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Abstract

Glycoside hydrolases (GHs) are the enzymes that catalyze the cleavage of glycosidic bonds,
which link carbohydrate units to other biomolecules. The work in this thesis comprises
mechanistic studies of various GHs with experimental and computational methods.

In Chapter 2, the transition state (TS) for the hydroxide-catalyzed hydrolysis of 4-nitrophenyl
α-d-mannopyranoside in aqueous media was studied via kinetic isotope effect (KIE) mea-
surements and computational methods. The findings were consistent with a mechanism
involving formation of a transient oxirane intermediate. This mechanism supports the pre-
viously proposed neigboring group participation mechanism for a GH99 mannosidase.

Chapter 3 and 4 provides a mechanistic analysis of a GH36 α-galactosidase mechanism-based
covalent inhibitor. Crystal structures of the enzyme-bound species demonstrate that the
Michaelis complexes for intact inhibitor and product have half-chair conformations, while
the covalent intermediate adopts a flattened half-chair conformation. QM/MM calculations
confirm the structural and electronic properties of the enzyme-bound species and provide
insight into active site interactions. TSs for covalent intermediate formation and hydrolysis
were assessed using experimental KIEs and QM/MM calculations. The enzyme was found
to stabilize TS charge development on a remote C5-allylic center of the reacting carbasugar,
and catalysis proceeds via a loose SN2 TS with no discrete cationic intermediate.

In chapter 5 KIEs were measured for the hydrolysis of α-d-glucopyranosyl fluoride by two
inverting GHs and compared to values computed with multiscale QM/MM methods for
the hydrolysis of α-d-glucopyranosyl fluoride promoted by an inverting Aspergillus niger
GH15 α-glucosidase to give β-d-glucopyranose. KIEs were also measured for catalysis of
β-d-glucopyranosyl fluoride by the Trichoderma virens GH55 inverting β-glucosidase; this
reaction occurs via the "Hehre resynthesis–hydrolysis mechanism" to give the hydrolysis
product α-d-glucopyranose. The TSs for both reactions are essentially identical with fluoride
ion departure occurring with active site stabilization of pyranosylium ion-like TSs, and with
catalysis driven solely by enzymatic H-bonding assistance.

In chapter 6 I present the design and synthesis of a cyclopropyl inactivator candidate for β-d-
glucuronidase and α-l-iduronidase which was tested for activity with human βglucuronidase
and human α-l-iduronidase but found no inhibition against the natural substrate.
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Chapter 1

General Introduction

1.1 Carbohydrates

Carbohydrates are one of the four major macromolecule building blocks central to life,
along with proteins, nucleic acids, and lipids. They are one of the most abundantly produced
biomolecules in organisms and play numerous roles beyond energy storage. For instance,
cellulose—an essential structural element in plant cell walls—is the most abundant organic
polymer on the planet. Cellulose is comprised of linked β-d-glucose molecules in their six-
membered ring (pyranose) form (Figure 1.1 A).

Figure 1.1: A) Four units of β(1→4) d-glucose in cellulose B) d-glucose in the pyranose
form with a glycosidic bond at the anomeric carbon that is alpha (α) when axial or beta
(β) when equatorial

Glucose, as with all the pyranose sugars, is numbered following organic chemistry nomen-
clature, with the hemiacetal carbon as C-1 and going around the ring ending with the CH2

carbon as C-6 (Figure 1.1 B). The absolute configuration (d-, l-) for hexoses is based
on the stereochemistry of the chiral centre furthest from the anomeric carbon in the open
chain form; in the case of glucose it is the C-5 carbon [1]. Carbohydrates are linked together
by glycosidic bonds, which link the anomeric carbon of one sugar to another carbohydrate
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as well as other biomolecules. The molecule bound to C-1 (denoted OR in Figure 1.1)
is the aglycone. In general, glycosidic bonds are classified as either alpha (α) or beta (β)
depending on the stereochemistry at the anomeric carbon relative to the absolute config-
uration of the sugar (d-, l-). In the case of cellulose, the glucose molecules are connected
via β(1→4) linkages, denoting the β stereochemistry of the anomeric carbon and that the
bond is between carbon 1 and 4 of the two respective sugars (Figure 1.1 A, B).

Single carbohydrate units (monosaccharides) linked together in smaller chains (3-10) are
known as oligosaccharides, while longer chains (10+) are known as polysaccharides; cellulose
is a prime example of a polysaccharide. Carbohydrates can also form glycosidic bonds to
lipids and amino acids, forming a vast array of glycoconjugates. These carbohydrate chains
and branches, known as glycans, are prominently displayed on cell surfaces and are crucial
in physiological processes such as cell adhesion, signal transduction, molecular trafficking,
and endocytosis [2]. Glycans in vertebrates are comprised of various monosaccharides, the
most common of which are displayed in Figure 1.2.

Figure 1.2: The ten most common monosaccharides present in vertebrates.

Although some of these monosaccharides seemingly differ only by a given stereocentre
epimer (i.e. Man and Gal are simply C-2 and C-4 epimers of Glc, respectively) or functional
group modifications (substitution of C-2 hydroxyl to acetamide in GlcNAc, GalNAc), these
changes are in fact crucial in terms of enzyme-substrate specificity such that each of these
sugars has enzymes specific to their unique stereochemical and electronic properties. In
fact, the 2-acetamido sugars (GlcNAc, GalNAc) can have a completely different enzyme-
catalyzed mechanism than their C2-OH counterparts for the same chemical transformation
occurring at the C-1 position.

Given the large number of possible monosaccharide combinations linked by glycosidic
bonds, there is a correspondingly large body of enzymes responsible for formation and
hydrolysis of glycosidic bonds: glycosyltransferases (GTs) and glycoside hydrolases, respec-
tively. These two enzyme superfamilies have been classified based on primary sequence into
a database known as the Carbohydrate-Active Enzymes (CAZy) database [3].
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1.2 Glycoside Hydrolases

The enzymes responsible for cleaving glycosidic bonds are known as glycoside hydro-
lases (GHs). GHs are crucial to many clinically relevant biological processes, such as protein
biosynthesis and viral pathogenesis. Therefore, several competitive inhibitors for GHs have
been developed as drugs, such as Miglitol (diabetes) and Tamiflu (influenza). When design-
ing inhibitors for enzymes, having an understanding of their mechanism is an invaluable
asset. As such, GH mechanisms have been extensively studied over the years and the re-
sulting insights have been used to design novel substrates and inhibitors [4, 5, 6, 7, 8].

Most GHs generally function through one of two mechanisms; they either hydrolyze the
glycosidic bond with net retention or net inversion of stereochemistry at the anomeric centre.
For this reason, a broad-spectrum classification of GHs as either retaining or inverting
enzymes is used.

1.2.1 Retaining/Inverting Glycoside Hydrolase Catalytic Mechanisms

The two most common mechanisms used by glycoside hydrolases follow the classical
Koshland mechanisms wherein a pair of enzymatic residues (usually glutamate or aspar-
tate [9]) act in concert to perform inversion(s) at the anomeric centre [10]. In the case of
inverting GHs, a single inversion is performed with a water molecule acting as the nucle-
ophile. This is outlined in Figure 1.3, wherein a β-glycoside undergoes nucleophilic attack

Figure 1.3: Catalytic itinerary for the classical Koshland mechanism for inverting glycoside
hydrolases. Transition state (with positively charged oxygen oxocarbenium character) for
the mechanism is shown in brackets.

by a water molecule to yield the α-configured hydrolyzed product (β → α). This attack
is facilitated by a catalytic carboxylate acting as a general base catalyst; concurrently, the
leaving group (aglycone) departure is facilitated by a carboxylic acid residue via general
acid catalysis.

3



For the retaining mechanism, there are two sequential inversions at the anomeric centre,
resulting in net retained anomeric stereochemistry (β → α → β). For the retaining mecha-
nism, the nucleophile in the first inversion is an enzymatic carboxylate, while a carboxylic
acid residue on the opposite face of the anomeric carbon acts as the general acid, facilitating
the aglycone’s departure. This leads to formation of a covalently bound intermediate which
is then subject to a second inversion of anomeric configuration, this time a water molecule
acts as the nucleophile, with the carboxylate which acted as the general acid in the first
step now acting as a general base to facilitate attack of the water on the anomeric carbon
(Figure 1.4).

Figure 1.4: Catalytic itinerary for the classical Koshland mechanism for retaining glycoside
hydrolases. Transition states (with positively charged oxygen oxocarbenium character) for
the chemical steps of the mechanism are shown in brackets.

1.2.2 Glycoside Hydrolase Transition States

Notably, the transition states (TS) for all the chemical steps shown in Figures 1.3-1.4
share some significant common properties due to participation of the endocyclic oxygen. [11]
In a typical SN2-like reaction the partial positive charge would be localized only on the elec-
trophilic centre, in this case the anomeric carbon. However, this neighbouring ring oxygen
can delocalize the positive charge by developing pi-bond character with the anomeric car-
bon; the transition state thus exhibits oxocarbenium-ion character. This delocalization of
the positive charge stabilizes the transition state such that an ‘exploded’ or ‘loose’ SN2
mechanism is observed.
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Figure 1.5: More O’Ferrall-Jencks plot outlining SN1,
SN2, and ‘loose’/‘exploded’ SN2 mechanism

This type of substitution re-
action mechanism has elements of
SN1 and SN2, wherein there is
dissociation of the leaving group
but also significant association of
the nucleophile at the TS. An ef-
fective way to conceptualize this
is in terms of a More O’Ferrall-
Jencks plot which describes the
spectrum of associative to dis-
sociative substitution mechanisms
(Figure 1.5). In this type of
plot, the two axes represent the
distances of the nucleophile and
leaving group to the electrophilic
centre, respectively. The reactants
can go through two different step-
wise mechanisms via intermediate
species outlined in the bottom-left
and top-right corners. Going through the bottom left intermediate involves formation of a
pentavalent species (not possible with carbon as the electrophilic centre, but possible with
Phosphorus, wherein a pentavalent phosphorane can be formed with both the nucleophile
and leaving group covalently bound [12]). Conversely, at the top right there is the dissocia-
tive cationic intermediate typical of a SN1 mechanism, in which the leaving group is fully
dissociated before any nucleophilic association occurs. Both these mechanisms are stepwise
with a discrete intermediate, but are inverse in their order of nucleophile association and
leaving group dissociation. The path for a concerted SN2 mechanism does not involve in-
termediate formation, going straight from reactants to products (Figure 1.5) with a single
TS in which association and dissociation are coupled, occurring simultaneously. The path
for a ‘loose’ SN2 lies between the SN1 and direct SN2 path; thus it bears characteristics of
the SN2 mechanism but the transition state on such a path is closer to the dissociative SN1
TS than the associative mechanism. This is due to the oxocarbenium delocalized positive
charge stabilization such that there is a ‘looser’ TS with less association of the nucleophile
and more dissociation of the LG than the equivalent concerted SN2 mechanism.

The oxocarbenium character of the TS also has repercussions for the geometry of the
sugar ring. The pi bond character between the endocyclic oxygen and anomeric carbon
causes the two atoms to adopt sp2 hybridization geometric constraints, i.e. they are no
longer tetrahedral but rather become trigonal planar with 120 degree bond angles. The six-
membered sugar ring can no longer adopt a chair conformation since the C-2 and C-5 atoms
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are now forced to lie in the same plane as the endocyclic oxygen and C-1 (the red atoms
in Figure 1.6 A) [13]. With this constraint, the ring is restricted to the eight possible
cyclohexene principal conformers (4 envelopes, 2 half-chairs, 2 boats; Figure 1.6 C) as
a result of the two remaining ring atoms (C-3 and C-4) positioning themselves above, in,
or below the plane of the constrained atoms. The nomenclature for these conformations is
outlined in Figure 1.6 B, the letter refers to the type of conformation (B=boat, H=Half-
chair, E=Envelope) and the superscript/subscript numbers refer to which ring atoms are
above/below the plane, respectively [14].

Figure 1.6: A) GH transition state conformational restriction forces atoms in red to lie in
the same plane B) Nomenclature for cyclohexane principal conformers C) Possible principal
conformers for constrained glycoside oxocarbenium ion-like TS

Although the substrate spends an infinitesimal amount of time in these TS confor-
mations (due to the fleeting nature of TSs), knowledge of their geometric and electronic
properties is an invaluable resource when designing GH inhibitors. This is because enzymes
bind their substrate TS conformation extremely tightly (more so than any other substrate
conformation along the catalytic itinerary). [15] Thus, if even a fraction of the enzyme’s
TS binding affinity can be exploited, it will result in a very tight binding inhibitor. Due
to GHs’ clinical relevance, their mechanisms and corresponding TSs have been the subject
of considerable research in order to develop transition state analogues (TSAs), which are
discussed in the next section.

1.2.3 Transition State Analogues

Linus Pauling proposed in 1946 that enzymes’ active sites are complementary in struc-
ture not to the substrate in its normal configuration, but rather to a strained configuration
corresponding to the "activated complex", or transition state, for the enzymatic reaction [16].
He further postulated that an enzyme would therefore be more attracted to a molecule
closely resembling the activated complex than the substrate in its normal ground state con-
formation [16]. He rationalized this idea by coming to the conclusion that stabilizing the
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"activated complex" would lower its energy, which in turn would decrease the activation
energy of the reaction thus increase the reaction rate [17].

Figure 1.7: Thermodynamic cycle for the
dissociation constant of the TS (KTS) as for-
malized by Wolfenden. E, S, and P are en-
zyme, substrate, and product respectively. Km
is the Michaelis constant, the apparent equi-
librium constant for the Michaelis complex,
kcat‡ and kuncat‡ are the rate constants for the
enzyme catalyzed and uncatalyzed reactions,
respectively.

Wolfenden further developed this idea,
proposing the transition state’s binding
affinity relative to the normal substrate
conformation is proportional to the enzy-
matic rate acceleration relative to the un-
catalyzed reaction [15]. This was formal-
ized in terms of a thermodynamic cycle
which relates the enzyme bound TS dissoci-
ation constant (KTS) to the Michaelis con-
stant (the apparent equilibrium constant for
the Michaelis complex) and the rates for
the enzyme catalyzed and uncatalyzed re-
action (Figure 1.7) [18]. This postulate
has led to the development of extremely
potent inhibitors which take advantage of
the enzymes’ TS binding affinity; these com-
pounds are known as transition state ana-
logues (TSAs). Due to the stability of the
glycosidic bond, glycoside hydrolases have
evolved to be highly proficient in catalyz-
ing their reaction. GHs are estimated to en-
hance the reaction rate by a factor of 1017,

among some of the most proficient enzymes known [19]. According to the Pauling–Wolfenden
proposal, they should have a very high affinity for binding the oxocarbenium-like TS rel-
ative to the substrate Michaelis complex structure. Dissociation constants of these TSs
are estimated at 10-22 M [4], in the upper limit for transition state affinity according to
the Pauling–Wolfenden proposal [20]. As such, there is the potential to develop extremely
potent GH inhibitors if their TS binding interactions can be mimicked [21].

With the key electronic and conformational properties of GH transition states discussed
in the last section, there a number of different approaches for establishing efficient transition
state mimicry [4, 22]. The inhibitor can target the oxocarbenium character of the TS by
including an amino group that can be protonated to form an ammonium ion in the active
site as a mimic of the positive charge of the oxocarbenium ion (Figure 1.8 A). Since these
inhibitors are emulating the positive charge property of the TS they are known as "charge
mimics". The distorted TS conformations outlined in Figure 1.6 can also be mimicked by
introducing sp2 hybridized carbons in the ring; this can be done with functional groups
with carbonyls such as amides and esters, or with double bonds (Figure 1.8 B). These

7



two approaches can be combined as shape/charge mimics which emulate both the distorted
conformation of the ring as well as the oxocarbenium positive charge of the TS (Figure
1.8 C). Lastly, the leaving group of most GH substrates (the aglycone) is usually another
carbohydrate and the interactions of the aglycone with the enzyme active site can thus also
be harnessed to improve binding. These aglycone mimics take advantage of the interactions
between C-H bonds of the carbohydrate with a hydrophobic enzyme residue. This aglycone
mimic does not necessarily need to be the carbohydrate that is usually a leaving group but
can alternatively be a hydrophobic molecule such as a phenyl group (Figure 1.8 D).

Figure 1.8: Examples of glycoside hydrolase transition state mimicry strategies: A) Charge
mimics B) Shape mimics C) Shape/charge mimics D) Aglycone mimics

TS analogues are not only often tight binding inhibitors but can also be less susceptible
to the development of drug resistance. This is crucial for inhibitors used in the treatment
of infectious diseases such as viral diseases, since viral enzyme targets have the ability to
quickly mutate. In these cases, resistance can be introduced via amino acid changes of
the enzymes’ active site and periphery. If the mutation is able to reduce inhibitor binding
while maintaining its minimum required natural substrate catalysis, then resistance to the
drug is developed. However, if an inhibitor binds exclusively via TS-stabilizing active site
interactions (which are necessary to maintain minimal catalytic activity), then any active
site mutation that reduces the inhibitor binding affinity would have an equally negative
effect on catalytic activity. This renders any mutation ineffective and thus resistance cannot
be developed. This phenomenon is exemplified in influenza resistance of neuraminidase
(GHs specific to sialosides) inhibitors [23]. Thus, drug treatment can be susceptible to drug
resistance precisely because of its deficiency in TS mimicry. As such, there are potential
therapeutic benefits to studying the catalytic mechanism of GHs such as neuraminidases
(due to their role in influenza pathogenesis) in order to develop inhibitors with a high degree
of TS mimicry. Analysis of the mechanism of inhibition of Zanamivir (one of the current
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influenza drugs on the market, Figure 1.8 B) has been a research focus in the Bennet
group in past [24] and has provided valuable insight for future influenza treatments.

1.2.4 Mechanism-Based Inhibitors

Whereas TSAs use features of the substrate’s enzymatic TS to achieve tight binding to
the active site, mechanism-based inhibitors (MBIs) utilize the enzymes’ catalytic machinery
to form a covalent bond within the enzyme active site and disable catalysis. This type
of inhibitor differs from typical competitive inhibitors and provides additional advantages
over its competitive counterparts. For instance, since alkylation of the active site utilizes
the catalytic mechanism of the enzyme, MBIs should be less susceptible to developing
drug resistance. Furthermore, the enzyme-inhibitor complex is more amenable to protein

Figure 1.9: Structure and mechanism of prominent mechanism-based inhibitors: A Peni-
cillin, a transpeptidase mechanism-based inhibitor B Cyclophellitol, a GH mechanism-based
inhibitor

crystallization than the non-covalently bound version. There are many useful drugs that
function as MBIs, though very few have been designed de novo. They have been for the most
part discovered as the active component of a natural product extract, and through screening
of a synthesized small molecule library [25]. Penicillin, one of the most important drug
discoveries, uses a strained beta-lactam motif to irreversibly alkylate its target enzyme’s
active site (Figure 1.9 A).

A prominent example of a GH MBI is cyclophellitol, which–similar to penicillin–uses a
strained ring system to alkylate a catalytic residue of the GH (Figure 1.9 B). It utilizes the
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catalytic nucleophile described in the double displacement mechanism (Figure 1.3, 1.4)
to attack its strained epoxide ring, which upon opening forms a species that is not readily
hydrolyzed since the resulting covalently bound species does not have the necessary partic-
ipation from a neighbouring endocyclic oxygen that is present in the natural substrate. In-
spired by this neighbouring group participation phenomenon in GHs, the Bennet group has
developed mechanism-based inhibitors which bear neighbouring structural motifs capable of
participation in the departure of the leaving group for GH36 enzyme Thermatoga maritima
α-galactosidase (TmGalA). Carbasugars were developed with strained cyclopropane rings
which can open and form a transient non-classical carbocation which helps catalyze the
alkylation and reactivation steps (Figure 1.10) [26, 27].

Figure 1.10: Proposed mechanism of inactivation/reactivation for GH36 TmGalA cyclo-
propyl carbasugar MBIs: A Michaelis complex of the MBI with TmGalA B Transient bicy-
clobutenium carbocation formed during alkylation step C Covalently bound intermediate
of the MBI D Transient bicyclobutenium carbocation formed during hydrolysis step

Given that GHs stabilize the delocalized positive charge of oxocarbenium ions, it was
hypothesized that some of that stabilization would translate in stabilizing the bicyclobute-
nium carbocation formed (Figure 1.10 B, D). Of note, substituting the α-hydroxyl to
a fluorine atom allows for a longer lifetime of the covalently bound intermediate species,
as the fluoride destabilizes the TS for hydrolysis such that the reactivation energy barrier
is higher. To mitigate the resulting higher energy barrier for the alkylation step, a better
leaving group can be installed such that the alkylation step can still occur quickly but the
reactivation step becomes slow [26, 27]. Fluorination of carbohydrates been extensively uti-
lized as a strategy to modulate the enzymatic activity of the fluorosugar substrate relative
to its non-fluorinated counterpart [28].

The same strategy was employed with the allylic MBIs recently developed by the Bennet
group (Figure 1.11) [29, 30, 31]. For these inhibitors, a neighbouring double bond partici-
pates to delocalize the positive charge formed during leaving group departure (Figure 1.11
B, D). In both these cases, the structural motif participates in delocalization of the pos-
itive charge and aims to mimic the natural substrate’s transition state properties through
positive charge stabilization and the distorted ring structure binding (as in shape mimics).
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Figure 1.11: Proposed mechanism of inactivation/reactivation for GH36 TmGalA allylic
carbasugar MBIs: A Michaelis complex of the MBI with TmGalA. B Transient delocalized
allylic carbocation formed during alkylation step. C Covalently bound intermediate of the
MBI. D Transient allylic carbocation formed during hydrolysis step.

Further study of these inhibitors’ mechanisms is needed to determine how much of
their catalysis is owed to the natural substrate’s transition state stabilization interactions;
this would help the design of future MBIs for clinically relevant GH targets to be used as
inhibitors and activity based probes. Chapters 3 and 4 of this thesis focus on structural and
computational studies of the allylic MBIs catalysis by TmGalA.

