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Abstract

Determining the conformations accessible to carbohydrate ligands in aqueous solution is
important for understanding their biological action. In this work, we evaluate the conformational
free energy surfaces of Lewis oligosaccharides in explicit aqueous solvent using a
multidimensional variant of the swarm-enhanced sampling molecular dynamics (msesMD)
method; we compare with multi-microsecond unbiased MD simulations, umbrella sampling and
accelerated MD approaches. For the sialyl Lewis A tetrasaccharide, msesMD simulations in
aqueous solution predict conformer landscapes in general agreement with the other biased
methods and with triplicate unbiased 10 us trajectories; these simulations find a predominance of
closed conformer and a range of low occupancy open forms. The msesMD simulations also
suggest closed-to-open transitions in the tetrasaccharide are facilitated by changes in ring
puckering of its GIcNAc residue away from the *C, form, in line with previous work. For sialyl
Lewis X tetrasaccharide, msesMD simulations predict a minor population of an open form in
solution, corresponding to a rare lectin-bound pose observed crystallographically. Overall, from
comparison with biased MD calculations, we find that triplicate 10 pus unbiased MD simulations
may not be enough to fully sample glycan conformations in aqueous solution. However, the
computational efficiency and intuitive approach of the msesMD method suggest potential for its

application in glycomics as a tool for analysis of oligosaccharide conformation.



1. Introduction

Glycoscience is an important emerging area with potential applications from personalized
medicines and food security, to biofuels and advanced biomaterials.” Key to the rational design
of carbohydrate-based compounds is the ability to accurately understand their conformational
behavior.® Achieving this, however, can be challenging as carbohydrates can exhibit subtle
conformational preferences. In this regard, the use of computational methods have proven useful;
in particular, the application of molecular dynamics (MD) simulations is capable of providing
conformational landscapes in atomistic detail not readily accessible via experimental approaches.
For example, conformational analysis of the core pentasaccharide derived from the
lipooligosaccharide of pathogenic bacterium Moraxella catarrhalis was recently performed
using molecular simulation and NMR. It was shown that the addition of one glucosyl unit to each
of the a-(1—4) and a-(1—2) branches of this core pentasaccharide led to a significant change in
conformation, into a more folded compact structure,® with significant potential implications for

the minimum epitope to target in vaccine design.

In another recent study, Blaum et al.” examined the pentasaccharide glycan component of
ganglioside GM1, a membrane-bound ligand for a range of proteins, including those of viruses
and bacteria. In their work, they identified an alternative conformation of GM1, exhibited in its
complex with a 155 kDa protein, Factor H. Subsequent long time scale MD simulations (10 ps)
of GMI1 in explicit solvent identified this structure as a secondary low-lying minimum on the
free energy surface. Interestingly, this alternative conformation of GM1, although consistent with
NMR data from a prior combined NMR/modelling study, did not correspond to a good set of

NOE restraints and thus had not been reported.®



The Lewis blood group oligosaccharides constitute key mediators of biomolecular
recognition.’” This blood group mainly consists of six oligosaccharides (Figure 1), all of which
share a common trisaccharide core comprising galactose (Gal), N-acetylglucosamine (GIcNAc)
and fucose (Fuc) residues. The six Lewis sugars are divided into two types, I and II, based on the
linkage configuration of this core. For type 1 Lewises, the core trisaccharide is
GalB(1—3)(Fuco(1—4))GlcNAcp, denoted Le® (Figure 1a); this can be further sialylated (sLe®,
Figure 1b) or fucosylated (Le®, Figure 1c). For type II sugars, the glycosidic linkage connectivity
of the core trisaccharide is interchanged to give GalPB(1—4)(Fuca(1—3))GIcNAc, known as
Le* (Figure 1d); as for Type I Lewises, this can be further sialylated (sLe®, Figure le) or
fucosylated (Le”, Figure 1f). While important contributors to normal physiological function, the
Lewis oligosaccharides have also been associated with several disease states due to their role in
the immune system, including pathogenic inflammatory response and carcinomas.®"’

Characterising their conformational behavior is therefore useful in further understanding their

role in these disease states and potentially assisting in the development of novel therapeutics.

The Lewis oligosaccharides have generally been viewed as somewhat rigid structures,
adopting a compact closed conformation at equilibrium, where a stable stacking interaction is
formed between the fucose and galactose rings (Figure 2a).'' Although the presence of more
open non-stacked structures has previously been suggested by both NMR and computational

1213 this could not be confirmed.'* Recently, however, unusual conformations adopted by

studies,
Lewis antigens Le* and sLe® were reported by Topin and co-workers.' In this case, crystal

structures of Le* and sLe” bound to pathogenic Ralstonia solanacearum lectin (RSL) were found



to adopt poses distinct from the closed shape. Subsequent long time scale MD simulation of Le*
in explicit solvent by Topin et al.' detected transitions from closed to open conformations on the
ps timescale. These transitions however were rather infrequent: of the 30 MD trajectories
acquired, five showed transitions from the closed to open forms of Le*; of the combined 75 us of

simulation, open forms comprised 1% of the total solution ensemble.

These Le* simulations highlight the need for long timescale trajectories to characterize as fully
as possible the ensemble of glycan structures.'*'® However, despite recent advances in hardware

ce o 13,14,172
development and utilization,'*'*'72°

exhaustively characterizing the multi-microsecond
landscapes to identify rare conformational states,' remains a time consuming task. Recently,
enhanced sampling MD techniques*'*******?" have been applied to the challenge of exploring

. 23, 28-34
carbohydrate conformation.” 3

Here, we map out the conformational landscape of Lewis
oligosaccharides in aqueous solution, introducing and applying a computationally efficient
variant of our earlier biased MD method.>>*® We term this variant multi-dimensional swarm-
enhanced sampling molecular dynamics (msesMD). We first assess the ability of msesMD to
explore sLe” conformations in explicit aqueous solvent, comparing with multi-microsecond
unbiased MD simulations, umbrella sampling and accelerated molecular dynamics (aMD). We
then apply both msesMD and multi-microsecond unbiased MD simulations to investigate the

ability of sLe* and the unmodified Lewis cores, Le® and Le”, to adopt non-closed conformations

in aqueous solution.

