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ABSTRACT: Glycoside hydrolases (GHs) distort carbohydrate ring geometry along particular “catalytic itineraries” during the
cleavage of glycosidic bonds, illustrating the relationship between substrate conformation and reactivity. Previous theoretical
studies of thermodynamics of isolated monosaccharides offer insights into the catalytic itineraries of particular sugars. However,
kinetic accessibility of carbohydrate puckering conformations and the role of exocyclic groups have not yet been thoroughly
addressed. Here we present the first complete library of low-energy local minima and puckering interconversion transition states
for five biologically relevant pyranose sugars: f-xylose, f-mannose, a-glucose, f-glucose, and -N-acetylglucosamine. These were
obtained by a thorough theoretical investigation each of the 38 IUPAC designated puckering geometries and all possible
conformations of the exocyclic groups. These calculations demonstrate that exocyclic groups must be explicitly considered when
examining these interconversion pathways. Furthermore, these data enable evaluation of previous hypotheses of why enzymes
perturb ring geometries from the low-energy equatorial chair (*C,) conformation. They show that the relative thermodynamics
alone do not universally correlate with GH catalytic itineraries. For some sugars, particular puckers offer both catalytically
favorable electronic structure properties, such as anomeric carbon partial charge, and low kinetic barriers to achieve a given
puckering conformation. However, different factors correlate with catalytic itineraries for other sugars; for f-N-acetylglucosamine,
the key N-acetyl arm confounds the puckering landscape and appears to be the crucial factor. Overall, this study reveals a more
comprehensive understanding of why particular puckering geometries are favored in carbohydrate catalysis concomitant with the
complexity of glycobiology.

B INTRODUCTION

Carbohydrates are the most abundant and diverse set of
biological molecules on Earth and are responsible for a vast
array of vital biological functions including structure, ener

storage, and signaling.'™> Glycoside hydrolase (GH)®’
enzymes, which depolymerize carbohydrates typically via
inverting or retaining hydrolytic mechanisms (Scheme 1),
represent 132 known enzyme families with diversity in protein
fold concomitant with the diversity present in their substrates.®
As GHs are important in cell biology, glycobiology, human
health, carbon and nitrogen cycling on Earth, and renewable
energy, understanding the molecular-level mechanisms em-
ployed by GH enzymes is of paramount importance. Extensive
crystallographic studies with transition state (TS) analogues
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have revealed that GH enzymes distort their carbohydrate
substrates in the —1 position for catalysis. This distortion of the
pyranose ring in “activated” complexes of enzymes is a general
feature of GH action” and has been documented since the first
X-ray studies of a GH on hen egg-white lysozyme.” Puckered
ring conformations are classified according to nomenclature
described by Schwartz'® and adopted by the International
Union of Pure and Applied Chemistry (IUPAC)."" The 38
canonical pyranose puckering conformations represent all
unique ways in which a pyranose ring can be in a chair (C),
envelope (E, previously "sofa"), half-chair (H, sometimes called
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Scheme 1. Koshland’s Proposed Inverting (A) and Retaining
(B) Mechanisms for GH Enzymes®
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Figure 1. The two-dimensional projection of the CP sphere shows the
38 canonical puckering designations. The letter designates the type of
pucker (chair, half-chair, envelope, skew, or boat) and the
conformations on the outer ring are illustrated using f-glucose.

half-boat or twist), skew (S, sometimes called twist-boat), and
boat (B), as illustrated in Figure 1. Cremer and Pople12 defined
a spherical coordinate system that uniquely defines the
puckering conformation for general monocyclic rings, allowing
the conformations to be mapped on a sphere (Figure 1). The
spherical coordinates of a puckering conformation are referred
to as Cremer—Pople (CP) puckering parameters and allow for
a precise description of the geometry of pyranose rings.'> This
precise method to describe puckering geometry is especially
important because the stable puckering geometries are often
intermediate between the IUPAC designated puckers.'>'* We
refer to specific carbon and oxygen atoms by their IUPAC
numbering designation.

Why carbohydrate-active enzymes distort substrate ring
geometries is the subject of active investigation, and a particular
example of the broadly applicable phenomena of how
conformation affects reactivity.'”'® One proposal is that
certain puckered geometries align the anomeric substituent
1eav1'ng7 group in an axial position posed for the nucleophilic
attack,”" rather than the equatorial alignment afforded by the
stable chair conformation shown in Scheme 1. It has also been
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proposed that enzymes distort carbohydrate rings to impart an
oxocarbenium-like character to the anomeric carbon (C1) to
make it a better target for nucleophilic attack.”**~** Computa-
tional analysis of the conformations of polysaccharide
monomers in the different puckering conformations can
provide evidence of whether perturbing the structure and
thus the electron density distribution is sufficient to increase
the positive partial charge on the anomeric carbon. Some
notable studies include Biarnés et al.’s metadynamics study
wherein they mapped the thermodynamic landscape of the
northern hemisphere of the CP sphere for fB-glucose® and
similar studies for f-mannose® and a-L-fucose.?® Their chosen
collective variables (CVs) sample of the CP coordinates for the
northern hemisphere. However, as noted in their work,”*
selection of the CP parameters as the CVs over which to
sample does not ensure sampling of the full potential energy
surface of the molecules due to the presence of exocyclic
groups which, as we show in the present work, play a pivotal
role in determining barriers between the different puckering
geometries and significantly impact the kinetic landscapes.
Furthermore, the metadynamics method does not provide
accurate kinetic data if the chosen CVs do not reflect the
appropriate reaction coordinates for describing the kinetic
landscape.”” > Sega et al. have shown that the Cartesian-based
CVs chosen in these metadynamics studies lead to systematic
overestimation of barriers and sampling of conformations with
unphysical total puckering amplitude, with the errors greatest at
the most relevant part of the CP sphere for puckering studies,
the equator.®® Nonetheless, for the monosaccharides consid-
ered in these studies,** 2 the authors propose a correlation
between experimentally observed puckered orientations and
computationally determined lower-free-energy puckered ori-
entations of isolated monosaccharides that also exhibit some
oxocarbenium-like character.

