nyquist-Shannon sampling
condition (a minimum two points per period of the largest frequency) for the complex exponential,

and the asymptotic accuracy condition of the N-point trapezium quadrature T{f (x), a, b, N}
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ing that the time step must be such that:
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where 6 is any point within the integration interval. The former condition is checked before the
integration takes place, the latter one afterwards. In our case the time step was 2 ps. The relevant
code for Hamiltonian calculations and integration over the segments is available in versions 2.6

and later of the Spinach library [21].

3. Molecular dynamics trajectories

Initial sucrose coordinates were extracted from crystal structure 3500015 deposited in the
Crystallography Open Database [30]. Sucrose atoms were assigned parameters from the
GLYCAMOG6 force field [22] as included in the AMBER18 package [31] and imbedded into a box
of either OPC or TIP5P water extending 12 A beyond the edges of the sucrose bounding box in
every direction. After energy minimisation, heating to 300 K, pressure equilibration at 300 K, and
a further equilibration run of 100 ns, a production run of 1 ys commenced. Seven such runs were

initiated, allowing screening for conformations not adequately sampled in 1 ps.

Figure 1 illustrates the dynamics of the glycosidic dihedral angles: ¢ fluctuates rapidly by
+20° around the mean value of —30°, ¢ undergoes smaller fluctuations around +55°, but also
makes occasional jumps to —40° and +170°; the —40° conformer is populated about 10% of the
time, the 170° conformer only occasionally. This behaviour is generally consistent with previous
MD work on sucrose [26]. The intra-ring angle y has smaller fluctuations, but in this particular

trajectory it exhibits a single transition to another state near +60° where it resides for about 80 ns.



Structures of sucrose with (¢, ¢) of (-30°,55°) and (—30°,—40°) are shown on the centre right and
top right of Figure 1, respectively. The other ring conformer is shown at the bottom right; it is an
alternate chair form, 'C4, as opposed to the dominant “C+ form. It was occasionally seen for both
OPC and TIP5P waters, also by others [32,33] with time-domain population of 1-15% and free
energy estimates that suggest a 2% population [33]. Our own estimates based on 'Ju1,c1 coupling
constants are consistent with this estimate. A combination of 2% population and the occasional
jump within one microsecond trajectories makes this conformer insignificant for longitudinal cross-
relaxation in NMR — for relaxation analysis, we have therefore chosen a 1 s trajectory in which

this conformer does not make an appearance.
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Figure 1. Dynamics of the indicated dihedral angles within su-
crose (1 us MD trajectory, GLYCAMO6 sucrose, OPC water,
300 K). y (H2-C2-C1-02’) is shown in green, ¢ (C1-O2’-C2-
C1) is shown in cyan, and ¢ (H1-C1-02’-C2) is shown in red.

Figure 2 shows distance dynamics for the relevant pairs of protons from the OPC water
trajectory, showing no transitions to a 'C4 chair. Inter-residue distances show deep modulation,
primarily as a result of rotation about the exocyclic C1-C2 bond in fructose, with occasional jumps
as far as 5 A; these correspond to the above mentioned ¢ jumps to +170°. These fluctuations are
not rotational — analytical relaxation theory treatment using purely rotational correlation functions
is expected to fail here. Inside the glucose ring, the distance fluctuations are smaller: +0.3 A be-

tween H1 and H2, with predominantly global rotational dynamics contributing to spin relaxation.
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Figure 2. Dynamics of the distances between the atoms in-
dicated in Figure 1 (1 us MD trajectory, GLYCAMO6 su-
crose, OPC water, 300 K): glucose H1 to fructose H11
(green), glucose H1 to fructose H12 (purple), glucose H1 to
glucose H2 (red).

4. Breakdown of simple rotational diffusion models

The first stage of the data analysis was a test of standard analytical results from textbook
spin relaxation theory [28] that assumes purely rotational modulation of dipolar couplings. An in-
spection of the MD trajectories (Figure 2) suggests that the modulation of inter-nuclear dipolar
couplings inside the glucose ring is predominantly due to global rotation, but the modulation of

the dipolar couplings between protons belonging to the different rings is not.