2. Computational methods

2.1 msesMD methodology



Previously we have introduced a multicopy molecular dynamics method for enhanced
conformational sampling, based on the coupling of a swarm of simulation replicas via attractive
and repulsive pair potentials acting on dihedral angles of interest.*>*® Specifically this potential

is a function of the root-mean-square (RMS) dihedral angle distance over all K dihedrals j

2
between swarm replicas o and p, ie. (M‘le-‘(go]‘?‘ - <pf) )1/2. Here we introduce a variant of

this swarm methodology, which we term the multi-dimensional swarm enhanced sampling
method (msesMD). This approach decomposes the biasing swarm potential U*® into a series of

sub-swarm energy terms:
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where d]‘.xﬁ ((p"‘, <pf”) is given by |(p]“ — cpﬂ and A - D are parameters for the repulsive (A, B) and

attractive components (C, D). The dihedral-specific swarm energy evaluations entailed by Eq (1)
are inherently suited to distribution with the domain decomposition algorithm as implemented in

the molecular dynamics framework of the pmemd module of AMBER14.*’

2.2. Computational details



Solvated oligosaccharides a - d (Figure 1) were modelled using the Glycam06j-1°* and
TIP3P* force fields for the sugars and water respectively. Each oligosaccharide was built and
then solvated in an octahedral water box with solvent molecules placed up to a minimum of 12 A
away using the leap module in AmberTools14.*” Sodium ions were added to neutralize the solute

charge where appropriate.

Molecular dynamics simulations used the pmemd and pmemd.cuda modules of AMBER14,’
with the former having been modified to support the msesMD methodology. A hydrogen mass
repartitioning scheme (HMR)* was used for all unbiased MD simulations, scaling solute

! all msesMD, aMD and umbrella sampling simulations used

hydrogen masses to 3 amu;’
standard masses. Unless otherwise indicated, a time step of 4 fs was used for mass repartitioned
systems and 2 fs for standard mass systems. In all simulations, hydrogen atom motions were
constrained using the SHAKE" and SETTLE® algorithms for the solutes and waters
respectively. Long range electrostatic interactions were calculated using the particle mesh Ewald

method and a 9 A cutoff for short range nonbonded interactions. Thermal control was achieved

using the Langevin thermostat** and a collision frequency of 3.0 ps™’.
g g

Equilibration. After energy minimization, all systems were heated under NVT conditions,
where the temperature was raised from 0 K to 298 K over 500 ps. This was then followed by 1 ns
of NPT simulation to equilibrate box densities at a pressure of 1 bar using the Monte Carlo
barostat,** with volume exchange attempts every 100 steps. This was then followed by a final 1
ns of NVT equilibration at 298 K. At the end of the equilibration phase, all Lewis solutes were

observed to occupy the closed conformational state.



Unbiased simulations. For all oligosaccharide systems, three replicate unbiased NVT
simulations at 298 K were carried out with a coordinate sampling frequency of 5 ps. Each

replicate simulation was performed for a total of 10 ps.

Umbrella sampling calculations. One-dimensional potential of mean force (PMF) profiles
were computed using umbrella sampling along the  angles of the Fuca(1—4)GIcNAc and
Galp(1—-3)GlcNAc glycosidic linkages of sLe”, denoted yrand g respectively (Figure 1b). A
total of 120 window simulations along each y torsion were computed, subjected to a harmonic
biasing force of 200 kcal mol™ rad™. Distinct from the other enhanced sampling simulations in
this work, a 1 fs time step was used to improve stability. The systems were equilibrated using the
equilibration protocol above, and then each window, under the influence of its respective biasing
potential, was subject to an additional 500000 steps of energy minimization and 1 ns of NVT
equilibration prior to 20 ns of NVT production dynamics, recording dihedral values every 50

steps.

Swarm-enhanced sampling simulations. Swarm-enhanced sampling simulations were
conducted for all systems using the msesMD potential detailed above. After system equilibration,
eight independent and unbiased NVT trajectories were propagated from the equilibrated structure
at 298 K for 1 ns; and then coupled via msesMD in the NVT ensemble by gradually introducing
the swarm potential over a period of 600 ps, followed by a further 5.4 ns of equilibration under
the full influence of the biasing potential. This was then followed by 250 ns per replica of

production simulation. Parameters for the msesMD boost potential were taken as A = 3.195 kcal



mol™, B = 2.625 rad”!, C = 0.75 kcal mol” and D = 0.5 rad”, based on short (5 ns) trial
simulations of Le”, mannotriose and alanine dipeptide (data not shown) and guided by the extent
of torsional sampling, range of boost energies and normality of their distribution. The swarm

boost potential was applied to every ¢/ glycosidic torsion in the systems of interest.

Accelerated molecular dynamics simulations. Similar to the msesMD simulations, eight
independent trajectories were spawned from an equilibrated system and simulated for an extra 1
ns each in the NVT ensemble. An aMD dual boost potential was then applied using boost
parameters Egp, = 1.7 kcal mol™ and ogy, = 3.2 keal mol™ for the dihedral potential energies; and
Bt = -15000.3 kcal mol™! and oy = 822.7 kcal mol™ for the total potential energies. It is noted
that the aMD parameters were derived from previous empirical parameter results for peptides
and proteins.” Each independent aMD simulation was carried out for a total of 500 ns, with the

first 6 ns being discarded as equilibration.