Other studies which provide thermodynamic information
about monosaccharide puckering geometries include: a study
by Autieri et al.*> using CVs recommended by Sega et al. with
the GROMOS 45A4 molecular mechanics force field; work by
Sattelle et al. using GLYCAM force fields to explore a range of
monosaccharides; 3736 and by Barnett and Naidoo,"*'* who
employed the flat histogram free energy method
(FEARCF)**® to ensure adequate sampling of all parts of
the CP sphere with the PM3 semiempirical method. Each of
these studies reveals interesting features of monosaccharide
puckerin§ landscapes. However, as Barnett and Naidoo
reported, * important features of these landscapes cannot be
accurately resolved by molecular mechanics force fields or semi
empirical methods, resulting in incorrect identification of
structures and/or inaccurate relative energies. Some kinetic
pathways for puckering interconversion have been revealed
with DFT and ab initio methods.**™*" These studies confirm
the importance of ring flexibility in describing monosaccharides
and offer significant insight into several key ring interconver-
sion reaction paths, but a full kinetic characterization of
interconversion between all stable puckering conformations for
the sugars in the present work does not yet exist.

Here, we present a comprehensive puckering study of five
monosaccharides, including all parts of the CP sphere as well as
the degrees of freedom due to rotation of exocyclic groups.
Additionally, we map the interconversion pathways between all
the different puckering geometries by fully exploring the kinetic
landscape to provide insights about monosacchiride ring
puckering pathways. The five pyranose sugars studied are: f-
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Figure 2. The six molecules included in our study of pyranose ring

puckering.
/%01 W
0H1I 2y ¥ ZH/I 44, ¥ 4H51 OHSI

// | ][ \3\
POIBERAIS 2B, 5S> 2B 25,52 By o 1S, 4B 1S, B, 1295 %

LRV A A A

Figure 3. Pyranose puckering interconversion pathways for cyclo-
hexane puckering geometries proposed by Stoddart.>"

xylose, a-glucose, p-glucose, f-mannose, and S-N-acetylglucos-
amine (GlcNAc) (Figures 2 and 3). Glucose, mannose, and
GIcNAc are all important in glycosylation.**** B-Glucose is
the monomer of cellulose, the main component of plant cell
walls.** f-Xylose is the main component of hemicellulose,
another significant plant component.* Note that fS-xylose is
identical to p-glucose, except for the absence of a
hydroxymethyl group at CS. f-Mannose subunits can be
another important component of hemicelluloses,* and p-
mannose is also an epimer of f-glucose, with only a difference
in stereochemistry at C2, providing an interesting comparison
between the molecules. a-Glucose is another epimer of f-
glucose and is important as a-glucosidases play roles in human
diseases.**™** GIcNAc is the monomer of chitin, an important
polymer in the exoskeleton of arthropods and cell walls of
fungi, algae, and yeast.*” Its decomposition is key to carbon and
nitrogen recycling.’® Furthermore, O-GIcNAc is one of the
most important post-translational modifications in cell biology,
with functional implications on par with protein phosphor-
ylation.*

Comparing the results for the five sugars to each other and to
oxane (tetrahydropyran), a minimal pyranose ring, reveals the
crucial role of exocyclic groups in stabilizing puckering
conformations; a different arrangement at just one chiral center
greatly changes the puckering interconversion landscape,
displaying large deviations from the ring geometry intercon-
version mechanisms for cyclohexane proposed by Stoddart.>'
The high-level electronic structure information for this series of
molecules offers additional insight into why enzymes follow
certain “catalytic itineraries”,” and provides a comprehensive
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foundation for future computational and structural studies with
enzymes and chemical catalysts present.

B COMPUTATIONAL METHODS

Starting geometries for ring-puckering conformations were generated
using the 6ring program of Bérces et al.>> The exocyclic groups were
added using CHARMM.*® For each molecule in each of the 38 ITUPAC
puckering configurations, we generated a set of rotamers by rotating
each exocyclic group in 120° increments around each C—C—O—H or
C—C—C—-O0 dihedral angle and in 180° increments around the C—N—
C=0 and C—C—N-C dihedral angles in GlcNAc. There are no
exocylic groups on oxane, so there is only one conformation per ring
pucker. For xylose, 81 rotamers were optimized per puckering
conformation for a total of 3078 conformations. For a-glucose, f-
glucose, and f-mannose, 729 rotamers were generated for each pucker,
resulting in 27702 conformations for each of these six-carbon
monosaccharides. For GlcNAc, 972 conformations per ring pucker
were generated for a total of 36 936 geometries. Thus, the initial set of
conformations considered for all molecules in this study comprised
123 201 geometries.

Given the large number of structures studied, a hierarchical
approach was used to identify a set of low-energy structures for
each sugar, which were then analyzed using a higher level of theory.
First, the initial structures were optimized using Gaussian 09°* with the
MO06-2X/6-31G(d) level of theory keeping the ring puckering dihedral
angles fixed. The MO06-2X>° functional is a newer iteration of the M0S-
2X°® functional that has been shown to provide accurate energies in
carbohydrate QM studies.’”® Pogle—style basis sets””® are used,
including polarization functions.’"** We performed all calculations in
vacuum, as the system of interest is the protein interior, which has a
low dielectric constant on the order of 4.

The next stage of screening involved increasing the size of the basis
set and performing fully relaxed optimizations and frequency
calculations at the M06-2X/6-31+(d,p) level of theory on unique
conformations within 5 kcal/mol of the lowest electronic energy
structure for a given pucker, both to find local minima and TS
structures. We included diffuse functions®® for the geometry
optimization and frequency calculations as thez can be particularly
important in systems with hydrogen bonding.®> Local minima were
verified to have no imaginary frequencies and each TS exactly one
imaginary frequency. We assigned the resulting structures to the
closest IUPAC configuration on the CP sphere based on arc length.
For the CP coordinates of the canonical conformations, we used those
listed by Hill and Reilly®® for a pyranose ring. After this step, we
discarded any conformations with Gibbs free energies (at 298 K)
greater than S kcal/mol of the lowest-energy conformation with the
same pucker and same number of imaginary frequencies.

