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ABSTRACT

Understanding how solvent molecules participate in chemical reaction mechanisms remains a central challenge in molecular simula-
tions. Here, we investigate the mechanism and kinetics of glucose mutarotation in aqueous solution using a combined well-tempered
metadynamics and mean force integration approach, within the framework of canonical transition state theory. We compute free energy
landscapes and kinetic rate coefficients for the « —  mutarotation in pure water, as well as in systems representative of water/methanol
and water/acetone mixtures. Our simulations indicate that ring opening and closure occur via concerted, solvent-assisted pathways, with
ring opening identified as the rate-determining step. The temperature dependence of the predicted kinetic constant is quantitatively
consistent with experimental data, while the reactivity modulation by organic co-solvents is captured qualitatively. Overall, the results pro-
vide molecular-level insight into solvent-mediated carbohydrate chemistry, demonstrating that the solvent participates in all key reactive
steps and highlighting how enhanced sampling techniques can yield mechanistic and kinetic information in explicitly solvated reactive
systems.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0288357
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I. INTRODUCTION

Mutarotation in aqueous solutions is a key conformational
transformation in carbohydrate chemistry, relevant to both funda-
mental understanding of isomerization in solution' * and practical
applications in fields such as pharmaceuticals and food science.”
In this work, we investigate glucose as a representative monosaccha-
ride for a broader class of carbohydrates that exhibit mutarotation,
mediating the conformational transformation between two pyra-
nose isomers in solution (see Fig. 1). By focusing on glucose, whose
mutarotation centers on the same glucose moiety present in lactose

and other disaccharides, we aim to reveal molecular-level features
that underpin mutarotation across a broader range of carbohydrates.

Two mechanistic pathways have been proposed for this inter-
conversion: one involving an acyclic intermediate formed via
ring opening and another proceeding through a transient cyclic
oxocarbenium ion. Under neutral aqueous conditions, experimental
evidence supports the acyclic mechanism. Yet, several mechanistic
aspects remain unresolved, particularly the degree of concertedness
in the elementary steps, the catalytic role and number of participat-
ing solvent molecules, and the sensitivity of activation barriers to the
solvent environment.
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H P Two mechanisms have been proposed to describe pyranose
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(38%) (0.002%) (62%)
a-glucopyranose open chain glucose B-glucopyranose

FIG. 1. Equilibrium between pyranoses and the open chain isomers of glucose.
The relative amounts are from Angyal.? a- and p-glucopyranoses differ in the
orientation of the hydroxyl group at C4 (highlighted in red): axial or equatorial,
respectively.

D-Glucose, the most abundant aldohexose sugar, also known
as dextrose, exists in aqueous solution as a dynamic equilibrium
mixture of structural isomers, as shown in Fig. 1. Indeed, the elec-
trophilic carbonyl group of the linear open-chain form can undergo
an intramolecular nucleophilic attack by one of the hydroxyl groups,
leading to the formation of cyclic hemiacetals. If the hydroxyl group
attached to the fourth carbon of the chain, C4, has reacted to
form a five-membered ring, the cyclic isomer is termed glucofu-
ranose. Conversely, if the hydroxyl group of the Cs has reacted,
the six-membered ring is termed glucopyranose. In both cases, the
cyclization generates a new chiral center at the carbon C,, giving
rise to « and f diastereomers, depending on the orientation of the
hydroxyl group. The diastereomers are usually called anomers, and
C; is called the “anomeric carbon.”

In solution, equilibrium is established between the linear and
cyclic forms, and the corresponding reaction network is called
mutarotation. The equilibrium composition is specific to each com-
pound and dependent on the solvent and the temperature, as shown
in Table I. For the case of glucose dissolved in deuterium oxide at
31°C, Angyal® reports that the pyranose isomers account for almost
all the glucose present in solution. The furanoses and the open-chain
account for less than 0.2% and 0.002%, respectively. When only
two isomers are in appreciable amounts, the system exhibits simple
mutarotation, as seen with glucose and xylose in water.'’ Other sug-
ars, such as arabinose, fructose, ribose, or talose, have a significant
concentration of both furanoses and pyranoses in solution and are
said to exhibit complex mutarotation.'’