Analysis. Simulation analyses were primarily carried out using cpptraj*® in AmberTools16*
and in-house python scripts. Additionally, the WHAM code by the Grossfield group® and the
PyReweighting scripts from the McCammon group® were used to analyze the umbrella sampling
and aMD simulations respectively. Glycosidic torsions were defined as ¢ = Os-C;-O-C,,, y = C;-
O-Cy-Cepory for o/Bf(1—n) linkages; and ¢ = O6-C,-O-C;, y = C,-0-C3-C4 for the a(2—3)
linkages of sLe” and sLe". Free energy surfaces for the glycosidic linkages were generated using
and the expression AA = —kgTIn(py/Pmax), Where p, is the bin density, pq, is the highest
occupied bin density, kg is the Boltzmann constant and T the temperature. Bin densities p, were

recovered from biased estimates p, via msesMD simulations using the approach of Torrie and



Valleau'® where replica contributions are reweighted according to the biasing energy term, U3¢,

using the expression:

M
() = D (0, ()exp(BUE)) | (exp(BUES)) @)

For the computation of the free energy profile associated with the glycosidic linkages and the
Cremer and Pople 0 pucker angle, bin sizes of 8° and 6° were used, respectively. Errors in the
reweighted estimates of the @y free energy surfaces were obtained by bootstrap resampling the
surfaces 25000 times and calculating the standard deviation in the bin estimates across all
bootstrap samples. In order to further analyze the conformational diversity of the Lewis
oligosaccharides, the unbiased and msesMD trajectories of systems a-d (Figure 1) were clustered
based on the RMS distance of core Gal-GlcNAc-Fuc ring atoms using the DBSCAN algorithm®*’
using an ¢ distance cutoff of 0.1725 A® and minimum criteria of four frames to create a cluster.
Due to high memory costs associated with clustering, the clusters were first created using 1/ 130™
and 1/8" of the frames for unbiased MD and msesMD respectively. The remaining frames were
then assigned to the generated clusters. For msesMD, cluster densities were then reweighted
according to the swarm contributions of the configurations in each cluster. For the umbrella
sampling simulations, an implementation of the weighted histogram analysis method (WHAM)*®
by the Grossfield Lab was used to recover a one-dimensional PMF from the biased windows.
The aMD simulations were reweighted according to the total boost energy in each frame, using a
10™ order Maclaurin series expansion to reduce noise from the biasing potential.* All three

dimensional pictures were generated using the VMD molecular graphics viewer version 1.9.%
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4. Results and discussion

4.1. Conformational sampling of sLe”

The free energy surface for the three gy glycosidic linkages of sLe? in explicit solvent, starting
from its closed conformation, are first computed from triplicate 10 us unbiased MD simulations
and compared with the initial 1 us of these three trajectories (Figure 3). The three linkages of
sLe® are NeuSAca(2-3)Gal, Fuco(1—4)GIcNAc and GalB(1—3)GIcNAc (Figures 1b and 2b).
We first note that free energy surface predicted for the NeuSAca(2-3)Gal linkage via the
triplicate 1 us and 10 us simulations are very similar (Figure 3), suggesting good sampling on
both timescales, due to a lack of intramolecular hindrance. We next consider the free energy
surfaces of the Fuca(l1—4)GIcNAc and GalB(1—3)GIcNAc glycosidic linkages, labelling
minima found on these surfaces as F and G regions respectively. Based on the first 1 us of the
trajectories (referred to as the triplicate 1 ps trajectories from this point), sLe® samples mainly
around its initial closed conformational state, occupying the regions F; and Gy (Figure 3). This
closed conformer is denoted from this point as the C state. Although no X-ray structure of sLe®
could be found in the RCSB Protein Data Bank>, we note that this C state appears to correspond
to all observed Le®* conformations in protein-bound crystal structures (Supporting Information,
Table S1). From the triplicate 1 ps simulations, less frequently occupied conformations in non-
closed geometries are also predicted, denoted F,.3 and G,.3 respectively (Figure 3). These open
conformers tend to maintain partial interactions between the fucose and galactose rings; in
certain cases these residues can orient themselves into a near perpendicular arrangement (Figure

2b), distinct from the parallel stacking of the closed state (Figure 2a).
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From the more extensive sampling of sLe” of the three replicate 10 us simulations, we observe
a greater population of F3, in addition to the detection of new open conformers which occupy F4
and Gy regions (Figure 3); these structures have y angle values differing by ~150° from the
native C positions, F; and Gy, in their respective linkages (Figure 3). Inspection of the
trajectories indicates that for the Fuca(1—4)GIcNAc linkage, access to the F4 regions occurs
primarily by transitions through the F, and F; regions, in a F; — Fy3 — F4 sequence. As for the
Galp(1—>3)GIcNACc linkage, access to the G4 well can occur as a mixture of either directly from
Gy or in a G; —» G, — G3 — Gy route. Transitions to the G4 and F4 regions can occur
simultaneously, resulting in a conformational state which is stabilized by the formation of a
hydrogen bond between the hydroxyl groups at the C2 positions of both the fucose and galactose
rings (Figure 2¢). Nevertheless, sampling of the F4 and G4 wells is highly infrequent, as can be
seen from the time profiles for the y angle of both glycosidic linkages (Figure Sla,b). Aside
from one replicate trajectory (black, Figure S1), access to the F4 and G4 regions, with y values of
100° and -60° respectively, is infrequent with lifetimes of up to a few tens of nanoseconds
(Figure S1a,b). In fact, for one of the three 10 us trajectories (red), this is only achieved once for
a duration 10.8 ns and 270 ps for F4 and Gy respectively (Figure Sla,b). We can therefore
conclude that a 10 pus simulation could easily fail to identify either well during the lifetime of its
time evolution. This observation accords with an earlier 10 us study of sLe® by Sattelle et al.,

14
where no open conformers were detected.

msesMD simulation. We compare these unbiased 1 ps and 10 us MD simulations with a 245 ns
msesMD simulation, using a swarm of eight coupled replicas of sLe” in explicit solvent,

interacting via their proximity in the values of the six glycosidic torsion angles. Again we

12



observe that the flexible NeuSAco(2—3)Gal linkage is readily sampled, with similar free energy
landscapes to both the unbiased 1 us and 10 ps simulations (Figure 3). However, the msesMD
free energy surfaces of the core Fuca(l—4)GIcNAc and Galp(1—3)GIcNAc linkages of sLe”
correspond considerably more closely to the full 10 us simulations than the first 1 us of MD,
with broad sampling of the F;4 and G;4 low energy regions. The enhanced coverage of open
forms by the swarm replicas is clearly shown by the sampling of y values for both glycosidic
linkages (Figure Slc,d). Interestingly, on the Galp(1—>3)GIcNAc free energy surface obtained

via msesMD, an additional low energy region is identified, which we denote Gs (Figure 3).