1.3 Mechanistic Tools

1.3.1 Enzyme Kinetics

In 1913 Leonor Michaelis and Maud Menten published their seminal work on the ki-
netics of an inverting glucosidase named "invertase" which cleaves the glycosidic bond of
α-d-glucopyranosyl-(1→2)-β-d-fructofuranoside, yielding α-d-glucose and β-d-fructose as
products. They introduced the quintessential equation in enzyme kinetics for describing
single substrate reaction rate and specificity (Equation 1.1) [32]. This equation describes
the reaction rate (v0) as a function of substrate concentration ([S]); where the maximum
reaction rate is Vmax, and the Michaelis constant is Km, the substrate concentration at
which v0 = 1

2Vmax.

v0 = Vmax[S]
Km + [S] (1.1)

In section 1.2.3, the Michaelis constant Km was introduced in the context of the thermo-
dynamic cycle for dissociation of the transition state structure (KT S). The other important
kinetic parameter in Michaelis-Menten kinetics is kcat, the first-order rate constant for for-
mation of products from the Michaelis complex. kcat is also known as the turnover number
as it is the maximal output of product possible for a single active site per second, and is
obtained by taking the quotient of Vmax and the enzyme concentration (kcat = Vmax/[E0]).
Together, kcat/Km is the measure of the enzyme’s catalytic efficiency, encompassing both
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the affinity for binding the substrate and its capacity for catalysis. Natural substrates and
mechanism-based inhibitors for retaining glycoside hydrolases follow the same general ki-
netic scheme (Scheme 1.1 A, B). From this scheme a Michaelis-Menten expression can
be derived assuming a large excess of substrate or inhibitor is used relative to the enzyme
([S]>>[E] or [I]>>[E]), and the concentrations of enzyme bound intermediates ([E:S] or
[E:I], [E-P]) remain constant.

Scheme 1.1: A Minimal kinetic scheme for a retaining GH and kinetic expression for MM
constants B Minimal kinetic scheme for mechanism-based inhibitors of GHs

Although Km is described as a measure of the substrate’s affinity for the active site, it
is mathematically composed of rates for all steps of the reaction (Scheme 1.1 A). This is
because the equilibrium of the Michaelis complex species also depends on the portion of the
species proceeding towards product; only in the case in which k−1 >> k2 and k3 >> k2 can
it be approximated to the dissociation constant of the enzyme-substrate complex (Ks) as:
Km = Ks = k−1/k1 = [E][S]/[ES]. The value which describes catalytic efficiency (kcat/Km)
is comprised of the terms leading up to and including the first irreversible step, which in
the case of retaining GHs is the covalent bond formation with the enzyme active site (k2).
kcat/Km has a theoretical upper limit of 108-1010, determined by the diffusion of substrate
into the active site.

For MBIs which have reactivation steps comparable in magnitude to the inactivation
step the rate expression are the same as for the retaining GHs (Scheme 1.1). For cases in
which the energy barrier for hydrolysis is significantly higher than for alkylation (k2 >> k3),
the kinetic expressions for loss of enzyme activity (with the inactivation rate constant kinact

and the apparent dissociation constant for the inhibitor Ki) are described in Scheme 1.1
B. Notably, the mathematical expression for catalytic efficiency (kcat/Km) is the same as
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the corresponding inactivation rate constants (kinact/Ki). Correspondingly, the Michaelis-
Menten equation for covalent inactivation can be given as:

kobs = kinact[I]
Ki + [I] (1.2)

1.3.2 Kinetic Isotope Effects

Kinetic isotope effects (KIEs) arise when the rate of a reaction is affected by isotopic
substitution of an atom in a reactant. One of the most common substitutions is changing
a hydrogen for a deuterium. Deuterium has an additional neutron in its nucleus, effectively
doubling the mass of the atom, thus altering the zero-point energy of molecular vibra-
tion [33].

Figure 1.12: Reaction coordinate en-
ergy diagram with differing zero point
energy and activation energy (EA) for
H/D isotopologues

If isotopically sensitive vibrations are changed
in the rate-determining step of a reaction, the ac-
tivation energy will be altered by the isotopic sub-
stitution (Figure 1.12), thus altering the rate
for the reaction with the isotopologue. The KIE
is defined as the ratio of the light to the heavy
atom reaction rate (kl/kh). If the heavy atom re-
action rate is slower, then a normal KIE (KIE
> 1) is observed, but if the heavy atom reac-
tion rate is faster, then an inverse KIE (KIE <
1) arises. The magnitude of the KIE depends on
the involvement of the substituted atom. Thus, in
general the closer the isotope is to bond forma-
tion/cleavage, the larger the maximal KIE value.
KIEs arising from isotopic substitutions to atoms
involved in bond formation or cleavage in the rate
determining step are known as primary KIEs, whereas KIEs from substitutions adjacent
to atoms directly involved in the rate determining step are known as secondary KIEs. The
other major factor is the relative change in mass of the isotope. For instance, the change
in mass from hydrogen to deuterium is much larger than substituting carbon and oxygen
(12C, 16O) to heavier isotopes (13C, 18O). As a result, deuterium KIEs are typically much
larger than carbon and oxygen KIEs [34]. The mathematical relationship between atomic
masses and zero point energy for a diatomic bond vibration can be estimated using a simple
harmonic approximation (Hooke’s law) as outlined in Equation 1.3

EZP E = hv

2 (1.3)

where h is Planck’s constant and v is the vibrational frequency of the bond, given by:
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v = 1
2π

√
κ

mr
(1.4)

where κ is the bond force constant and mr is the reduced mass of the two atoms given
by:

mr = m1m2
m1 + m2

(1.5)

where m1 and m2 are the masses for each atom in the bond, respectively.
KIE experiments can be used to elucidate the mechanism of reactions enzyme-catalyzed

or otherwise. They provide incredible insight on the transition state of these reactions such
as geometry, charge development, degree of bond cleavage/formation, and if the reaction
is stepwise or concerted [34, 35]. As such, they are valuable tools in designing TSAs and
MBIs due to the wealth of information they can provide about properties of enzymatic
mechanisms and their associated TSs.

1.3.3 Computational Enzymology

1.3.3.1 Methodology Overview

This section (1.3.3) of the introduction will cover the general theoretical and technical
aspects relevant to the methodology utilized to investigate the enzymatic mechanisms in
Chapters 3-5. These chapters concern glycoside hydrolases GH36 family T. Maritima α-
galactosidase (TmGalA) and GH15 Aspergillus niger α-glucosidase (AnGluA). Both of these
systems underwent the same protocol involved in exploring the dynamic molecular reaction
mechanism starting from a static crystal structure. Chapters 3-5 provide the technical details
specific to each enzyme but sections 1.3.3.2-1.3.3.7 will cover theoretical aspects in a form
approachable to researchers unversed in the field of computational chemistry.

When setting up an enzymatic system for a computational mechanistic study, the first
step involves adaptation of a starting crystal structure such that the enzyme-substrate
complex is in a catalytically relevant conformation. Free energy surfaces along the catalytic
itinerary can then be explored starting from a catalytically relevant conformation. In 2015
Ardèvol and Rovira provided an overview of the progress made in the previous decade
towards modelling enzymatic mechanisms of carbohydrate processing enzymes (glycoside
hydrolases and glycosyl transferases), including a more detailed description of the obsta-
cles and limitations involved in adapting the system from the x-ray crystal structure [6].
Preparation of the system involves mutations of residues to the appropriate amino acid,
modification of the substrate, protonation of the residues, neutralization and solvation of
the structure. The system must then be thermally equilibrated since the crystal structure
positions and conformations correspond to a time/ensemble average of the crystallized pro-
tein structure [36]. This equilibration process can be done with molecular dynamics (MD),
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which will be discussed in section 1.3.3.6. Long time scale molecular dynamics are also
required when significant changes have been made to the crystal structure, such as substi-
tuting the native crystal structure substrate with another compound. The MD simulation
allows the active site to undergo any conformational changes necessary to bind the newly
introduced substrate in what is assumed to be a catalytically active conformation.

Once a catalytically active conformation has been achieved, potential energy surfaces
along the reaction coordinate can be explored by controlling key distances; free energy
contributions can also be incorporated into the surface with the use of molecular dynamics
sampling methods (see section 1.3.3.6). From these surfaces potential saddle points and
ground state structures can be identified and optimized at higher levels of theory to obtain
more accurate key catalytic structures (section 1.3.3.5) that can be experimentally validated
by comparison with KIEs (section 1.3.3.7).

1.3.3.2 Quantum Mechanics

The computational work performed in the chapters made use of both quantum mechan-
ics (QM) and molecular mechanics (MM) depending on the requirements of the system.
Quantum mechanics is described by semi empirical methods as well as ab initio methods.
Semi empirical methods are mostly less computationally demanding but not as accurate as
the ab initio methods. Ab initio directly translates from Latin to "from the beginning", as
the wavefunctions and corresponding electron densities are fully calculated, whereas for semi
empirical methods, the calculations make use of approximations and empirical parameters,
a strategy that cuts down on the computational cost at the expense of accuracy. Some of
the most common semi empirical methods are AM1 [37], PM3 [38, 39] and MNDO [40, 41],
and these are based on the neglect of diatomic differential overlap (NDDO) approximation
that results in faster computation time; in our case AM1 was used in calculations as the
QM portion of QM/MM calculations that required large sets of geometry optimizations
for potential energy surfaces as well as for molecular dynamics for free energy calculations
(see section 1.3.3.5, 1.3.3.6). Density functional theory (DFT) methods were utilized for the
QM portion of high-level calculations, providing more accurate descriptions of the ground
states and transition state structures which we could then validate with experimental KIE
values. DFT methods are based on the foundations established by Honenberg, Kohn and
Sham [42, 43] and are among the most used methods due to their balance of computational
cost and accuracy. The relationship between electron density and total electronic energy is
central to DFT, with Hohenberg and Kohn demonstrating in 1964 that the ground state
energy and other properties of a molecular system were uniquely defined by the electron
density [42]. The most popular functional used for evaluating the electron density is the
B3LYP hybrid functional [44, 45], which stands for Becke, 3-parameter, Lee-Yang-Parr.
Hybrid functionals were first introduced by Becke, which included Hartree-Fock exchange
in the calculation of the exchange correlation energy that improved the description of many
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molecular properties [46]. Another popular hybrid functional is the Minnesota M06 suite of
functionals developed by the Truhlar group [47]; the M06-2X functional is parameterized
for non-metals and is recommended for description of main-group element thermochemistry
and kinetics. During the preliminary computational work for this thesis, both B3LYP and
M06-2X functionals were used to calculate the energies of the QM-MM system and there was
negligible differences between them. Thus we eventually exclusively resorted to the M06-2X
functional given the Moliner group’s success using this functional to describe enzymatic
KIEs. [48, 49] To describe the electron density of a molecule, a linear combination of atomic
orbitals centred at each nucleus is constructed. These orbitals are taken from a group of
functions called a basis set; Gaussian type orbitals (GTOs) [50] are the most commonly
used type of basis set due to their convenience. To accurately describe the atomic orbitals,
linear combinations of Gaussian functions (from a primitive Gaussian basis set) are used to
produce a contracted Gaussian function. This is done as as single Gaussian functions per-
form poorly at describing shape of an atomic orbital near the nucleus. Gaussian basis sets
are identified by abbreviations with the form X-YZG. X is the number of primitive Gaussian
functions for each inner-shell orbital, the Y and Z indicates that the valence orbitals are
comprised of two basis functions each, the first with Y Gaussian primitive functions and
the second with Z primitive Gaussian functions. The G denotes that basis set is Gaussian.
The hyphen denotes that the basis set is a split-valence basis set; more specifically that it
is a split-valence double-zeta basis set because of the two numbers (YZ) after the hyphen.
For example, the popular 6-311G basis set is a split-valence triple-zeta basis set with 6
primitive primitive Gaussians for the inner-shell orbitals, and three basis functions for the
valence orbitals comprised of three, one, and one primitive Gaussians, repectively. Inclusion
of polarization and diffuse functions can also be denoted with "+" and "*" symbols, respec-
tively. Polarization and diffuse functions improve upon the description of atomic orbitals.
Polarization functions allows more

1.3.3.3 Molecular Mechanics

Molecular mechanics uses classical mechanics, describing atom interactions with pa-
rameterized force fields [51]. Common mechanical force fields are AMBER [52, 53], GRO-
MOS [54, 55, 56, 57] and CHARMM [51, 58, 59, 60]. The force field used in the QM/MM
calculations in this thesis is OPLS [61, 62] which is functionally very similar to AMBER
(which was used for the NAMD sfotware MD simulations with MM treatment), wherein the
potential energy of the system U (rN ) as a function of the positions (r) of N atoms is given
by:

U(rN ) = Ubonds + Uangles + Utorsions + Unon−bonded (1.6)
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This function is a sum of the four terms consisting of contributions from bond stretching,
angle bending, bond rotations (torsion), and non-bonded interactions (electrostatic/van der
Waals)

Ubonds =
∑

bonds

kb

2 (li − li,0)2 (1.7)

The interaction between pairs of bonded atoms are evaluated by a harmonic potential
with force constant kb that describes the energy as a function of the bond length’s (li) differ-
ence from the reference value (li,0). The bonding parameters (kb, li,0) will be parameterized
specifically to the atom types (i.e. element, hybridization) involved in the bond.

Uangles =
∑

angles

kθ

2 (θi − θi,0)2 (1.8)

The bond angle interactions are also modelled by a harmonic potential with force con-
stant kθ proportional to the bond angle’s (θi) difference from a parameterized reference
value θi,0.

Utorsions =
∑

torsions

Vn

2 (1 + cos(nω − γ)) (1.9)

The torsional term is expressed as a cosine series expansion; ω is the torsion angle (or
dihedral angle) and γ is the phase factor which determines where the torsion angle is at its
minimum. As a periodic function, Vn controls the amplitude (corresponding to the energy)
and n the periodicity (or the number of minimum points in the function as the bond is
rotated 360 degrees).

Unon−bonded =
N∑

i=1

N∑
j=i+1

4ϵij

(σij

rij

)12

−
(

σij

rij

)6
+ qiqj

4πϵ0rij

 (1.10)

The non-bonded term is calculated between all pairs of atoms (denoted here as i, j) that
are in different molecules or in the same molecule but separated by three bonds or more.
Electrostatic interactions between atoms are evaluated using Coulomb’s law, treating the
atoms at point charges qi and qj , respectively. and where rij is the interatomic distance and
ϵ0 is the dielectric constant. The van der Waals interactions are modelled with Lennard-
Jones 12-6 function with well depth ϵij and collision diameter σij . For a more detailed
overview of molecular mechanics and empirical force field models, refer to Andrew Leach’s
Molecular Modelling Principles and Applications [63].

1.3.3.4 Quantum Mechanics/Molecular Mechanics (QM/MM)

Combining quantum mechanics and molecular mechanics (MM) allows for achieving
accuracy of QM while maintaining the efficiency of MM calculations, as solely using QM for
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evaluating large systems is not computationally tractable. Following Warshel and Karplus’s
work in 1972 modelling conjugated planar molecules with a combination of classical and
quantum chemical methods [64], the basic idea of QM/MM was introduced by Warshel and
Levitt in 1976, wherein they devised a scheme that partitioned electrons that are described in
the classic modelling and electrons that are described with a QM model [65]. This QM/MM
scheme was further elaborated by Singh and Kollmann [66], and Field, Bash, and Karplus
[67]. In 2013, Warshel, Levitt and Karplus were awarded the Nobel prize in chemistry for
their development of the QM/MM methodology to model large complex chemical systems
and reactions. Figure 1.13 is a schematic representation of the QM/MM methodology used
in this thesis, wherein key catalytic substrates and residues are included in the QM region,
while the rest of the enzyme and solvation molecules are partitioned into the MM region
within the solvation box generated.

Figure 1.13: Schematic representation of partitioning of QM/MM system within cuboid
boundaries

In chapters 3-5, a version of the fDynamo library modified by Moliner and co-workers
(originally developed by Field [68]) was utilized to perform the QM/MM calculations of
the enzymatic reactions. In most QM/MM schemes, the energy of a molecular system is
described by an additive Hamiltonian:

H = HQM + HMM + HQM/MM + HBC (1.11)

Where HQM is the quantum Hamiltonian, HMM is the molecular mechanics Hamil-
tonian, HQM/MM is the interaction Hamiltonian between the QM and MM regions, and
HBC describes the energy from the periodic boundary condition. The Hamiltonian (H ) of
a system is a function or operator which describes the total kinetic and potential energy of
that system.
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HQM , the quantum Hamiltonian, takes a form dependent on the quantum method
selected to describe the QM region. A general form for the QM Hamiltonian resembles the
following:

HQM = −1
2
∑

i

∇2
i +

∑
ij

1
rij

+
∑
iα

ZαZβ

Rαβ
−
∑
iα

Zα

riα
(1.12)

Where ∇2 is the kinetic energy operator, α, β are nuclear coordinates, R is nucleus-
nucleus distances, i, j are electron coordinates, r is electron-electron or electron-nucleus
distances, and Z is atomic charge.

HMM describes atomic interactions in the MM region, with parameterized mechani-
cal force fields (AMBER, CHARMM, OPLS) as discussed in Molecular Mechanics section
1.3.3.3.

HQM/MM describes the QM-MM atom interactions where MM atoms are treated as
point charges with van der Waals parameters:

HQM/MM =

Electron
interactions︷ ︸︸ ︷
−
∑
im

qm

rim
+

Nuclear
interactions︷ ︸︸ ︷∑
αm

Zαqm

Rαm︸ ︷︷ ︸
Electrostatic interactions

coulombic terms

+
∑
αm

(
Aαm

R12
αm

− Bαm

R6
αm

)
︸ ︷︷ ︸

Lennard-Jones interactions
between QM-MM atoms

(1.13)

Where i is QM electrons, α is nuclei of QM atoms, m is MM atoms, qm is charge of MM
atoms, Zα is nuclear charge of QM atoms, rim is distance between QM electron and MM
atom, and Rαm is distance between QM nucleus and MM atom.

Figure 1.14: Relationship between
box size and cut-off distance

The HBC term comes from the periodic
boundary condition which is used to simulate a
complete condensed media phase. The system is
comprised of infinitely repeating series (period-
icity) of a small representative system; the cal-
culation is made tractable because the atoms in
each copy behave identically and do not have
to be treated independently. This method allows
simulation of long-range non-bonding interactions
through judicious use of solvent box size and cut-
off distances. In the QM/MM systems used in
this thesis, the solvation box size chosen was suffi-
ciently large that the minimum image convention
approximation can be utilized. In this approxima-
tion, the box size must be at least twice the size
of the cut-off distance so that an atom does not
interact with the same molecule in the system more than once (Figure 1.14).
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Cut-off methods are an approximation used in the calculation of long-distance electro-
static interaction effects on non-bonding energy. Since the effect of non-bonding interactions
decays exponentially with distance, in large systems, atoms that are the furthest away will
have relatively small interactions. Therefore interactions beyond a sufficiently large radius
can be ignored with little effect on the total energy, which avoids having to calculate inter-
actions between all pairs of atoms in a system. Cut-off methods can have the interactions
abruptly set to zero outside of the cut-off (truncated function) or slowly decay to zero on
the outer rim of the cut-off (smoothing function, which avoids spikes in energy that can
occur with truncated functions).

When only including specific enzyme residues in the QM region, sometimes the QM/MM
boundary occurs between covalently bound atoms. Several methods exist to overcome the
associated problems from dividing the QM and MM region over a covalent bond; in this
thesis the widely used link atom method was utilized. Typically in this method, the covalent
bond being split is chosen to occur between two sp3 carbons, as a hydrogen atom replaces
the carbon atom in the MM region given the similar electronegativity of sp3 carbons and
hydrogen. This link H-atom is invisible to the MM region and is used to satisfy the valence
of the truncated bond.

1.3.3.5 Potential Energy Surfaces and Geometry Optimization

Figure 1.15: Potential energy surface for a SN1-like
carbohydrate reaction. Contour values are in kJ/mol.

By evaluating the energy of a
system as a function of the nuclear
coordinates, potential energy sur-
faces of a system can be explored.
By controlling key distances rele-
vant to a reaction, these surfaces
can give insight on the mechanism,
as the maxima and minima along
the minimum energy path corre-
spond to the transition state and
ground states, respectively. Poten-
tial energy surfaces can be thought
of in terms of a More O’Ferrall-
Jencks plot if the appropriate pa-
rameters are chosen for the axes.
Figure 1.15 demonstrates a typ-

ical potential energy surface generated for a carbohydrate reaction. In this case it is an
SN1-like substitution reaction on a galactoside, with the leaving group distance as the x-
axis and nucleophile distance as the y-axis. This reaction can be deduced to be SN1 from
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the surface due to the discrete intermediate structure (INT) and two transition states (TS)
along the minimum energy path.

This is analogous to the SN1 path in the More-O’Ferrall-Jencks diagram in Figure
1.5, wherein leaving group departure occurs separately from nucleophilic attack, with two
different TSs and a distinct cationic intermediate. By controlling key catalytic distances (in
the case of figure 1.15 these are leaving group and nucleophile distances), the true potential
energy landscape encompassing a reaction can be approximated.

In the context of a potential energy landscape, the structures of interest (ground states,
transition states) correspond to stationary points on the surface where the gradient is zero.
The gradient (g⃗i) is a vector comprised of first derivatives of the potential energy (U) with
respect to nuclear coordinates (r⃗i).

g⃗i = δU

δr⃗i
(1.14)

Where in Cartesian coordinates r⃗i =
[
xi yi zi

]
; i = 1, ..., N and N is number of atoms

in the system.
For a given structure, the local curvature on the potential energy surface can be de-

termined by computing the Hessian. The Hessian for a molecular structure is a symmetric
matrix which has elements corresponding to the second partial derivatives of the energy
with respect to the displacement of atomic coordinates; for a N-atom system the Hessian is
a 3N × 3N matrix:

HN =



∂2U

∂x2
1

∂2U

∂x1∂y1
...

∂2U

∂x1∂zN

∂2U

∂y1∂x1

∂2U

∂y2
1

...
∂2U

∂y1∂zN

... ... ... ...

∂2U

∂zN ∂x1

∂2U

∂zN ∂y1
...

∂2U

∂z2
N


(1.15)

When the Hessian is diagonalized, the resulting eigenvectors and eigenvalues have sub-
stantial molecular significance; the eigenvectors correspond to the vibrational normal modes
of the system and the related eigenvalues correspond to the force constants. For a global
minimum (ground state), all the eigenvalues will be positive, as any change in geometry
would result in an increase in energy. If there are any negative eigenvalues then the struc-
ture is a saddle point, with the related eigenvectors corresponding to the transition state
vibration.