TABLE . Percent equilibrium composition of sugars in solution.

the rate of mutarotation. It involves three elementary steps: (1)
deprotonation of the hydroxyl group at C;, (2) protonation of the
ring oxygen Os, and (3) cleavage of the C;-Os bond to yield the
open chain form. Water serves as both the solvent and the ampho-
teric catalyst, acting as both a Brensted acid and a base. The second
mechanism, known as the cyclic intermediate mechanism, starts
with the protonation of the hydroxyl group at Ci, followed by its
release as a water molecule and the formation of a cyclic oxocarbe-
nium ion intermediate. The nucleophilic attack of a solvent water
molecule on the carbocation results in inversion of configuration
and regeneration of the proton catalyst.

Experimental evidence supports the acyclic intermediate mech-
anism under mildly acidic and neutral conditions in water
(pH 2.5-7), where the rate of glucose mutarotation remains nearly
constant.” Notably, it has been observed'* '® that glucose labeled
at the anomeric oxygen with '*0 undergoes oxygen exchange with
the solvent at a rate significantly smaller than the measured rate
of mutarotation. This rules out the cyclic intermediate mecha-
nism because oxygen exchange with water is part of the reaction
network. The timing of the three elementary steps that lead to
ring opening remains a subject of active discussion: according to
the analysis of isotope effects by Lewis et al.,'” the deprotona-
tion of O; precedes the protonation of the Os and the C;-Os
bond cleavage. Another research question is the number of water
molecules involved in the catalysis. Alkorta and Popelier'® com-
putationally investigated the furanose interconversion of erythrose
and treose at the B3LYP/6-311++G(d,p) level, explicitly including
water molecules. They highlight the high mutarotation energy bar-
rier of the isolated carbohydrate in the absence of water and its
substantial reduction by inclusion of at least one water molecule.
Plazinski et al.'’ elucidated the mechanism of ring-opening of glu-
cose at the BP86/6-31+G(d) level, including eight water molecules
and explicitly describing the remaining solvent molecules using
a QM/MM approach. They observed catalytic pathways directly
involving one or two water molecules in the proton transfer; how-
ever, the results indicate that catalysis by one water molecule is
more probable. Indeed, the role of solvent molecules in modulating

Furanose Pyranose
Sugar Solvent Temperature (°C) a B o B Open chain Source
Glucose D,O 31 0 0.14 38 62 0.002 Angyal®
Xylose D,O 31 0.5 36.5 63 0.02 Angyal®
Ribose D,0 31 6.5 13.5 21.5 58.5 0.05 Angyal®
Talose D,0O 22 16 13 42 29 0.03 Angyal®
Arabinose D,O 31 2.5 2 60 35.5 0.03 Angyal®
Fructose H,O 25 5.5 22.2 71.4 0.5 0.4 Cockman et al.’
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Acyclic intermediate mechanism

OH 7 o OH
O/\H Ring h, g Ring
Ha X (\ B openlng Hﬂ \L‘O . H closure HﬂmOH
‘\ ,) OH FIG. 2. Glucose mutarotation explained
; through the acyclic and cyclic intermedi-
a-glucopyranose open chain B-glucopyranose ate mechanisms. The blue arrows refer
to elementary steps of proton transfer.
L . . The catalyst (water or the hydronium ion)
cy°"° intermediate mechanism is depicted in red to highlight the oxy-
OH H\ - OH y gen exchange in the cyclic intermediate
o o) H_ M | wfzo-H ’ /M ea\o/H mechanism.
®0 Po ) — Hgg on %
g OH O—H OH H
OH M H /

Oxocarbenium ion

the conformational and reactive behavior of carbohydrates has long
been recognized, with early ab initio molecular dynamics studies
already revealing how subtle differences in solvation structure can
distinguish the o and  anomers of glucose in water.”” More recently,
computational studies have provided valuable insights into the con-
formational equilibria of sugars in solution,”"** including the cal-
culation of free energy landscapes and mechanisms with enhanced