Overall, the free energy surface computed via msesMD appears to predict similar stabilities to
the profile obtained from 10 us simulations (Figure 3); the exception is the G4 well, where the
free energy is predicted as 2 kcal mol™ less stable than from unbiased MD. We note from the
dihedral time series of the 10 ps simulations, the lifetime of the G4 state occupancy is
disproportionally longer in the first replicate trajectory (black in Figure Sla,b) compared to the
other two unbiased trajectories (blue, red). As the G4 state is sampled only once briefly in each
unbiased trajectory, it is not possible to discern if this constitutes an outlier; however it does
highlight the fact that the free energy estimates for the G4 region via unbiased MD are limited

due to inadequate sampling.

The msesMD simulation also appears to reproduce more subtle features of the unbiased
simulations, in particular sampling of GIcNAc ring puckering. This can be seen from the free
energy profiles as a function of Cremer-Pople pucker angle 6 (Figure 4a). The msesMD

simulations, as well as unbiased triplicate 1 us and 10 pus MD trajectories sample the full
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spectrum of puckers, from *C; through skew-boat intermediates to *C4 conformations, tracing
similar profiles (Figure 4a). For the remaining sugar rings, the pucker free energy profiles
obtained from msesMD broadly reflect those from unbiased MD albeit with some differences
regarding the highest energy regions (Figure 4b-d); the greatest discrepancy is found for the high
energy “C; state of NeuSAc where biased and unbiased estimates differ by ~2.5 kcal mol™

(Figure 4b).

Potentials of mean force. We next compare the conformational free energy profiles obtained
from msesMD simulation of sLe® with those computed via other biasing methods. Firstly, in
order to observe the rotational barrier along the F; — F4 transition, a 1-dimensional potential of
mean force was computed using umbrella sampling around the yr torsion angle of sLe?, ie. y of
the Fuca(1—4)GIcNAc. This involved computing 120 windows of 20 ns production dynamics
each. As expected, for this free energy profile, the closed form C is predicted as the lowest
energy conformation, occupying the F; well (Figure 5a). On this profile we also observe other
local minima: Fy3 (we group F, and F3 as they occupy similar positions along ) and F4. The Fy3
and F, wells have calculated free energies relative to F; of 3.2 and 2.8 kcal mol™ (Figure 5a).
The profile also indicates that direct transition of F; conformer to F, would encounter an
energetic barrier of 9.8 kcal mol™; this compares with barriers of 4.6 and 7.9 kcal mol™ for the
indirect route via F,3 intermediates; this indeed corresponds to the F; — F,4 route observed from

the triplicate 10 ps unbiased MD simulations.

The free energy profile constructed from the triplicate unbiased 10 ps simulations provides a

reasonable approximation of the wr torsional PMF (Figure 5a), although the relative stability of
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the Fy3 and F4 wells is predicted as close to degenerate. From the unbiased simulations, the F; —
Fus transition also appears to have a near negligible barrier height, approximately 2 kcal mol™
lower than the one predicted via umbrella sampling. The triplicate 1 us simulations unfortunately
fail to adequately sample the complete range of the y& coordinate, but otherwise agree with the
10 us simulations. Using msesMD simulation, the estimated free energy profile is similar to the
unbiased simulations, although the msesMD barrier heights for the Fy3 — F4 and F; — F;
transitions are in closer agreement with the PMF from umbrella sampling. Nevertheless, it is
noted that msesMD predicts the stability of the F4 region to be 0.7 kcal mol™ lower than the
umbrella sampling and unbiased MD values. As found in the unbiased simulations, the free
energy barrier for F; — Fy3 is predicted by msesMD to be minimal, much lower than found via
umbrella sampling. This discrepancy may be due to inadequate sampling of the @f rotation in the
1-D PMF, using windowing samples of only 20 ns that lead to an inaccurate description of the F;
— Fy3 transition path. In fact, inspection of the @y normalized average occupation density of
visited @y states reconstructed from all umbrella sampling windows shows that a lack of
sampling of the F, well is evident, with the path seeming to hop discontinuously from the F; to

F3 wells (Figure S2).

A second PMF profile was also calculated by umbrella sampling about the y rotation of the
GalpB(1—>3)GIcNAc glycosidic linkage (), in order to examine transitions between G wells.
The closed conformer C, occupying G;, is again predicted as the lowest energy state (Figure 5b).
The G, well is computed as 5.7 kcal mol™ above G; via the potential of mean force calculation.
Additionally, the profile indicates an energetic barrier of 10.3 kcal mol™ going from the G; to G,

wells directly, while the route which should involve the G,3 region shows a barrier of 12.6 kcal
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mol™ (Figure 5b). This would seem to indicate that the most appropriate route is a direct

transition from G; to G, rather than the alternative path via Gs.

The triplicate 10 us MD profile finds a defined G,/3 well 2.5 kcal mol™ above G;. The G4 well
stability is also increased relative to the umbrella sampling surface, becoming equienergetic with
Gys. The energetic barriers are also significantly lowered, with a value of 7.2 kcal mol™ for the
direct G; — G, transition, compared to 2.5 and 5.3 kcal mol™ via the indirect G; — Gyz — Gs
path. The msesMD free energy profile for yws shows agreement in overall shape with the
unbiased MD prediction, but differs in finding a decreased stability of G, by ~2 kcal mol™ and an
increase in energetic barrier for the direct and indirect G; — G, routes, by 2.0 and 2.7 kcal mol™
respectively. As discussed above, this discrepancy between the msesMD and unbiased MD
predictions is potentially due to a poor estimate of the G, population in the unbiased MD
simulation, arising from one of the replicate trajectories becoming kinetically trapped in the
higher energy G4 well for a disproportionate amount of time. The much larger overall differences
between msesMD and the umbrella sampling profile appear to be caused, as for y, by a lack of
sampling of the ¢ rotation. Although not as obvious as in the wg profile, there appears to be
incomplete sampling of the G3 region by the PMF, with the path consisting primarily of a

transition from G, — G4 (Figure S3).