There are several methods for locating minima on a potential energy surface, the most
popular of which are derivative methods. These methods use derivatives of the energy with
respect to nuclear coordinates to calculate the net forces on the atoms and result in mov-
ing the atoms towards the lowest energy structure. First-order methods use only the first
derivative of the energy to obtain gradients and are thus less computationally demand-
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ing. They are more suitable for large systems with many atoms treated with QM and for
structures which are located far from the minimum. These include steepest descent and
conjugate gradient methods, which use the gradient from the first derivatives to guide the
structure search. A drawback of using only first derivatives is that these methods cannot
differentiate between minima and saddle points (as opposed to the second derivatives used
in the Hessian). Second order methods, which use first and second derivatives, are more
computationally expensive as they require calculation of the Hessian, but are well suited for
smaller systems with structures close to the minimum, and are able to differentiate saddle
points from minima. When starting from a structure far from a minimum, a common strat-
egy to conserve computational resources involves using a first derivative method to get the
system closer to a minimum, followed by a second derivative method. The Newton-Raphson
method involves calculation of the Hessian after every iteration of minimization and is thus
quite computationally expensive; as a result variations have been developed to reduce the
frequency of Hessian calculations. Quasi-Newton methods are the most commonly used
family of methods which do so by only using first derivative methods and slowly performing
Hessian calculations at each step. Quasi-Newton methods include Davidson-Fletcher-Powell
(DFP), Broyden-Fletcher-Goldfarb-Shanno (BFGS), and Murtaugh-Sargent (MS); the de-
fault algorithm in the Gaussian software suite is a quasi-Newton method [63].

There are also multiple derivative methods for locating saddle points, which also strive
to avoid Hessian calculations. Again, it is more efficient to start from structures that are
close to the transition state structures. One of the most common methods is the Baker
algorithm, which calculates the Hessian and minimizes the structure along the positive
eigenvalue normal modes and maximizes along the negative eigenvalue mode.

One of the important considerations for geometry optimizations is treatment of the
QM-MM interactions; that is, how do the MM atoms interact with the QM atoms dur-
ing structural changes and vice versa. For the QM/MM scheme utilized in this thesis, the
micro/macro-iteration method developed by Marti et al. [69] was used. This method op-
erates on a system divided into a QM region (core) and outer MM region (environment),
optimizing in alternating steps for core/environment. When optimization is performed on
one region, the other is held frozen. Optimizing the QM region is straightforward because
changes in geometry using a high level QM method does not affect the point-charge model
of the MM atoms. However, when optimizing the MM environment, the core region needs
to be reevaluated as the MM geometry is changed since even though the QM atom nuclei
are held frozen, the charge distribution of the core atoms will be affected by movement of
the surrounding MM atoms. Thus, a low level QM method (such as semi-empirical) is used
to evaluate the charge of the core atoms as the MM geometry is changed so that the QM
region can adapt to structural changes to the MM region and the MM region can reevaluate
the energy derivatives based on the new charge distributions.
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1.3.3.6 Molecular Dynamics and Free Energy Surfaces

Whereas energy minimization can generate individual structures of minimum energy
(ground state) and saddle point (transition state) structures, in most cases these are by
themselves insufficient to accurately predict properties of large systems. This is because
experimentally the processes occur on a macroscopic scale with a large number of atoms
with many closely related minima and saddle points on their energy surfaces. Although it is
not feasible to compute every possible conformation in a large system to obtain properties of
the highest possible accuracy, molecular dynamics or Monte Carlo simulations can generate
representative sample configurations to obtain accurate properties of the system.

Although quantum mechanical treatment of atomic systems provides the most accurate
description of chemical behaviour, it proves to be impractical for larger systems. Using
classical mechanics to study the dynamics of a system allows exploration of a much broader
sampling of the conformational space of biological systems required for determination of
average properties which can be compared to experimental data. Thus, for the time scale
required for events such as equilibration of protein crystal structure, the system is evaluated
using solely molecular mechanics (MM, see section 1.3.3.3).

The classical Hamiltonian for MM is a function of the momentum (p) and position (r)
of all atomic nuclei (N) comprising the system:

H (pN , rN ) =
N∑
i

1
2mi

p2
i + U(ri) (1.16)

Where H , the classical Hamiltonian, is the sum of kinetic and potential energy terms as
a function of the momentum (p) and position (r) of the N particles comprising the system,
mi is the mass of the ith nucleus in the sum, and U(ri is the potential energy associated
with the ith nucleus in the sum. To perform molecular dynamics, Newton’s equation of
motion need to be solved for the N particles in the system with conservation of energy and
momentum. An efficient strategy is using Verlet methods [70], which assumes positions,
velocities, and accelerations can be approximated as a Taylor series expansion:

r(t + δt) = r(t) + δtv(t) + 1
2δt2a(t) + 1

6δt3b(t) + 1
24δt4c(t) + ... (1.17)

v(t + δt) = v(t) + δta(t) + 1
2δt2b(t) + 1

6δt3c(t) + ... (1.18)

a(t + δt) = a(t) + δtb(t) + 1
2δt2c(t) + ... (1.19)

b(t + δt) = b(t) + δtc(t) + ... (1.20)

Where r is position, v is velocity (first derivative with respect to time), a is the acceler-
ation (second derivative), b is the third derivative, and c is the fourth derivative. The Verlet
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Algorithm uses positions and acceleration at time t, and positions and acceleration at t− δt

to calculate the positions at t + δt. r(t − δt) is given by:

r(t − δt) = r(t) − δtv(t) + 1
2δt2a(t) − ... (1.21)

Adding equation 1.17 and 1.21 gives:

r(t + δt) = 2r(t) − r(t − δt) + δt2a(t) (1.22)

Velocities are calculated by dividing difference in positions at t + δt and t − δt by 2δt:

v(t) = r(t + δt) − r(t − δt)
2δt

(1.23)

The time step chosen during molecular dynamics simulations is important; larger time
steps necessitates fewer iterations to cover a given amount of phase space, but a time step
too large can lead to inaccurate results. The limiting factor is usually specific to the highest
frequency motion in the system. When simulating flexible molecules, an appropriate time
step is one tenth of the shortest period of motion. For organic molecules, C-H stretching
vibrations are the limiting motion, with periodicity of around 10 fs; therefore an appropriate
time step for simulation is 1 fs (10−15 s). For biological systems, molecular dynamics are
generally performed with constant number of particles, volume, and temperature (NVT,
known as the canonical ensemble). Temperature of a system is directly related to the kinetic
energy (EK):

EK =
N∑

i=1

p2
i

2mi
= kBT

2 3N (1.24)

Where N is the number of particles, p is the momentum, m is the mass, kB is Boltz-
mann’s constant, and T is the temperature.

Thus, many strategies have been developed to maintain constant temperature. Some
have been developed by introduction of an external thermal reservoir [71, 72, 73], or by
introducing random forces to Gaussian-distributed momenta and friction coefficients to
dampen momenta [74] in order to maintain a certain temperature.

With the methodology developed to sample the phase space of a closed system at con-
stant temperature and volume, properties of the system can be determined from the molec-
ular dynamics simulations. When performing molecular dynamics simulations of low-energy
ground state structures, the system is assumed to be ergodic. That is, the time-average val-
ues obtained are equivalent to the ensemble average values. When we wish to sample high
energy structures such as transition states or unstable intermediates, biased sampling must
be implemented (as discussed later with umbrella sampling). The properties derived from
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the ensemble average (or expectation value) and are a function of a Boltzmann distribution
and partition function of the system:

⟨A⟩ =
∫∫

A(pN , rN )ρ(pN , rN ) dpN drN (1.25)

Where⟨A⟩ is the ensemble average of some property A of the system which depends on
momentum (p) and position (r) of the N particles comprising the system, and ρ(pN , rN ) is
the probability density of the system, that is the probability of encountering a configuration
with momentum pN and position rN . From statistical mechanics, under constant number of
particles, volume, and temperature (NVT) the probability density is the familiar Boltzmann
distribution:

ρ(pN , rN ) = exp[−βE(pN , rN )]
Q

(1.26)

Where E(pN , rN ) is the energy of a particular state, β = 1/kBT , and Q is the par-
tition function. The partition function for the canonical ensemble (NVT conditions) of N
independent and indistinguishable particles is given by:

QNV T = 1
h3N N !

∫∫
exp[−βH (pN , rN )] dpN drN (1.27)

Where H (pN , rN ) is the Hamiltonian operator (recall from equation 1.11-1.13) that
describes the energy of the system as a function of the momentum pN and position rN of
the particles of the system, and h is Planck’s constant.

The free energy of the system can be derived directly from the partition function; in the
context of a model system with constant volume (boundary conditions) and temperature
the Helmholtz free energy F is given by:

FNV T = −kBT ln QNV T (1.28)

If it were possible to model every point in phase space of a system (ie every possible
configurations), the partition function could be calculated by summing over every value of
−H (pN , rN )/kBT . However, the computational cost is not practical for even the smallest of
systems. Thus, molecular dynamics and Monte Carlo simulations can only sample a portion
of the possible conformations and will at best provide an estimate of the true energies and
thermodynamic properties. With adequate sampling of the phase space, the partition func-
tion can be approximated as an ensemble average of the configurations explored during the
simulation (ergodic hypothesis). To obtain the probability density associated with a given
state, the partition function is approximated as an ensemble average of the configurations
explored during the simulation:
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QNV T ∝ ⟨exp[−ENV T /kBT ]⟩ (1.29)

Where ENV T is the energy associated with a given state and the angle brackets indi-
cate an ensemble average. In principle, by evaluating the average ⟨exp[ENV T /kBT ]⟩ along
a molecular dynamics trajectory the partition function can be extrapolated. However, com-
putational simulation methods tend to preferentially sample lower energy states on the
potential energy landscape, leaving out the high energy configurations which make signifi-
cant contributions to the free energy. To overcome this problem, many strategies have been
developed to enhance the sampling in energetically unfavourable regions of the potential
energy surface in order to calculate free energies and associated thermodynamics properties.

In this thesis, the umbrella sampling method was utilized to obtain free energy profiles
along reaction coordinates of interest. This technique introduces a biasing potential which
drives the system along a defined reaction coordinate ξ from one thermodynamic state to
another. With a reaction coordinate ξ defined, the probability distribution along ξ can be
calculated by integrating out all degrees of freedom except ξ:

⟨ρ(ξ0)⟩ =
∫

δ[ξ(rN ) − ξ0] exp[−βE(rN )] drN∫
exp[−βE(rN )] drN

(1.30)

Where ρ(ξ0)dξ is the probability of finding the system in a small interval dξ around the
value of the degree of freedom ξ0, E(rN ) is the potential energy (the kinetic energy term can
be treated independently and thus is not included in calculation of the partition function
in this method), and δ[...] denotes a delta function which only selects only the combination
of atomic coordinates which correspond to the reference value ξ0.

This allows calculation of the free energy along the reaction coordinate ξ as:

F (ξ0) = −kBT ln⟨ρ(ξ0)⟩ (1.31)

Where F (ξ) is the Helmholtz free energy along the reaction coordinate, also called the
potential of mean force (PMF).

In umbrella sampling, an umbrella potential is introduced to connect energetically sepa-
rated region of phase space. This is done by performing a series of calculations, or windows,
with their respective umbrella potential that restricts the sampling to a limited, but over-
lapping, range of values in phase space. In this thesis, a harmonic form of the umbrella
potential was utilized as follows:

ω(ξ0) = kω(ξ0 − ξref )2 (1.32)

Where kω is the force constant for the potential and ξref is the reference value of the
reaction coordinate which is changed at each window. Each window produces a biased
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distribution function in the form of histograms which can be pieced together to determine
a distribution function for the the entire range of the reaction coordinate of interest.

The biased distribution ⟨ρb(ξ0)⟩ is related to the unbiased distribution (⟨ρ(ξ0)⟩) as fol-
lows:

⟨ρb(ξ0)⟩ = exp[−βω(ξ0)]⟨ρ(ξ0)⟩
⟨exp[−βω(ξ0))]⟩ (1.33)

Kumar et al developed the weighted histogram analysis method (WHAM) [75] which
constructs the unbiased distribution from the biased distributions from each window. The
WHAM method uses the local distributions around the reference ξ0 value of each window to
‘stitch’ together a distribution function (and correspondingly free energy differences) for the
entire coordinate. Thus, with appropriate values of ξ0 and ω(ξ) the free energy landscape
can be determined for a reaction. Due to the high volume of calculations performed over
the simulation windows, the PMF calculations are performed with a low-level QM method
for the QM subsystem (in this work the AM1 semi-empirical method). Thus, to obtain a
more accurate free energy surface, the free energies obtained with AM1 are corrected with
an interpolated scheme developed by Moliner et al [76] wherein a high-level method (in this
work M06-2X functional with 6-31+G**) basis set is used in single point calculations to
generate a correction term. This done by using a spline under tension [77, 78] to interpolate
a correction term at any point along the reaction coordinate ξ of the free energy surface [76,
79, 80]. The corrected free energy surface is generated using the following equation:

Ecorr = ELL/MM + S[∆EHL
LL (ξ)] (1.34)

Where Ecorr is the corrected energy, ELL/MM is the free energy calculated at the low-level
QM method, S is the spline function, EHL

LL (ξ) is the correction term evaluated from the
single point energy difference between the low-level and high-level QM method of the QM
subsystem.

1.3.3.7 Relating Computational Findings to Experimental Results

The insight obtained by computational assessment of enzymatic reaction can be vali-
dated with experimental KIE data. If the rate-determining step of an enzymatic mechanism
can be simulated accurately, the kinetic isotope effects from substitutions of any given atom
can be obtained using transition state theory:

KIE = (QT S/QGS)l

(QT S/QRCT )h

exp
[
− 1

RT
(∆ZPEl − ∆ZPEh)

]
(1.35)

Where QT S and QRCT refer to the total partition function of the transition state and ground
state respectively, subscripts l and h refer to light and heavy isotopologues, respectively,
and ∆ZPE refers to the difference in zero point energies between TS and GS. The total
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partition functions QT S and QGS were calculated from the QM Hessians of the stationary
point structures using the CAMVIB and CAMISO programs [81]. Spurious contributions
to calculated cartesian force constants were eliminated using the CAMVIB program and
the partition functions were evaluated at the fixed experimental temperature using the
harmonic oscillator, rigid-rotor, and ideal-gas approximations. This methodology has been
described and implemented in collaborations by the research groups of Moliner, Tuñon, and
Williams [82, 83, 84, 85].
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Chapter 2

Neighbouring Group Participation
in Base-Catalyzed Mannoside
Hydrolysis: a KIE/QM
Mechanistic Analysis

This chapter comprises the manuscript "C2-Oxyanion Neighboring Group Par-
ticipation: Transition State Structure for the Hydroxide-Promoted Hydrolysis
of 4-Nitrophenyl α-D-Mannopyranoside" which was published in the journal Jour-
nal of the American Chemical Society (2018, 138 (42), 14012-14019). Additional materials
and methods can be found in the supplemetary information: https://pubs.acs.org/doi/

suppl/10.1021/jacs.6b07935/suppl_file/ja6b07935_si_001.pdf

Gaetano Speciale,a Marco Farren-Dai,b Fahimeh S. Shidmoossavee,b Spencer J. Williams,a

and Andrew J. Bennetb

aSchool of Chemistry and Bio21 Molecular Science and Biotechnology Institute, Univer-
sity of Melbourne, 30 Flemington Road, Parkville, Victoria 3010, Australia

bDepartment of Chemistry, Simon Fraser University, 8888 University Drive, Burnaby,
British Columbia V5A 1S6, Canada

Synthesis of the substrates was performed by Speciale in the laboratory of Spencer Williams,
KIE experiments were performed by Shidmoossavee and Speciale in the laboratory of An-
drew Bennet. Computations performed by Farren-Dai with assistance from Prof. Vern
Schramm and Dr. Zhen Wang of the Albert Einstein College of Medicine.
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2.1 Abstract

The hydroxide-catalyzed hydrolysis of aryl 1,2-trans-glycosides proceeds through a mech-
anism involving neighboring group participation by a C2-oxyanion and rate-limiting forma-
tion of a 1,2-anhydro sugar (oxirane) intermediate. The transition state for the hydroxide-
catalyzed hydrolysis of 4-nitrophenyl α-d-mannopyranoside in aqueous media has been stud-
ied by the use of multiple kinetic isotope effect (KIE) measurements in conjunction with ab
initio theoretical methods. The experimental KIEs are C1-2H (1.112 ± 0.004), C2-2H (1.045
± 0.005), anomeric 1-13C (1.026 ± 0.006), C2-13C (0.999 ± 0.005), leaving group oxygen
2-18O (1.040 ± 0.012), and C2-18O (1.044 ± 0.006). The transition state for the hydrolysis
reaction was modeled computationally using the experimental KIE values as constraints.
Taken together, the reported kinetic isotope effects and computational modeling are consis-
tent with the reaction mechanism involving rate-limiting formation of a transient oxirane
intermediate that opens in water to give α-d-mannopyranose. The transition state has sig-
nificant nucleophilic participation by the C2-alkoxide, an essentially cleaved glycosidic bond,
and a slight shortening of the endocyclic C1-O5 bond. The TS is late, consistent with the
large, normal C2-18O isotope effect.

Figure 2.1: PNPMan hydrolysis mechanism and transition state structure

2.2 Introduction

The natural world contains an abundance of glycoconjugates, which are characterized
by the presence of a glycosidic bond connecting monosaccharides to one another, or to
noncarbohydrate species. A wide range of processes capable of cleaving glycosidic bonds
has been identified, with acid-catalyzed hydrolysis reactions the most commonly encoun-
tered and studied. However, for over 100 years it has been recognized that certain naturally
occurring glycosides, such as picein, salicin, and coniferin, undergo facile alkaline solvoly-
ses [1]. Under these conditions, the anomeric group undergoes nucleophilic substitution by a
C2-oxyanion forming a 1,2-anhydro sugar intermediate, which then undergoes ring opening
through nucleophilic attack [2, 3]. In the case of β-glucosides and β-galactosides the major
product is the 1,6-anhydro sugar [4]. McCloskey and Coleman [5] were the first to recog-
nize that the 1,6-anhydro-β-glucopyranose formed in these alkaline hydrolyses likely results
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from reaction of 1,2-anhydro-α-glucose intermediates [6, 2]. Such observations extend to
1,2-trans-related glycosyl fluorides [7, 8]. In the case of β-xylosides [6], which lack the 6-OH
group, and α-mannosides [9], which proceed through a β-configured 1,2-anhydro sugar, the
major products are xylose and mannose, respectively. Reaction rates are dramatically re-
duced for substrates bearing a 2-O-methyl group, which prevents formation of the pivotal
C2-oxyanion [9].

The aforementioned base-promoted processes constitute glycosyl transfer through neigh-
boring group participation, wherein a group with an unshared pair of electrons is located
adjacent to the leaving group and participates to form a discrete reaction intermediate. The
effect of neighboring group participation by 2-acetamido groups on N -acetylhexosaminides
has been studied extensively, with strong evidence for carbonyl participation in chemi-
cal solvolytic processes, through oxazoline (or oxazolinium ion) intermediates [10, 11], and
there is compelling evidence that neighboring group participation mechanisms are used by
certain β-hexosaminidases [12, 13, 14]. In contrast to the existence of enzyme-catalyzed
processes that operate through neighboring group participation mechanisms involving a 2-
acetamido group, there are no clear-cut examples of enzymatic processes that utilize neigh-
boring group participation mechanisms involving a 2-oxyanion or 2-hydroxyl group. Early
proposals for 2-oxygen neighboring group participation in the stereochemically retaining
LacZ β-galactosidase-catalyzed hydrolysis of β-galactosides [15, 16] failed to withstand de-
tailed scrutiny. Evidence now supports a classical Koshland retaining mechanism involving
nucleophilic attack by an enzymic residue and formation of a glycosyl enzyme intermediate
that subsequently undergoes hydrolysis in two inverting steps, and which explains the net
retention of reaction stereochemistry [17, 18]. Likewise, early proposals for the formation of
a 1,2-anhydro sugar in the mechanisms of base-catalyzed solvolysis and enzyme-catalyzed
hydrolysis of NAD+ have failed to withstand detailed mechanistic scrutiny [19, 20, 21].

Figure 2.2: Neighboring Group Participation by a 2-
Oxyanion in the Alkaline Hydrolysis of 4-Nitrophenyl α-
d-Mannopyranoside

Recently, on the basis
of structural studies that
failed to identify a candi-
date enzymatic nucleophile
for a stereochemically retain-
ing glycoside hydrolase (GH)
family 99 (for family clas-
sification see: www.cazy.org;
www.cazypedia.org) [22] endo-
1,2-α-mannosidase/endo-1,2-α-
mannanase, a neighboring group
participation mechanism pro-
ceeding through a 1,2-anhydro
sugar was proposed [23].
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In order to understand the nature of the transition state for C2-oxyanion participation,
and to assist in identifying the kinetic signatures of this reaction, we chose to study the
well characterized specific base-catalyzed hydrolysis of p-nitrophenyl α-d-mannopyranoside
(PNPMan; Figure 2.2) [9, 24]. This reaction was chosen owing to its close relationship
to the reaction proposed for endo-1,2-α-mannosidase/endo-1,2-α-mannanase, as well as the
tremendous rate acceleration observed under basic conditions relative to the β-anomer, a
hallmark of neighboring group participation. Accordingly, we measured a complete set of
secondary deuterium and heavy-atom kinetic isotope effects (KIEs) on the base-promoted
hydrolysis of PNPMan, and these values were used as constraints for an ab initio modeling
study to identify possible transition states.

2.3 Results and Discussion

Advances in NMR spectroscopy have enabled the development of a highly sensitive
competitive 13C NMR method that allows the high precision measurement of KIEs [25]. The
method requires milligram quantities of light and heavy isotopologues, with each possessing
an NMR-active nucleus at a probe site (in this case 13C), and an adjacent site labeled
with light and heavy isotopes. Application of this method for the measurement of KIEs
at positions C1, H1, O1, C2, H2, O2 of PNPMan required the synthesis of just seven
isotopologues owing to redundancy in the use of probe positions. PNPMan isotopologues
were synthesized from isotopically labeled d-mannose. In a typical procedure, acetylation
of d-mannose with Ac2O and catalytic H2SO4 afforded mannose pentaacetate, which after
workup was used to glycosylate 4-nitrophenol (or 4-NO2C6H4-18OH) in the presence of
BF3·Et2O. Deprotection with NaOMe/MeOH and recrystallization afforded the PNPMan
isotopologues.