The final screen involved reoptimizing this set of low-energy
structures using a method shown to obtain highly accurate geometries
and frequencies®”~® and calculating the energy at a high level of
theory. Specifically, geometries and vibrational frequencies were
obtained at the B3LYP/6-311+G(2dfp) level of theory using an
ultrafine integration grid and tight convergence. Electronic energies for
these low-energy conformations were calculated at the CCSD-
(T)7°"7/6-311+G(d,p) level of theory. Boltzmann-weighted averag-
ing was employed to obtain aggregate properties of puckered
conformations from individual conformations with exocyclic groups
in different orientations. To calculate entropies, enthalpies, and free
energies for individual conformations, standard statistical mechanics
formulas were applied.”* Corrections to the partition function for
internal rotation, such as discussed by Pfaendtner et al,”® were not
included since accurate treatment of internal modes of rotation is
impeded by coupled motion and by large contributions to the low
frequencies from ring puckering. Thus, the frequencies were calculated
based on the harmonic oscillator (HO) assumption. The effect of low
frequencies in this study is mediated by the need only to compare
different conformations of the same molecule to each other, leading to
a large degree of cancellation of contributions from low frequencies.
Furthermore, the low frequencies affect the entropy contribution to

dx.doi.org/10.1021/ja410264d | J. Am. Chem. Soc. 2014, 136, 1008—1022



Journal of the American Chemical Society

O-e +
A. oxane 4, + Canonical coordinates
® Local minima
W Transition structures
454
H o';_', -|E- 2';_', -+ 2';, 47.‘, + 4H + o’;.‘, +
°E m'" 1 L 3 uE; 3 4E 5 Es -
> 90-m +m u +m B +
@ °3B 3?.91 Bis 531 2!5 2-SPc; Bogs S; B 'S; Bys ?2
m ] ]
+ + + + + + +
+ + 5 + + 1 + +
1354E 3y, B sy, B sy, By, B dh, B,
1
C,
180_I T T T T T ? T T T T T 1
0 30 60 90 120 150 18((2, 210 240 270 300 330 360
)
7o ic ¢ GH10 v GH43
B. B-xylose 1 GH11 vGH120
h GH39
* Lo e i o4 iy wt wWEL 4+ i+ ok +
cEm  Hugm E, v 2 om gk Mg s g mm Es ol
— y v
“ome ., ®N Lyl @ 4'»“ o ¢% my mgoe +
@ o3 3-51 Bis  ss, b ,-So Bos 'S: M s, ?2,5 2
v
u ] '
mn
+ g!l ) - - o+ +
+ + + + 1 +
135-'E 3, B sy, Ho Eo v, E  hy, B,
1
C.
180 oo o +
T T T T T T T T T T T T 1
0 30 60 90 120 150 18(00) 210 240 270 300 330 360
()
0 +
4 L4 o o
C. a-glucose Ci ¢ GH31
45—
of, 1R P S 7 + 4 " of +
i Y g B orE delimd
¢
~ -l o nal ,
“ 904 _mm . ® ! » + + w l ° +
@ ’% -§1 B, 4 + 2'SB 2§0 Bo’3 1s3 % ®
LY ]
+ + = + u fd + F +
+ + + 4 ] [
135-LE 3H, E, SH, 5E SHo Eo H, * E, SHy
1
C4 'Y ) P [ ]
180—I T T T T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300 330 360
¢ (%)
Figure 4. continued
1011

dx.doi.org/10.1021/ja410264d | J. Am. Chem. Soc. 2014, 136, 1008—1022



Journal of the American Chemical Society

00 e o0 i °
D. B-glucose G ¢ g:; v g:?z
h GH6
45+
+ + + + +
H 0 2 2y Hg g, 4 + oH +
S L I L L T A R
] R
o & \ Ym
& ootm © + N f o>, ituipeee
® °*B 3§1 Bua 5-§1 .ziil zg0 Bos 'S; B s W Bys 2 v
Egm "l‘..u I ’-
it + + + } " + pu 14#? B oa +
135E  sp, B sy, SH, Fo 1, H, B 3,
°
[ o © c, [ ] & [ ]
180_| T T T T T T T T T T T ° 1
0 30 60 90 120 150 1 8(0) 210 240 270 300 330 360
o
01 +
“c, e 8¢ [yGH2
E. B-mannose GH26
45+
+ + + + +
H o 2H 2 +m + 4H, OH, +
ewpd , Bk el 2 R kg
°
" r | L
> [ Y ‘ ‘_’ ] ‘_
& 901 + + o :am® %% o
@ 03 Q3_§1 By, %1 % - 2§° Bos 'S, 1'? 135‘ Ez,s.“;z
|
N N u .h ‘il.
£y + E .+ msP + r & i m E + +
1351E 3y, 45 SHo °  'H, 2 3,
®0
Y 1
o © ‘ C4 o o
180_ T T T T T T + T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 3é0
()
0+ +
) [ I ) o9 4 [ N
F. B-N-acetylglucosamine G \ g:;g
h GH56
45+
+ + + + + +
e °H1r [ 2H;.I'IE? we, % ke ks i
'y - * = ® n X 7 et
D) [
Soolpee 9™  Sn -5’, h 1+"+m li. @ T
o3 3§, Bis  5g, I“B .igo Bo; S3 “B 5 1 2
- : - =
- + ] + + *l . +
+ + + + 1 +
135~3E 3H4 E4 5H4 . % 5H0 Eo 1HO u , Ez 3H2
° @
[ ] 1 [ J
C. ®
o o 4 )
180_ T T T T T T —!- T T T T T 1
0 30 60 90 120 150 180 210 240 270 300 330 360

o ()

Figure 4. Mercator projections of the CP spheres for each of the molecules in this study, showing the puckering parameters of the following:
canonical puckers (labeled black crosses), local minima (green circles), TSs (blue squares), and activated substrates from enzyme crystal structures
(remaining points, labeled by enzyme family; further details for each structure such as resolution, substrate, and citation are provided in the SI).

free energy more than the enthalpy. Thus, we do not expect the HO
assumption to significantly affect the relative enthalpy data presented
here.

Intrinsic reaction coordinates (IRCs) using the Hessian-based

d76—79

Predictor-Corrector integration metho were followed from each
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TS to connect it with the correct local minima. In very flat regions of
the potential energy surface, the gradient-based stopping criteria was
decreased or even eliminated and the Hessian recalculated at the first
two steps. TSs corresponding to exocyclic rotation were discarded as

they are not the focus of this study.
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Figure S. Main puckering interconversion pathways for the molecules in this study. Values shown are the enthalpy change from a local minimum
(green) to a TS (blue with ), at 298 K in kcal/mol calculated with CCSD(T)6-311+G(d,p)//B3LYP/6-311+G(2dfp).