The discrepancies seen in the umbrella sampling profiles of both wr and yc angles highlights
the limitation of using one-dimensional coordinates to describe complex systems such as
carbohydrates. The use of two-dimensional PMF profiles for carbohydrates would be preferred,

but are very computationally expensive, even for relatively small systems such as sLe®.
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Accelerated molecular dynamics. A third biasing approach, accelerated molecular dynamics
(aMD), was also employed for comparison. We report the free energy surface for sLe” in
explicitly modelled water, obtained using dual boost aMD. In this approach, a boost potential is
applied based on the total and dihedral potential energies of the system. To compare with the
eight msesMD replicas, we combine the results of eight independent 494 ns aMD simulations to
obtain the final free energy surfaces (Figure 3). The aMD simulations provide good coverage of
the Fuca(1—4)GIcNAc and GalB(1-3)GIcNAc glycosidic linkages, identifying all the main
wells, F1.4 and Gy.5, in addition to an high energy Fs well not seen in either unbiased MD or
msesMD simulations. However, as demonstrated by the wr and g time series (Figure S1), the

F, and G4 wells appear to be infrequently sampled.

In general, we note the somewhat flatter topology features of the reweighted aMD free energy
surfaces relative to msesMD and unbiased MD, which are particularly evident around the F;.3
and Gi.3 regions (Figure 3). This may be a reflection of the magnitude of the resultant aMD boost
energy, which has a mean and range of 4.9 and 24.2 kcal mol™ respectively; this compares to an
applied swarm energy for msesMD of mean 4.1 kcal mol™ and range 18.4 kcal mol™ (Figure S4).
The use of softer boost parameters for aMD did not result in sufficient transitions to the F4 and
G, regions (data not shown). Nonetheless, the free energy topology of the aMD simulations
broadly reflects that obtained from the unbiased triplicate 10 ps simulations and to a greater

degree, the msesMD simulations.

4.2. Evaluating closed and open conformational of sLe"

17



From the above comparison of biased and unbiased MD simulations, we conclude that
msesMD reproduces the key topological features of the sLe® conformational landscape; we next
apply msesMD alongside unbiased simulations to investigate the conformational flexibility of
sLe® and subsequently Le* and Le® In particular, we examine the ability of the sLe*
tetrasaccharide to adopt open conformational states in aqueous solution that may resemble the

previously reported lectin-bound pose.

Unbiased MD simulations. Firstly, we consider unbiased simulations of sLe* in solution.
Unlike sLe? triplicate 1 ps trajectories only sample closed conformations (Fi,G;), with no
sampling of neighboring F,.3 and G,.3 regions (Figure 6). The longer 10 us simulations explore
non-closed minima of sLe*, in the F,.3 and G,.3 regions, in addition to some infrequent sampling
of the Gs region (Figure 6). However, the F, and G4 minima, which tend to be associated with

the open protein-bound conformations of the tetrasaccharide,**

are not sampled, perhaps
suggesting that sLe* may be more rigid in solution than sLe®. This potential rigidity is consistent
with previous 25 ps simulations of sLe*, which similarly did not appear to detect such

conformations.™ As for sLe?, the NeuSAca(2—>3)Gal rotation in sLe* is readily sampled (Figure

6).

On computing pucker free energy profiles, we find that for the GIcNAc ring in sLe, the
triplicate 10 ps simulations sample the complete “C;-to-'C, pucker transition (Figure 7a); by
contrast, the triplicate 1 ps simulations fail to sample the 'C4 pucker. Given that the 1 us
simulations do not sample any non-closed conformations, this difference in sampling of pucker

appears to support the hypothesis of Topin et al.* that GIcNAc ring puckering is important to the
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exploration of open conformational states. This is further indicated by a shift in the ring pucker
states when moving along the structural path from closed (F;,G;) to the F, and G, wells (Figure
S5). The GIcNAc ring primarily occupies a “C; pucker (6 ~ 10°) when in the closed (F1,G.) state;
this changes to a mixture of boat/skew-boat and 'C, puckers in the F, and/or G, states (Figure
S5). As for sLe® simulations, access to the F, and G, wells is the primary route to open
conformations, thus supporting the theory that changes in the GICNAc ring pucker are necessary
to achieve such events. For the remaining residues, in contrast to the 10 us simulations, the
triplicate 1 us MD trajectories do not sample the boat/skew-boat puckers of the fucose and

galactose rings, or the “C, pucker of Neu5Ac (Figure 7b-d).

msesMD simulation. As for sLe?, the 245 ns msesMD simulations of sLe” in solution display
greater similarity to the triplicate 10 us rather than 1 us unbiased MD simulations, with extensive
sampling of the F;.3 and Gj.35 regions (Figure 6). Significantly, F4, and G4 minima are also
identified by msesMD. Interestingly the F; and G, torsional values from msesMD agree well
with those of the RSL-bound sLe* X-ray conformer. For the latter, ¢, values of (-70°,150°) and
(-70°,-120°) are determined for the Fuca(1—3)GIcNAc and GalB(1—4)GIcNAc linkages
respectively.! By clustering the msesMD trajectories, a structure closely matching the RSL-
bound conformer was identified (Figure 2d). It should be noted that whilst this lectin-like
conformer was identified within the top 10 most occupied clusters upon reweighting, the cluster
was low in population, with an estimated relative free energy of 5.5 kcal mol™ above the closed
state. This rare conformation could have been overlooked if fewer clusters had been examined
and thus highlights the importance of considering relatively low occupation conformations in

identifying important glycan shapes.
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Regarding the ring puckering in sLe*, we find that for its GIcNAc residue, the complete *C;-to-
'C, landscape is sampled by msesMD simulation (Figure 7a), which is broadly similar to the
triplicate 10 ps unbiased MD simulations. For the other pyranose rings, msesMD generally traces
more complete free energy profiles than the triplicate 1 us MD simulations, but differs from the

triplicate 10 us simulations in estimates of the higher energy conformers (Figure 7b-d).

