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O-Acetyl migration within the sialic acid side chain: a
mechanistic study by the ab initio nanoreactor

Lisa Ohl, Yang Ji2, Wanging Lil, Ajit Varki2, Xi Chen?, Lee-Ping Wangl"
1Department of Chemistry, University of California, Davis, California, 95616, USA.

2Glycobiology Research and Training Center, Departments of Medicine and Cellular and
Molecular Medicine, University of California, San Diego, California, 92093, USA.

Abstract

Many disease-causing viruses target sialic acids on the surface of host cells. Some viruses bind
preferentially to sialic acids with O-acetyl modification at the hydroxyl group of C7, C8, or C9

on the glycerol-like side chain. Binding studies of proteins to sialosides containing O-acetylated
sialic acids are crucial in understanding the related diseases, but experimentally difficult due to the
lability of the ester group. We recently showed that O-acetyl migration among hydroxy! groups of
C7, C8, and C9 in sialic acids occurs in all directions in a pH-dependent manner. In the current
study, we elucidate a full mechanistic pathway for the migration of O-acetyl between C7, C8,

and C9. We used the ab /nitio nanoreactor to explore potential reaction pathways, as well as
density functional theory, pK, calculations, and umbrella sampling to investigate elementary steps
of interest. We found that when a base is present, migration is easy in any direction and involves
three key steps: deprotonation of the hydroxyl group, cyclization between the two carbons, and
the migration of the O-acetyl group. This dynamic equilibrium may play a defensive role against
pathogens that evolve to gain entry to the cell by binding selectively to one acetylation state.

Graphical Abstract

*Address correspondence to: leeping@ucdavis.edu.

Supporting Information: Video of the full computed migration mechanism, reaction free energies and barriers for select migration
steps without deprotonation, full migration pathway and free energies, torsional energy profile select glycerol rotation steps, umbrella
sampling results for each cyclization/ O-acetyl migration step.
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Background

The sialic acid family includes more than 50 forms that are derived from the 9-carbon
backbone monosaccharides neuraminic acid and 2-keto-3-deoxy-nononic acid (Kdn).
Among these forms, A-acetylneuraminic acid (Neu5SAc) is most common?!. Many disease-
causing viruses target sialic acids (Sias) with specific O-acetyl (OAc) modifications. In one
example, betacoronavirus OC43 and HKUI are known to bind to 9-O-acetylated Sias?-3,
the most common Sia O-acetyl modification found in nature. In our recent article, we

noted the preferential binding of SARS-CoV-2 S protein to an immobilized acetyl group at
the C9-OH of a Sialyl Lewis x antigen by using an N-acetyl group analog NeuSAcONAc
which is resistant to migration over its O-acetyl counterpart Neu5,9Ac,%. More recently,
multivalent 9- O-acetylated-sialic acid glycoclusters were reported as potent inhibitors for
SARS-CoV-2 infection®. While it is important to understand the mechanisms of OAc-Sia
binding that cause the diseases, many are unknown due to experimental difficulties from O-
acetyl ester instability. O-Acetylated Sias are sensitive to pH, temperature, and esterases®-8.
Additionally, the C-acetyl group is prone to spontaneously migrate across the exocyclic
glycerol-like Sia side-chain. This makes it very difficult to study glycan-protein binding
using microarrays, as the expected O-acetyl group on the glycan may be cleaved or have
migrated. In our recent study, we showed a pH-dependent Sia O-acetyl migration in all
directions among the C9, C8, and C7 positions, to form Neu5,9Ac,, Neu5,8Ac,, and
Neu5,7Ac,, respectively (Fig. 1)7.
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In this study, we probe the molecular details of this migration using density functional
theory (DFT). There are many ways to computationally investigate mechanisms that involve
finding critical points on the molecular potential energy surface, namely energy-minimized
reactant, product, and intuitively-driven intermediate structures, and the transition states
connecting them via minimum energy pathways. Although conventional approaches to
optimize transition states may connect the target reactant/product combination, success