. 2 ) \p y
sampling methods.'"”* A recent experimental study conducted by Galactose moiety Glucose moiety
Trespi and Mazzotti’ measured the mutarotation rate of lactose in = ;
pure water and several mixed aqueous-organic solvents, modeling FIG. 3. Lactose molecule, consisting of a galactose and a glucose moiety, and

conventional numbering of carbon atoms. The wavy C—OH bond indicates that

it as a first-order reversible reaction. The kinetic constant and the T T e A e o ey

activation energy are reported in Table II, together with the values
for selected disaccharides and glucose, for comparison. These dis-
accharides share the commonality that they undergo mutarotation

on their glucose residue, exhibiting simple mutarotation similar to

that of glucose. Indeed, lactose, the sugar of milk, is a disaccharide
TABLE II. Forward kinetic constant & — f8 at 25 °C in water and activation energy ~ consisting of a galactose unit connected with a (1" — 4)-glycosidic
of glucose and selected disaccharides undergoing simple pyranose—pyranose inter- bond to a glucose unit, as shown in Fig. 3. Melibiose, differently from
conversion. Since experiments usually report the sum of the forward and backward lactose, has a [3(1’ — 6)-glycosidic bond. Maltose, cellobiose, and
k|ngt|c_constants, a ratio of 1.61? gssumed7 to compulte.the forward [(lr}etlc constant. gentiobiose consist of two glucose units connected by a (x(l' - 4)-,
Activation energy of 69 kJ mol~" is assumed for gentibiose and melibiose to correct ﬂ(ll ~4)- 0r B (1/  6)-glycosidic bond, respectively. The data in
the experimental results from 20 to 25 °C. F > g g Y . » Tesp _Y' .

[able II confirm the similar reaction rate and activation energy

Sugar ke (hfl) E, (k] mol’l) Source between these disaccharides and glucose.
In addition, experimental evidence suggests that the composi-
0.88 NA Libnau et al.”! tion of the solution significantly affects the kinetics of mutarotation.
Glucose 0.84 68.1 Ballash and Robgrtson” Trespi and Mazzotti’ demonstrated that organic co-solvents in
0.78 NA Pazourek™ aqueous solution reduce the rate of mutarotation. This effect appears
1.06 63.1 Srisa-nga and Flood™ to be directly related to the availability of water molecules partic-

ipating in the reaction mechanism, as it persists even in mixtures

Lactose 822 71\?A7 Tresplg:rc)lolll/[lizzottl of water and N-methylformamide, which has a higher dielectric
) constant than pure water, thus ruling out non-specific electrostatic

Melibiose 1.2 NA Capon'’ screening as the primary cause. Furthermore, the observation that,
at a fixed molar fraction of organic solvent, alcohols yield higher

Maltose 0.75 NA Capon'”’ mutarotation rates than aprotic solvents such as DMSO or acetone
0.88 74.4 Srisa-nga and Flood* suggests a key role for hydrogen-bond donor moieties. Despite this

Cellobiose 0.78 58.5 Srisa-nga and Flood”® ::;E;g; ngrnee)ill)lzlgrir;;nltr:;le;fleir;;e{e?olecular-level insights into the

Gentiobiose 1.16 NA Capon'’ To address this gap while incorporating the experimen-
tally observed solvent effects, it is essential to retain an explicit

62:65:60 G20Z 1oquianoN ¢
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description of the solvent environment in computational stud-
ies. Here, we combine well-tempered metadynamics (WTmetaD),”
mean force integration (MFI),"**’ and transition state theory
(TST)*" " to elucidate the solvent-mediated mechanism and kinet-
ics of glucose mutarotation in both aqueous and mixed-solvent
systems. In particular, we aim to (i) characterize with atomistic
resolution the elementary steps of the mutarotation mechanism in
explicit solvent, (ii) quantify the effect of solvent composition on
reaction kinetics, and (iii) compare rate estimates with mutarotation
experiments obtained from experimental measurements.