4.3. Effect of sialylation on conformation

Finally, we calculate the effect of sialylation of Le* and Le* on their closed/open equilibria in
solution. Unbiased triplicate 10 us molecular dynamics in aqueous solution of Le* (Figure 8a)
indicate a broadly similar pattern of sampling to the corresponding triplicate 10 us trajectories of
sLe® (Figure 3). We note two small differences in the topologies of the free energy surface for
glycosidic linkage Galp(1-3)GIcNAc: first the detection of an additional well, termed Gs, which
is not observed in the unbiased sLe® simulations, although found in the enhanced sampling
simulations of sLe? secondly, the Gz region appears to be more favored in simulations of Le®.
Furthermore, the F, and G, well stabilities differ slightly with the relative free energy estimates

in Le® being 0.9 and 0.6 kcal mol™ less stable than for sLe® (Figures 3 and 8).

Using msesMD, the Fuca(1—4)GIcNAc free energy surfaces for both Le* (Figure 8a) and sLe?
(Figure 3) are near identical with similar well depths for all major regions. However, differences
of over 1 kcal mol™ are seen in the reweighted Galp(1-3)GIcNAC surfaces. Interestingly, unlike
the unbiased MD simulations, the msesMD results estimate the F, and G4 wells to be more stable

in Le? rather than sLe® by an average of 0.5 and 1.2 kcal mol™ respectively. We note that errors
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in msesMD free energy estimates, the errors calculated via bootstrap sampling are generally

within £ 0.25 kcal mol™ (Supplementary Figure S7).

Turning to consider simulation of Le* in solution, similarly to Le® analysis of the unbiased
MD simulations appears to show that sialylation has a small impact on the conformer ensemble.
The triplicate 10 us MD simulations of Le* (Figure 8b) sample the same Fy.3 and G35 torsional
wells identified in the sLe* simulations (Figure 6), albeit with a slightly lower occupancy of the
Gs region. Whilst our unbiased MD simulations did not sample F, and G4 regions, crucial to
adopting the observed RSL-bound conformations® of Le* and sLe*, msesMD simulations were
able to find several such conformers (Figure 8b). Cluster analysis of the msesMD trajectories
identified conformations which correspond to the bound crystal open poses (Figure 2e-g).
Comparing the relative free energy profiles for Le* and sLe* generated by msesMD (Figure 8b),
sialylation appears to impact the stability of the F, and G, conformers, with an estimated 0.9 and
0.7 kcal mol™ average decrease in stability respectively going from Le* to sLe* (Figure 6 and
8b). Interestingly, as discussed above, the msesMD simulations for Le* and sLe® also predict a
decrease in stability for the F, and G4 wells upon sialylation. This may indicate that sialylation
stiffens the Fuc-GIcNAc and Gal-GIcNAc linkages, preventing the large ~ 140-200° flips in the

w angle associated with these two wells.

5. Conclusions

In this study, we have detailed the propensity of Lewis blood sugar antigens to adopt closed
and open conformations using unbiased and enhanced sampling molecular dynamics methods.

We find that 245 ns msesMD simulations of sLe? using a swarm of eight simulation replicas,
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reproduces key features of triplicate 10 us unbiased trajectories: the topological features of the
glycosidic linkage free energy surfaces in general agree well; the extent of ring puckering of the

key central GICNAC ring is also in good agreement.

The msesMD trajectories yield free energy profiles along y, the torsion angle most diagnostic
of open and closed conformations, in closer accord with the profile from triplicate 10 us
simulations than that calculated via umbrella sampling. The latter appears to experience limited
sampling due to the 20 ns windows employed. Furthermore, msesMD simulations identify a new
Gs well for sLe* which is absent from the triplicate 10 ps simulations, but features in aMD
simulations of sLe* and unbiased MD calculations of Le® (Figures 3 and 8a). Differences in the
stability of sLe® conformers as calculated by unbiased MD and msesMD are found, particularly
for the G4 well, and appear to arise from limited sampling in the unbiased MD simulations.
Overall, these outcomes highlight the need for even longer unbiased MD simulation lengths in

order to exhaustively sample the conformational space of sLe®.

Application of msesMD simulation to four Lewis oligosaccharides in solution predicts that the
closed form is the lowest energy conformer, comprising populations of 93%, 89%, 92% and 97%
for Le®, Le*, sLe® and sLe” respectively. This agrees with the ubiquity of closed forms in both
free and bound structures observed from X-ray spectroscopy (Figures 6 and 8a,b). Several
clearly defined energy minima were identified on the torsional landscapes of the Gal-GIcNAc
and Fuc-GIcNAc glycosidic linkages, corresponding to a large ensemble of non-closed
conformational states. These minima have a range of stabilities, with those closer to the main

closed (F; and G;) wells, e.g. Goj3 and Fas, lying within 1-2 kcal mol™ of the closed form; and
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then more distant wells, e.g. Gs and Fs, potentially reaching over 5 kcal mol™. Access to the
different open forms is achieved via transition paths which frequently require initial access to the
G; and F, states. As demonstrated for sLe*, this appears to be mediated by a shift in the GIcNAc
pucker, from “C; to either boat/skew-boat or *C4. This agrees with previous proposals' that

puckering of the GIcNAc ring can facilitate closed-to-open transitions.