is highly dependent on user input and intuition. To overcome this, several approaches

have been developed for automated reaction discovery®-18. Some methods include the

use of semiempirical or fully ab /nitio molecular dynamics (MD) simulations, which

can predict mechanisms independent of pre-existing information about the reaction or
heuristic reactivity rules!®. The nanoreactor is an ab initio molecular dynamics (AIMD)-
based method specialized to induce a large number of reactions in a small amount of
simulation time by increasing reactivity through elevated temperature and spherically
symmetric compressions that oscillate in timel0-12.20, The nanoreactor trajectories contain
many reaction events that are automatically refined to individual mechanistic steps, where a
single transition state connects each reactant/product structure pair.

We used the nanoreactor to generate mechanistic guesses, followed by a combination of
automated and manual energy refinement to obtain minimum energy paths of O-acetyl group
migration10:12, We then tested the feasibility of our proposed mechanism under experimental
conditions by computing pK; values of ionizable groups on the Sia glycerol chain, and

free energy profiles of key bond dissociation steps using umbrella sampling simulations.

We propose that an initial deprotonation step enables the O-acetyl group to form a cyclic
intermediate, followed by migration with low activation barriers between the C9-, C8-, and
C7-hydroxyl groups of Neu5Ac.

The nanoreactor is a specially modified AIMD simulation with the primary goal of inducing
reaction events on a short simulation time scale, achieved by means of a time-oscillating
boundary potential that generates high-energy molecular collisions. The initial conditions
consisted of one Sia molecule (either Neu5,7Ac, or Neu5,9Ac,), a-anomer, surrounded

by 12 water molecules randomly placed within a 5.8 A and 5.4 A sphere, respectively,

using Packmol software, 2! followed by energy minimization. Although 12 explicit water
molecules is not enough to fully solvate the Sia molecule, we found that it was sufficient

to observe a range of solute-solvent reactivity, such as solvent-mediated proton transfer,
without significantly increasing computational time. The level of theory for the nanoreactor
simulations was B3LYP with a DFT-D3 dispersion correction, 3-21G Gaussian basis set,
and SWIG-PCM polarizable continuum model of the aqueous reaction medium (e=78.4),
denoted as B3LYP-D3/3-21G/PCM. Implicit solvent provided an approximate description of
bulk solvation beyond the explicit water molecules, which was needed to stabilize charged
intermediate species. The relatively small 3-21G basis set was used in the nanoreactor
simulations to mitigate the high computational cost of AIMD without unduly sacrificing

the approximate accuracy needed for reaction discovery; even with the chosen small basis
set, individual simulations were limited to a few ps in length. Calculations were performed
using the TeraChem quantum chemistry software22-28 running on servers with an Intel Xeon
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CPU / Nvidia GPU (either E5-2630 v3 CPU / GTX 980 Ti GPU or E5-2637 v4 CPU / GTX
1080 Ti GPU).

Reaction events are induced by a time-dependent restraint potential in equation (1), where
mis the atomic mass, /2, and /2, are radius parameters, and k; and & are force constants
divided by atomic mass. The restraint is a flat-bottomed harmonic potential with time-
dependent parameters:

m 2 r— R(T) if r > R(I)
V(r,t) = =k(t)p(t)"; = .
(r.1) 2 Dp(e) - p 0 otherwise
ky, Ry if t mod(t; + 1) < 1 @

k(t), R(t) = .
(1), R(1) ko, Ry otherwise

where the values of Rand koscillate in a square wave pattern, and are equal to (Ry, 1)
for period £ and (/,, k) for period &. Generally, /7, > R, and during the period £ the
molecules are free to move within a spherical volume of radius /; with no restraint force.
When the radius decreases from R; to /5, atoms beyond A, are accelerated inward, with
the mass-proportional spring constant ensuring near-uniform acceleration of atoms within
a molecule. Reaction events are initiated from high velocity collisions of reactants, which
generally occur within the smaller spherical volume of radius /.