To highlight the breakdown of the rotational diffusion approximation within BRW theory, in
Figure 3 we compare analytical and numerical calculations on a standalone three-spin subsystem
(H1, H2, H4) inside the glucose ring and a six-spin system (H1, H2, H3, H5 of glucose; H11, H12
of fructose) that spans both rings. These systems were selected by setting a distance cut-off of 3
A from the central H2 spin in the 3-spin system and 4 A from the central H1 spin in the 6-spin
system using a representative frame from the trajectory. All calculations were run at 14.1 Tesla
(600 MHz proton frequency). For the three-spin subsystem of the glucose ring, the agreement
with the analytical model using pure rotational diffusion is good (Figure 3, left panel) — rotational

correlation time in the analytical model was the only fitting parameter. Within the experimental



error, the fitted value of 78 ps agrees well with ~100 ps reported from '3C relaxation analysis of
data from a 100 mM sucrose sample in D20 [24], particularly if corrections for differences in H.O
vs D-0 viscosity are made (a reduction of ~10%). This suggests that isotropic rotational diffusion
approximates the dynamics of the relatively rigid glucose ring well. However, the six-spin system
that spans both rings shows both an incorrect slope and a greater scatter around the straight line
(Figure 3, right panel). This is predictable — Figure 2 clearly shows the presence of significant
motion that modulates distances between protons positioned on different sugar residues. That
the simple rotational diffusion model with fixed distances — a cornerstone of early NMR structure

analysis [34] — should be so fragile is lamentable but not unexpected.
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Figure 3. An illustration of the divergence in agreement between the non-zeroes of the relaxation
superoperator for the analytical treatment (using pure rotational diffusion approximation) and the
numerical treatment (using MD ftrajectory integration, OPC water) as the contribution to spin relaxa-
tion from internal motion increases. Left panel: 3-spin subsystem (H1, H2, H4) in the relatively rigid
glucose ring where the dipolar coupling modulation is almost entirely rotational. (Right panel) 6-spin
subsystem (H1, H2, H3, H5 of glucose; H11, H12 of fructose) where significant internal motion about
the glycosidic and exocyclic C1-C2 fructose bond is present. The blue line in both panels corre-
sponds to the rotational correlation time of 78 ps, which was obtained by fitting the left panel data.

5. Rotational diffusion in TIP3P, TIP5P, and OPC water

The well-documented viscosity problem [23] of TIP3P water is apparent in Figure 4, where
points representing Redfield matrix elements for our three spin (H1, H2, H4) system calculated
numerically for different water models and analytically with a 100 ps isotropic rotational correlation
time fall on distinctly different lines. Correlation times predicted by the different models can be
extracted by dividing the correlation time for the diagonal (100 ps) by the slopes of line fitted to

the points for a given model. Relative to the correlation time extracted from a simulation in OPC



water (78 ps), which is close to experimental expectations, the correlation time extracted from a
simulation in TIP3P water is a factor of 1.9 lower. This is in agreement with the factor of 2.2
underestimate of viscosity reported in the literature [23]. It is clear that TIP3P, while computation-

ally efficient, should not be used when modelling rotational diffusion.
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Figure 4. Non-zeroes of the Redfield relaxation superop-
erator (X axis) obtained from molecular dynamics trajec-
tories in TIP3P (green squares), TIP5P (red circles), and
OPC (blue crosses) water, plotted against the corre-
sponding elements of the analytical relaxation superop-
erator obtained using the pure rotational diffusion ap-
proximation with the rotational correlation time of 100 ps.

For TIP5P, the fitted rotational correlation time is 88 ps — even closer than OPC to the
experimental value of 100 ps [24]. This is somewhat unexpected, because TIP5P is known to
overestimate water self-diffusion constant and, hence, underestimate viscosity by 9-14% [5,23].
This may suggest that solute-water interactions are significantly different from water-water inter-

actions in the two models.

6. Comparison with experiment

Figure 5 shows NOE enhancements predicted and observed following inversion of the
glucose H1 proton resonance in an 8-spin system (H1, H2, H3, H4, H5 of glucose and H11, H12
H3 of fructose) in which the H4 of glucose and H3 of fructose were added explicitly based on their
close proximity to one or more of the original six spins. The left panel shows NOEs for the sum of

fructose H11 and H12 protons (those resonances overlap); the right panel shows NOEs for the
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glucose H2 proton. Given the number of approximations involved in a molecular dynamics simu-
lation followed by the spin Hamiltonian generation, followed by the calculation of the Redfield
integral over a finite trajectory and a finite ensemble, the agreement between experimental and
predicted NOE accumulation curves is better than expected. Initial slopes are within experimental
error for the H11-H12 pair of fructose and within 25% for the H2 proton of glucose. Simulations
using analytical relaxation superoperators calculated from static (single frame) structures, includ-
ing one close to the crystal structure and one representing to the most frequently sampled MD
conformer, show larger deviations, particularly for H11+H12 NOEs. This underlines the im-