Il. METHODS
A. Simulation details

A cubic box containing one glucose molecule and six water
molecules is first equilibrated in a constant pressure ensemble (NPT)
using the Nosé-Hoover barostat.”** The same setup is used for sim-
ulations with organic solvents, except that one molecule of methanol
and acetone is added, respectively. The system is modeled with the
GFN1 xTB semi-empirical method.”> After equilibrating volume
and temperature, the system undergoes 500 ps production metady-
namics runs. The average equilibrium volume in the temperature
range between 410 and 710 K is 0.343 nm®. Throughout all the equi-
libration and metadynamics simulations, we have adopted a time
step of 0.5 femtoseconds (fs) and a thermostat relaxation time of
50 fs.

B. Sampling strategy

The sampling of reactive events is enhanced with well-
tempered metadynamics (WTmetaD). This technique introduces
a time-dependent repulsive bias potential as a function of a low-
dimensional set of collective variables (CVs). CVs are a function
of the atomic coordinates and approximate the reaction coordinate
associated with the studied rare event of interest. In this paper, we
selected different bias factor (y) values for various temperatures,
namely, y =7 at 710 K and y = 9 at 410 K. The initial height of the
bias potentials wy has been set to 15 kJ/mol in all cases. The width of
the WTmetaD Gaussians was determined by unbiased fluctuations
of the respective CVs and is discussed in the following.

The elevated simulation temperatures (410-710 K) ensure an
efficient exploration of reactive pathways compared to ambient
temperature conditions, where effective sampling would be imprac-
tically inefficient. Notably, the extrapolation of the resulting rate
constants via Arrhenius analysis allows for a direct comparison with
experiments at room temperature.

The opening and closure of the glucose ring are hypothesized
to follow two distinct pathways, with and without solvent participa-
tion. As such, we have performed two independent metadynamics
campaigns: one for the water-catalyzed ring-opening step and one
for the intramolecular ring-closure. This rationalization of the sam-
pling strategy is necessary due to the limited amount of practically
accessible samples and the asymmetry of the reaction mechanism.
To enhance the sampling of ring opening events, we used two col-
lective variables: CVy, the distance between the anomeric carbon C;
and the ring’s oxygen Os (dc,—o, in Fig. 4), and CV>, the coordina-
tion number of oxygen Os with any of the hydrogen atoms in the
solvent, expressed as in the following equation:

ARTICLE pubs.aip.org/aipl/jcp

CVi= dC1 -Os
CVz= CDNOs-HW

FIG. 4. Definition of the collective variable (CV) space used in metadynamics
simulations of the glucose mutarotation reaction. The ring opening reaction is
characterized by a two-dimensional CV set: (1) the coordination number CNo, ,,
which quantifies the degree of hydrogen bonding between the ring oxygen (Os) of
glucose and surrounding water hydrogen atoms (Hy ), and (2) the distance d¢, o,
between the anomeric carbon (C¢) and the ring oxygen (Os), which serves as a
direct measure of the ring opening progress.

CNo,Hy = Z _ (%)

m»
i, 1_(@)
0

where rg is the equilibrium distance of the covalent bond between
hydrogen and oxygen, ie., 1.5 A. The variable 1o, is the distance
between the oxygen Os and the ith hydrogen atom of the sur-
rounding environment. The exponents m and # are set to 8 and 16,
respectively.

The effective reaction coordinate for ring closure simulations is
the distance do,—c, only. Normal mode analysis performed using the
Gaussian 16 software’® was used to compute the imaginary frequen-
cies for calculating quantum tunneling corrections. Throughout our
simulation campaign, the width of the additive Gaussian terms
defining the history-dependent WTmetaD bias potential has been
set to 0.05 for CV; and 0.02 for CV;.

o

C. Free energy surface from multiple
independent simulations

The free energy surface in the effective reaction coordinate
space defined by the CVs described above is obtained by overlap-
ping multiple independent production runs of 500 ps each. To this
end, we have adopted the mean force integration (MFI) algorithm?®
as implemented in the pyMFI package.”” MFI enables the estima-
tion of the free energy surface in CVs space s by generalizing the
Umbrella Integration (UI) algorithm®” to time-dependent biases, as

J. Chem. Phys. 163, 164504 (2025); doi: 10.1063/5.0288357
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discussed in Refs. 28 and 29. Moreover, it enables the self-consistent
combination of samples obtained from independent metadynamics
simulations. Within MFI, a free energy surface F(s) is computed by
integrating the mean force (VF(s)),,