Simulations used a time step of 0.5 fs with a Langevin thermostat set to 1000 — 2000 K, and
a friction coefficient of 3.3 ps~L. Other simulation parameters were varied as we searched

for the optimal combinations that yielded chemically reasonable reactivity within 2 ps of
simulation time. At 2000 K, decarboxylation was observed to occur spontaneously, whereas
temperatures between 1000-1500 K were optimal for relevant reaction exploration. The
initial boundary radius (/;) and second boundary radius (/) were chosen to be ~1.5-2x and
~0.8x that of the smallest initial radius used in Packmol. Reactivity can be further tuned by
adjustment of the /A, parameter, where smaller values of A, result in higher-energy collisions
and greater frequency of generated reactivity, although the reaction pathways found in this
way tended to have higher activation energies after refinement. For example, some of our
simulations used a combination of the following parameters: T = 1500 K, R4 =12.0 A, k1 =
1.0 kcal mol™* A=2uy71, £, = 1000 fs, R, = 4.4 A, k» = 0.5 kcal molt A=2u~1 and % = 500
fs.

The reaction events observed in the nanoreactor trajectory underwent an energy
refinement procedure to produce optimized transition states and corresponding reactant/
product structures. The refinement calculations used the wB97X-D3/TZVP/PCM level of
theory2%-31, which is more accurate (and more costly) compared to what was used for the
nanoreactor simulations. Initial transition state guesses were optimized using the nudged
elastic band (NEB) method32:33 implemented in a development version of the geomeTRIC
optimization software34 that calls the TeraChem software3%:36 for energy and gradient
evaluations. The transition state optimizations were performed in Q-Chem3’. A frequency
calculation was used to confirm the presence of a single imaginary mode in the optimized
transition state, and an intrinsic reaction coordinate (IRC) calculation was then performed to
connect the optimized transition state with reactant to product structures.

Biochemistry. Author manuscript; available in PMC 2022 October 23.
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Torsional energy profiles were computed for a few minor intermediate steps, for the purpose
of matching each geometric endpoint between elementary steps. More specifically, for a
few glycerol rotation steps that were unable to optimize to single transition states, torsional
energy profiles were computed by scanning relevant dihedrals by ~3° per step using a
development version of the geomeTRIC optimization software3* at the ©B97X-D3/TZVP
level of theory. This was done to maintain maximal consistency between each intermediate
within the reaction pathway.

The pK, values for two conformers of each glycerol ionizable group on Neu5,9Ac;,
Neu5,8Ac, or Neu5,7Ac, resulting in twelve acid/conjugate base pairs, were computed
according to the following equation.38:39

@

K. = AAG _ AGbase+H+_ AGacid
PRa= 5303 %T ~ 2303 kT

Ten acid/conjugate base pairs were used to compute pKa values for NeuSAc, starting from
the above structures and replacing the acetyl group with hydroxyl. Additionally, to compare
our results to experimental values, we used four acid/conjugate base pairs to compute the
pKas of the primary and secondary alcohols of glycerol, based on the Neu5Ac structures.

In the pKa calculations, the Sia (or glycerol) ionizable group was modeled by adding seven
explicit water molecules which forms a cubic hydrogen bonded configuration together with
the ionizable group, based on the precedence that inclusion of three waters can reduce the
mean squared error between theory and experiment for a set of set of 72 organic compounds
from around 8 to 1 pKau, depending on the DFT functional.3%-4! In the conjugate base
structure, three water molecules are positioned in a H-bond donor orientation, whereas for
the acid, one of the H-bonding protons on water was rotated away, thereby maintaining

a consistent number of H-bonds and maximal geometric consistency per acid/conjugate
base pair.3° The resulting structure was optimized at the wB97X-D3/TZVP/PCM level of
theory. Our choice of a cubic hydrogen bonded solvent configuration maximizes the number
of hydrogen bonds for each water molecule in the cluster and minimizes the formation