portance of using MD trajectories in these simulations.
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Figure 5. Comparison of experimental (blue) and simulated (red for OPC water, violet for TIP5P water)
NOE accumulation curves following the inversion of glucose H1 proton spin (the curves are biexponential
fits). Simulations were performed using an 8-spin system centred on the H1 of glucose (Glc H1-H5; Fruc
H11, H12, H3). Signal integrals are fractions of the inverted resonance intensity. Experimental data were
collected at 600 MHz and 308 K; the higher temperature was chosen to compensate for the increased
viscosity of D20. No attempt was made to compensate for the effect of sucrose concentration on the
viscosity — that effect is expected to be ~0.5%. The sample was degassed prior to NMR experiments.

Even with the level of agreement shown between experimental data and superoperator
simulations, it is tempting to speculate on the origin of such deviations as do exist. The mismatch
is largest for the glucose H2 proton. The NOEs are here dependent primarily on global rotational
motion of the relatively rigid glucose ring. The deviations for both the initial slopes and NOE max-
ima are in the direction expected for the shorter correlation times predicted by the two water
models. Going back to a spin pair model, one expects the positive NOEs to stem from dominance
of double quantum transitions over zero quantum transitions for this small molecule. The contri-
butions do cancel to some extent, and this extent increases with longer correlation times leading

to lower NOE magnitudes for the experimental observation. The deviations from the experiment
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for the fructose H1 protons are minimal, especially for the initial slopes. In this case, the spectral
power density giving rise to NOEs may have larger contributions from modulation of dipolar inter-
actions by internal motions about the glycosidic and the exocyclic bonds. The relative translational
motion of proton pairs spanning the two rings may be better reproduced by the more reliably
parameterised dihedral angle and direct repulsion terms of the force field. The global rotational
modulation responsible for the less accurately reproduced intra-ring NOE would rely on the same
indirect effects that are responsible for the overall viscosity of the water in both models, and there-
fore be harder to match.

7. Full spin system versus spin-pair simulations

Three-spin and higher effects are plentiful, if sparsely researched, in liquid state mag-
netic resonance systems — it is of some interest to compare our simulation results, which do in-
clude multi-spin effects and DD-DD cross-correlations, to previous models based on spin-pair
approximations where those effects were neglected.

The cross-correlation contribution [35] to the relaxation rate for the central spin of a 3-
spin system depends on the distances ri > and the angle 8 between the distance vectors as ri~
3r;-3(3cos?0— 1)/2. This function has a directional extremum at ry = r2, which ranges from +100%
of the dipolar rate at 8= 180° to —50% at ¢ = 90° — a large contribution that one cannot reasona-
bly dismiss, particularly in multi-spin systems. Figure 6 illustrates this by comparing the results
of our full spin system calculation to the MD-based spin-pair approach similar to one we re-
ported a few years ago [18], where correlation functions were computed from MD trajectories,

and then used to assemble a spin-pair approximation to the relaxation superoperator.
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Figure 6. Comparison of simulated NOE build-up curves (on inversion of the glucose H1 resonance)
using spin-pair (blue) and full spin system (red) approaches. Solid lines are biexponential fits. Left panel:
fructose H11+H12 protons. Right panel: glucose H2 proton.
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Figure 6 shows simulated NOE accumulation curves for the same 8-spin system using
the full spin system approach (red curves) and an updated version of the spin pair approxima-
tion (blue curves) which separates the overall rotation from the internal motion, as described by
Gu et al. [12]. The spin pair model requires an independent estimate of the overall rotational
correlation time; we set this to the effective correlation time we had extracted above from the 3-

spin glucose cluster in OPC water (78 ps).

The difference between the full spin system treatment and the spin pair approximation is
tolerable for cross-relaxation effects used in structure analysis (18% reduction of the NOE maxi-
mum for H2, 6% reduction for H11+H12, and 26% increase in the initial slope of the build-up curve
for H11+H12). However, differences are comparable to the differences seen between spin-pair
simulations and experiment, suggesting that full spin system methods that include cross-correla-
tions and strong coupling effects are essential when using magnetic resonance data to fine-tune

MD force field parameters.

8. Conclusions and outlook

We have presented a new tool for comparing experimental spin relaxation data to simula-
tions based on molecular dynamics trajectories. It directly calculates spin relaxation superopera-
tors by numerical evaluation of Redfield’s integral. The tool is integrated into the Spinach package,
and enables simulations of a variety of spin relaxation experiments, including those on spin sys-

tems with prominent strong coupling and relaxation interference effects.