Access to the G4 and F4 regions, via a >150° transition in glycosidic torsion space from the
closed regions, is crucial to formation of the RSL-bound geometries of Le* and sLe*. Analysis of
the msesMD simulations appears to show these open conformer regions as slightly more stable
when sialylation is absent. The msesMD simulations of Le®/sLe® suggest a similar behavior may
also be true for these two systems too, albeit possibly to a lesser extent, especially considering
the lack of agreement with the unbiased MD simulations. Interestingly, the Ky has been
measured for the binding of a Le* tetrasaccharide and sLe* pentasaccharide to RSL by Topin et
al.! These sugars have the primary structure GalB(1—4)(Fuco(1—3))GIcNAcB(1—3)Gal and
NeuS5Aca(2—3)GalB(1—-4) (Fuco(1—3))GIcNACB(1—3)Gal respectively, differing from Le*
and sLe® in possessing an extra galactose residue distal to the sialylation site. The Ky of Le*
tetrasaccharide was found to be approximately half that of sLe* pentasaccharide, at 26 and 58
uM respectively, and could support the proposed higher energy of the bound pose on sialylation.
From msesMD simulations, we also note that higher energy conformers closely matching the
RSL-bound crystal poses were found (Figure 2e-g). This reflects the induced fit nature of
protein-ligand binding, where rare higher energy conformational states are stabilized by

interactions with protein side chains.

23



In this study, we find that msesMD constitutes a potentially useful tool in overcoming energy
barriers to sample rare minima that are usually accessed at very long timescales. The msesMD
method reasonably reproduces free energy surfaces obtained by multi-microsecond unbiased MD
simulations and is approximately five times faster in achieving this, acquiring 245 ns in 5 days,
relative to the 25 days required to generate 10 us MD simulations using hydrogen mass
repartitioning; this is obtained using four Infiniband connected 24 core Haswell E5-2680 nodes
(msesMD) and three Nvidia K20 GPU nodes (unbiased MD). It is noted that without the use of
HMR, the unbiased simulations would have doubled the calculation time. Indeed one could
envisage the use of msesMD in tandem with HMR in order to further lower simulation times.
While a priori knowledge of possible boost coordinates is required when using msesMD, the use
of glycosidic torsions, as previously noted by similar locally biased methods,> seems to be
appropriate. The form of the biasing potential used here appears to be effective for these
carbohydrates, only introducing a slight amount of noise as seen in free energy profiles sLe® and
sLe® when the number of boosted dihedrals increases (Figures 3 and 6). In conclusion, the
msesMD method appears well suited as an intuitive efficient tool for the exploration of
oligosaccharides and other similarly sized systems, providing important physical insights into

solution conformations for understanding of function and potential design of ligands.
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Supporting Information. Structural analyses of Lewis oligosaccharides from

crystallographic data; structural, energetic and error analyses of MD simulations. This material is

available free of charge via the Internet at http://pubs.acs.org.
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Figure captions

Figure 1. The six major Lewis oligosaccharides (a) Le®, (b) sL¢?, (¢) Le®, (d) Le*, (e) sLe* and

(f) Le’. For sLe®, yr and yg angles in sLe®, indicated in red and blue respectively.

Figure 2. (a) Closed conformation of Le"; (b) example T-shaped open conformer of sLe”; (¢)
hydrogen bond stabilized F4/G4 conformer of sLe” (distance in A). Note: for a-¢ Fuc is labelled
in red, Gal in blue and GIcNAc by atom type. (d) Overlap of 5SAJC sLe* RSL bound pose
(colored by atom type) with clustered conformation from msesMD (blue). (e-g) Overlaps of the
5AJC RSL bound Le* conformations,' superimposing the core ring atoms of the crystal (colored
by atom type), with selected cluster centroid conformations generated via msesMD (blue). These
crystal structures correspond to the notation of Topin et al.' as (e) Open I (f) Open II and (g)

Open I1I.

Figure 3. Free energy surfaces (in kcal mol™) of the ¢y glycosidic torsions (degrees) of sLe*

computed via MD, msesMD and aMD

Figure 4. Cremer-Pople 0 puckering free energy profiles of sLe® (in kcal mol™) as calculated by
triplicate 1 and 10 ps MD and msesMD for the four saccharide rings (a) GlcNAc, (b) NeuSAc,

(¢) Gal, and (d) Fuc.

Figure 5. (a) PMF of yr rotation as calculated by umbrella sampling, msesMD and unbiased

MD. b) PMF of yg rotation as calculated by umbrella sampling, msesMD and unbiased MD.

Figure 6. Free energy surfaces (in kcal mol™) of the ¢y glycosidic torsions (degrees) of sLe*
computed via MD, msesMD and aMD. X-ray crystal positions are indicated on the triplicate 1 ps

profile.
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Figure 7. Cremer-Pople 6 puckering profiles of sLe™ as calculated by triplicate 1 and 10 ps MD

and msesMD for the four saccharide rings, (a) GIcNAc, (b) NeuSAc, (¢) Gal, and (d) Fuc.

Figure 8. (a) Free energy surfaces (in kcal mol™) of the ¢y glycosidic torsions (degrees) of (a)
Le® and (b) Le* generated via each method with different regions labelled accordingly, z-axis in

kcal mol ™. X-ray crystal positions are indicated on the triplicate 1 ps profile.

32



HO
o d
Fuc o
OH
OH GlcNACc
OH o o
OH
o] o]
HO HN
Gal +o 7//
(o]
HO
HO
Fuc oH e
(o]
OH
o | VT GlcNAC
0, OH OH o o
Ho Neu5Ac o o oH
(o] HN

HO
OH
Fuc O
OH
OH GlcNAc
OH o o
o 0 OH
HO HN
Gal o . 7/
o]
OH
© Fuc
OH

33

HO,

o]

HO e
H

OH

o] OH

N

&/ &:‘TIAC
HO
Neu5Ac ? 2 /i\
"o Fuc

OH oH
Fuc
N
CH OH
& " GlcNACc
o]
HO o 4 OH
[e]

Gal HO

OH

OH
° Fuc
OH



HO OH OH
d on b OH GlcNAC
Fuc o
Gal o °
OH o OH
OH GlcNAc HO.
OH
o] o}
HO HN ngcm o
Gal +o 7/ Fuc HO
OH
o]
e HO
c Fuc o d
0 HO OH