of additional hydrogen bonds to the solute that could detract from accuracy. Frequency
analyses for vibrational contributions to free energies were calculated at the same level of
theory at 298.15 K, while electronic energy of the optimized structure was calculated using
the larger def2-TZVP-f basis set. In our pK, calculations, we used the free energy value

of 11.803 eV*2 for a proton at pH = 0. Figures 2a and 2b show the optimized acid and
conjugate base structures, and Figure 2c is an overlay of the water molecule structures to
show the similarity in the H-bonding patterns.

Free energy profiles for cyclized bond-dissociation steps were computed from umbrella
sampling simulations and using the plumed?2 plugin in Terachem at B3LYP/6-31G*/PCM
level of theory with a harmonic spring constant of 0.50 hartree/bohr2, and Langevin
thermostat set to 298.15 K. Seven explicit water molecules were placed around the oxide
and near the dissociating bond to improve the description of solvation. Simulations of 5
ps in length were run with bond distances set from 2.60 bohr to 4.50 bohr (1.38 A -

2.38 A) in increments of 0.10 bohr (0.05 A), where larger distances resulted in unrealistic

Biochemistry. Author manuscript; available in PMC 2022 October 23.
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multi-bond cleavage within the Sia. Simulations within these distances were excluded when
unusual reactivity and multi-bond cleavage occurred over the desired bond dissociation. Free
energy profiles were generated from the last 4 ps of simulation data, using the Grossfield
implementation of WHAM, version 2.0.10%4, with 17-20 windows (depending on relevant
simulations), from 2.6025 bohr to 4.5975 bohr at 298.15 K, and with Monte Carlo bootstrap
error analysis with 2000 iterations*44°,

Results and Discussion

We initially looked for the migration from Neu5,9Ac, to Neu5,7Ac, through an
intramolecular cyclization step, similar to a mechanism proposed for acetyl migration in
lysophospholipids,*8 but found this to be energetically prohibitive with barriers of ~50
kcal/mol (Fig. S1). Following this, we carried out nanoreactor simulations to explore O-
acetyl reactivity using Neu5,9Ac, and Neu5,7Ac, as key reactants, and observed many
proton transfer events between water and the glycerol hydroxyl groups (C7-OH, C8-OH,

or C9-OH), de- C-acetylation, and HO™ addition to the O-acetyl group. After energy
refinement, we found that most reactions that started from deprotonated species had low free
energy barriers of less than 15 kcal/mol, (Fig. S2). This is consistent with experimentally
observed trends of increasing C-acetyl migration with higher pH.4” Based on this reactivity,
we explored O-acetyl migration steps involving deprotonation by HO™.

Our calculations indicate the migration of the acetyl group on Neu5,9Ac,, Neu5,8Ac,

or Neu5,7Ac; likely proceeds via a mechanism involving deprotonation, cyclization,
followed by ring opening, subsequently resulting in migration, similar to a recently reported
mechanism for acetyl migration within pyranosides (Fig. 3).48 When base is present,
deprotonation of a glycerol hydroxyl group is facile, with reaction barriers under 5 kcal/mol.
This is hypothesized to be the first step in the acetyl migration pathway (Fig. 4a,b,c). After
deprotonation of Neu5,9Ac, C70H (1), the resultant oxide (2) is a nucleophile that attacks
the carbonyl carbon of the acetyl group and forms a cyclic intermediate with the carbonyl
carbon adopting a tetrahedral geometry (3, 7, 11) (Fig. 4d,e,f). This cyclic intermediate
then ring-opens to result in an oxide at the previously C-acetyl-substituted carbon and the
migrated acetyl group. Within this process, the oxygen atoms directly bonded to C7, C8
and C9 remain in place, and only the C(=O)CH3 atoms migrate. Re-protonation by water
results in Neu5,9Ac,, Neu5,8Ac, or Neu5,7Ac; (1, 9, 5). Further migrations repeat the
previous steps of deprotonation, cyclization, migration, and re-protonation. In addition to
these chemical steps, some conformational differences were observed within an intermediate
(e.g. the product structure of 1 — 2 and the reactant structure of 2 — 3) which required
further calculations to determine the free energy barrier of the conformational changes.
Figure 2 indicates a single highest barrier for a given step (deprotonation, cyclization, or
migration) in the direction of Neu5,9Ac, to Neu5,7Ac, to Neu5,8Ac; (see Fig. S3 for