F(s) = - [ d"s(VE(s)) @)

where # is the dimensionality of the CV space s and N is the number
of independent simulations merged as

_ Tl W(VF(s))
Z;:’:l Wk

where T} is the total number of bias updates of the kth simula-
tion. The number of independent simulations used in this work is
N =3 for each temperature. For each independent simulation, the
thermodynamic force in s at time ¢, i.e., VF;(s), is given by

(VF(s))n , (3)

VFi(s) = =Vp " In p{(s) - VVi(s), 4)

where p! (s) is the probability density of s under the effect of the bias,
V. (s) is the bias potential at time ¢, and 8 = (ksT)". As in Umbrella

Hy™

a-glucose

3
[kd/mol]

),

080601 02 03 04 05 06 0.7

dCI'OS (nm]
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Integration, the estimate of the average sampled mean force is given
by the weighted average of VF;(s) with p’(s) acting as weight.

lll. RESULTS AND DISCUSSION
A. Water-catalyzed ring opening

The free energy surfaces of ring opening in pure water, in
water/methanol, and water/acetone mixtures are reported in Fig. 5.
Overall, three distinct equilibrium configurations, local minima
on the free energy surface, are found. By following the order of
the acyclic intermediate mechanism (Fig. 2), the first is the stable
a-glucose pyranose ring, then the configuration related to the proto-
nation of the Os, and finally, the open chain (acyclic) conformation.
These three states represent the sequential reaction steps: the ini-
tial cyclic conformation of glucose, a reactive intermediate stabilized
through hydrogen bonding with the solvent, and the final linear
form resulting from C-O bond cleavage. By comparing the mini-
mum free energy pathways in pure water and water/organic cases,
it stands out that the protonated configuration is thermodynami-
cally more stable with respect to the a-glucose pyranose ring when
the organic solvents are present. This observation highlights how

Os protonation
2

Acyclic
Intermediate

) 100
-glucose
% 80 a-g
S
>~
2 60
>
3 V
2 40t
L
[0}
g 29 H.0
HoO/MeOH .
o H,0/Ace open ring

0.0 0.2 0.4 0.6 0.8 1.0
Reaction Progress

FIG. 5. Free energy landscape and mechanistic representation of the water-catalyzed ring opening of a-glucose at 710 K. (a) Atomistic representations of the key interme-
diates along the reaction pathway: (1) the reactant a-glucose in its pyranose form; (2) a representative configuration of the ring-opening transition state ensemble in which
a hydrogen from a water molecule (Hy) is transferred to the ring oxygen Os; and (3) the open-chain (acyclic) form of glucose following breakage of the C1-Os bond. The
arrows indicate the progression of the mutarotation mechanism via the acyclic intermediate pathway. (b) Two-dimensional free energy surface (FES) as a function of the
distance dc1-0s and the coordination number CNos_,,, capturing the hydrogen bond dynamics between Os and solvent hydrogen atoms. The minimum energy pathway
(MFEP), shown in red, connects the three main basins corresponding to the a-glucose ring, a protonated a-glucose intermediate, and the open-chain conformation. (c)
One-dimensional projections of the free energy profiles along the ring-opening reaction coordinate for three solvent systems: pure water (blue), water/methanol (green), and
water/acetone (orange). All three systems exhibit the same sequence of states—a-glucose, Os-protonated intermediate, and open-chain form (3)—but differ significantly in
the thermodynamic stabilization of the protonated intermediate, and the free energy barrier associated with the C-O covalent bond breaking.
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subtle changes in the solvent environment can substantially mod-
ulate the relative energetics of the intermediates, thereby altering the
shape and height of the free energy barriers. We justify this result
by considering that the presence of organic molecules disrupts the
solvation pattern of a-glucose in water, thus altering the relative sta-
bility of the intermediates involved in the protonation mechanism
of 05.

The first effect observed is that the barrier associated with the
first reactive step, connecting intermediates 1 and 2 in Fig. 5(a),
likely arises from the competitive coordination of glucose by the
organic co-solvent, which affects the availability and organiza-
tion of water molecules critical for the concerted proton transfer
mechanism.