The results shown in the following sections are for “low-energy”
local minima and saddle points, where we define “low-energy” as
having a Gibbs free energy within 1.25 kcal/mol (approximately 2 k3T
at 298 K) for a given pucker local minimum or pathway. Electronic
densities were calculated at the CCSD/6-311+G(d,p) level of theory.
Partial atomic charges were evaluated with natural population
analysis®® using NBO 5*' and with the ChelpG scheme.®?

B RESULTS

The range of results for puckering conformations across
different sugars provides valuable context for considering
teatures of individual sugars. Thus, we first present our results
holistically before examining each sugar. In the overview, we
also introduce why certain properties are of interest for
catalysis. The key results from this work include which
puckering conformations are local minima and which are TSs
for puckering interconversion. CP parameters allow us to
precisely identify the puckering geometry, as shown in Figure 4
for all six molecules. This figure contains Mercator projections
of the three-dimensional CP sphere mapped onto two
dimensions. As such, there is significant horizontal distortion
at the top and bottom of the projection, but little at the
equator, which is rich in puckering conformations. The CP
parameters of the canonical puckering geometries are marked
with a black cross and labeled with their IUPAC name. Green
circles identify the CP coordinates of stable local minima, and
blue squares identify CP coordinates of puckering TS. The
Supporting Information (SI) contains additional Mercator
projections on which arrows point from each TS to the local
minima obtained by following the IRCs of each TS. The CP
parameters of experimentally observed substrates in GHs are
also shown on these Mercator projections, identified by the GH
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family. The SI contains a list of the structures and associated
key data, such as the structural resolution and substrate used.

As evident in Figure 4, stable puckering geometries do not
conform to the discrete IUPAC puckering designations. While
many stable points are intermediate between canonical
puckering conformations, the IUPAC designations are none-
theless useful constructs in describing monosaccharide rings.
To assign an IUPAC name to each stable point to aid in
discussion, we classify each calculated stable point by its closest
canonical puckering designation on the CP sphere according to
arc length. For oxane, there is only one way to be in a given
puckering geometry. The exocyclic groups on the other
molecules allow for a diversity of stable puckering geometries
for a given pucker, which is reflected in clusters of local minima
and TSs on the Mercator projections. We used Boltzmann
weighting to obtain aggregate properties for a monosaccharide’s
puckering conformation. The local minima were grouped by
their puckering designation alone, while the TSs were grouped
by pathway, defined by the puckering conformations of the TS
and the local minima the TS connects.

Figure 5 shows the puckering interconversion map for each
molecule, including enthalpic barriers in kcal/mol at 298 K, to
move from a local minimum to a TS. For clarity, only the
lowest energy pathway between a pair of local minima is shown,
and some pathways connecting more distant pairs of local
minima were omitted. Unabridged lists of interconversion
pathways are included in the SI. To preactivate carbohydrates
for catalysis, GHs perturb the monosaccharide ring from *C, to
a pucker along the CP equator, as shown by the experimentally
observed substrate puckering in enzyme active sites in Figure 4.
Thus, the enthalpy change from *C, is of particular interest.
The barriers to interconvert between different conformations

dx.doi.org/10.1021/ja410264d | J. Am. Chem. Soc. 2014, 136, 1008—1022
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on the equator tend to be lower than those to interconvert
from the poles. In some cases, the electronic energy surface
along the equator is so flat that the enthalpy change from a
local minimum to a TS is negative. Although the enthalpies of
those TSs are lower than the local minimum, the electronic
energy is higher for the TS. Their identification as a ring
puckering interconversion TS was, as with all TSs, confirmed
by IRC calculations.

Figure 6 provides data to evaluate whether puckering is
employed primarily to position the anomeric oxygen bond in an
axial position poised for cleavage by Sy2 attack. Specifically, it
shows the C5—05-C1-01 and C3-C2—C1-O1 dihedral
angles for each sugar in each puckering conformation found to
be a local minimum. When both of these dihedral angles are
near 180°, the C1—01 bond is unambiguously equatorial, as in
the *C, conformation of f-xylose. To aid in identifying which
conformations display equatorial character, the range near 180°
is shaded in light blue. Likewise, when both dihedral angles are
near 90°, the range shaded with light green, the C1—O1 bond is
unambiguously axial, as in the 'C, conformation of f-xylose.
The puckered conformations which have been experimentally
observed in activated enzyme—substrate complexes are high-
lighted with a yellow vertical bar. As a-glucose clearly
demonstrates, the sugar ring is not distorted from *C, simply
to align the C1—O1 bond axially, as the anomeric oxygen is
already axial in the *C, conformation. The observed pucker in
a-glucose activated complexes is not one of the puckered
conformations that maintains the axial anomeric oxygen, such
as °S,, but the 'Sy pucker in which the anomeric oxygen is
equatorial. The observed puckers for both f-mannose and
GIcNACc align the anomeric oxygen axially, while the range of
observed puckered geometries for B-xylose include both
primarily axial and primarily equatorial C1—O1 alignments.
The f-glucose "*B and 'Sy conformations offer a highly axial
anomeric oxygen, but are not the observed puckers; the
observed fB-glucose puckers are more intermediate. Thus, while
an axial anomeric bond alignment is likely favorable for
glycosidic bond cleavage, as has been proposed,” it alone is
clearly not a necessary or universal feature of activated sugar
substrate conformations.

Figure 7 provides a compilation of several other properties to
consider as metrics for catalytic susceptibility. Each column of

the graphs provides data for a different sugar, displaying
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properties of the puckering conformations found to be stable
local minima. As in Figure 6, the yellow vertical bands highlight
conformations observed in crystal structures of activated
enzyme—substrate complexes. The first row of Figure 7
shows the one-step enthalpy barrier to move from *C; to a
different pucker local minimum. An “N/A” indicates that no TS
was found for a one-step conversion from *C;. Thermodynamic
stabilities of minima are shown in the second row, with relative
Gibbs free energy compared to the “C; conformation, which is
the lowest-energy conformation in all cases. The remaining
three rows highlight properties believed to be indicators of
preactivation for catalytic action.””°>* Since GHs employ
nucleophilic attack at the C1 carbon, a high partial charge on
C1 would make it more susceptible for catalysis. Similarly, a
shortened distance between the C1 carbon and the ring oxygen
(OS) is consistent with oxocarbenium-like character. The last
row quantifies the C1—O1 distance. In a GH, this is the bond
that would be broken. A longer C1—0O1 distance corresponds
to a weakened bond, and thus is another indication that the
pucker is preferable for catalysis.