full pathway), including any conformational changes. For example, in order to cyclize 2

to 3, three rotations of glycerol O-H groups and C-C torsions are required to prepare the
acetyl group for nucleophilic attack. Our calculations require the presence of a HO™ anion,
consistent with experiments that G-acetyl migration has a tendency to occur at higher pH
values.

Biochemistry. Author manuscript; available in PMC 2022 October 23.
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While the base-catalyzed migration between Neu5,9Ac, and Neu5,7Ac; via the 6-membered
cyclic intermediate (3) has the lowest free energy barriers (< 9 kcal/mol for each step),

the transition state energies for the migrations between Neu5,9Ac, and Neu5,8Ac,, or
Neu5,7Ac;, and Neu5,8Ac,, are also low (< 15 kcal/mol). The largest barriers in the
migration route from Neu5,9Ac, to Neu5,7Ac, to Neu5,8Ac, route is 12.7 kcal/mol for
glycerol rotations of 10 (or, 10’ after deprotonation of 9, to 10) to geometrically pre-
organize for the cyclization step in the O-acetyl migration from C8-OH to C9-OH (11). The
reverse direction maximum barrier is 14.2 kcal/mol, for the 8 to 7 glycerol rotations needed
for the cyclization step to migrate the O-acetyl from C8-OH to C7-OH. Excepting these two
glycerol rotation barriers, the maximum barrier in this migration cycle is ~11 kcal/mol in
either direction. Additionally, relative free energy differences of Neu5,8Ac, (+0.7 kcal/mol
vs. Neu5,9Acy) and Neu5,7Ac, (-0.6 kcal/mol vs. Neu5,9Ac,), calculated for structures 1,
5, and 9, are small and within the margin of error of our calculations. While Neu5,7Ac; is
slightly lower in free energy than Neu5,9Ac,, this may in part be due to the formation of an
intramolecular H-bond between the amide proton of the A-acetyl on C5 with the carbonyl
of O-acetyl on C7, with a distance of 2.0 A. For the other Sias, the N-acetyl proton is
closest to C7-OH with a distance of ~2.5 A. Because the barriers are low in each step of

the base-catalyzed migration, and the stabilities of Neu5,9Ac,, Neu5,8Ac, and Neu5,7Ac,
are similar, we think the acetyl group can migrate readily between positions (C7/8/9) at an
increased pH.

This migration competes with de- O-acetylation, which is exergonic by —20.5 kcal/mol with
a highest point on the reaction pathway ~18 kcal/mol higher than the starting state. Given
that the free energy barriers of G-acetyl migration in either direction from Neu5,9Ac, are
< 12 kcal/mol, the de- C-acetylation pathway therefore has a higher barrier, indicating that
O-acetyl migration is kinetically more favorable. Thus, the de-O-acetylated Neu5Ac is the
thermodynamic product, while the O-acetylated isomers are kinetic products.