Instead, the stabilization of the protonated intermediate is likely
amplified by the small size of the systems investigated here, where
the presence of co-solvents is modeled by adding one molecule in
a small solvation shell containing six water molecules. In such a
confined environment, each added solvent molecule exerts a dis-
proportionately large influence on the hydrogen-bonding network
and local polarity. Consequently, even a single co-solvent molecule
can significantly perturb the energetics of the proton transfer step,
leading to a differential stabilization of the intermediate state across
solvent compositions. Moreover, a qualitative study of the reactive
trajectories obtained with WTmetaD showed that the protonation
mechanism can occur with concerted participation of one, two,
or, less likely, three water molecules. The free energy landscapes
reported in Fig. 5 are obtained by selecting only trajectories involv-
ing the participation of one water molecule, as this is the most
representative pathway observed in the simulation.

The final step, yielding the acyclic intermediate labeled (3) in
Fig. 5, requires breaking the covalent bond between the anomeric
carbon C; and the ring’s oxygen Os, and has an activation free
energy markedly dependent on the solution environment. This bond
cleavage represents the decisive transformation from the cyclic to
the linear form, completing the ring-opening process that underpins
mutarotation. For instance, at 710 K, the free energy barrier associ-
ated with this second step is 64 kJ/mol in pure water, 68 kJ/mol in
the water/methanol mixture, and 72.5 kJ/mol in the water/acetone
mixture. The GFN1-xTB is not specifically parameterized for pre-
dicting barrier heights of chemical reactions; nevertheless, the work
of Bannwarth et al.,’® it shows MADs within 8-38 kJ/mol for the
GMTKNS55 dataset, which encompasses a wide range of activa-
tion barriers and transition state energies. Nonetheless, the method
allows for assessing qualitatively the relative impact of organic co-
solvents on the activation free energy barriers. The observed increase
in activation barrier upon introducing organic co-solvents reflects a
clear energetic penalty associated with ring opening in less polar or
more structurally disruptive solvent environments. This also clearly
indicates a marked dependence of the overall isomerization process
on the environment, with lower isomerization kinetics in the pres-
ence of organic solvents. From a mechanistic standpoint, this can be
attributed to the co-solvents’ interference with the hydrogen bond-
ing network and their effect on stabilizing the transition state, which
involves a partially broken C-O bond and rearranged solvation shell.
In particular, aprotic solvents such as acetone may be less capable
of stabilizing charged or polar transition states through hydrogen
bonding, thereby raising the activation free energy (see Figs. S1 and
S2 of the supplementary material). Remarkably, this observation is

ARTICLE pubs.aip.org/aipl/jcp

consistent with experimental measurements in different solvents,’
which report a significant reduction in the mutarotation rate of
lactose with increasing organic solvent content.

B. Ring closure

Sampling the ring closure has been carried out starting from
the open-chain aldehyde configuration, which is characterized by a
broad configurational space, and selecting the metadynamics trajec-
tories that lead to the closed ring in the 8 configuration. We have
found that the ring closure can occur with the participation of water
in a concerted manner, as depicted in Fig. 6. Our simulations reveal
that the presence of water can also facilitate the transformation from
the open-chain aldehyde to the cyclic f-anomer. In WTmetaD sim-
ulations, where the sole CV; is biased, we observed how a water
molecule mediates a synchronized proton transfer by accepting a
proton from the hydroxyl group on Os, facilitating its nucleophilic
attack on the anomeric carbon Ci, while simultaneously donating a
proton to the aldehyde oxygen. The resulting 50 kJ/mol free energy
barrier at 710 K confirms that the ring closure is kinetically less
demanding than the ring-opening step.