In the following subsections, we discuss each molecule in
turn. The difference between the molecules is only due to
differences in exocyclic groups, which result in the rich
conformational landscapes that affect the ring pucker
interconversion pathways (kinetic landscapes) of the pyranose
rings (Figure 5). The final subsection reviews the importance of
the thorough conformational search included in this study.

Oxane. Ozxane, a minimal pyranose ring, contains no
exocyclic groups and thus provides an ideal basis to compare
the puckering behavior of the monosaccharides included in this
study. The number of pathways from oxane’s chair con-
formations (Figure SA) is significantly reduced from the
number in Stoddart’s proposed interconversion pathways for
cyclohexane (Figure 3). Stoddart described pathways through
each of the six envelope and six half-chair conformations,
showing only the half-chair conformations.”" In doing so, he
cited Hendrickson’s semiempirical strain calculations that show
the half-chair TSs have slightly lower energies than the
envelopes. Specifically, Hendrickson calculated that a cyclo-
hexane envelope TS is 11.3 kcal/mol higher in energy than the
chair, while the half-chair TS is 11.0 kcal/mol higher in
energy.” Our results for oxane also show a slightly higher
barrier for the envelope TS than the half-chair. The smaller
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number of interconversion pathways is consistent with the
reduction in symmetry from cyclohexane to oxane, and agrees
with early semiempirical®* and more recent DFT studies.* The
stable envelope TSs contain the C3 carbon, which is opposite
the ring oxygen, above or below the plane (due to remaining
symmetry, °E and E; are equivalent). The stable half-chair TSs
are those with the ring oxygen and a neighboring carbon
participating. As shown in the Mercator projection of the CP
sphere in Figure 4A, the CP parameters for the calculated stable
points do not always coincide with the parameters for the
canonical conformations.

Along the equator, the skew conformations are local minima,
and the boat conformations are TSs that allow interconversion
along this “pseudorotational itinerary.” The barriers for
interconversion along the equator are 1.3 kcal/mol or less,
describing a very flat portion of the enthalpic surface. Figure 7A
conveys some property differences among the local minima.
For example, the equivalent °S; and 'Sy conformations have
slightly higher Gibbs free energy, slightly higher partial charge
on the C1 carbon, and slightly longer C1—O bond lengths than
all of the other minima. Since oxane does not have a hydroxyl
group bonded to Cl, no graph is shown in the final row of
graphs in Figure 7. Oxane is not a GH substrate, so the pucker
properties are not presented to understand properties of
activated substrates, but instead are presented as a point of
comparison for the monosaccharides discussed below.

B-Xylose. The potential energy surface for f-xylose is more
complicated than that for oxane due to the additional degrees
of freedom from the four exocyclic hydroxyl groups. Each
group has multiple low-energy orientations, resulting in
multiple possible rotamers of each puckering conformation.
As previously noted, this results in clusters of local minima
(green) and TSs (blue) on the Mercator projection of the CP
sphere in Figure 4B. Additionally, there is more variety in
heights of the enthalpic barriers. The enthalpic surface along
the equator is not as flat as for oxane, while these barriers
remain smaller than those to move from the *C, pole to the
equator.

Figure 4B also shows the CP parameters for “activated”
substrates obtained from structural studies. Enzyme structures
from family GH11 (retaining), GH120 (retaining), and GH43
(inverting) indicate that **B and *S, are preferred ring
conformations for catalysis.*"**®” Crystal structures from the
GH10*® and GH39% (both retaining) adopt the 'S,
conformation.

As shown in Figures SB and 7B, the most kinetically
accessible puckered conformation is 2Sq, which is also more
stable (lower Gibbs free energy) than the other puckered
conformations along the equator, as confirmed in a recent study
by Ronnols et al.”® Their NMR studies in solvents of varying
dielectric constant show significant populations of *C;, 'C,, and
’S, geometries. Their studies in low dielectric constant are
most relevant to this gas-phase study and to the low dielectric
environment found in enzymes.”> They found that at low
dielectric constant, the populations in the 'C, and S,
geometries are similar. This is consistent with the similar
Gibbs free energy we found for these two geometries.

Several puckered conformations display properties favorable
to catalysis. >°B has the highest positive partial charge, making
it more susceptible to nucleophilic attack, while S, 'S;, and
'S; have shorter OS—C1 bond lengths consistent with
oxocarbenium character as well as an elongated C1—O1 bond
consistent with a weakened leaving-group bond. Of these four
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conformations, only 'Sg is not experimentally observed. It is
important to note that free energy does not explain why it is
not observed; it has a lower Gibbs free energy than the
observed >°B pucker. 'S also provides a more axial alignment
of the anomeric oxygen (Figure 6). One possible candidate
revealed in this study is that it is relatively more difficult
kinetically to obtain the 'S conformation than the other three.
As previously noted, Sy has the lowest barrier from *C,.
Unlike 'S5, both >°B and 'S; neighbor 2Sy on the relatively flat
enthalpic surface of the CP sphere’s equator. Thus, the
observed structures represent a combination of some catalyti-
cally favorable properties and kinetic accessibility, which may be
significant.

Of these observed puckering geometries, the differences
between >°B, S, and 'S, merit further discussion. Sy and 'S,
have both low free energy and shorter C1—OS bond lengths,
while *°B has relatively high free energy and C1 partial charge.
It may be that the higher C1 partial charge offers more catalytic
benefit, making it worth overcoming the higher free energy.
Amorim et al. tested the hypothesis that the **B conformation
is especially amenable to catalysis.”’ They compared hydrolysis
rates of a xyloside and a bicyclic xyloside analogue locked into a
»°B geometry by a C—C bridge between C2 and CS. They
found hydrolysis rates for the locked *B xyloside to be at least
2 orders of magnitude faster than the flexible xyloside. The
difference between the rates for locked and flexible xylosides
indicate there is a barrier for the flexible ring to overcome to
adopt the catalytically favorable pucker but that enzymes that
overcome this barrier obtain additional catalytic benefit. This
finding is consistent with our study—if there were no catalytic
advantage to puckering, there would be no reason to leave the
*C, energy well. At the same time, our findings are consistent
with enzymes following an efficient path; the f-xylose catalytic
itineraries avoid the highest barriers in the path toward
activated puckered conformations.

a-Glucose. Just as f-xylose is more complex than oxane and
has more interconversion pathways, a-glucose has more ring
puckering interconversion pathways than f-xylose (Figure SC).
This a-sugar provides an interesting contrast to the rest of the
sugars in this study, which all have f-anomeric oxygens. As
previously discussed, the solution-stable “C; conformation has
an axial anomeric oxygen, which is moved to the equatorial
conformation in the observed activated pucker geometry. As for
all of the pyranose sugars studied, the *C, conformation is in a
deep energy well compared to the puckered conformations
along the equator of the CP sphere. The energy landscape
around Sy, is so flat that the enthalpy barrier to moving from
’Sy to 'Sy or *C; is negative. In this case, although the
enthalpies of the relevant TSs are lower than the *S local
minimum, both the electronic energy and Gibbs free energy
were higher for the TS.