In the cyclization and ring-opening calculations, we did not use explicit solvent, which

is needed to describe hydrogen bonding with solvent molecules. Given the mechanism’s
dependence on initial deprotonation, and that these initial deprotonation steps have low
barriers, we calculated pK, values in the presence of explicit water to determine which
hydroxyl may be deprotonated first. This could suggest a potential migration direction
between Neu5,9Ac,, Neu5,8Ac, and Neu5,7Ac; (see Methods for details). By taking the
average of each ionizable group across the respective two Sias (ex. C9-OH results averaged
from Neu5,8Ac, and Neu5,7Ac,), the pK, values of C9-OH and C7-OH are more similar
at 14.5 and 14.1, compared to the slightly higher pK, of C8-OH at 15.2 (Fig. 5). We
performed additional pKa calculations on the unmodified NeuSAc for reference and found
that the pKas of C7-OH and C9-OH to be 14.9, lower than the pKa for C8-OH at 15.8. As a
second comparison, we computed the pKa values for the primary and secondary alcohols of
glycerol, resulting in 15.4 and 15.1. These values are close to the reported pkal experimental
value of 14.4 (within 1 pKau).#° Additionally, each computed pKa for sialic acids are

close to those of glycerol. From our calculations on Sias C9/8/7-OH, as distance from the
O-acetyl group increased, pK, values tend to decrease by about 1. Even so, given the small
differences between the pK, values, this study further suggests that deprotonation of any

Biochemistry. Author manuscript; available in PMC 2022 October 23.
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hydroxyl group is comparatively easy between the Neu5,9Ac,, Neu5,8Ac, and Neu5,7Ac,,
and that all deprotonated forms are likely present in an equilibrium mixture.

The conformational flexibility of the ring and glycerol chain across Sias was evident in our
calculations of energy minima and transition states. To improve the sampling of particular
reaction steps, we carried out umbrella sampling along the C-O distance coordinate for

the cyclization and de- C-acetylation steps. Umbrella sampling may give a clearer picture
of which ring is easier to break, and to which direction the C-acetyl group is more

likely to migrate. Figure 6 shows the free energy of ring-opening from 11 to 12 in the
O-acetyl migration from C8-OH to C9-OH, which involves a free energy barrier of < 1.0
kcal/mol, and a window overlap figure from our simulations. The figure indicates sufficient
thermodynamic overlap between each window where the cyclized bond distance increases
until the ring breaks, ensuring that the resultant free energy results are reliable. Each of the
other ring-breaking steps has similar results, with free energy barriers of < 1.0 kcal/mol and
similar window overlaps (Fig. 5 and Fig. S5). Umbrella sampling results with explicit water
yielded lower activation free energies compared to those obtained from vibrational analysis
without explicit water. This further supports the low-barriered, facile O-acetyl migration
between the hydroxyl groups at C7, C8, and C9 of Sia.

To compare with experiment, we calculated free energies from population ratios in our
previous paper’. From the average population ratios (between SM1 and SM2) that reached
an equilibrium at pH 8.0 and 37 °C, the free energies of Neu5,7Ac, and Neu5,8Ac,

with respect to Neu5,9Ac, were +2.06 and +1.25 kcal/mol. Our values from a single
structure of Neu5,7Ac, and Neu5,8Ac, (Fig. 3) were —0.6 and +0.7 kcal/mol, with respect
to Neu5,9Ac,. The free energies for Neu5,8Ac, match within the margin of error, but

the computed value for Neu5,7Ac, was slightly lower than expected. Our computational
results are not precise enough to reproduce the experimentally measured population ratios
of isomers; this could partly be due to the approximate level of theory used, and/or our use
of the quasi-harmonic approximation to evaluate these free energy differences. While it may
be possible to obtain more accurate free energy estimations using more advanced sampling
methods®%-52, it does not affect our main conclusion regarding the proposed migration
mechanism, in which migration in any direction is facile provided that base is present.