C. Mutarotation kinetics

Based on the results gathered from enhanced sampling, we can
identify the ring-opening step connecting the protonated and the
acyclic intermediates as the rate-determining step of the mutaro-
tation reaction. The kinetic rate parameters of the ring opening

140 | ‘ ‘ ‘ ﬁ-gl‘ucose )
120 ¢

100} Acyclic
Intermediate

8o} L
60}

40

Free Energy [kJ/mol]
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FIG. 6. Free energy profile for the ring closure step from the acyclic intermediate
to B-glucose in aqueous solution. One-dimensional free energy surface (FES) as
a function of the distance dc1_os, representing the formation of the C1-Os bond
that completes the isomerization of a-glucose. The blue line corresponds to the
average FES computed from three independent well-tempered metadynamics sim-
ulations, and the shaded pink region indicates the associated standard deviation.
The acyclic intermediate corresponds to large dc1-os values, while the S-glucose
cyclic product lies at short distances. The transition state, located at ~0.21 nm, is
associated with an activation free energy barrier AF* of ~50 kJ/mol at 710 K. The
structural snapshots illustrate the start and end points of the ring closure process:
the open-chain conformation and the final S-anomeric pyranose form. Notably, a
water molecule (Hw ) participates in the transformation by mediating a concerted
proton transfer between the ring oxygen (Os) and the aldehyde oxygen at C4,
facilitating bond formation.
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reaction are calculated using the canonical transition state theory
formulation, including the tunneling correction and the presence of
the Os-protonated intermediate uncovered via sampling,

keT . Q _oth
kpT

kopening = T Qtunn ? € > (5)

where Q" and Qy are the canonical partition functions of the pro-
tonated intermediate and reactant, respectively, while AF} is the
activation free energy of the ring-opening step identified as the rate
determining step shown in Fig. 7(a). The tunneling correction is
required since the protonation of Os involves the transfer of a hydro-
gen atom. The impact of tunneling corrections to the accuracy of
hydrogen transfer reactions has been extensively discussed in the
literature.”” "’

The ratio between canonical partition functions is calculated
by integrating the Boltzmann factor along the minimum free energy
pathway as
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The integral in the numerator is performed over Q;, which rep-
resents the ensemble of Os-protonated configurations, identified
as a stable intermediate state preceding the ring opening step. To
this end, we considered the minimum free energy profile along the
coordination number CNo,_p,, by fixing the distance dc, —o, corre-
sponding to the closed ring. We then considered Q as the interval of
coordination numbers determined by the amplitude of a quantum
harmonic oscillator centered in the Os-protonated intermediate,
where CNo,—p,, = 0.947. The amplitude of the quantum harmonic
oscillator is calculated with the following, well-known, relation:

ATRX _ / 2Uvib , (7)
nw

where y is the reduced mass of the Os—Hw bond and w is the pulsa-
tion of the harmonic oscillator calculated as 27rv. The internal energy
of the quantum harmonic oscillator U, is calculated as in

! e PF() 35 i
% B % (6) Uvib = hVNa'u l + 67}1 > (8)
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FIG. 7. Kinetic analysis of glucose mutarotation via the acyclic intermediate mechanism. (a) Reaction scheme for glucose mutarotation via the acyclic intermediate mech-
anism, as revealed by enhanced sampling simulations. The pathway proceeds through four key intermediates- a-glucose, Os-protonated a-glucose, and the acyclic
open-chain form-before ring closure yields S-glucose. The free energy barriers for each elementary step are extracted from the computed free energy surface (710 K, pure

water) for the protonation step (AF,f), ring opening (AF,f,), and (AF,{). The molecular structures depict the transition states identified between these intermediates and
illustrate the emergence of a unifying mechanistic feature: in all cases, hydrogen-bond donor solvent molecules play a critical role in stabilizing the transition state. Ring
opening is identified as the rate-determining step. (b) Free energy profile associated with the metastable Os-protonated free energy minimum. The shaded region defines
the ensemble of protonated configurations (1) used to compute the partition function for the intermediate state used in the rate expression. The inset compares the MFEP
with a harmonic approximation around the protonated minimum. (c) Arrhenius plot of the « — 8 mutarotation rate constant (k) as a function of inverse temperature.
Orange crosses represent the values computed in this work from metadynamics simulations combined with transition state theory and tunneling corrections. Extrapolation
of the experimental data on lactose mutarotation from Trespi and Mazzotti” agrees well with the predicted kinetic constants of this work.
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where h is the Planck constant and N, is the Avogadro number.
Finally, the value of v has been computed through frequency
analysis using the GGA DFT method, wB97XD/def2TZVPP. By
averaging the frequencies of the modes that impact the Os-Hw
bond, we found an average frequency of 450 cm™. This corre-
sponds to an internal energy of 6.3 kJ/mol and defines an interval of
coordination numbers of width 0.05 [shown in the inset of Fig. 7(b)
with a gray-shaded area]. The imaginary frequency found for the
transition state with one water molecule, corresponding to the FES
reported in Fig. 5, is 1140 cm™'. In addition, it is worth mentioning
that the free energy profile could be accurately determined by fitting
the free energy well associated with the protonated state with a
quadratic function, as shown in Fig. 7(b).