The lowest-enthalpy barrier from the *C; conformation is to
Bo,;. The enthalpy barrier to convert from By to 'S; is only
0.4 kcal/mol, and 'S; is downhill in free energy from By ;. 'S;
has the second-lowest enthalpy barrier from *C,. It is also part
of the proposed catalytic itinerary for a-glucosidases,” based on
identification of such distorted rings in the catalytic sites of GH
structures (Figure 4C). As shown in Figure 7C, 'S, has a high
partial charge on the anomeric carbon, second only to °°B.
Both have similar Gibbs free energies, but the kinetic barrier to
©3B is the highest of the one-step conversions from *C;.
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While the 'S; higher anomeric carbon partial charge is
catalytically favorable, the C1—O1 and C1—OS bond distances
for 'S; are not consistent with what is expected to be
catalytically favorable. For this @-anomeric carbon, no
puckering conformation yields both a higher C1 partial charge
simultaneously with a shorter C1—OS5 distance and longer C1—
O1 distance. On the basis of the properties that we quantified,
the experimental structures in the 'Sy conformation suggest
that following a low-energy path to an electrophilic anomeric
carbon may be more catalytically advantageous than a catalytic
itinerary that provides an elongated leaving group bond.

The observed enzymatic preference for the 'Sy conformation
also indicates free energy alone is not a reliable predictor of
catalytic itineraries. The 'S; conformation is approximately 7.6
kcal/mol higher in energy than *C,, while °S, is approximately
4.7 kcal/mol higher in energy than *C,. However, to our
knowledge, no a-glucose monomer has been observed in the
S, conformation in a GH enzyme.

B-Glucose. As shown in Figure SD, the f-glucose kinetic
landscape contains even more puckering interconversion
pathways than a-glucose. It also has some lower enthalpy
barriers to leave the *C,; low-energy well. For a-glucose, the
lowest enthalpy barrier to leave *C; is 9 kcal/mol. For f3-
glucose, three pathways require less than 9 kcal/mol to escape
the *C, conformation: 5.9 kcal/mol to reach By 3, 7.9 kcal/mol
to reach *Sg, and 8.4 kcal/mol to reach 'S;. Intriguingly, these
low-energy-barrier puckering conformations are found in crystal
structures of substrates in catalytic sites (Figure 4D). The low-
energy path for interconversion from *C, to By through E;
was also found by Barnett and Naidoo' with a barrier of
approximately S kcal/mol evaluated with the semiempirical
method PM3, which is in excellent agreement given the
difference in methods. In contrast, the barrier for this path
given by Biarnés et al.** is more than 8 kcal/mol evaluated with
the DFT functional PBE. Their overestimation is not surprising
given the analysis by Sega et al.”'

Figure 7D shows that in addition to having low kinetic
barriers, %S, Bos and IS, are among the lowest Gibbs free
energy conformations and have the highest C1 partial charges
along the equator. They also have catalytically favorable shorter
C1-0S and longer C1—O1 bonds than does *C,. However,
these three conformations are not the only ones with low Gibbs
free energy, high C1 partial charge, and short C1-OS bond
distances. 'S, for example, has similar properties, except for its
higher kinetic barrier. 'S is not one of the experimentally
observed puckering geometries, suggesting that kinetics may
have an important role in the catalytic itineraries of enzymes
acting on p-glucose polymers, an aspect only peripherally
considered in previous computational studies of f-glucose
puckering.**

p-Mannose. f-mannose differs from f-glucose only in the
stereochemistry of the O2 attachment to the ring; the f-
mannose O1—02—03 arrangement is cis—cis, whereas the -
glucose O1-02—03 arrangement is trans—trans. Different
puckering geometries can allow more or less space between the
adjacent oxygens, which can be a determining factor in
determining conformation stability and energy. A striking
feature of the f-mannose puckering landscape is the lack of
stable points in the *E—*H;—E; region, as shown in Figures 4E
and SE. This is a region of high cis—cis clash between O1, 02,
and O3. Optimizations with the ring pucker held fixed and the
rest of the molecule relaxed showed that these three
conformations have among the shortest O1—02 distances, at
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2.5 A (the fully relaxed *C, O1—02 distance is 2.7 A and the
oxygen van der Waals radius is 1.5 A”?). Given the steric
hindrance of these puckers, the lack of stable points in this
region is logical. It is also remarkable because this region lies
between the solution-stable *C,; conformation and the 'S
conformation, which is the experimentally observed pucker
conformation in activated substrate-enzyme structures. We
observed no one-step pucker-interconversion paths between
*C, and 'S;. Although 'S; is directly below this barren region of
the CP sphere, it does not suffer from cis—cis clash. In fact, it
offers the greatest distance (2.9 A) between O1 and O2 of all
the f-mannose puckering geometries.

Ardévol et al. stated, “We have found that 'S is among the
most stable conformers and simultaneously is the most
preactivated conformation in terms of elongation/shortening
of the C1-01/C1—-0S bonds, C1—0O1 orientation, and charge
development at the anomeric carbon.”*® Our findings support
their assertion that 'S displays a favorable axial C1—Ol
orientation (Figure 6) and elongated C1—O1 bond length
(Figure 7E). They also note that a shorter C1—OS bond and
higher C1 partial charge is considered catalytically advanta-
geous. However, contrary to their assertion that 'Sg s
preactivated in terms of C1—OS$ bond shortening and charge
development at the anomeric carbon, both their study and the
present study found that 'S has a longer C1—O5 bond length
and a lower CI1 partial charge than other puckering
conformations, including being less preactivated than the
lowest-energy *C, conformation. Our results for free energy
differ slightly from Ardévol et al. They report that the local
minima near the 'Sy conformation are the lowest free-energy
conformations on the CP sphere’s equator, slightly below the
minimum near 'S;. We found that the local minimum near 'S,
is lower than the local minima nearest to the canonical 'S
conformation. We believe our finding is more accurate because
we ensured that our calculations were tightly converged and
included all orientations of the exocyclic groups.