Figure 2.3: 4-Nitrophenyl α-d-Mannopyranoside isotopologues used in the NMR study
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2.3.1 Compounds 1a–1h

Pseudo-first-order rate constants for the base-promoted hydrolysis of PNPMan in aque-
ous solution at 25 °C were estimated from the absorbance (400 nm) versus time data at
hydroxide ion concentrations of 0.1, 0.5, and 1.0 M. The half-life for hydrolysis of PNPMan
in 0.1 M NaOH at 25 °C was 13 h, a value similar to that of 16 h extrapolated from the
reported second order rate constants at higher temperatures [9]. To assess the contribution
of an SN Ar mechanism to the hydrolytic reaction, PNPMan was treated with Na18OH in
H18

2 O, and with unlabeled NaOH in H2O, and the released 4-nitrophenol was analyzed by
mass spectrometry. In both cases, the mass spectrum of the isolated 4-nitrophenol revealed
isotope ratios identical to those obtained from natural abundance material, indicating that
the SN Ar pathway was insignificant.

Figure 2.4: Overlaid proton decoupled 13C NMR spectra containing a mixture of 1d, 1e,
and 1g in NaOH (0.1 M; I = 0.4 at fraction of reactions (F1) = 0.00 (black) and 0.79
(red)) that have normalized peak heights for the probe isotopologue (1d; black arrow).
Note the relative increase in peak heights for the 1-13C-PNPMan (1e; blue arrows) and
2-18O-PNPMan (1g; red arrow) isotopologues, which have increased in relative intensity
during reaction.

KIE measurements were performed in 0.1 M aqueous sodium hydroxide (I = 0.4, NaCl)
in NMR tubes containing a Teflon insert, which is inert to base. The 13C atom probe nucleus
was used to report on changes in the isotopologue ratios for the residual starting materials.
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Individual 13C probe nucleus signals were integrated, and the relative ratio (R) for each
isotopologue was calculated. The fraction of reaction (F1) was determined by comparing
the integration for the light isotopologue with an inert internal standard [methyl α-d-(1-
13C)glucopyranoside]. A representative overlay of NMR spectra at commencement (F1 =
0) and at F1 = 0.79 is shown in Figure 2.4, and typical examples of the nonlinear least-
squares fit for the experimental KIE data are illustrated in Figure 2.5. Table 2.1 lists the
mean and standard deviation values for each KIE derived from three replicate experiments,
and the individual KIE values that were derived from the nonlinear fits to eq 1 along with
the associated standard error are provided in the article Supporting Information.

Figure 2.5: Plots of the change in integrated peak intensity ratios (R/R0) versus fraction
of reaction for the light isotopologue (F1) for the measurement of competitive KIE values:
(A) data from an experimental measurement of k(2−16O)/k(2−18O) using 1d and 1g; (B)
data from an experimental measurement of k(1−12C)/k(1−13C) using 1d and 1e.

2.3.2 Carbon-13 KIEs

Anomeric carbon KIEs (k12/k13) for the reactions of glycopyranosides in solution are
typically in the range of 1.005 to 1.030. Reactions occurring via dissociative transition states
exhibit anomeric 13C-KIE values that are closer to unity [26, 27, 28, 29]; for instance, the
reported 13C-KIEs for spontaneous hydrolysis of α-d-glucopyranosyl 4-bromoisoquinolinium
bromide and the acid-catalyzed reaction of the anomeric methyl d-xylopyranosides are 1.005
± 0.002 [30] and 1.006 ± 0.001 [29], respectively. In contrast, the anomeric 13C-KIE for
the base-catalyzed hydrolysis of PNPMan is 1.026 ± 0.006 (Table 2.1), which is in the
range typically associated with SN2 reactions on glycosides that proceed via ‘exploded’
transition states [31]. The secondary 13C-KIE that we measured for C-2 (1b versus 1e) is
within experimental error equal to unity ( k12/k13 = 0.999 ± 0.005, Table 2.1), a result

41



Experimental KIEs Calculated KIEs
Position of KIE Mean ± SD initial TS Unconstrained TS Constrained TS

1-2H 1.112 ± 0.004 1.1648 1.1583 1.1128
2-2H 1.045 ± 0.005 1.0926 1.0727 1.0700
1-13C 1.026 ± 0.006 1.0417 1.0360 1.0442
2-13C 0.999 ± 0.005 1.0068 1.0061 1.0074
1-18O 1.040 ± 0.012 1.0364 1.0452 1.0331
2-18O 1.044 ± 0.006 1.0354 1.0338 1.0478

Table 2.1: Kinetic Isotope Effects on the Base-Promoted Hydrolysis of 4-Nitrophenyl α-
d-Mannopyranoside in 100 mM NaOH (I = 0.4, NaCl) at T = 25 °C, and the Calculated
KIEs for the gauche-gauche C6-CH2OH conformer at the B3LYP/6-31G* Level of Theory

consistent with essentially no change between the ground and transition states in vibrational
frequencies associated with isotopic substitution at C2.

2.3.3 Oxygen-18 KIEs

We measured primary oxygen-18 KIEs for the nucleophilic oxyanion at C2 and the nitro-
phenolate aglycone. Effects on k16/k18 for both the leaving group oxygen (1.040 ± 0.012)
and the C2-oxygen (1.044 ± 0.006) are substantially greater than unity. The magnitude
of 1-18O-KIE values for the hydrolysis of 4-nitrophenyl glycosides is known to be strongly
dependent on the degree of proton catalysis during aglycone departure. That is, as the de-
gree of proton transfer at the transition state decreases there is a concomitant increase in
the measured KIE k16/k18 value. The smallest oxygen-18 KIE reported (k16/k18 = 1.023)
is for the specific-acid catalyzed hydrolysis of 4-nitrophenyl β-d-(1-18O)glucopyranoside, a
mechanism that involves complete protonation of the substrate prior to rate-limiting agly-
cone departure [32]. In contrast, for the general-acid catalyzed reaction of 4-nitrophenyl
β-d-(1-18O)glucopyranoside, which involves simultaneous aglycone departure and oxygen
protonation, a larger KIE value was reported (k16/k18 = 1.0355 ± 0.0015) [33]. Lastly, for
reactions in which the leaving group departs as a 4-nitrophenoxide ion, the base-promoted
reaction of 4-nitrophenyl β-d-(1-18O)glucopyranoside [33] and the spontaneous hydrolysis of
the 4-nitrophenyl N -acetyl-α-(2-18O)neuraminide anion [34], the corresponding 18O-KIEs
are 1.0386 ± 0.0032 and 1.053 ± 0.002, respectively. We therefore conclude that the mea-
sured value (1.040 ± 0.012, for 1b versus 1h) is in line with expectations for a base-catalyzed
intramolecular nucleophilic substitution reaction that gives 4-nitrophenoxide and a sugar
oxirane intermediate following rate-limiting glycoside bond cleavage.

In contrast to the many reported 18O-KIEs for 4-nitrophenol leaving groups, few nucle-
ophile 18O-KIEs have been reported, especially for cases in which the oxygen nucleophile is
anionic. Several isotope effects have been reported in substitution reactions when 18O-water
is the nucleophile, and these KIEs fall in the range of 1.023–1.030 [35, 36]. For the base-
catalyzed hydrolysis of PNPMan the nucleophile is an oxyanion rather than a neutral water
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molecule, so the equilibrium isotope effect (EIE) for ionization and KIE for ring closure con-
tribute to the observed 18O-KIE. Although we are not aware of any example of a primary
oxygen-18 EIE on the ionization of an alkanol (as they are generally unable to be titrated in
water because of their low acidity), an 18O-EIE (16Ka/18Ka = 1.0153 ± 0.002) has been re-
ported for the deprotonation of 4-nitrophenol (Figure 2.6; R = H, Keq =16 Ka/18Ka) [37].

Figure 2.6: Isotopologue Equilibria for the Ionization of 4-Nitrophenol (R = H) and Trans-
fer of an Acetyl Group [R = C(O)CH3]

A much larger 18O-EIE was measured for the transfer of an acetyl group between 4-
nitrophenolate isotopologues (Figure 2.6; R = CH3CO, Keq = 1.0277 ± 0.0007), an effect
that allows calculation of the 18O-EIE between 4-nitrophenol and 4-nitrophenyl acetate as
16Ka/18Ka = 1.0277/1.0153 = 1.0122 [37]. Although we conclude that a greater fraction
of 2-13C-PNPMan (1d) will be ionized in the basic media relative to 2-13C,2-18O-PNPMan
(1g), it is implausible that the magnitude of the EIE on either deprotonation or oxygen
transfer (between a hydrogen and a carbon atom) is the primary contributor to the magni-
tude of the measured KIE. Nevertheless, it is clear that the strikingly large magnitude of the
KIE value for the C-2 oxygen of 1.044 ± 0.006 requires significant changes in vibrational
frequencies between the ground and transition states during oxirane formation. That is,
the crucial difference between these model reactions and equilibria is that the reaction of
PNPMan in base involves the formation of a strained three-membered ring. Oxirane rings
have strain energies of 27 kcal/mol [38, 39], and the transition state for ring closure must
incorporate a significant degree of strain, which predominantly resides in the ring σ-bonds.
Based on the principle of microscopic reversibility (that the transition state for ring closure
is the same as that for ring opening) and the report by Hoz and co-workers who proposed,
based on mechanical principles, that strain energy is lost earlier during ring opening of oxi-
ranes than oxetanes (four-membered ring ethers) [40, 41], we conclude that the ring closing
transition state must be late and results in a significant weakening of the C2–oxygen bond,
which leads to the large normal 18O-KIE for this reaction.
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2.3.4 β-Secondary Deuterium KIEs (β-SDKIEs)

β-SDKIEs for substitution reactions on glycosides usually originate from a hypercon-
jugative weakening of the C–H/(D) bond through interaction with the developing empty
p-orbital at the anomeric center [26, 42]. In this case, the observed rate of hydrolysis will
be complex to interpret because the hydrolysis of PNPMan is specific-base catalyzed, and
thus the measured β-SDKIE should be interpreted in terms of contributions from negative
hyperconjugation associated with the EIE for ionization of the C2-hydroxyl group (to give
the anion) and the KIE for ring closing of the C2-oxyanion intermediate to form an oxirane
(i.e., the rate at which the anion reacts). There are only a few secondary deuterium EIEs
reported for the ionization of an alcohol, primarily because they are not sufficiently acidic
to be titratable in water [43]; thus, we used the EIE (HKa/DKa = 1.067 per deuterium)
measured for the ionization of 2,2,2-trifluoroethanol and 2,2,2-trifluoro(1,1-2H2)ethanol in
aqueous solution [44]. Under the conditions of the NMR reaction, for which the pH is lower
than the pKa value of a C2-sugar hydroxyl group [45], a greater fraction of the more acidic
protiated substrate (1d) is ionized; however, the anion of the deuterated substrate (1f)
must be more nucleophilic; i.e., the anion of 1f should react faster than the corresponding
anion from 1d. Thus, we conclude that the measured β-SDKIE (kH/kD = 1.045 ± 0.005,
Table 2.1) for the hydroxide-promoted hydrolysis of PNPMan is consistent with a normal
equilibrium isotope effect (KH/KD > 1) for ionization of the C-2 hydroxyl group that is
attenuated by an inverse KIE (KH/KD < 1) on oxirane ring formation.

2.3.5 α-Secondary Deuterium KIEs (α-SDKIEs)

α-SDKIEs for substitution reactions resulting in glycosidic bond cleavage originate pre-
dominantly from changes in bending vibrations as the sp3 anomeric carbon undergoes
rehybridization to an sp2-like center as the reaction coordinate passes over either a dis-
sociative SN1 or an ‘exploded’ SN2 transition state. α-SDKIEs for reactions involving α-
glycosides include the spontaneous hydrolyses of 4-nitrophenyl tetrahydropyran (kH/kD =
1.17) [46, 47] and α-d-glucopyranosyl 4-bromoisoquinolinium bromide (kH/kD = 1.19) [30],
the acid-catalyzed hydrolysis of methyl α-d-glucopyranoside (kH/kD = 1.14) [26], and the
SN2 reaction of α-d-glucopyranosyl fluoride with an azide ion (kH/kD = 1.19) [31]. In the
current study, the anomeric carbon atom undergoes conversion into an oxirane carbon and
the bending C–H vibration changes are expected to govern the magnitude of the α-SDKIE.
Indeed, based on the reported α-SDKIE ((kH/kD = 0.95 per deuterium) for the epoxida-
tion of ethylene [48] where the sp2 carbons are converted into an oxirane ring we expected
the α-SDKIE for the base-catalyzed hydrolysis of PNPMan (1b versus 1c) to be smaller
in magnitude than those for the formation of glycopyranosylium ion intermediates listed
above, a prediction in accord with the measured KIE (kH/kD) of 1.112 ± 0.004 (Table
2.1).
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The α-SDKIE measured for base-promoted hydrolysis of PNPMan differs markedly from
the reported value for the base-promoted methanolysis of phenyl β-d-glucopyranoside, which
also proceeds via an oxirane intermediate. However, Dahlquist et al. measured their α-
SDKIE (kH/kD = 1.03 ± 0.01) using a radiolabeling methodology with [3H]phenyl β-d-
glucopyranoside as a surrogate for the anomeric C–H isotopologue [49, 50]. At that time,
the effect of tritium substitution on the pKa value of phenol and thus its leaving group
ability was not considered during analysis of the KIE. It is now appreciated that tritiated
phenols are less acidic than the parent phenol, a conclusion that is based on the reported
pKa perturbation for deuterium substituted phenols [51], and therefore are poorer leaving
groups, which should result in a lower KIE value due to greater nucleophilic participation
at the transition state. As a result, we conclude that the α-SDKIE value of Dahlquist
et al. must be considered to be a lower limit for formation of the diastereomeric oxirane
intermediate (1,2-anhydro-α-d-glucopyranose) compared to the one formed in the current
study.

Figure 2.7: Calculated transition state structures for the formation of the 1,2-
anhydro sugar intermediate during the base-promoted hydrolysis of 4-nitrophenyl α-d-
mannopyranoside, from the gauche-gauche C6-CH2OH conformer. The unconstrained TS is
shown in teal (left-hand structure), the constrained TS, which was obtained by systematic
variation of the two reaction coordinate C–O bonds, is shown in green (right-hand struc-
ture) and an overlay of the two calculated transition states (center). The unconstrained TS
structure calculated at the B3LYP6311++G (d, p) level of theory with the SCRF method
and IEF-PCM water dielectric environment and the constrained TS structure was calcu-
lated at the B3LYP631+G (d, p) level of theory with the SCRF method and IEF-PCM
water dielectric environment and Bondi Atomic Radii.

2.3.6 Computational Modeling of Transition State Structures

Modeling of the transition state structure for the base-catalyzed hydrolysis of PNPMan
was performed at the B3LYP/6-31G+G(d,p) level with the ground state and transition
states using a self-consistent reaction field (SCRF) with an integral equation formalism po-
larizable continuum model (IEF-PCM), with the dielectric constant set to 78.3553 (H2O),
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and with Bondi atomic radii for the molecular solvation cavity [52]. The ground state ge-
ometry of PNPMan was optimized without constraints in a 4C1 chair conformation with
two distinct conformers for the C6-CH2OH group (Figures 2.9 and 2.10, Appendix 2.A).
Although the theoretical modeling of TS geometry was performed using a polarizable con-
tinuum model, we incorporated an explicit water molecule that was used to ‘solvate’ the
oxyanion at carbon-2, so as to prevent the cis-hydroxyl group at C-3 from engaging in a
strong intramolecular H-bond to O2 and as a result unduly hinder neighboring group par-
ticipation at the anomeric center. Following location of transition state structures, where
the gauche-gauche TS (Figure 2.7) is slightly lower in energy than the trans-gauche TS
(Figure 2.11, Appendix 2.A), the associated KIE values were calculated using the com-
puter program ISOEFF98 (the ‘Initial’ TS; Tables 2.1 and 2.2) [53]. Of note, our initially
located TSs only provided a good match to the experimental value for the leaving group
18O-KIE. We therefore included Bondi atomic radii, which improved the resulting associated
KIEs (the ‘Unconstrained’ TS; Tables 2.1 and 2.2). Additional calculations were executed
to improve the TS model by fixing the critical C–O reaction coordinate bond distances
(C1–O1 and C1–O2), energy minimizing the restricted structure, and then by calculating
the KIE values. This process was performed repeatedly with systematic variation of the two
C–O bonds in 0.1 Å increments. The KIE values associated with all of these TSs are listed
in the article supplementary information , while the best TS match to the experimental KIE
data is included in Tables 2.1 and 2.2 (the ‘Constrained’ TS). Figure 2.7 also presents
the refined TS model that best fits the experimental KIE values (C1–O1 = 2.2893 Å and
C1–O2 = 1.8824 Å). Listed in Tables 2.3-2.6 (Appendix 2.A) are bond lengths, bond, and
torsional angles calculated for the ground state, unconstrained and constrained transition
states, and the oxirane intermediates.

Our analysis identifies several interesting trends when certain distances are held constant
while others are allowed to vary systematically. We note that when the C–O bond between
the anomeric carbon and the 4-nitrophenoxide leaving group was fixed at 2.2893 Å and the
distance between the nucleophilic oxygen and anomeric center varied during computational
modeling, the calculated KIEs values for the anomeric-13C and β-secondary deuterium are
almost invariant (Figures 2.8 and 2.12, panel A). In addition, the two critical 18O-KIEs
show opposite trends as the nucleophile–electrophile distance is increased at the oxirane
forming TS (Figures 2.8 and 2.12, panel A). Shortening the nucleophile-anomeric carbon
distance (C1–O2) at the transition state without changing the glycosidic bond distance
results in the following trends: (i) the leaving group 18O KIE decreases; (ii) the nucleophile
18O KIE increases; and (iii) the anomeric 13C-KIE displays a slight increase.

On the other hand, lengthening the anomeric carbon-leaving group oxygen distance (C1–
O1) at the transition state without changing the nucleophile–anomeric carbon distance
results in the following trends: (i) the leaving group 18O-KIE is almost unaffected; (ii)
the nucleophilic 18O-KIE increases substantially; and (iii) the anomeric 13C-KIE decreases
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Figure 2.8: Calculated fractional errors between the measured kinetic isotope effects on
the base-promoted hydrolysis of 4-nitrophenyl α-d-mannopyranoside (T = 25 °C) and those
calculated for the gauche–gauche conformer at the B3LYP/6-31G* level of theory; a negative
value indicates that the calculated KIE is smaller than the experimental value. (A) The
interatomic distance between the anomeric carbon and the leaving group oxygen (C1–O1)
was fixed at 2.2893 Å. (B) The interatomic distance between the anomeric carbon and the
nucleophilic oxygen (C1–O2) was fixed at 1.8824 Å. Secondary deuterium KIEs are in blue
α-SDKIE (filled circle, solid line); β-SDKIE (hollow circle, dashed line), 18O-KIE are in
red; leaving group-18O (filled triangle, solid line), nucleophilic-18O (hollow triangle, dashed
line), and anomeric-13C KIEs are in black (diamond).
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substantially (Figures 2.8 and 2.12, panel B). Notably, tight transition states (shorter C–O
bonds) are associated with larger 13C-KIEs and small 18O-KIEs for both the nucleophile and
leaving group. Interestingly, the C2-18O-KIE, which is characteristic for oxirane formation,
can be computationally modeled by a wide range of transition states.

EIEs were also calculated for the reaction using the local ground state and oxirane
structures optimized with B3LYP 6-311++G(d,p). The resulting isotope effects for all iso-
topologues were found to be close to unity except for the C1-D and C2-D isotopologues that
had calculated EIEs of ∼1.10 and 1.08, respectively (Tables 2.7 and 2.8, Appendix 2.A).

Finally, we note that Kamerlin and co-workers have shown that energetically similar
but mechanistically distinct processes may occur for phosphate monoester hydrolysis and
have highlighted the difficulty of calculating the preferred mechanism for p-nitrophenyl
phosphate owing to the limitations in compressing multiple bonding changes onto the two-
dimensional reaction energy surface of a More O’Ferrall Jencks plot [54]. In their case
systematic variation of critical bond distances allowed identification of dissociative and
associative transition states of similar energies, for which only a solvent-assisted dissociative
pathway provided good agreement with experimentally determined KIE values.

2.4 Conclusions

Substitution reactions at the anomeric center of glycosides and other glycosyl derivatives
occur through a spectrum of mechanisms [3, 55]. Owing to the ability of the lone pair on
oxygen to stabilize developing charge, reactions that tread the borderline of SN1 (AN ∗
DN) [28, 29, 56, 57, 58] and SN2 (AN ∗DN) [31, 42, 59, 60] processes are most common, with
the existence of a discrete pyranosylium ion intermediate contingent upon the degree of
nucleophile and solvent participation. An SNi (‘internal return’) mechanism (DN ∗ Dh ∗ AN)
has been reported for cases involving an intimate complex of the substrate’s leaving group
and a preassociated nucleophile [27, 61]. Reactions proceeding through such processes have
been studied extensively in solution, and closely related counterparts have been identified in
various enzymic processes, catalyzed by glycosidases, glycosyltransferases, and carbohydrate
phosphorylases (e.g., SN1 [62, 63], SN2 [62], and SNi [64]).