HO e
H
N

&/ ﬂwm

we ™ \“/ HO
¢ 7/ ©  NeuSAc
I g
&io Fuc

- L= Y
g» ?/FG.
S

34



35



3x10 pus MD msesMD aMD

3x1pus MD

Ema——— N Ema——— [N e
8 2 2
T 2 T L 2
o ° °
8 8 |
2 2 2
2 2 2
° ° °
a a a
@ @ @
o s o
g L] g
e o e
L E L 2 2
e o o o 4 ’
8 3 8 8
° @ @ ° - ~ °
[E—— N o [E—— N
8 8 8
2 & T T o 2
,
° ° o
48 + 8 8
S L ° °
s o
8 8
2 g
e ° ° o o ™ e 0 s o ° o o
2 8 g 8 2 2 2 2 2
a8 2 2 8 2
® © < ~ ° @
[E——— [N [E—— N
2 8
: T T 2 g
° o
- 48 + ]
Lo - Je L °
w
~N <t
|
° °
1sg Ik 3
o
| I 8 g
8 8 @ 8 8 8 8 8 ° -4 8
2 ? 2 2 2 3 2
® © < ~ ° ® © < ~ ° ® © < ~ °
Cree— Cree— [ —
T T T 2 T T 2 T T T
° o
L 1s U 3 L
-
T 4o I ° —
o~ .
w -
& ° '
5 2 s e
M
(TN o
. ) 3 . .9 8 . ) .
e ° 0 ° g ™ s °
g s s 8§ g s 8 8§ 8§ s 8

OYN2ID (y<T)0oNn4

YNIID (< T)dIeD

Ie9 (£2)poysnanN

36



AA (kcal mol™")

AA (kcal mol'")

GlcNAc NeuSAc
T T T ._O T T T T
msesMD » N . msesMD e
. 30ps e . . 30ps ©
o 3ps o sk _.-;9..-.:-...... s o |
: w LI -
: Q . o
E v = - LS -
v < 4
L g <
,.1.. 2 .;.l _
..l.. ﬂ....l
LI ! ! ! I L 0 ! L I 1 L e
30 60 90 120 150 180 o] 30 60 80 120 150 180
© (degrees) 8 (degrees)

4C, =E/HC =B/SB =E/MHC =1C, d ‘C, =E/MHC =B/SB =E/MHC =1C,

Gal Fuc
T R T T ._O T T . T T T
msesMD e msesMD e
.. : 30Us = - 30us @
L o " . . 3pus ¢ | g O ..,,o:ﬁ . . 3ps o _|
R - . B A .
”..l - ..J.
L e 1 8 gL . |
-t m ..
n © !
s £ 4L i
< 4 3
s <
.
L .‘ | 2 -
‘.... Ir...
8. ..o ! 1 ! 0 ! 1 ! 1 ! L)
0 30 60 90 120 150 180 0 30 60 90 120 150 180
O (degrees)

© (degrees)

37



AA (kcal mol'!

AA (kcal mol™)

sLe? yr angle free energy surface

10 . |
e Umbrella Sampling
' = msesMD e

8 30 us MD o —
[ ]

3 us MD

]

-180 -120 -60 0 60 120 180
WYr (degrees)
sLe? yg angle free energy surface
16 | | T
e Umbrella Sampling
14 — e msesMD -
® 30 us MD
12 ® 3us MD
10
8
6
4
2
0
-180 -120 -60 0 60 120 180

We (degrees)

38



3x10 ps MD msesMD

3x1pusMD

180

90

-180

180

90

-90

-180

OVYN2I9 (£ T)02Nn4

@ o - ~ o @ o < ~ o
Y
T T T 2
sl
O =
B 43
el - ‘
Y w G4 4
. 18
el
' L g
i
8 8 L 8 8 8 8 2 8 8
] - 2 ] 2

=3 = ° =3 o =3 b=3
8 8 8 8 8 8 8
£ g E: E g
® © - ~ °
I
T T T 2
°
L J B
Ll
-0 >
o
= =
! L L g
2
8 8 ° 8 8
~ o

SYNII9 (P4 T)dIeo

|e9 (g4g)ooysnaN

39



AA (keal mol™)

AA (kcal mol™")

GlcNAc

msesMD o
30 s o
3ps

0 (degrees)

.. .8 | I I 1 1
30 60 90 120 150 180
8 (degrees)
4C, =E/HC =B/SB =E/HC =1C,
Gal
T R T T T
» msesMD e
. 30us e
L 3ps o |
LY
.
= ‘.. -
- 4.~”.. ‘
L E i
..,'ru
[] Q | | 1 1 1
0 30 60 90 120 150 180

AA (kcal mol'™")

AA (kcal mol™)

Neu5SAc
T T T T T
msesMD e
30ps @
L ..o 3pus o _|
”,.‘!. oti..o..
[ ‘.-. o ; . N
. o-Vog ,.-,
L o |
I I I 1 L e
0 30 60 90 120 150 180
6 (degrees)
4C, =E/HC =B/SB =E/HC =1C,
Fuc
T T T T T
: msesMD =
30Us ®
| . .n PR SR aps o |
.
) . | | ) L)
0 30 60 90 120 150 180
© (degrees)



~~
Q
—

Fuca(1->4) GIcNAc

B(1-3) GIcNACc

~—~ Gal
(@)
—r

Fuca(1->3) GIcNAc

GalB(1->4) GIcNAc

180

90

-90

-180

180

90

T T
Fy
F
- I
-180 -90 0 90
= T T

180

90

-90

-180

3x1pus MD

-180

180

90

-90

-180

-180

-90 0 90

180

180

20

-180
-180 -90

180

920

-90

-180

[

G;

Gl‘

G,

180 -90 0 90
== T T
' G,

G, ~
0

90

3 x 10 ps MD

180

T T T
1
90 180
T
G;
| 1 1
-180 -90 0 90 180

41

180

180

-180

180

-180

180

-180

'G3 G]. y|
.
GZ !
-180 -90 0 90
msesMD
L ' F4 i
'F3 1 A
F) 1 1
-180 -90 0 90
Gl G5 |
2
¥, _
-180 -90‘ 0 90

msesMD

T T

Fi

Fa

‘4

i

180

180