Conclusion:

Our calculations indicate that when a base is present, O-acetyl migration occurs readily
among the hydroxyl groups at C9, C7, and C8 of the Sia via deprotonation, migration, and
cyclization steps. This conclusion is based on computed pK, values, umbrella sampling, and
DFT calculations on the migration steps and the competing de- C-acetylation reaction. When
explicit water molecules were included in the calculations, their presence affected relative
energies of intermediates but did not change the main conclusion that base-catalyzed acetyl
migration is facile. O-Acetyl migration may allow host cells to evade viral binding. In our
recent article, we noted the preferential binding of SARS-CoV-2 S protein to immobilized
acetyl group at the C9-OH of a Sialyl Lewis x antigen by using an A-acetyl group analog
NeuSAcONAc which is resistant to migration over its O-acetyl counterpart Neu5,9Ac,?.

Biochemistry. Author manuscript; available in PMC 2022 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ohetal. Page 9

Further work is necessary to probe the role of O-acetyl migration in viral recognition and
pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

O-acetyl migration is reversible between Neu5,9Ac,, Neu5,8Ac,, and Neu5,7Ac;.
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Figure 2.
Diagram of Neu5,9Ac, surrounded by a water box of seven waters. Water-box surrounding

the ionizable C7-OH of Neu5,9Ac,, maintaining three H-bonds, in the acid (a) and

the conjugate base (b) forms. (c) Illustration describing the proton bond rotations to
maintain consistent H-bonding between the acid (red) and the conjugate base (blue) forms,
highlighted in green arrows. Coloring key: H: white; C: gray; O: red; N: blue.
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Figure 3.
Mechanism of base-catalyzed O-acetyl migration between Neu5,9Ac,, Neu5,8Ac,, and

Neu5,7Ac,. Relative free energies calculated at wB97X-D3/TZVP level of theory as
described in the Computational Details.
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Figure 4.

Reaction Coordinate

Reaction and activation free energies for base-catalyzed C-acetyl migration of Neu5,9Ac;,
Neu5,8Ac, and Neu5,7Ac,. Small numbers in bold font indicate structures depicted in
Figure 3. (8), (b), and (c) show deprotonation of C(7/8)-OH of Neu5,9Ac,, C(9/7)-OH

of Neu5,8Ac,, and C(8/9)-OH of Neu5,7Ac; respectively, with free energies for each

plot relative to the sialic acid and HO™ (1, 5, 9). (d), (e), and (f) show cyclization and
ring-opening reactions for O-acetyl migration in C9-C7, C7-C8, and C8-C9 respectively,
with free energies for each plot relative to the cyclic intermediate (3, 7, 11). Light blue

lines (e.g., 2 < 2’) indicate the free energies of conformational changes between the
endpoints of the deprotonation and cyclization steps (for example, deprotonation of 1 results
in 2’, followed by conformational changes to 2, then cyclization to 3). *Energy barriers of
conformational change steps were estimated by electronic energies from torsion scans (Fig.
S4). Free energies are calculated at ®B97X-D3/TZVP level of theory as described in the
Computational Details; negative activation free energies are an artifact of the quasi-harmonic

approximation.
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Figure 5.
Computed pKj values are highlighted in blue next to each ionizable group of Neu5,9Acy,

Neu5,8Ac,, Neub,7Ac,, and NeuSAc. pK, values were calculated with ©B97X-D3/def2-
TZVP-f level of theory for single point energy contributions and wB97X-D3/TZVP for
vibrational contributions to free energies, as described in the Computational Details.

Biochemistry. Author manuscript; available in PMC 2022 October 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ohetal.

a)

Page 18

Window Overlap

o
SN
1

0 Free E vs Displacement
o)(o (ring-breaking) }—o )

Sia == = /
\ T 4 N 12

11 ’_-” ~-'~--_
\ s
4
-

2.50 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50

Distance (bohr)

Figure 6.
Example umbrella sampling of the cyclization/ G-acetyl migration step between C9/C8-

hydroxyl groups. (a) Overlap of windows sampling over bond length. (b) Free energy (red
dashed line) of ring-break for O-acetyl migration from C8-OH to C9-OH with estimated
error shaded in orange. Umbrella sampling carried out at B3LYP/6-31G* level of theory as
described in the Computational Details. See Fig. S5 for all six steps.
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