The hydrolysis reaction of 4-nitrophenyl α-d-mannopyranoside in basic aqueous media
occurs via a transient oxirane intermediate with rate limiting C–O bond cleavage that is
coupled to neighboring group participation from a preionized oxyanion on carbon 2. The
present work reveals that this reaction is associated with a large nucleophilic KIE (k16/k18),
the magnitude of which appears to be related to the timing of build-up in ring strain upon
formation of oxirane of the 1,2-anhydro sugar, which leads to a late transition state. Initial
theoretical modeling of the reaction transition state structure resulted in a computational
model that gave poor agreement with the experimental KIE values. However, upon system-
atic variation of critical transition state bond distances, better agreement between theory
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and experiment was obtained, an approach that has been successfully applied by Kamerlin
and co-workers. [54] While the alkaline solvolysis of PNPMan is a specific base-catalyzed
process, it is to be expected that a slightly attenuated nucleophilic KIE should also manifest
in a general base-catalyzed process (where the negative charge on the nucleophile at the
TS is reduced), such as that proposed for the mechanism of hydrolysis of GH99 endo-1,2-
α-mannosidase/endo-1,2-α-mannanase.
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2.A Supplementary Information for Chapter 2

MATERIALS AND METHODS
Computational Ground state and Transition State Optimization:

The local ground state reactant and oxirane product conformations of PNPMan was
optimized with Gaussian 09 (Revision D.02) [52], using the B3LYP method in conjunction
with a 6-311G++G(d,p) basis set. Solvation was modeled by the Self Consistent Reac-
tion Field (SCRF) method and Integral Equation Formalism Polarizable Continuum Model
(IEF-PCM) in the dielectric environment of water with the dielectric constant set to ϵ =
78. Two local ground state and oxirane structures were used in the calculation, which were
two conformers of the C6-CH2OH group (gauche-gauche and trans-gauche). Two transition
state structures (gauche-gauche and trans-gauche) were located using QST3 calculations
that require reactant, product and initial structure for the transition state and utilizes
the Synchronous Transit-Guided Quasi-Newton (STQN) method to locate the transition
state. An overall formal negative charge was placed onto the reactants and the first-formed
intermediate pair, which consists of an oxirane and a 4-nitrophenoxide ion. For these cal-
culations the formal charge for the reactants was an explicit hydroxide ion that became
p-nitrophenoxide at the intermediate oxirane. An Internal Reaction Coordinate (IRC) cal-
culation was performed to ensure that this TS structure connected the products to the
starting materials. Calculations for the transition state were performed with the same pa-
rameters used above for the calculation of the ground state structure. In addition, an explicit
solvent water was incorporated (solvating the nucleophilic O2 atom) to prevent formation
of a C3-OH to C2-O− hydrogen bond that would result in a conformational restriction
to approach of the TS structure. From the reactant and product geometries optimized as
described above, TSs were located using B3LYP 6-31+G(d,p) with the same solvation via
SCRF method and IEF-PCM but also implementing a Bondi atomic radii which improved
the resulting associated KIEs. Additional TSs were modelled by altering and freezing the
two heavy-atom distances along the reaction coordinate, that is the [C2]O—C1 (d1) and
C1—[C1]O (d2) distances, and then allowing all other atomic coordinates to vary during
energy minimization of the TS. The KIEs associated with each putative TS structure, for
the base-promoted hydrolysis of PNPMan, were calculated from the vibrational frequencies
of the transition state global ground state (optimized at the same level of theory as the TS
but omitting the explicit water molecule) and using the ISOEFF98 program [53], with a
scale factor of 0.9614 [65]. These calculations were performed to try to match the experi-
mental KIEs at the various heavy-atom positions in the following order: (i) C-2 18O; (ii)
leaving group 18O; and (iii) anomeric 13C.
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Figure 2.9: Unconstrained local ground state structure for the gauche-gauche C6-CH2OH
conformer calculated at B3LYP6311++G (d, p) level of theory with SCRF method and
IEF-PCM water dielectric environment.

Figure 2.10: Unconstrained local ground state structure for the trans-gauche C6-CH2OH
conformer calculated at B3LYP6311++G (d, p) level of theory with SCRF method and
IEF-PCM water dielectric environment.
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Figure 2.11: Calculated transition state structures for the formation of the oxirane inter-
mediate, from the trans-gauche C6-CH2OH conformer, during the base-promoted hydrolysis
of 4-nitrophenyl α-d-mannopyranoside. Unconstrained TS is shown in teal (left hand struc-
ture), the constrained TS, which was obtained by systematic variation of the two reaction
coordinate C–O bonds, is shown in green (right hand structure) and an overlay of the two
calculated transition states. Unconstrained TS structure calculated at B3LYP6311++G (d,
p) level of theory with SCRF method and IEF-PCM water dielectric environment and the
constrained TS structure was calculated at a B3LYP631+G (d, p) level of theory with SCRF
method and IEF-PCM water dielectric environment and Bondi Atomic Radii.

Figure 2.12: Calculated fractional errors between the measured kinetic isotope effects on
the base-promoted hydrolysis of 4-nitrophenyl α-d-mannopyranoside (T = 25 °C) and those
calculated for the trans–gauche conformer at the B3LYP/6-31G* level of theory; a negative
value indicates that the calculated KIE is smaller than the experimental value. (A) The
interatomic distance between the anomeric carbon and the leaving group oxygen (C1–O1)
was fixed at 2.2893 Å. (B) The interatomic distance between the anomeric carbon and the
nucleophilic oxygen (C1–O2) was fixed at 1.8824 Å. Secondary deuterium KIEs are in blue
α-SDKIE (filled circle, solid line); β-SDKIE (hollow circle, dashed line), 18O-KIE are in
red; leaving group-18O (filled triangle, solid line), nucleophilic-18O (hollow triangle, dashed
line), and anomeric-13C KIEs are in black (diamond).

58



Experimental Calculated
KIEs KIEs

Position of KIE Mean ± SD Initial TS Unconstrained TS Constrained TS
1-2H 1.112 ± 0.004 1.1504 1.1544 1.1101
2-2H 1.045 ± 0.005 1.1119 1.0719 1.0690
1-13C 1.026 ± 0.006 1.0491 1.0380 1.0447
2-13C 0.999 ± 0.005 1.0062 1.0060 1.0074
1-18O 1.040 ± 0.012 1.0362 1.0435 1.0332
2-18O 1.044 ± 0.006 1.0335 1.0349 1.0481

Table 2.2: Kinetic isotope effects on the base-promoted hydrolysis of 4-nitrophenyl α-d-
mannopyranoside in 100 mM NaOH (I = 0.4, NaCl) at T = 25 °C, and the calculated KIEs
for the trans-gauche C6-CH2OH conformer at the B3LYP/6-31G* level of theory.

Model C1-O1 (Å) C1-O2 (Å) C2-O2 (Å) C1-O5 (Å) C1-H1 (Å) C2-H2 (Å)
Local GS 1.45513 2.38718 1.36845 1.40160 1.09049 1.11105

Unconstrained 2.26364 2.03162 1.38868 1.29898 1.07993 1.09899
Constrained 2.28933 1.88240 1.41008 1.31444 1.07927 1.09631

Oxirane - 1.43753 1.45529 1.37520 1.08452 1.08638

Table 2.3: Calculated bond lengths for the local ground state and transition state structures
for the base-promoted hydrolysis of 4-nitrophenyl α-D-mannopyranoside in the gauche-
gauche conformer.

Model C1-O1 (Å) C1-O2 (Å) C2-O2 (Å) C1-O5 (Å) C1-H1 (Å) C2-H2 (Å)
Local GS 1.45123 2.38705 1.36843 1.40459 1.09030 1.11118

Unconstrained 2.30550 2.05632 1.39756 1.29999 1.08146 1.09938
Constrained 2.28933 1.88240 1.41090 1.31593 1.07899 1.09617

Oxirane - 1.43579 1.45686 1.37654 1.08430 1.08629

Table 2.4: Calculated bond lengths for the local ground state and transition state structures
for the base-promoted hydrolysis of 4-nitrophenyl α-D-mannopyranoside in the trans-gauche
conformer.

Model O2-C2-C1-O1 (°) O2-C2-H2 (°) O2-C2-C1 (°) C2-C1-O1 (°) O1-C1-H1 (°)
Local GS 165.662 113.222 109.737 108.124 108.867

Unconstrained 164.475 115.023 90.187 96.836 90.557
Constrained 163.859 114.735 81.774 96.983 85.747

Oxirane - 114.187 58.922 - -

Table 2.5: Calculated bond and torsional angles for the local ground state and transition
state structures for the base-promoted hydrolysis of 4-nitrophenyl α-d-mannopyranoside in
the gauche-gauche conformer.
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Model O2-C2-C1-O1 (°) O2-C2-H2 (°) O2-C2-C1 (°) C2-C1-O1 (°) O1-C1-H1 (°)
Local GS 165.804 113.184 109.727 108.409 109.020

Unconstrained 162.211 114.317 91.118 97.640 88.747
Constrained 163.779 114.735 81.754 97.457 85.465

Oxirane - 114.199 58.857 - -

Table 2.6: Calculated bond and torsional angles for the local ground state and transition
state structures for the base-promoted hydrolysis of 4-nitrophenyl α-d-mannopyranoside in
the trans-gauche conformer.

Effect Experimental KIE Calculated KIE
1-2H KIE 1.112 ± 0.004 0.1057
2-2H KIE 1.045 ± 0.005 1.0819
1-13C KIE 1.026 ± 0.006 1.0083
2-13C KIE 0.999 ± 0.005 1.0130
1-18O KIE 1.040 ± 0.012 1.0314
2-18O KIE 1.044 ± 0.006 1.0097

Table 2.7: Calculated equilibrium isotope effects at the B3LYP/6-311++G(d,p) level of
theory with SCRF method and IEF-PCM dielectric, using the local gauche-gauche ground
state and oxirane structures.

Effect Experimental KIE Calculated KIE
1-2H KIE 1.112 ± 0.004 0.0995
2-2H KIE 1.045 ± 0.005 1.0809
1-13C KIE 1.026 ± 0.006 1.0080
2-13C KIE 0.999 ± 0.005 1.0126
1-18O KIE 1.040 ± 0.012 1.0312
2-18O KIE 1.044 ± 0.006 1.010

Table 2.8: Calculated equilibrium isotope effects at the B3LYP/6-311++G(d,p) level of
theory with SCRF method and IEF-PCM dielectric, using the local trans-gauche ground
state and oxirane structures.
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Chapter 3

Revealing the mechanism for
covalent inhibition of glycoside
hydrolases by carbasugars at an
atomic level

This chapter is comprised of the manuscript "Revealing the mechanism for covalent
inhibition of glycoside hydrolases by carbasugars at an atomic level" which was
published in the journal Nature Communications (2018, 9 (1), 1-12). Additional materials
and methods can be found in the supplementary information: https://static-content.

springer.com/esm/art%3A10.1038%2Fs41467-018-05702-7/MediaObjects/41467_2018_

5702_MOESM1_ESM.pdf

Weiwu Ren,a Robert Pengelly,b Marco Farren-Dai,a Saeideh Shamsi Kazem Abadi,c Ver-
ena Oehler,b Oluwafemi Akintola,a Jason Draper,a Michael Meanwell,a Saswati Chakladar,
Katarzyna Świderek,d Vicent Moliner,c Robert Britton,a Tracey M. Gloster,b Andrew J.
Benneta,c

aDepartment of Chemistry, Simon Fraser University, 8888 University Drive, Burnaby,
British Columbia V5A 1S6, Canada

bBiomedical Sciences Research Complex, University of St Andrews, North Haugh, St
Andrews, Fife KY16 9ST, UK

cDepartment of Molecular Biology and Biochemistry, Simon Fraser University, 8888
University Drive, Burnaby, BC V5A 1S6, Canada

dDepartment de Química Física i Analítica, Universitat Jaume I, 12071 Castellón, Spain

Synthesis of inhibitors was performed by Ren in the laboratory of Robert Britton with
contributions from Draper, Meanwell, and Chakladar. X-ray crystallographic studies were
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performed by Pengelly and Oehler in the laboratory of Tracey Gloster. Enzyme kinetic
assays were performed by Shamsi and Akintola in the laboratory of Andrew Bennet. Com-
putations were performed by Farren-Dai and Świderek in the laboratory Vicent Moliner.

3.1 Abstract

Mechanism-based glycoside hydrolase inhibitors are carbohydrate analogs that mimic
the natural substrate’s structure. Their covalent bond formation with the glycoside hy-
drolase makes these compounds excellent tools for chemical biology and potential drug
candidates. Here we report the synthesis of cyclohexene-based α-galactopyranoside mim-
ics and the kinetic and structural characterization of their inhibitory activity toward an
α-galactosidase from Thermotoga maritima (TmGalA). By solving the structures of several
enzyme-bound species during mechanism-based covalent inhibition of TmGalA, we show
that the Michaelis complexes for intact inhibitor and product have half-chair (2H3) confor-
mations for the cyclohexene fragment, while the covalently linked intermediate adopts a flat-
tened half-chair (2H3) conformation. Hybrid QM/MM calculations confirm the structural
and electronic properties of the enzyme-bound species and provide insight into key interac-
tions in the enzyme-active site. These insights should stimulate the design of mechanism-
based glycoside hydrolase inhibitors with tailored chemical properties.

3.2 Introduction

Of the three main biological polymeric building blocks, carbohydrates are the most
structurally diverse. Unlike DNA and proteins, their sequence is not templated and instead
relies on the activity and specificity of enzyme-catalyzed processes that use carbohydrates
and their derivatives as substrates [1]. For example, glycoside hydrolases (GHs) [2] are ubiq-
uitous in nature and catalyze the removal of carbohydrates from a range of biomolecules.
Thus GHs are not only critical for digesting carbohydrates and degrading plant biomass
but are also key players in pathogen infection, antibacterial defense, and many other es-
sential cellular processes [3]. As a result, natural product inhibitors of GHs, including cas-
tanospermine [4], mannostatin A [5], nojirimycin [6], and acarbose [7], are often pursued as
therapeutics (Figure 3.1a). For example, starting with the natural product Neu2en5Ac [8]
medicinal chemical approaches gave rise to the influenza therapeutic oseltamivir (Figure
3.1b) [9].

Of note, many GH inhibitors incorporate a basic nitrogen atom [6] that mimics the
nascent charge of pyranosylium ion-like transition states [10] (Figure 3.2a). Structural
elements that mimic enzyme-bound substrates [11] and preclude a ground state chair con-
formation include sp2-hybridized ring atoms [12], five-membered rings [5], or bicyclic scaf-
folds [4, 13] and are also common features in GH inhibitors. Considering that GHs exhibit
high catalytic proficiencies(∼ 1017 M−1) [14, 15], deciphering structures along the reaction
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Figure 3.1: Select competitive inhibitors of glycoside hydrolases. (a) Representative nat-
ural products. (b) Natural product (Neu2en5Ac) inspired therapeutic agent (oseltamivir)

pathway can lead to improved understanding of their catalytic mechanism and profoundly
affect inhibitor design [16]. Of the GH mechanisms that catalyze glycosidic bond hydroly-
sis, most that occur with retention of stereochemistry rely on two active site aspartic acid
(Asp) and/or glutamic acid (Glu) residues (Figure 3.2a) [1, 10, 17, 18]. These enzymes
employ sequential SN2-like reactions, each involving an inversion of configuration, where
the first generates a covalent glycosyl-enzyme intermediate and the second one hydrolyzes
the intermediate [1, 10, 19, 20, 21]. Previously, we exploited the ability of GHs to stabilize
anomeric positive charge development during glycosylation and deglycosylation in the design
of cyclohexene (e.g., 1) [22] and cyclopropylmethyl [22, 23, 24] mechanism-based covalent
GH inhibitors. The cyclohexene inhibitors likely undergo a pseudo-glucosylation reaction
as shown for 1 (Figure 3.2b) [22]. Recently, Danby and Withers reported that the re-
lated cyclohexene carbaglucose analog 2 was a substrate for several β-glucosidases (Figure
3.2c) [25]. Here we present the synthesis of three cyclohexene-based mimics of galactose in-
cluding a 2-deoxy-2-fluorogalactose analog and the kinetic characterization of their reactions
with an α-galactosidase from Thermotoga maritima (TmGalA). The GH inhibitory activity
of these compounds is compared with that of a 2-deoxy-2-fluoroglycoside and a cyclophellitol
analog, both established inactivators [26, 27]. We also present the structural characteriza-
tion of our carbasugars with TmGalA in the form of Michaelis complexes for the inhibitor
(with an active site mutant), the reaction products, and most critically, the covalent adduct
formed during the turnover of our cyclohexene mimic of 2-deoxy-2-fluorogalactose. Using a
combination of quantum mechanics/molecular mechanics (QM/MM) methods, we also pro-
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vide support for the X-ray structural results by localizing and characterizing the relevant
enzyme-bound states.

3.3 Results

3.3.1 Synthesis of cyclohexene galactose analogs

Previously, we have reported that the cyclohexene carbasugar 1 is a covalent inhibitor of
yeast α-glucosidase (GH13 family) [22] and that the reaction takes place through a covalent
enzyme-bound intermediate, which undergoes slow hydrolysis to regenerate active enzyme.
That is, covalent inhibitors result in reversible loss of enzyme activity, a process that is ir-
reversible with covalent inactivators. As a result, we hypothesized that a galacto-configured
analog would covalently label a GH36 α-galactosidase, a member of GH clan-D, that has as
its main structural element a (β/α)8 fold, which is the same protein fold as found for family
GH13. Notably, these two GH families bind bicyclo[4.1.0]heptyl amines (with the appro-
priate stereochemistry) tightly. [13, 28] Initially, we used a tetra-O-benzylcyclohexenol [24]
that was arylated via an SNAr reaction after debenzylation with BCl3 in CH2Cl2 to give
covalent inhibitor 3a. Unfortunately, after performing a variety of crystal soaking exper-
iments with inhibitor 3a, only structures of the Michaelis complex (with an active site
mutant) and product complex were obtained and no covalent adduct was observed (vide
infra). In an effort to characterize structurally the covalent intermediate, we elected to (i)
enhance the leaving group ability of the pseudo-aglycone and (ii) structurally modify the
substituents on the cyclohexene ring in an effort to increase the lifetime of the covalent
intermediate. Thus we targeted the galacto configured 2,4-dinitrophenyl ether 3b and the
corresponding 2-fluoro analog 4, with the expectation that covalent intermediates would
form faster and that the 2-fluoro group in 4 would decrease the rate of hydrolysis of the
covalent intermediate. [29, 30]

Synthesis of the 2-hydroxycarbasugar 3b started with 2-deoxy-l-ribose-derived aldehyde
9, which was subjected to a proline-catalyzed α-chlorination-aldol reaction (Figure 3.3) [31,
32] that effects a dynamic kinetic resolution involving the racemization of chloroaldehydes
10 and 11 and delivered the anti-aldol-syn-chlorohydrin 13 in good yield and excellent
diastereoselectivity (dr > 20:1) [31]/ With chlorohydrin 13 in hand, several olefination
methods were examined and we found that a Julia-Kocienski reaction [31] using the lithium
anion derived from methylsulfonyl phenyltetrazole delivered the diene 14 without requir-
ing protection of the secondary alcohol function. Unfortunately, attempts to effect a ring
closing metathesis (RCM) [33, 34, 35] on this material using various catalysts returned
only starting material. Also, removal of the TIPS protecting group (TBAF) followed by
treatment with Grubbs’ first [33] or second-generation [34] catalyst resulted primarily in
isomerization to the ethyl ketone 17 [36, 37]. In an effort to circumvent these problems
and facilitate the desired RCM reaction, we converted chlorohydrin 14 into the correspond-
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Figure 3.2: Glycoside hydrolase catalysis and chemical structures for select inhibitors. (a)
Mechanism for glucosylation with a natural substrate analog. (b) Proposed mechanism of
pseudo-glucosylation for the allylic α-glucoside mimic 1. (c) Structures of mechanism-based
4-nitrophenyl covalent inhibitor 1; 2,4-dinitrophenyl β-glucoside analog 2; the α-galactose
analog inhibitors 3a, b; the 2-deoxy-2-fluoro covalent inhibitors 4; 5, and 6 the hydrolyzed
products for the α-galactose analog inhibitors 3 and 4, respectively; and two conventional
glycoside hydrolase inactivators: 2-deoxy-2-fluorogalactoside (7) and cyclophellitol analog
(8). For clarity, most hydroxyl groups are not shown for the transition state or intermediate
in a, b

65



ing syn-epoxide by treatment with CsOH in hot EtOH-H2O. While the TIPS-protected
epoxyalcohol was not a productive substrate for a RCM, following the removal of the silyl
protecting group the corresponding alcohol 15 was readily transformed into cyclohexene 16
using either Stewart-Grubbs’ [35] or Grubbs’ second-generation catalyst [34]. From here,
conversion into the protected carbasugar simply involved reaction of the epoxy alcohol 16
with CO2 and CsCO3 in warm dimethylformamide (DMF), which afforded the carbonate 18
in excellent yield. Finally, removal of the carbonate and reaction of the resulting triol with
2,4-dinitrofluorobenzene [23] afforded a mixture of arylated carbasugars from which the tar-
geted dinitrophenyl adduct 3b could be isolated by preparative thin-layer chromatography.

Figure 3.3: Synthesis of the cyclohexene carbagalactose analog 3b

The corresponding 2-fluorocarbasugar 4 was accessed following a similar route to that
described above (Figure 3.4). However, we modified our previously reported α-chlorination
aldol reaction by first effecting a proline-catalyzed α-fluorination [32, 38, 39, 40] of alde-
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hyde 9 using Selectfluor in DMF followed directly by reaction of the resulting unstable α-
fluoroaldehyde (not shown) with dioxanone 12 in CH2Cl2. This subsequent proline-catalyzed
aldol reaction proceeded smoothly to afford fluorohydrin 19 as a single diastereomer.

Figure 3.4: Synthesis of the 2-deoxy-2-fluorocarbagalactose analog 4

To mitigate degradation of the unstable aldol adduct 19, the crude reaction product
was subjected directly to the optimized Julia-Kocienski olefination conditions [41], which
afforded the diene 20 as a stable and isolable intermediate. From here, acetylation of the free
alcohol provided diene 21, which following removal of the TIPS protecting group, underwent
RCM using Grubbs’ second-generation catalyst [34] to afford protected 2-fluorocarbasugar
22 in excellent overall yield. Finally, arylation of the free alcohol function and global de-
protection provided the target 2-fluorocarbasugar 4 in good yield.