Our analysis of the pathways to convert from the *C,
conformation to a puckering conformation along the equator
reveals that Bg; has the lowest enthalpy barrier, followed by
'S;, with an enthalpy barrier of less than 1 kcal/mol to convert
from B3 to 'S;. While 'S, has the lowest Gibbs free energy of
the puckered conformations, ©°B has the highest partial charge
on Cl. Yet, to date, neither of these puckering geometries has
been observed in an activated enzyme—substrate complex. The
observed structure, 'S, is adjacent to 'Sy and has the second
lowest Gibbs free energy of the puckers on the CP equator, as
shown in Figure 7E. However, contrary to the result implied by
Ardevol et al, it has among the lowest C1 partial charges,
although it does have the longest C1—O1 bond length. Like f-
xylose and a-glucose, f-mannose has no single puckering
geometry with simultaneously favorable kinetics, C1 charge,
C1-0sS distance, and C1—0O1 distance. The longer distance
between the O1 and O2 oxygens may play a role in why 'S; is
observed over the 'S; or B, ; conformations, which have O1—
02 distances of 2.6 A. The longer O1—02 distance offered by
'S may allow enzyme residues to more easily selectively
interact with O2, which is a highly conserved enzyme—
substrate interaction,” without clashing with O1. Simulations
of enzymes active on f-mannose substrates could test this
hypothesis but are outside the scope of this study. This study
does show that a consideration of free energy, C1—O1 and
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C1-0S bond lengths, and C1 partial charge does not allow
simple identification of a preactivated puckering conformation.

B-N-Acetylglucosamine. GIcNAc, with its long N-acetyl
arm attached to the C2 carbon, has a distinct feature on its
puckering landscape compared to the other sugars examined in
this study: GlcNAc features stable local minima in the region
between the 'C, pole and the equator, as shown in Figure 4F.
Specifically, there are stable local minima in the °E
conformation and near the 'H, canonical puckering con-
formation. Figure 8 illustrates how the N-acetyl arm stabilizes

Figure 8. GIcNAc in a °E geometry that is a stable local minimum.

the °E conformation. The position of CS above the plane
formed by the other ring atoms allows for intramolecular
hydrogen bonding between the hydroxyl groups attached to
Cl, C3, and C6, as can also occur in the 'C, conformation.
However, unlike in 'C,, °E contains C2 in the same plane as
05, C1, C3, and C4. This position of C2 allows the acetyl
oxygen to be in proximity to the O3 hydrogen to allow for
hydrogen bonding which stabilizes the structure. Similarly,
structures near 'H, are stabilized by interactions of the N-acetyl
group with the rest of the molecule.

Figure 4F also shows that GIcNAc-active enzymes distort the
substrate to a pucker in the vicinity of "*B, to a highly
conserved degree. Surprisingly, this preferred pucker con-
formation has among the highest Gibbs free energy and
enthalpy barriers to convert from *C, in one step, as shown in
Figures SF and 7F. Additionally, its C1 partial charge is lower
than for *C;. Unique patterns appear to be at play with
GIcNAc.

van Aalten et al. noted that chitinases take advantage of the
N-acetyl arm for nucleophilic attack, instead of a carboxylate
protein side chain as is common in other carbohydrate-active
enzymes.”* Thus, the ability of the N-acetyl group to interact
with the rest of the molecule has been recognized as an
important feature of GlcNAc-modifying enzymes, as well as an
important feature affecting the puckering interconversion
landscape. This could also be a factor in why the
thermodynamically less stable “*B pucker is adopted for
catalysis.

The top row of Figure 9 shows two conformations of the
GlcNAc substrate in the —1 position from crystal structures of
enzyme activated substrate complexes and, in the bottom row,
the lowest energy conformations of two monomer pucker
geometries, By and "*B. In order for the N-acetyl group to
perform nucleophilic attack at C1, the acetyl group must be
below C1, which in turn requires an axial orientation of the N-
acetyl group at C2. One measure of whether the N-acetyl group
is oriented below Cl1 is the value of the OS—C1—C2—N angle,
which is noted on the conformations in Figure 9. The
experimentally observed puckered geometries have an OS—
C1—C2—N angle of about 90°, with an even smaller angle in
some of the crystal structures listed in the SL Bg; has among
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from 1E6N from 1FCV

92°

91°

Figure 9. Top row: conformation of the GIcNAc subunit in the —1
position of the active site of Serratia marcescens ChiB from PDB entry
1E6N”* (left) and Apis mellifera Hva from PDB entry 1ECV®® (right).
Bottom row: lowest-energy local minima for a GIcNAc monomer in
the By, (left) and “*B (right) conformations. The images are
annotated with the value for the O5—C1—C2—N dihedral angle, with
that angle highlighted in green.

the lowest relative free energies of the GIcNAc puckering
conformations and the lowest enthalpy barrier from *C,, but
the N-acetyl group is in an equatorial position, preventing
orientation of the N-acetyl group below Cl. In contrast, the
observed "*B conformation has the smallest O5—C1—C2—N
dihedral angle of the puckering conformations on the equator
of the CP sphere. No other monomer in this study has such a
“handle” for the enzyme to manipulate. It appears that for this
monomer, the pucker conformation which best allows for the
N-acetyl arm to participate in catalysis is employed, trumping
other considerations that we examined.

Importance of Conformational Search. Monosacchar-
ides exhibit a vast array of available conformations due to the
orientations of each exocyclic group and the multiple puckering
conformations. Different rotamers of the same sugar in the
same puckering geometry can differ in free energy by several
kcal/mol, due to different orientations allowing more or less
intramolecular hydrogen bonding. Errors of that magnitude
could lead to misidentification of low-energy puckering
conformations as well as misestimating rate coeficients by
orders of magnitude. This warrants explicit treatment of
exocyclic group rotation in theoretical treatments. The explicit
consideration of the exocyclic groups in the present
investigation for each monosaccharide provides confidence
that we have identified the lowest-energy substrate puckering
itineraries.