We account for tunneling effects using the Eckart tunneling
partition function, which is determined by the forward and back-
ward barriers associated with the protonation of the « anomer, as
identified in the minimum free energy pathway and the imaginary
frequency. At 710 K, the Eckart tunneling correction is 1.2, whereas
at 410 K, it is 1.86. We have performed simulations at a higher
temperature with respect to the experiments to achieve a faster sam-
pling of the reaction free energy landscape. Nevertheless, in Fig. 7
we compared our predicted ring-opening kinetic constants of glu-
cose with the forward mutarotation kinetic constants extrapolated
from the work of Trespi and Mazzotti’ on lactose mutarotation. The
agreement supports the hypotheses that (i) the reactivities of lactose
and glucose are similar and that (ii) ring-opening is the actual rate-
determining step of mutarotation, i.e., ka ~ kopening. Moreover, the
agreement between the Arrhenius extrapolation of the experimental
data under ambient conditions and the computed rate constants at
high T [Fig. 7(c)] further validates the sampling strategy followed to
compute free energy profiles.

IV. CONCLUSIONS

The water-catalyzed mechanism of lactose mutarotation has
been investigated through well-tempered metadynamics in pure
water and water-organic mixtures. Motivated by experimental
observations of reduced o — 8 mutarotation rates in the presence
of organic co-solvents, we conducted simulations in water/methanol
and water/acetone mixtures. Given that mutarotation occurs on the
glucose moiety of the lactose molecule, glucose was adopted as a
chemically faithful and computationally tractable model system. The
mechanism was explored via two sets of independent WTmetaD
simulations: one for the water-catalyzed ring-opening step and one
for the ring closure into the f-anomer configuration. The free energy
landscapes obtained at 410 and 710 K confirm that ring opening is
the rate-determining step, in agreement with previous studies.'"'”
Crucially, finite-temperature sampling of reactive trajectories reveals
that both ring opening and ring closure proceed via solvent-assisted,
concerted mechanisms, involving one or more water molecules in
the transition state. This underscores the central catalytic role of the
solvent, which emerges spontaneously without being enforced by the
simulation setup.

These findings extend early ab initio simulations of glucose
in water by Molteni and Parrinello,”” which first demonstrated
anomer-dependent solvation structures by showing how the solvent
not only differentiates anomer stability but also actively medi-
ates reactivity along the mutarotation pathway. Furthermore, the

ARTICLE pubs.aip.org/aipl/jcp

rate estimates obtained from our simulations are in good agree-
ment with experimental measurements by Trespi and Mazzotti,”
implying that the underlying mechanistic interpretation captured
by our finite-temperature, explicitly solvated simulations is con-
sistent with observed macroscopic kinetics. In this work, we out-
line a methodology for determining kinetic rate coefficients from
well-tempered metadynamics simulations in explicitly solvated sys-
tems. The approach yields kinetic parameters and mechanistic
insight, capturing how solvent structure and composition reshape
the reaction free energy landscape.

We anticipate that combining the methodology outlined here
with ML-based interatomic potentials trained on high-quality DFT
calculations will broaden their applicability and strengthen the
predictive link between molecular simulations and experimentally
observed carbohydrate reactivity, enabling a quantitative explo-
ration of the composition dependence of mutarotation kinetics.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses Figs. S1 and S2, dis-
playing the molecular arrangement of the co-solvent molecules
around the glucose moiety during the ring-opening process.
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