3.3.2 Evaluation of GH36 α-galactosidase covalent inhibitors

With the target molecules in hand, we first assayed the GH36 family α-galactosidase
from T. maritima (TmGalA) with activated carbasugar analog 3b, which was turned over
within 10 min and is therefore considered a poor substrate for TmGalA (Table 3.1), Ap-
pendix 3.A: Figure 3.10). Of note, we observed (using 1H nuclear magnetic resonance
spectroscopy in D2O) that compound 3b undergoes an intramolecular rearrangement to
give the isomer in which the aryloxy group is attached to C-2 (i.e., 23, Appendix 3.A: Fig-
ure 3.11) with a final equilibrium position (in D2O) is ∼2:1 in favor of 3b. As a result, our
measured kinetic parameters kcat and kcat/Km for the hydrolysis of 3b by TmGalA (Table
3.1) are lower limits if, as expected, the enzyme does not bind the C2 aryloxy isomer.
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Kinetic parameters for the TmGalA-catalyzed reactions with 3b and 4
Hydrolysis substrates kcat (s−1) kcat/Km (M−1s−1) Km (µM)

3b a(3.78 ± 0.06) × 10−2 (2.25 ± 0.19) × 104 1.68 ± 0.14
4 b(2.29 ± 0.11) × 10−4 56 ± 13 4.1 ± 0.9
7 (3.04 ± 0.32) 1200 ± 160 253 ± 8

4-NPGc (D387A) b(3.60 ± 0.03) × 10−2 196 ± 6 184 ± 7
Inhibitor/inactivator kinact (s−1) kinact/Ki (M−1s−1) Ki (µM)

4 id 143 ± 5 id
8 (1.38 ± 0.05) × 10−4 0.86 ± 0.10 161 ± 18

Table 3.1: Conditions for all experiments were T = 37 °C in 50 mM HEPES buffer, pH 7.4,
quoted errors (±) are the standard errors for the fits of kinetic data to either the Michaelis-
Menten equation (all values except for inactivation by 4) or a linear equation
id: indeterminable
akcat = (9.7 ± 2.3) × 10−2s−1 corrected value based on the inactivation data for 4, which
does not assume 100% activity
bkcat = (5.9 ± 1.3) × 10−4s−1 calculated from the inactivation data for 4
c4-NPG = 4-nitrophenyl α-d-galactopyranoside; values for wild-type TmGalA-catalyzed
hydrolysis of 4-NPG are: kcat = 33s−1, and kcat/Km = 6.2 × 105M−1s−1 [42]

Next we measured the kinetic parameters for turnover of 4 by TmGalA (Table 3.1);
Appendix 3.A: Figure 3.12a shows a standard Michaelis-Menten plot for this hydrolysis
reaction) and found that the apparent binding constant (Km) is in the low µM range.
This result suggests that pseudo-deglycosylation of 4 is rate-limiting [25] and that the
replacement of the 2-hydroxyl group with a fluorine results in accumulation of the covalent
intermediate. Consequently, we undertook a sequential mixing stopped-flow experiment to
measure the rate constants for the pseudo-glycosylation reaction [43]. Plots of remaining
α-galactosidase activity against incubation time for four concentrations of 4 are shown
in Appendix 3.A: Figure 3.13. It is clear from these stopped-flow data of rate constant
versus inhibitor concentration (Appendix 3.A: Figure 3.12b) that we can only calculate
the second-order rate constant kinact/Ki from these covalent labeling experiments. We next
compared our covalent inhibitor with the corresponding α-galacto analogs from two well-
characterized classes of GH inactivators. Specifically, we synthesized both 2,4-dinitrophenyl
2-deoxy-2-fluoro-α-d-galactopyranoside 7 and the cyclophellitol analog 8 following literature
procedures [44, 45] with minor modifications. Of note, we observed no time-dependent
decrease in TmGalA activity in the presence of 7; rather we determined that it is a poor
substrate for GH36 α-galactosidase. (Table 3.1, Appendix 3.A: Figure 3.14). As reported
for the human GH27 enzyme [45], cyclophellitol analog 8 forms the covalent intermediate
with GH36 α-galactosidase in a time-dependent manner that is characterized by a second-
order rate constant that is about 23,000-fold lower than that for 3b. (Table 3.1, Appendix
3.A: Figure 3.15 and 3.16).
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3.3.3 Structural insights into carbasugar inhibition of TmGalA

With the aim of delineating the conformational itinerary for intermediates along the
reaction path, we undertook structural studies to observe enzyme-bound species during
the covalent inhibition of TmGalA by carbasugar 3a. In order to obtain a complex with
intact 3a, we employed a D387A mutant of TmGalA in which the acid/base aspartic acid is
mutated to alanine; this mutant displays an approximate 3100-fold reduction in its second-
order rate constant (kcat/Km) relative to wild-type [42] for the hydrolysis of 4-nitrophenyl
α-d-galactopyranoside (Table 3.1). Crystals of TmGalA D387A that were soaked with

Figure 3.5: Structure of TmGalA in complex with 3a and 5. (a) Structure of TmGalA
mutant D387A in complex with intact 3a. (b) Structure of TmGalA in complex with
hydrolyzed inhibitor 5. The maximum likelihood/σA weighted 2Fobs −Fcalc electron density
map is contoured at 1.2 sigma in (a) and 2 sigma in (b). The catalytic residues D327
and D387 (or D387A) residues are shown. (c), (d) Structure of TmGalA in complex with
hydrolyzed inhibitor 5 illustrating active site residues that hydrogen bond with the inhibitor.
The red sphere in (c) and gray sphere in (d) represent a water molecule

3a for 2 h diffracted to 2.20 Å resolution and the structure was solved using molecular
replacement with apo TmGalA (PDB 5M0X) as the search model. We note that the active
site contains electron density consistent with a Michaelis complex of an intact molecule of
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3a bound (Figure 3.5a). The carbasugar moiety displays a 2H3 half chair conformation
with key interactions between the C6-OH with Asp221; the C4-OH with Trp257, Asp220,
and Lys325; and the C3-OH with Lys325, Arg383, and Tyr191. The C2-OH and the 3,5-
difluorophenyl leaving group of 3a form no interactions with TmGalA, and 3a itself has no
interactions with bound water molecules.

Figure 3.6: Structure of TmGalA in complex with 4. (a) Structure of TmGalA mutant
D387A in complex with intact 4. (b) Structure of TmGalA in complex with 2-deoxy-2-
fluorocarbagalactose fragment of 4 covalently bound to the nucleophile D327. (c) Structure
of TmGalA in complex with hydrolyzed inhibitor 6. The maximum likelihood/σA weighted
2Fobs − Fcalc electron density map is contoured at 1.5 sigma in all cases. The catalytic
residues D327 and D387 (or D387A) residues are shown

To obtain structural information regarding the enzyme-bound species, 3a was also
soaked with wild-type TmGalA crystals. Following an overnight soak with 3a, the struc-
ture solved using data to 1.22 Å resolution revealed electron density consistent with the
hydrolyzed form 5 in the active site of TmGalA (Figure 3.5b). The interactions in the
active site were essentially the same as for 3a (Figure 3.5c), except for the addition of
hydrogen bonds between the C2-OH with Arg383 and Asp387, and C1-OH with Asp387
and a water molecule. Thus, within the overnight timeframe 3a had been hydrolyzed with
retention of stereochemistry at the pseudo-anomeric center, yielding a Michaelis complex
of the reaction product. In an effort to observe the covalent intermediate derived from 3a,
crystals were soaked for various time periods (from 5 s to 8 h) with 3a but did not yield any
additional information. We therefore turned our attention to obtaining structural insights
of TmGalA with 4, for which the covalent intermediate has a longer half-life (vide infra).
Co-crystallization of the D387A mutant with 4 produced crystals that diffracted to 1.72 Å
resolution. The active site contained electron density consistent with an intact molecule of
4 bound (Figure 3.6a), which again displayed a 2H3 half chair conformation, and identical
interactions to those described for the complex with 3a.
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To obtain structural information on the interactions made between 4 and wild-type
TmGalA, crystals were grown and then soaked with the inhibitor for various periods of time.
Following a 1 h soak with 4, the structure, solved using data to 1.42 Å resolution, revealed
electron density in the active site of TmGalA consistent with the hydrolyzed carbasugar
6 (Figure 3.6b) and active site interactions that were identical to those described above
for the complex with 5. Thus, within this timeframe 4 had been hydrolyzed with retention
of stereochemistry. However, crystals that were soaked for a much shorter period of time
( 2 min) with 4 led to a structure, solved using data to 1.77 Å resolution, where the
electron density showed the covalent adduct of the carbasugar with the nucleophile Asp327
of TmGalA (Figure 3.6c). Of note, in these three structures (Figure ch3afig6) there are no
direct interactions between the ligand and any water molecule.

3.3.4 Structural insights from QM/MM simulations

Structures of the key stable states in the catalytic cycle for covalent inhibition of TmGalA
by carbasugar 4 and the subsequent hydrolysis step were localized and optimized by means
of hybrid QM/MM calculations (see Methods section). Snapshots of the active site cor-
responding to the Michaelis complex E:I, covalent intermediate E-I, and the Michaelis
product complex E:P, obtained at density functional theory (DFT)/MM level are shown
in Figure 3.7. Following optimization of the enzyme-bound species on the reaction path-
way, the conformations of the six-membered ring were classified using the Cremer-Pople ring
puckering coordinates [46] and the corresponding angles used in Hill and Reilly method [47].
(Appendix 3.A: Figure 3.19 and Table 3.3).

Figure 3.7: Structural snapshots of the active site of TmGalA. The enzyme’s active site
is shown in complex with: (a) 4 (or E:I); (b) 2-deoxy-2-fluorocarbagalactose fragment of
4 covalently bound to the nucleophile Asp327 (or E-I) and (c) hydrolyzed inhibitor 6 (or
E:P). Structures were optimized at DFT/MM level of theory
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3.4 Discussion

The minimal kinetic scheme for covalent inhibition of a GH by carbasugars is shown in
Figure 3.8. That is, the covalent labeling of TmGalA by 4 involves rapid formation of the
covalent intermediate (k3), from the first-formed Michaelis complex (E:I), that is slowly
hydrolyzed (k5) to regenerate active enzyme (Figure 3.8a). The appropriate equations for
the full catalytic cycle involving enzyme-catalyzed turnover of 4 are given in Figure 3.8b.
Moreover, when the glycosylated intermediate accumulates (k3 >> k5) the kinetic expres-
sions for the time-dependent loss of enzyme activity are given in Figure 3.8c. Notably, the
second-order rate constant for the catalyzed turnover of substrate (kcat/Km) is identical to
the corresponding rate constants for time-dependent inactivation (kinact/Ki).

Figure 3.8: Scheme for the covalent inhibition of α-glycosidases by cyclohexene carbasugar
analogs. (a) Mechanistic scheme showing individual rate constants. (b) Kinetic expressions
for hydrolysis of inhibitor. (c) Kinetic expressions for the covalent labeling stopped-flow
experiments

Considering that the two calculated second-order rate constants kcat/Km and kinact/Ki

are similar (the value for kcat/Km assumes that the enzyme is 100% active, Table 1) and
that no curvature is discernible in Appendix 3.A: Figure 3.12b, we conclude that kcat ≈ k5

for turnover of 4 and likely for 3b as well. Thus the half-lives of the two covalent inter-
mediates formed during the reactions of 3b and 4 with TmGalA are approximately 7 s
and 20 min, respectively. Here the introduction of the 2-fluoro group retards hydrolysis
of the covalent intermediate by a factor of about 150, whereas the second-order rate con-
stant (kcat/Km) for formation of the covalent intermediate for the reaction of 3b is 400-fold
larger than that for 4 (Table 3.1). That is, the fluorine substitution shows an approximate
two-fold larger rate reducing effect on covalent labeling of the enzyme than on dealkylation
of the resulting covalent intermediate. In contrast to the established utility of activated 2-
deoxy-2-fluoro-β-d-glycosides as covalent inhibitors of β-glycosidases [26], the corresponding
2,4-dinitrophenyl 2-deoxy-2-fluorogalactoside (7) is rapidly hydrolyzed by TmGalA through
a reaction involving rate-determining glycosylation (Table 3.1, k3 < k5). Conversely, we
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found that cyclophellitol 8 is a slow time-dependent inactivator of TmGalA (Table 3.1,
Appendix 3.A: Figure 3.15 and 3.16) with no reactivation of the covalent enzyme inter-
mediate over the course of 30 h (k5 ≈ 0).

Interestingly, these three distinct types of mechanism-based inhibitors exhibit completely
different reactivities. First, our carbasugar analogs (3a, 3b, and 4) are covalent inhibitors
that rapidly alkylate TmGalA to give a colavently bound intermediate that is slowly hy-
drolyzed to regenerate active enzyme. That is, our compounds have the potential to show
temporal effects of GH activity and offer unique advantages as probe molecules in cells.
Second, cyclophellitol analog 8 is an inactivator of TmGalA and thus other derivatives of
this structural motif, such as the aziridines pioneered by Overkleeft [45], can be used as
chemical biology probes for enzyme localization and quantification, though not as modula-
tors of enzyme activity. Lastly, the 2-deoxy-2-fluoroglycoside 7 proved to be a substrate for
TmGalA and thus has little utility as a probe molecule.

The X-ray diffraction experiments provide an insight into the enzyme-bound species and
afford three structures that define the reaction pathway for the two inversion events that
occur at the pseudo-anomeric center. These data enable us to analyze the conformational
changes that take place during the catalytic cycle for the reaction of our cyclohexene covalent
inhibitors. Specifically, the formation of a covalent linkage between the pseudo-anomeric
carbon of 4 and the nucleophile of TmGalA (Asp327) confirms that this reaction occurs
with inversion of stereochemistry. Notably, the carbasugar ring binds in a flattened half-
chair (2H3) conformation. An overlay of this structure with TmGalA in complex with intact
4 reveals that formation of the covalent bond between the pseudo-anomeric carbon (C1)
and Asp327 necessitates significant movement of C1 (2.04 Å), C2, and C6 (the carbon atom
in the position of the endocyclic oxygen) and to a lesser extent C3, C4, and C5 (Figure
3.9a). We note that all interactions with active site residues for the carbasugar remain
unchanged when compared to the complex with 6.

Hydrolysis of the covalent intermediate gives the hydrolyzed carbasugar 6, which binds in
a similar position and with the same conformation (2H3) as that observed for the carbasugar
ring of the Michaelis complex with 4 (Figure 3.9b). Specifically, a significant motion of
C1, C2, and C6 returns the cyclohexene ring to close to its original position in the first
Michaelis complex (Figure 3.9c). In the complex with 6, the pseudo-anomeric carbon is
displaced by 0.39 Å compared to its position in the complex of the D387A mutant with 4.

The DFT/MM calculations show that the carbasugar ring of 4 in the initial Michaelis
complex (Figure 3.7a) has a 2H3 half chair conformation, in agreement with the X-ray
structure. This 2H3 half chair is slightly deformed towards a 4H3–1S3 conformation in
the fragment of 4 covalently bound to the nucleophile Asp327 in the covalent intermediate
(Figure 3.7b). Of note, the DFT/MM optimized structures and the conformations deduced
from the X-ray structure exhibit very similar puckering indices. Finally, the DFT/MM
optimized structure of the Michaelis product complex (Figure 3.7c) display a 2H3 half
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Figure 3.9: Superposition of TmGalA structures. (a) Structure of TmGalA mutant D387A
in complex with intact 4 (cyan) and of wild-type TmGalA in complex with 2-deoxy-2-
fluorocarbagalactose fragment of 4 covalently bound to the nucleophile Asp327 (yellow).
(b) Structure of wild-type TmGalA in complex with hydrolyzed inhibitor 6 (pink) and of
wild-type TmGalA in complex with 2-deoxy-2-fluorocarbagalactose fragment of 4 covalently
bound to the nucleophile Asp327 (yellow). (c) Structure of TmGalA mutant D387A in
complex with intact 4 (cyan) and of wild-type TmGalA in complex with hydrolyzed inhibitor
6 (pink)
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chair conformation while the X-ray structure is classified as lying between a 2H3 half chair
and a 2E conformation. We extended our comparison between the QM/MM and X-ray
structures to the analysis of the interatomic distances between the sugar and the residues
of the active site (Appendix 3.A: Tables 3.7 and 3.8). Again, the agreement between
experiments and calculations is remarkable with both techniques basically describing the
same pattern of interactions. In addition, we computed the energies for the interactions that
occur within the enzymatic active site between the inhibitor and the protein, an analysis
that is based on the QM/MM interaction energies as shown in Appendix 3.A: Figure
3.20 and 3.21. We found that interactions with Trp190, Asp220, and Lys325 stabilize
all species along the reaction pathway. Also, Asp327 mediates a long-range interaction
between Trp65 and Trp257 that stabilizes the leaving group fragment in the Michaelis
complex E:I, an interaction that is likely perturbed in the TmGalA D327A mutant used
in the crystallographic experiments. The total sugar-protein interaction energies computed
from the QM/MM and the X-ray structures also confirm the agreement between the results
obtained from these two complementary techniques (Appendix 3.A: Figure 3.21).

In summary, we synthesized two cyclohexene carbasugars that mimic both galactose
and 2-deoxy-2-fluorogalactose and have determined their kinetic parameters for turnover
and inhibition with TmGalA. We show that our compounds are covalent inhibitors but im-
portantly not covalent inactivators. As a result, our compounds inhibit GHs in a temporal
fashion and enzyme activity returns when the covalent-enzyme intermediate is hydrolyzed.
This is not the case for the cyclophellitol aziridine, cyclosulfate inactivators, and other inac-
tivators that include the conduritol epoxides and most of the 2-deoxy-2-fluoro-β-glycosides.
Therefore, our covalent inhibitors are functionally distinct to the listed covalent inactivators
and in principal allow researchers to monitor cellular responses as enzyme activity decreases
and then subsequently returns to baseline levels. In addition, we have provided structural
insights into the conformations of the inhibitors at each step through the catalytic cycle
derived from X-ray diffraction analysis as well as from theoretical QM/MM calculations.
Together these findings provide a glimpse into the subtleties of GH catalysis, which will aid
the exploration of GH mechanisms and direct development of carbocyclic covalent inhibitors
and inactivators of GHs.

3.5 Methods

3.5.1 Protein expression and purification

A mutation, D387A, was introduced into the plasmid encoding TmGalA using the Quik-
Change Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA) using primers ForD387A,
5’-GATGAGGATAGGACCTGCTACTGCGCCGTTCTGGG-3’ and RevD387A, 5’-CCCA
GAACGGCGCAGTAGCAGGTCCTATCCTCATC-3’. The plasmid encoding either α-ga-
lactosidase TmGalA or TmGalA with the D387A mutation was transformed into Escherichia
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coli BL-21(DE3) cells. TmGalA and the D387A mutant were expressed recombinantly by
growing cultures at 37 °C in Luria-Bertani broth containing kanamycin (50 µg mL−1), until
an optical density at 600 nm of approximately 0.6 absorbance units was reached. Over-
expression was induced by the addition of 0.5 mM isopropyl β-d-1-thiogalactopyranoside,
and cells were cultured for a further 4 h at 37 °C. Cells were harvested by centrifugation,
re-suspended in phosphate-buffered saline (PBS), pH 7.4, 20 mM imidazole, and lysed using
a cell disruptor at 30 kpsi. TmGalA was applied to a nickel affinity chromatography column
(5 mL HisTrap FF, GE Healthcare), washed with 10 column volumes of PBS, pH 7.4, and 50
mM imidazole, and eluted with 5 column volumes of PBS, pH 7.4, and 250 mM imidazole.
TmGalA was buffer exchanged into 20 mM HEPES, pH 7.4, 150 mM NaCl (HiPrep 26/10
desalting column, GE Healthcare) and then applied to a size-exclusion column (Superdex
200 16/60, GE Healthcare) for further purification. TmGalA was judged to be >95% pure
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

3.5.2 Enzyme kinetics

Michaelis-Menten kinetic parameters for the hydrolysis of the cyclohexene carbasugar
mimics of galactose (3), 2-deoxy-2-fluorogalactose (4) and the substrate 2,4-dinitrophenyl
2-deoxy-2-fluorogalactoside (7) were determined from a minimum of six initial rate measure-
ments using a concentration range of at least Km/4 to 4×Km. The progress of each reaction
was monitored continuously for 5 min at 400 nm using a Cary 300 UV-vis spectrometer
equipped with a temperature controller. Each 500 µL reaction mixture was prepared by
addition of the appropriate volume of buffer (50 mM HEPES buffer, pH 7.4, T = 37 °C),
substrate and enzyme. The rate versus substrate concentration data were fit to a Michaelis-
Menten equation using a standard nonlinear least-squares computer program (Prism 7.0).

All covalent inhibition experiments with 4 were performed at 37 °C in 50 mM HEPES
buffer, pH 7.4 using an Applied Photophysics SX18 stopped-flow spectrophotometer, equipped
with an external temperature controller. The stopped-flow spectrometer was used in the
sequential double mixing mode, in which rapidly mixed enzyme and inhibitor 4 were in-
cubated for various time intervals prior to rapid mixing of the enzyme/inhibitor solution
with a buffered solution of 4-nitrophenyl α-d-galactopyranoside. The remaining enzyme
activity was monitored at a wavelength of 400 nm. Pseudo first-order rate constants for
loss of enzyme activity (kobs) at each inhibitor concentration were calculated by fitting the
absorbance versus time data to a standard first-order rate equation using a nonlinear least
squares routine in Prism 7.0. The kinetic parameters for inactivation by cyclophellitol 8
were determined using a classical dilution assay that involved preincubation of the enzyme
with varying concentrations of inhibitor at 37 °C in 50 mM HEPES buffer, pH 7.4 containing
bovine serum albumin (BSA; 1 mg mL−1). The remaining enzyme activity was measured
periodically by removing an aliquot (10 µL) and adding it to a pre-equilibrated solution
(37 °C) containing 4-nitrophenyl α-d-galactopyranoside (250 µM) in HEPES buffer (50
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mM, pH = 7.4, [BSA] = 1 mg mL−1). The first-order rate constants for inactivation (kobs)
were determined by fitting the absorbance versus time data to a standard first-order rate
equation. The first- and second-order rate constants (kinact and kinact/Ki for inactivation
were calculated by fitting the rate constant data versus the inactivator concentration to a
standard Michaelis-Menten equation (Prism 7.0).

3.5.3 Crystallization

TmGalA (10 mg mL−1) was crystallized from 0.2 M MgSO4 and 20% (w/v) poly(ethylene
glycol) (PEG) 3350, and crystals were soaked in 30% (w/v) PEG 3350 containing 1 mM
inhibitor 3a overnight or in 0.2 M MgSO4 and 30% (w/v) PEG 3350 containing a minute
amount of inhibitor 4 added as powder for either 2 min or 1 h. The TmGalA mutant D387A
(10 mg mL−1) was crystallized from 0.2 M MgSO4 and 20% (w/v) PEG 3350, and crystals
were soaked in 30% (w/v) PEG 3350 containing 2 mM inhibitor 3a for 2 h. The TmGalA
mutant D387A (10 mg mL−1) was incubated with 1 mM inhibitor 4 and co-crystallized
from 0.2 M MgSO4 and 20% (w/v) PEG 3350. All crystals were cryo-protected in 0.2 M
MgSO4 and 30% (w/v) PEG 3350 prior to vitrification in liquid nitrogen.