With these data in hand, we can review the results to
determine whether such a thorough search was required. For
example, if the hydroxymethyl groups of the six-carbon sugars
consistently take on the same orientation in the low-energy
conformations, we would know that wide conformation
sampling was not needed. The orientation of hydroxymethyl
groups is commonly classified as gauche—gauche (gg), trans—
gauche (tg), or gauche—trans (gt), based on the OS—C5—C6—
06 and C4—C5—C6—06 dihedral angles, respectively.”*”” For
P-glucose, we found that the hydroxymethyl orientation was
most commonly in the gg orientation, as previously reported.”*
However, about one-third of the puckering geometries for
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which we isolated local minima have the lowest-energy
conformation with a non-gg orientation. The hydroxymethyl
orientations were even more diverse for the TSs; around fifty
percent of the lowest energy TS conformations contain non-gg
orientations. Had we not thoroughly searched the conforma-
tion space so thoroughly to find the lowest energy
conformations, our calculations of relative free energy and
kinetic barriers would likely be incorrect. This could result in
either overestimation of barriers (for example, if we compared a
higher-energy TS with a low-energy local minima) or
underestimation (if we compared a lower-energy TS with a
higher-energy local minima). Our exhaustive search for both
local minima and TSs for each puckering conformation results
in the most comprehensive data set to date for ring
interconversion for each of the sugars in this study.
Furthermore, our method did not presuppose a reaction
coordinate. Internal mode analysis of imaginary frequencies
shows that TS reaction coordinates rarely comprise purely ring
puckering. While the primary component is reliably rotational
movement of dihedral angles in the ring, rotational movement
of exocyclic groups can contribute more than 20% of the
displacement in the imaginary frequency.

The resulting library of low-energy local minima and TSs for
the six pyranose molecules in their range of puckering
conformations provides an excellent resource for future
computational studies of carbohydrate-modifying enzymes,
including both GHs and glycosyltransferases. The SI contains
atomic Cartesian coordinates for local minima and TSs which
have Gibbs free energy within 1.25 kcal/mol (approximately 2
kgT at 298 K) for a given pucker local minimum or TS
connecting the same two local minima.

B DISCUSSION AND CONCLUSIONS

In 1971, Stoddart published a map of the puckering
interconversion pathways of cyclohexane.”" Our present study
now provides the detailed interconversion pathways of five
biologically important pyranose sugars: f-xylose, a-glucose, f-
glucose, f-mannose, and f-N-acetylglucosamine. For each of
the 38 IUPAC recognized puckering conformations, all degrees
of freedom due to rotatable bonds were explored and puckering
interconversion TSs were obtained and verified. A library of the
low-energy local minima and TSs obtained is provided in the
SL

Comparing the kinetic landscapes of the pyranose sugars
with each other and a minimal pyranose molecule (oxane)
reveals the large effect exocyclic groups have on the location of
stable geometries, the puckering pathways, and the kinetic
barriers of interconversion. Figure 7 conveys the effect of
exocyclic groups on barrier heights for ring interconversion, as
well as other properties of interest. For example, oxane’s barrier
heights to leave the *C, energy well are approximately 10 kcal/
mol, with a range of only tenths of kcal/mol to travel from *C,
to different puckering conformations on the equator of the CP
sphere. In contrast, the barrier heights for f-glucose to move
from *C, to other puckering conformations range from S to 13
kcal/mol for different puckering conformation destinations.
The presence of exocyclic groups could either lower the energy
of TSs or raise them due to steric hindrance. Thus, theoretical
studies must consider the role of exocyclic groups when
constructing thermodynamic and kinetic landscapes.

A more severe result of the same phenomena is differences in
the presence or absence of stable puckering geometries among
these molecules. Exocyclic groups can stabilize otherwise
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unstable geometries, as GIcNAc’s N-acetyl arm allows for a
local minima at °E, which is not a feature of any other molecule
in this study. They can also interfere with stability of puckering
geometries, as found for f-mannose. Steric clash from p-
mannose’s cis orientation of C2 with respect to both C1 and
C2 results in the *E—*H;—E; region of the CP sphere being
devoid of stable points of either type (local minima or TSs).
This is in contrast with its epimer f-glucose, where the
*E—*H—E; region is populated with multiple TSs.

In addition to mapping the kinetic landscape of these
pyranose sugars, the high-level QM calculations provide rich
data about the electronic structure of each conformation. This
allowed us to test the hypothesis that different puckering
conformations make carbohydrate substrates more amenable to
catalysis. As previously reported by another group,”*** some
molecules show a confluence of catalytically attractive features
in the experimentally observed puckering conformations of
activated substrates, such as an enriched partial charge for
nucleophilic attack, an elongated leaving group bond, and low
relative Gibbs free energy. However, such a formula does not
hold for all pyranose sugars. While pf-glucose has an
experimentally observed puckering conformation with simulta-
neously higher C1 partial charge, longer C1—O1 bond length,
and low Gibbs free energy, neither f-xylose nor a-glucose have
such a serendipitous structure. The observed GlcNAc activated
pucker is not the one with enriched C1 partial charge, an
elongated leaving group bond, and low relative Gibbs free
energy. Instead, the preferred pucker is the one that allows the
enzyme to use the N-acetyl arm at the nucleophile, as van
Aalten et al. observed.”* While electrostatic, thermodynamic,
and stereochemical considerations are important to under-
standing why enzymes pucker carbohydrates in enzyme-active
sites, these properties are not sufficient to understand which
puckers are favored. Simulations and structural biology studies
of enzyme action on substrates will continue to reveal
additional important considerations related to enzyme-—
substrate interactions,”® "% such as perturbations to glycosidic
bond torsional angles.'”" As clearly demonstrated by a-glucose,
neither free energy of stable states nor axial alignment of the
C1-01 bond are reliable predictors of conformations on
enzyme catalytic itineraries. The picture emerging from this
comprehensive study of sugar puckering conformations is fuller,
more nuanced, and more complex than previously proposed.
Such complexity is to be expected from sugars; sugar chemistry
and glycobiology are notoriously complex.® The information
presented in this work on how puckering perturbs mono-
saccharide properties provides a valuable foundation for future
studies with a substrate interacting with catalysts, allowing
disambiguation of the effect of interactions from the effect of
substrate distortion alone.
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