Calculations of this type have only very recently become feasible, with five principal factors
making a contribution: (a) ready availability of graphics cards with the processing power (over 10
TFLOPS for NVidia Ampere architecture) roughly equal to the world’s largest supercomputer in
2002; (b) development and implementation of large-scale methods for relaxation superoperators
and sparse matrix exponentials in magnetic resonance [36,37]; (c) continued improvement in the
performance and syntactic flexibility of Matlab, where program code is often shorter and more
readable than its description by human language and standard mathematical notation; (d) emer-
gence of liquid state spin dynamics simulation methods with linear complexity scaling, with the
result that protein-sized systems are no longer out of reach [38]; (e) availability of sufficiently long
molecular dynamics trajectories to achieve simultaneous convergence on both the upper limit and

the ensemble average in Eq (3).
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We have tested this tool by simulating NOE experiments on sucrose, using 1 ys MD tra-
jectories under the GLYCAMO06 force field with OPC, TIP5P, and TIP3P water. The agreement
with experiment is very good, given that discrepancies in NOE initial slopes of 0-25% translate to
distance errors in rigid structures of 0-4.2%. This speaks well for the GLYCAMOG6 parameterisation
of carbohydrates, as well as OPC and TIP5P water models; TIP3P fell short.

The CPU time requirements for the simulations reported above do not exceed those re-
quired to run the MD trajectory. Once the relaxation superoperator is calculated, the CPU time
consumed by the calculation of NOEs at multiple mixing times, or by a simulation of any other
relaxation experiment, is insignificant. The 8-spin relaxation superoperator calculation using IK-
1(3,3) basis set and a 1 us trajectory sampled every 2 ps took approximately 30 hours in a system
with 24 contemporary CPU cores; this time is reduced significantly when GPUs are used. Larger
spin systems are expected to be straightforward: once the number of spins exceeds the size of
the strongly interacting cluster within the restricted state space approximation [39] (typically fewer
than five spins in liquid state NMR simulations), the computational complexity scaling with respect

to the size of the spin system is approximately linear [38].

In summary, nuclear magnetic relaxation offers subtle and detailed measures of rotational
and conformational dynamics, with much potential for molecular dynamics force field refinement.
The simulation tools presented here will be valuable in this pursuit because they are highly accu-
rate at the level of the spin physics. This eliminates the concerns about, for example, the effects
of strong scalar coupling and relaxation interference. Additional relaxation mechanisms can easily
be added and, with the ongoing improvement in computer hardware, the wall clock times will

continue to decrease.

9. Materials and Methods

Molecular dynamics simulation: simulations were done using the AMBER 18 package
[31]. Initial sucrose coordinates were taken from an X-ray structure deposited in the Crystallog-
raphy Open Database (3500015), and the force field parameters were provided by GLYCAM_06j-
1 [22]. The initial structure was embedded in rectangular boxes of either OPC, TIP3P, or TIP5P
water that extended 12 A in each direction from the outermost sucrose atoms. In each case, the
initial energy minimisation was done using the SANDER module of AMBER and the system was

then heated to 300 K over 50 ps using 2 fs steps under constant pressure. Production runs were
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carried out using the PMEMD module of AMBER 18, saving frames every 2 ps. Trajectories were

analysed and structures in selected frames visualised using tools in UCSF Chimera v1.13.1 [40].

NMR simulations: calculations were done using Matlab R2020a, Spinach 2.5 [21], and
the MDToolbox [29]. All relevant scripts are enclosed with the example set provided with versions

2.6 and later of Spinach.

NMR experiments: a 7.8 mM solution of sucrose in 99.99% D,O was degassed by nitro-
gen bubbling. Spectra were acquired on a Bruker Avance Il 600 MHz spectrometer at 35°C using
a one-dimensional NOE pulse sequence (selnogpzs.2) that uses selective refocusing [41] for ex-
citation, and incorporates a simultaneous frequency shifted pulse and pulsed field gradient during
the mixing time to suppress zero-quantum signals [42].[42]. Additional pulsed field gradients
served to suppress radiation damping effects. Spectra were acquired at mixing times from 30 to
5000 ms with a sufficient recycling delay to avoid scan interference. The spectra were processed
and integrated in MestReNova using 1 Hz exponential line broadening and zero-filling to 65,536

points.
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