3.5.4 Data collection and processing

X-ray diffraction data were collected at Diamond Light Source (DLS) (TmGalA mutant
D387A in complex with 3a, beamline I04-1; TmGalA in complex with 5, beamline I04-1;
TmGalA in covalent complex with fragment of 4, beamline I03) or the European Syn-
chrotron Radiation Facility (TmGalA mutant D387A in complex with 4, beamline ID29;
TmGalA in complex with 6, beamline ID29). Diffraction data were processed using the
Xia2 [48] pipeline to run DIALS or XDS [49] with Aimless [50] from the CCP4 suite [51].
Molecular replacement was performed using MOLREP [52] or Phaser [53] with Protein
Data Bank (PDB) entry 5M0X as the search model. Refinement was performed using REF-
MAC5 [54] and manual model building was done using Coot [55]. Structures were validated
using PDB_REDO [56]. Models for the inhibitors were built in JSME [57] and the library
was generated with PRODRG [58].

3.5.5 Starting structure for theoretical simulations

The starting structure for the computer simulations of the inhibition and hydrolysis
of inhibitor 4 by TmGalA) was the structure PDB code 5M12 [23]. This structure corre-
sponds to the structure of TmGalA in complex with an intact cyclopropyl carbasugar. The
structure of the cyclopropyl carbasugar was modified to correspond to inhibitor 4. Missing
atoms of Glu80 and Lys77 residues in X-ray structure were added using Accelrys Discovery
Studio Visualizer v 4.5 [59]. The charges and parameters for inhibitor 4, obtained using
the Antechamber software package along with a general AMBER force field (GAFF) [60],
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are listed in Appendix 3.A: Table 3.2. Hydrogen atoms were added using the tLEAP [61]
module of Amber Tools program. The protonation state of titratable amino acids at pH
7.4 was determined using pKa results calculated using PROPKA ver. 3.1 [62] available on
PDB2PQR server [63]. The results indicate that Asp 387 and Glu 459 are present in their
protonated form. Additionally, Glu224 was protonated to allow more favorable hydrogen
bonding between neighboring Asp221 and inhibitor 4. Furthermore, His30 and His273 were
protonated at the δ-position, while the rest of histidine residues were protonated at the
ϵ-position. Neutralization of the total charge of the system was made by addition of 17
sodium cations (Na+) in the electrostatically most favorable positions. Next, the system
was placed in orthorhombic box of TIP3P [64] water molecules with size of 89 × 96 ×
79 Å3. The geometries of the remaining water molecules were then optimized. The full sys-
tem was formed by the protein (8453 atoms), the substrate (37 atoms in E:I, 23 atoms in
E-I and 25 atoms in E:P), and 17,398 solvation water molecules (52,194 atoms).

3.5.6 MM MD simulations

After performing the A387D reverse mutation and setting up the model, NAMD soft-
ware [65] with the AMBER force field [66] was used to run classical molecular dynamics
(MD) simulations with the full solvated protein to equilibrate the system. In all, 10 ns of
classical MD simulation (at temperature 310 K) was carried out in the NVT ensemble using
the Langevin-Verlet algorithm to equilibrate the system at the E:I state, after heating from
0 to 310 K with 0.001 K temperature increment. Periodic boundary conditions using the
particle mesh Ewald method were applied. In order to improve time of calculations, a cut-off
for nonbonding interactions was applied using a smooth switching function with between
14.5 to 16 Å. The time dependence of root mean square deviation, temperature, total en-
ergy, and fluctuation of Cα positions during the MD simulation are plotted in Appendix
3.A: Figure 3.17, while a graphical representation of the B-factor values on the protein
as well as its population analysis are reported in Appendix 3.A: Figure 3.18. The results
indicate that the system can be considered equilibrated after 10 ns of the MD simulation.
The structure of TmGalA appears to be quite rigid, with no dramatic fluctuations during
MD simulations (the maximum value of B-factor was 7.4 Å2).

3.5.7 QM/MM optimizations

The last structure from the 10 ns MM MD simulation of E:I complex was used to
run the QM/MM calculations using fDynamo library [67] (Appendix 3.A: Figure 3.22
and 3.23). In order to reduce time of calculations, positions of atoms presented beyond
20 Å from the inhibitor 4 were fixed. The QM subset of atoms were described first by
the semiempirical AM1 Hamiltonian and later with the M06-2X [68] hybrid functional
and the 6-31+G(d,p) basis set, as described below. The protein and water molecules were
described with the OPLS [69] and TIP3P [64] classical force fields, respectively. fDynamo

78



library [67] combined with Gaussian 09 [70] were used for all the QM/MM calculations.
Structures of the corresponding stable states for the formation of the covalent intermediate
between the inhibitor 4 and the protein and its hydrolysis, E:I, E-I, and E:P, were first
optimized at AM1/MM level of theory. E-I and E:P were located from the previously
equilibrated Michaelis complex, E:I, by modifying the interatomic distances d(OD2Asp327-
C1), d(C1-OLg), d(OD2Asp387-HAsp387), and d(HAsp387-OLg). Thus, once the covalent
bond between Asp327 and C1 atom of the sugar ring of inhibitor 4 was formed (intermediate
E-I:Lg), the leaving group, Lg, was removed from the system and the cavity was filled with
5 water molecules. Next, 500 ps of QM/MM MD was run where the position of all atoms
beyond distance of 20 Å from the substrate was fixed, thus generating the E-I intermediate
after equilibration. Finally, the hydrolysis of this covalent intermediate and generation of
compound 6 in the active site, E:P, was obtained by controlling the distances d(OWAT-
C1), d(C1-OAsp327), d(OD2Asp387-HWAT) and d(HWAT-OAsp387). The structure was
then fully optimized without constraints.

Both Asp327 and Asp387 together with full inhibitor 4 were included in the QM region
to locate the covalent intermediate, E-I. The two aspartate residues, the remaining part of
inhibitor and one water molecule were described at QM level in the generation of the hy-
drolyzed inhibitor in the cavity of the protein, E:P. To saturate the valence of the QM/MM
frontier atoms, link atoms were placed in the frontier QM-MM bonds of the two aspartate
residues, as depicted in Appendix 3.A: Figure 3.22. Finally, the three key structures (E:I,
E-I, and E:P) were optimized at M06-2X/OPLS-AA/TIP3P level, using the 6-31+G(d,p)
basis set for the treatment of the QM subset of atoms.

3.5.8 QM/MM MD simulations

After the structures of the stationary points, Michaelis complex (E:I), covalent inter-
mediate (E-I), and products (E:P) were optimized, 100 ps AM1/MM MD simulations were
done in order to obtain statistical representation of these structures. Subsequent analysis
of geometries and interaction energies was done based on 1000 structures.

Puckering coordinates of the ring: Two different formalisms have been used to define
the puckering of the ring in the three key states of the full conformational itinerary: the one
based on the Cremer-Pople puckering coordinates [46] and the angles used in the Hill and
Reilly method [47]. The results are reported in Appendix 3.A: Table 3.3 and in Figure
3.19.

3.5.9 Individual interaction energies by amino acid

The contributions of individual amino acid residues to the inhibitor stabilization were
computed (in kcal mol−1) as an average of the total QM-MM interaction energy over 1000
structures generated along the AM1/MM MD simulations initiated from optimized struc-
tures for the different TmGalA structures: intact 4; 2-deoxy-2-fluorocarbagalactose fragment
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of 4 covalently bound to the nucleophile Asp327; and inhibitor 6 (see Appendix 3.A: Table
3.9 and Figure 3.20 and 3.21). Owing to the fact that this magnitude is directly obtained
from the QM-MM interaction term of the full QM/MM Hamiltonian, only the atoms of
compound 4 were included in the QM region (not Asp327 or Asp387) in the first case,
E:I (Appendix 3.A: Figure 3.20A). For the E-I state (Appendix 3.A: Figure 3.20B)
and since the fragment of compound 4 was covalently bounded to the protein, only this
fragment of the compound and the sidechain of Asp327 were included in the QM region.
Finally, for the E:P state, (Appendix 3.A: Figure 3.20C), only the hydrolyzed inhibitor,
compound 6, was included in the QM region.

The analysis of the interactions energies in the E-I state as plotted in Appendix 3.A:
Figure 3.20B has to be carried out with caution due to the fact that Asp327 is covalently
bound to the fragment of 4, and the interactions that appear in the figure can be established
with this residue and not with the fragment of inhibitor 4. This is the case of Trp65 and
Arg383, the repulsive interaction with Asp425, or the overestimated stabilizing interaction
established with the positively charged Lys325. Nevertheless, as observed, the remaining
favorable interactions are in agreement with the geometrical analysis that can be deduced
from the inter-atomic distances (Appendix 3.A: Table 3.4-3.8). Finally, when comparing
the interactions of 6 (Appendix 3.A: Figure 3.20C) with those established in 5, less intense
interactions are measured but a similar pattern is detected.
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3.A Supplementary Information for Chapter 3

Figure 3.10: The Michaelis–Menten plot for the TmGalA-catalyzed hydrolysis of 3b.
Conditions for all experiments were T = 37 °C in 50 mM HEPES buffer, pH 7.4. The
dashed line is the nonlinear least squares fits to a Michaelis–Menten equation.

Figure 3.11: Equilibration observed by 1H NMR spectroscopy for the intramolecular mi-
gration of the 2,4-dinitrophenyl group in 3b.
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Figure 3.12: Kinetics for the reactions catalyzed by TmGalA on compound 4. a) Michaelis-
Menten plot for the TmGalA-catalyzed hydrolysis of 4. The solid line is the nonlinear least
squares fits to a standard Michaelis-Menten equation. b) A plot of the first-order rate
constants for loss of TmGalA activity as a function of concentration of covalent inhibitor
4. Conditions for all experiments were T = 37 °C in 50 mM HEPES buffer, pH 7.4. The
dashed line is the linear least squares fits to a straight line.

Figure 3.13: Reaction kinetics for the inactivation of TmGalA by compound 4. Plots show
enzyme activity versus incubation time. a) [4] = 50 µM; b) [4] = 100 µM; c) [4] = 175 µM;
and d) [4] = 250 µM. Conditions for all experiments are T = 37 °C in 50 mM HEPES
buffer, pH 7.4. The dashed lines are the nonlinear least squares fits to a standard first-order
rate equation.
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Figure 3.14: Kinetics for the hydrolysis of 2,4-dinitrophenyl 2-deoxy-2-fluoro-α-d-
galactopyranoside by TmGalA. Conditions for all experiments were T = 37 °C in 50 mM
HEPES buffer, pH 7.4. The dashed line is the nonlinear least squares fit to a standard
Michaelis-Menten equation.

Figure 3.15: Michaelis Menten plot for the inactivation of TmGalA by cyclophellitol 8.
Conditions for all experiments were T = 37 °C in 50 mM HEPES buffer, pH 7.4. The dashed
line is the nonlinear least squares fit to a standard Michaelis-Menten equation.
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Figure 3.16: Time dependent loss of TmGalA activity during incubation with various con-
centrations of cyclophellitol 8, solid circles (75 µM); hollow circles (150 µM); solid downward
triangles (250 µM); hollow downward triangles (500 µM); solid upward triangles (750 µM);
and hollow upward triangles (1000 µM). Conditions were T = 37 °C in 50 mM HEPES
buffer, pH 7.4. Dashed lines are the nonlinear least squares fit to a standard first order
equation.
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Figure 3.17: Time dependence of RMSD, B-factor for C-α atoms, Total Energy and Tem-
perature during 10 ns MM MD simulations performed to equilibrate the starting structure
generated from the X-ray structure.

Figure 3.18: Graphical representation of the B-factor along the protein backbone (left
panel) and population analysis by residue (right panel).

91



Figure 3.19: Mercator projection representation of Cremer-People puckering coordinates
for the structures generated from the M06-2X/MM (triangles) and AM1/MM (circles) calcu-
lations, and from the X-ray structures (diamonds) corresponding to the E:I (green symbols),
E-I (red symbols) and E:P (blue symbols). The error bars represent standard deviations
from the arithmetic mean of the puckering coordinates measured for 10 AM1/MM struc-
tures obtained from the 100 ps MD simulations in each conformation.
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Figure 3.20: Contributions of individual aminoacid residues to inhibitor interaction energy
(in kcal/mol) averaged over 1000 structures generated along the AM1/MM MD simulations
initiated from optimized structures for the different TmGalA structures:
A) Intact 4; B) 2-deoxy-2-fluorocarbagalactose fragment of 4 covalently bound to the
nucleophile Asp327; C) Inhibitor 6 covalently bound to the nucleophile Asp327; D) A
schematic representation of the active site in the E:I complex
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Figure 3.21: Graphical representation of the total energy of interaction between the sub-
strate and protein in the three key states (E:I, 4E-I and E) derived from the QM/MM
structures (in blue) and the X-ray structures (in orange). Standard deviations on the struc-
tures derived from the QM/MM MD simulations are represented as segments.

Figure 3.22: Schematic representation of the active site of GH used for: A) the localiza-
tion and optimization of the covalent intermediate, E-I; and B) the hydrolysed inhibitor
complexed with the enzyme, E. Both Asp327 and Asp387, together with full inhibitor (E:I,
E-I) or the remaining part of inhibitor and one water molecule (E), were described at QM
level.

Figure 3.23: Numbering and labeling of atoms and angles of the ring of inhibitor 4.
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Atom name Atom type Charge (e−) Missing parameters:
C1 ca -0.2021 IMPROPER
C2 ca -0.0061 ca-ca-ca-ha 1.1 180.0
C3 ca -0.2133 2.0
C4 ca 0.0079 ca-ca-ca-no 1.1 180.0
C5 ca -0.2133 2.0
C6 ca 0.2200 ca-ca-ca-os 1.1 180.0
O1 os -0.3030 2.0
C7 c3 0.1532 c2-c3-c2-ha 1.1 180.0
C8 c2 -0.1563 2.0
C9 c2 -0.1595 c2-c3-c2-c3 1.1 180.0
C10 c3 0.1645 2.0
C11 c3 0.1382
O2 oh -0.5909
C12 c3 0.0950
C13 c3 0.5889
F1 f -0.2204
O4 oh -0.5689
N1 no 0.3211
O5 o -0.1961
O6 o -0.1961
N2 no 0.3281
O7 o -0.1926
O8 o -0.1926
H1 ha 0.1779
H2 ha 0.1849
H3 ha 0.2059
H4 h1 0.0776
H5 ha 0.1599
H6 h1 0.0676
H7 h1 0.0677
H8 ho 0.4110
H9 h1 0.1067
H10 ho 0.4030
H11 ho 0.4150
H12 h1 0.1127
H13 h1 0.0567

Table 3.2: Missing atom types, charges and parameters for inhibitor 4
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Cremer-Pople puckering coordinates
Structure ϕ (deg) θ (deg) Q (Å) Conformer
E:IX-ray 140.26 55.03 0.53 2E - 2H3

E:IAM1/MM 140.96 ± 20.08 52.33 ± 5.61 0.41 ± 0.03 2E - 2H3

E:IM06-2X/MM 141.15 46.42 0.49 2E - 2H3

E-IX-ray 199.43 69.34 0.56 E3 - 4H3

E-IAM1/MM 186.90 ± 15.26 61.08 ± 5.87 0.52 ± 0.04 E3

E-IM06-2X/MM 199.00 65.58 0.53 E3 - 4H3

E:PX-ray 133.30 41.98 0.52 2E - 2H3

E:PAM1/MM 168.16 ± 14.30 56.89 ± 6.74 0.51 ± 0.06 2H3 - E3

E:PM06-2X/MM 153.95 48.09 0.51 2H3

Hill-Reilly angles of puckering
Structure θ0 (deg) θ1 (deg) θ2 (deg) Conformer
E:IX-ray 51.99 10.79 -11.51 2H3

E:IAM1/MM 44.96 ± 3.79 12.05 ± 12.92 -7.27 ± 8.05 2H3

E:IM06-2X/MM 48.20 14.16 -3.83 2H3

E-IX-ray 20.28 45.63 -34.16 E3 - 4H3

E-IAM1/MM 27.58 ± 9.08 35.91 ± 9.27 -24.63 ± 5.34 E3

E-IM06-2X/MM 20.72 42.96 -28.25 4H3

E:PX-ray 52.35 13.40 4.18 2E - 2H3

E:PAM1/MM 39.41 ± 10.79 25.29 ± 7.41 -20.08 ± 5.72 2H3 - E3

E:PM06-2X/MM 46.83 20.96 -9.72 2H3

Table 3.3: Puckering coordinates measured for the structures obtained from the QM/MM
simulations and the X-ray structures and the final conformation label. a) Spherical coordi-
nates (meridian angle ϕ, azimuthal angle θ, and radius Q) as defined in the Cremer-Pople;
and b) the angles employed in the Hill-Reilly method.
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Distances
Structure d(C1-C2) d(C2-C3) d(C3-C4) d(C4-C5)
E:IX-ray 1.53 1.52 1.57 1.42
E:IMM 1.55 ± 0.03 1.55 ± 0.03 1.55 ± 0.03 1.51 ± 0.03
E:IAM1/MM 1.55 ± 0.03 1.55 ± 0.03 1.54 ± 0.03 1.51 ± 0.03
E:IM06-2X/MM 1.52 1.52 1.53 1.52
E-IX-ray 1.58 1.48 1.58 1.41
E-IAM1-MM 1.55 ± 0.03 1.55 ± 0.03 1.54 ± 0.03 1.51 ± 0.03
E-IM06-2X/MM 1.52 1.52 1.53 1.52
E:PX-ray 1.52 1.52 1.53 1.52
E:PAM1/MM 1.55 ± 0.03 1.55 ± 0.03 1.54 ± 0.03 1.51 ± 0.03
E:PM06-2X/MM 1.52 1.52 1.53 1.52

Distances
Structure d(C5-C5a) d(C5-C6) d(C5a-C1) d(C1-OLg) d(C1-OWat)
E:IX-ray 1.39 1.46 1.45 1.50 -
E:IMM 1.33 ± 0.02 1.51 ± 0.03 1.52 ± 0.03 1.45 ± 0.03 -
E:IAM1/MM 1.34 ± 0.02 1.50 ± 0.03 1.49 ± 0.03 1.47 ± 0.03 -
E:IM06-2X/MM 1.34 1.51 1.50 1.48 -
E-IX-ray 1.36 1.44 1.45 - -
E-IAM1-MM 1.34 ± 0.02 1.50 ± 0.03 1.49 ± 0.03 - -
E-IM06-2X/MM 1.34 1.51 1.50 1.48 -
E:PX-ray 1.34 1.51 1.50 1.48 -
E:PAM1/MM 1.34 ± 0.02 1.50 ± 0.03 1.49 ± 0.03 1.47 ± 0.03 -
E:PM06-2X/MM 1.34 1.51 1.50 1.48 -

Table 3.4: Key intra-molecular distances (in Å) of the stationary structures, Michaelis
complex, E:I, Covalent Intermediate, E-I, and product complex of the hydrolysis, E:P,
measured for the X-ray structures and those optimized at MM, AM1/MM and M06-2X/MM
level of theory.
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Angles
Structure α(C5a-C1-C2) β(C1-C2-C3) γ(C2-C3-C4)
E:IX-ray 112.1 108.0 109.1
E:IMM 1.55 ± 0.03 1.55 ± 0.03 1.55 ± 0.03
E:IAM1/MM 1.55 ± 0.03 1.55 ± 0.03 1.54 ± 0.03
E:IM06-2X/MM 1.52 1.52 1.53
E-IX-ray 1.58 1.48 1.58
E-IAM1-MM 1.55 ± 0.03 1.55 ± 0.03 1.54 ± 0.03
E-IM06-2X/MM 1.52 1.52 1.53
E:PX-ray 1.52 1.52 1.53
E:PAM1/MM 1.55 ± 0.03 1.55 ± 0.03 1.54 ± 0.03
E:PM06-2X/MM 1.52 1.52 1.53

Angles
Structure δ(C3-C4-C5) ϵ(C4-C5-C5a) η(C5-C5a-C1) θ(C5-C6-OH)
E:IX-ray 114.4 121.6 123.6 116.0
E:IMM 1.51 ± 0.03 1.33 ± 0.02 1.51 ± 0.03 1.52 ± 0.03
E:IAM1/MM 1.51 ± 0.03 1.34 ± 0.02 1.50 ± 0.03 1.49 ± 0.03
E:IM06-2X/MM 1.52 1.34 1.51 1.50
E-IX-ray 1.41 1.36 1.44 1.45
E-IAM1-MM 1.51 ± 0.03 1.34 ± 0.02 1.50 ± 0.03 1.49 ± 0.03
E-IM06-2X/MM 1.52 1.34 1.51 1.50
E:PX-ray 1.52 1.34 1.51 1.50
E:PAM1/MM 1.51 ± 0.03 1.34 ± 0.02 1.50 ± 0.03 1.49 ± 0.03
E:PM06-2X/MM 1.52 1.34 1.51 1.50

Table 3.5: Key intra-molecular angles (in degrees) of the stationary structures, Michaelis
complex, E:I, Covalent Intermediate, E-I, and product complex of the hydrolysis, E:P,
measured for the X-ray structures and those optimized at MM, AM1/MM and M06-2X/MM
level of theory.
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Dihedrals
Structure σ1(C5a-C1-C2-C3) σ2(C1-C2-C3-C4) σ3(C2-C3-C4-C5)
E:IX-ray 51.7 -63.2 41.1
E:IMM 38.4 ± 6.9 -61.9 ± 4.4 53.6 ± 5.9
E:IAM1/MM 44.4 ± 6.7 -57.4 ± 7.1 39.7 ± 10.0
E:IM06-2X/MM 50.7 -62.3 42.3
E-IX-ray 5.3 -45.4 62.5
E-IAM1/MM 17.1 ± 11.0 -49.0 ± 7.7 54.8 ± 7.7
E-IM06-2X/MM 9.1 -46.8 59.1
E:PX-ray 58.2 -62.4 41.4
E:IAM1/MM 31.0 ± 14.1 -55.4 ± 9.6 48.8 ± 8.1
E:IM06-2X/MM 46.5 -64.5 48.8

Dihedrals
Structure σ4(C3-C4-C5-C5a) σ5(C4-C5-C5a-C1) σ6(C5-C5a-C1-C2)
E:IX-ray -6.2 -6.3 -17.4
E:IMM -23.8 ± 6.8 0.6 ± 6.7 -8.1 ± 8.1
E:IAM1/MM -10.2 ± 9.9 -2.2 ± 8.6 -15.5 ± 8.7
E:IM06-2X/MM -14.7 4.9 -22.8
E-IX-ray -34.0 -10.3 26.1
E-IAM1/MM -29.0 ± 8.5 -4.2 ± 7.8 10.5 ± 11.1
E-IM06-2X/MM -34.0 -6.0 19.2
E:PX-ray -17.9 13.5 -32.5
E:IAM1/MM -19.1 ± 9.8 -5.9 ± 8.4 -0.4 ± 13.0
E:IM06-2X/MM -19.2 2.4 -15.9

Table 3.6: Key intra-molecular dihedral angles (in degrees) of the stationary structures,
Michaelis complex, E:I, Covalent Intermediate, E-I, and product complex of the hydrolysis,
E:P, measured for the X-ray structures and those optimized at MM, AM1/MM and M06-
2X/MM level of theory.
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Distances
Structure d(OAsp327-C1) d(C1-OLg) d(OAsp327- OLg) d(C1-OAsp387) d(C1-OWAT)
E:IX-ray 3.65 1.50 5.12 - -
E:IMM 3.45 ± 0.28 1.45 ± 0.03 3.45 ± 0.28 4.27 ± 0.24 -
E:IAM1/MM 3.57 ± 0.33 1.47 ± 0.03 5.00 ± 0.34 4.41 ± 0.24 -
E:IM06-2X/MM 3.22 1.48 4.70 4.33 -
E-IX-ray 1.40 - - 5.00 -
E-IAM1-MM 1.46 ± 0.03 - - 6.38 ± 0.27 4.29 ± 0.39
E-IM06-2X/MM 1.48 - - 5.96 3.46
E:PX-ray 3.29 - - 3.84 1.50
E:PAM1/MM 3.11 ± 0.19 - - 4.15 ± 0.28 1.43 ± 0.03
E:PM06-2X/MM 2.87 - - 4.60 163.1

Angles
Structure ϕ1(OAsp327-C1-OLg) ϕ2(OWAT-C1-OAsp327)
E:IX-ray 167.3 -
E:IMM 166.5 ± 10.1 -
E:IAM1/MM 165.8 ± 6.1 -
E:IM06-2X/MM 174.3 -
E-IX-ray - -
E-IAM1-MM - 157.7 ± 5.4
E-IM06-2X/MM - 168.3
E:PX-ray - 168.3
E:PAM1/MM - 143.0 ± 11.7
E:PM06-2X/MM - 163.1

Table 3.7: Key inter-molecular distances (in Å) and angles (in degrees) of the stationary
structures, Michaelis complex, E:I, Covalent Intermediate, E-I, and product complex of the
hydrolysis, E:P, measured for the X-ray structures and those optimized at MM, AM1/MM
and M06-2X/MM level.

Distance E:IX-ray E:IAM1/MM E-IX-ray E-IAM1/MM E:PX-ray E:PAM1/MM

F1-TRP65[NE1] 3.31 4.00 ± 0.36 3.18 3.56 ± 0.27 3.07 4.21 ± 0.37
F1-CYS368[SG] 3.62 5.96 ± 0.51 2.74 4.51 ± 0.43 3.2 5.37 ± 0.53
F1-ARG383[NH1] 3.07 5.38 ± 0.37 3.29 5.28 ± 0.38 3.07 4.49 ± 0.30
F1-ARG383[NH2] 3.05 4.33 ± 0.35 3.88 4.78 ± 0.40 3.48 3.74 ± 0.42
F1-ASP387[OD1] - 4.83 ± 0.59 3.09 6.75 ± 0.52 2.55 4.73 ± 0.58
O4-TYR191[OH] 2.72 3.35 ± 0.47 2.76 3.33 ± 0.39 2.73 3.42 ± 0.49
O4-LYS325[NZ] 2.73 3.07 ± 0.26 2.89 3.10 ± 0.25 3.83 2.97 ± 0.18
O4-ARG383[NH1] 3.01 5.08 ± 0.36 2.98 4.38 ± 0.35 3.08 4.57 ± 0.45
O3-ASP220[OD1] 2.69 2.73 ± 0.13 3.32 2.74 ± 0.13 2.67 2.77 ± 0.14
O3-ASP220[OD2] 3.44 3.20 ± 0.19 2.64 2.96 ± 0.17 3.44 3.02 ± 0.15
O3-TRP257[NE1] 3.13 3.72 ± 0.50 2.95 3.64 ± 0.52 3.19 3.75 ± 0.45
O3-LYS325[NE1] 2.70 2.74 ± 0.10 2.83 2.76 ± 0.10 2.96 2.73 ± 0.10
O2-ASP221[OD2] 2.68 4.91 ± 0.27 2.73 5.34 ± 0.29 2.63 5.70 ± 0.32

Table 3.8: Key inter-atomic distances (in Å) measured between inhibitor 4 and important
residues of GH in X-ray and in computationally obtained structures of Michaelis complex,
E:I, Covalent Intermediate, E-I, and product complex of the hydrolysis, E:P, identified
along the reaction pathway.
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Residue E:IX-ray E:IAM1/MM E-IX-ray E-IAM1/MM E:PX-ray E:PAM1/MM

Trp65 -5.75 -7.1 ± 0.2 -5.52 -9.8 ± 1.3 -2.84 -3.0 ± 0.9
Asp82 2.96 3.3 ± 0.5 -0.16 0.0 ± 0.1 -0.23 0.1 ± 0.1
Trp190 -15.6 -10.0 ± 1.6 -7.16 5.3 ± 0.8 -8.37 -5.6 ± 0.9
Asp220 -20.22 -21.3 ± 3.3 -1.76 -13.1 ± 3.3 0.35 -17.2 ± 3.2
Trp257 -5.74 -4.6 ± 1.1 -8.87 -12.5 ± 1.5 -1.74 -4.2 ± 0.9
Lys325 -11.39 -12.3 ± 3.2 -15.95 -28.4 ± 3.1 -21.58 -18.6 ± 2.6
Asp327 -16.68 -14.5 ± 4.0 bonded bonded -16.91 -8.4 ± 2.1
Arg3893 -9.19 -1.2 ± 1.5 -22.43 -10.4 ± 1.5 -8.54 -5.2 ± 1.4
Asp/Ala387 -4.28 -7.3 ± 1.8 3.97 -0.5 ± 1.5 -4.57 -6.3 ± 1.6
Asp425 2.83 -0.2 ± 0.6 6.25 6.8 ± 0.9 3.15 2.2 ± 0.8
Total -106.5 -94.4 ± 40.1 -70.5 -96.6 ± 34.7 -56.3 -73.6 ± 26.5

Table 3.9: Interaction energies by residue and total (Eelec + EV dW ) between inhibitor
4 and key residues of in X-ray and in computationally obtained structures of Michaelis
complex E:I, covalent intermediate E-I, and product of hydrolysis E:P. Values given in
kcal·mol−1.
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Chapter 4

Glycoside hydrolase stabilization of
transition state charge: new
directions for inhibitor design

This chapter is comprised of the manuscript "Glycoside hydrolase stabilization of
transition state charge: new directions for inhibitor design" which was published in
the journal Chemical Science (2020, 11 (38), 10488-10495). Additional materials and meth-
ods can be found in the supplementary information: https://www.rsc.org/suppdata/d0/

sc/d0sc04401f/d0sc04401f1.pdf

Weiwu Ren,a Marco Farren-Dai,a Natalia Sannikova,a Katarzyna Świderek,b Yang Wang,a

Oluwafemi Akintola,a Robert Britton,a Vicent Moliner,b Andrew J. Benneta

aDepartment of Chemistry, Simon Fraser University, 8888 University Drive, Burnaby, British
Columbia V5A 1S6, Canada

bDepartment de Química Física i Analítica, Universitat Jaume I, 12071 Castellón, Spain

Synthesis was performed by Ren and Wang in the laboratory of Robert Britton. Enzyme
kinetic assays were performed by Akintola and NMR experiments by Sannikova in the
laboratory of Andrew Bennet. Computations were performed by Farren-Dai and Świderek.

4.1 Abstract

Carbasugars are structural mimics of naturally occurring carbohydrates that can inter-
act with and inhibit enzymes involved in carbohydrate processing. In particular, carbasugars
have attracted attention as inhibitors of glycoside hydrolases (GHs) and as therapeutic leads
in several disease areas. However, it is unclear how the carbasugars are recognized and pro-
cessed by GHs. Here, we report the synthesis of three carbasugar isotopologues and provide
a detailed transition state (TS) analysis for the formation of the initial GH-carbasugar co-
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valent intermediate, as well as for hydrolysis of this intermediate, using a combination of
experimentally measured kinetic isotope effects and hybrid QM/MM calculations. We find
that the α-galactosidase from Thermotoga maritima effectively stabilizes TS charge devel-
opment on a remote C5-allylic center acting in concert with the reacting carbasugar, and
catalysis proceeds via an exploded, or loose, SN2 transition state with no discrete enzyme-
bound cationic intermediate. We conclude that, in complement to what we know about
the TS structures of enzyme-natural substrate complexes, knowledge of the TS structures
of enzymes reacting with non-natural carbasugar substrates shows that GHs can stabilize
a wider range of positively charged TS structures than previously thought. Furthermore,
this enhanced understanding will enable the design of new carbasugar GH transition state
analogues to be used as, for example, chemical biology tools and pharmaceutical lead com-
pounds.

4.2 Introduction

Biological catalysts that remove carbohydrate residues from complex biomolecules are
found throughout nature; within that functional group, glycoside hydrolases (GHs; glycosi-
dases) are the main family of enzymes responsible for hydrolytically cleaving a glycosidic
bond, the covalent link between a sugar residue and another molecule. Glycoside hydrolases
are classified into more than 160 families based on sequence and structure [1, 2]. Further
grouping of some GH families into “clans” occurs for those that have similar active site
amino acids [3] and identical structural motifs, and intraclan GH families tend to share the
same catalytic mechanism of action [4]. Glycoside hydrolases cleave glycosidic bonds to give
a hemiacetal product that has one of two stereochemical outcomes: a product with either
the same (retention) or opposite (inversion) configuration at the anomeric center relative
to the substrate [5]. In the case of most retaining enzymes, general acid catalysis facilitates
the departure of the leaving group prior to or simultaneous with the nucleophilic attack by
an active site residue on the anomeric center of the carbohydrate substrate, which traverses
a pyranosylium ion-like transition state (TS) to give a covalently bound glycosyl enzyme
intermediate (Figure 4.1) that is subsequently hydrolyzed [6].

Glycoside hydrolases are among the most catalytically proficient of enzymes [7] and play
critical roles in diverse biological processes, from viral pathogenesis to the body’s immune
response and maintenance of cellular homeostasis [8, 9]. Aberrant activity of GHs is often
associated with disease states; from a pharmaceutical angle, interest is growing in the poten-
tial of controlling the activity of these enzymes with small molecule inhibitors [10, 11, 12].
The design of small molecule GH inhibitors is informed by nature as well as an under-
standing of the unique mechanism of action of the specific enzyme being targeted. Three
common classes of GH competitive inhibitors, all of which bind to the active site of the
enzyme via non-covalent interactions and have weakly basic amines that are protonated
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Figure 4.1: Panel (A): currently accepted mechanism for the formation of the covalently
bound glycosyl–enzyme intermediate in retaining glycoside hydrolases. Panel (B): structures
of the iminosugar and carbasugar competitive inhibitors of glycoside hydrolases, deoxyfuco-
jirimycin (1), 4-epi-isofagomine (2), and validamine (3). Panel (C): GH covalent inhibitor
4, its hydrolysis product 5, and the structure of the enzyme-intermediate with the T. mar-
itima α-galactosidase. Panel (D): depiction of the TS for covalent labeling of TmGalA, and
the structures of GH inhibitors gabosine J (6) and deoxymannojirimycin (7).
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at physiological pH values (Figure 4.1B), are: (i) the natural product nojirimycin-based
inhibitors [13], which include the α-fucosidase inhibitor deoxyfucojirimycin 1 [14], (ii) the
synthetic isofagomine family of inhibitors, e.g.2, where the positive charge is located on the
pseudo-anomeric center of the six-membered ring [15, 16], and (iii) validamine 3 [17, 18], a
natural carbasugar structural component of validamycin A [19, 20], which is a bacterially
produced antibiotic. Of note, iminosugar- and carbasugar-based GH inhibitors have proven
to be effective in the treatment of various GH-dependent disorders, including viral infec-
tions [21], diabetes [22], and lysosomal storage disease [23]. Mechanistically, tight-binding
iminosugars and weakly basic carbasugars are often presumed to be transition state analogs
(TSAs) by virtue of their assumed ability to be good charge mimics of pyranosylium ion-
like enzymatic transition states (Figure 4.1A) [5, 24, 25, 26]. However, despite the tight
binding that many carbasugars exhibit towards GHs, it remains controversial as to whether
they are indeed TSA inhibitors [24, 27, 28, 29]. A more theoretically based approach to the
design of TSAs has been used and incorporates the measurement of kinetic isotope effects
(KIEs) with computational methods to determine the geometric and electronic structure of
enzymatic transition states for the reactions involving natural substrates [30, 31, 32], and
to use this structural information to design of TSA inhibitors [33, 34, 35].

In contrast to previous work on non-covalent inhibition of GHs [36, 37], we presented
studies of small molecule alkenyl, e.g., 4 [38, 39], and cyclopropyl [39, 40] carbasugar probes
that both covalently label GHs and we provided structural insights into the conformations
of the enzyme bound and covalent intermediates that are present during GH inactivation
(Figure 4.1C) [38, 40]. Despite these and other efforts [37, 41] it has yet to be determined
how the developing charge at the enzymatic TSs is delocalized and stabilized during GH
catalysis with non-natural carbasugar substrates, an information void that is a barrier to
improving the design of GH-based therapeutics. Herein, we report a detailed TS analysis
of a carbasugar GH covalent inhibitor. We combine laboratory-based KIE measurements
and hybrid quantum mechanics/molecular mechanics (QM/MM) calculations to show that
pseudo-glycosylation of the enzymatic nucleophile in the GH36 α-galactosidase from Ther-
motoga maritima (TmGalA) proceeds via an exploded, or loose, SN 2 TS with no discrete
enzyme-bound cationic intermediate (Figure 4.1D). This result highlights the ability of
GHs to stabilize positive charge development at positions remote from the pseudo-anomeric
center and provides a clear rationale for the improved potency of some carbasugar GH
inhibitors (e.g., gabosine J 6) [42, 43] over their iminosugar counterparts (e.g., deoxyman-
nojirimycin 7) [44].

4.3 Results and discussion

We measured three KIEs for isotopic substitutions at the pseudo-anomeric carbon in
order to “solve” the TS for covalent labeling by our allylic carbasugar inhibitor. Specifically,
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we targeted (i) the α-secondary deuterium effect, which reports on rehybridization at the
reaction centre, and (ii) the two primary heavy-atom effects, in particular, the reaction
center 13C and the leaving group 18O, which report on bonding changes between the ground
state (GS) and TS.

4.3.1 Synthesis of isotopically labeled carbasugars

The required carbasugars (1-2H)-, (1-13C)-, and (1-13C,1-18O)-4 for the measurement
of KIEs were synthesized using a de novo approach recently reported by us [38]. Here, the
required deuterium-labeled aldehyde (3-2H)-8 was accessed through LiAlD4 reduction of a
dienone followed by oxidative cleavage of the remote alkene function. The corresponding 13C-
labeled aldehyde (3-13C)-8 was synthesized from K13CN through displacement of bromide
from allyl bromide followed by nitrile hydrolysis and a sequence of reactions including
reduction/oxidation and addition of vinyl magnesium bromide. With the 2H aldehyde in
hand, a d-proline catalyzed α-fluorination–aldol reaction using ketone 9 [38] proceeded in
good yield to provide a mixture of unstable fluorohydrin aldol adducts that were directly
treated with the lithium anion derived from methylsulfonyl phenyltetrazole to provide a
separable mixture of dienes to give the required stereoisomer 10 (91.8% ee).

Likewise, Julia–Kocienski olefination of the fluorohydrin aldol adduct derived from 13C-
labeled aldehyde (3-13C)-8 provided dienes 12 (92.3% ee) and 13 (93.8% ee). Acetylation
of the free alcohol function, followed by removal of the silyl protecting group and ring
closing metathesis (Grubbs’ II) then provided the series of cyclohexenes 14, 15, and 16,
arrived at by migration of the acetyl group during the deprotection step. For the 2H- and
13C-labeled carbasugars, arylation of 14 or 15 using 1-fluoro-2,4-dinitrobenzene and de-
protection afforded (1-2H)-4 and (1-13C)-4, respectively. Finally, to introduce an 18O-label
we removed the pseudo-anomeric acetate from 16 and used a Mitsunobu reaction with 4-
nitro[18O1]benzoate to give an approximate 60 : 40 mixture of (1-13C)-4 and (1-13C,1-18O)-4
after standard debenzoylation, arylation, and deprotection (Figure 4.2).

4.3.2 Measurement of kinetic isotope effects on GH covalent labeling

With the (2H)-, (13C)-, and (13C,18O)-alkenyl carbasugars in-hand, we turned our atten-
tion to measuring KIEs on the TmGalA-catalyzed hydrolysis of these compounds. For the
enzyme-catalyzed reaction, kinact/Ki is determined by the differences in free energy between
the ground state (free substrate/inhibitor and enzyme in solution) and the first irreversible
step (cleavage of the glycosidic bond) [24, 38, 45, 46]. Therefore, we decided to use 19F NMR
spectroscopy to measure isotopologue ratios (R, the ratio of heavy-to-light isotopologues for
the remaining starting material) as the reaction progressed (F, the fraction of reaction for
the light isotopologue) to evaluate the secondary deuterium and 13C-KIEs [47, 48]. We note
that because our syntheses involved enantioselective catalysis our covalent inhibitors are not
enantiopure, as also would be the case with chiral pool starting materials, such as galactose.
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Figure 4.2: Synthesis of (2H)-, (13C)-, and (13C,18O)-4. (a) PCC, CH2Cl2, rt; (b)
LiAlD4, Et2O, 0 °C; (c) TIPSCl, imidazole, CH2Cl2, rt (26% from hexan-1,5-dien-3-
ol); (d) AD-mix, tBuOH-H2O, rt; (e) NaIO4, THF, H2O, rt (38% over two steps); (f)
bis(triphenylphosphine)iminium chloride (5 mol%), CH2Cl2, H2O (0.5 M), 0 °C; (g) HCl
(conc.), reflux (60% from allyl bromide); (h) LiAlH4, Et2O, 0 °C to rt; (i) DMP, NaHCO3,
CH2Cl2, 0 °C; (j) CH2CHMgBr, CH2Cl2, Et2O, 0 °C; (k) TIPSCl, imidazole, CH2Cl2, rt
[30% from (1-13C)but-3-enoic acid]; (l) (±)-(3-2H)-8, d-proline, Selectfluor, DMF, 0 °C then
9, d-proline, CH2Cl2; (m) methylsulfonyl phenyltetrazole, LiHMDS, THF, -78 °C (40% from
8, 10 : 11 or 12 : 13 = 1 : 1); (n) (±)-(3-13C)-8, d-proline, Selectfluor, DMF, 0 °C then 9,
d-proline, CH2Cl2; (o) Ac2O, Et3N, DMAP, CH2Cl2, rt (84%); (p) TBAF, AcOH, THF, 0
°C to rt; (q) Grubbs’ II catalyst, CH2Cl2, 40 °C; (r) 1-fluoro-2,4-dinitrobenzene, quinucli-
dine, DMF, rt; (s) K2CO3, MeOH, 0 °C then HCl (1 N) (66% from 12 or 14); (t) K2CO3,
MeOH, 0 °C (88%); (u) 4-nitro[18O1]benzoic acid, PPh3, DIAD, THF, rt (58%); (v) TFA,
CH2Cl2, rt.
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We corrected our R and F values, assuming that the enzyme would have no reaction with
the small quantity of l-carbasugar in the reaction mixture (details in the Experimental
section and Tables S1 and S2 in supplementary information). Nonlinear least squares fit-
ting of the corrected R and F values to Equation 4.1 gave values for two of the three
competitive KIEs (Table 4.1) resulting from isotopic substitution at the pseudo-anomeric
center [45, 49, 50].

R = R0(1 − F1)(
1

KIE
−1) (4.1)

To measure the leaving group 18O-KIE we introduced a 13C probe nucleus at the pseudo-
anomeric center. However, because 13C is a less sensitive probe nucleus than 19F, the concen-
tration of covalent inhibitor was increased for NMR spectroscopic analysis. After checking
that inclusion of ethanol-d6 (10% v/v) into the buffer had no effect on the activity of
TmGalA, we measured the 18O-KIE at 50 °C–an increase in temperature from 37 °C to im-
prove the solubility of 4–by following by following standard procedures [50, 51, 52]. We note
that the expected effect of the higher temperature on the measured 18O-KIE is smaller than
the experimental error in the value (Table 4.1). Also, as the two enzyme-catalyzed chemical
steps (kinact and kreact, Scheme 4.1) have drastically different first-order rate constants for
the reaction of 4 with TmGalA [38], we were able to measure the α-secondary deuterium
KIE on the turnover of 4 by measuring individual rate constants for kcat, or turnover, of 4
and (1-2H)-4 [49]. In addition, to show that the ratio of the rate constants for C–O bond
cleavage to the rate constant for dissociation of the inhibitor from the Michaelis complex
(E·4) (i.e., the forward commitment factor) [53, 54] is very small, we made the correspond-
ing 4-nitrophenyl covalent inhibitor S-6 (Appendix 4.A, Figure 4.6),and found that it
reacts over 100-fold less rapidly than 4. In other words, the enzyme-catalyzed cleavage of
the allylic C–O bond in 4 is the first irreversible step and the measured competitive KIEs
are intrinsic values [55].

KIE (kinact/Ki) kH/kD k12/kb
13 k16/kc

18 kH/kD(kreact)d

Experimental 1.172 ± 0.011 1.029 ± 0.013 1.043 ± 0.006 1.147 ± 0.006
QM/MM 1.246 ± 0.022 1.041 ± 0.004 1.056 ± 0.005 1.107 ± 0.078

Table 4.1: Kinetic isotope effects measured and calculated for the covalent labeling of
the T. maritima GH36 α-galactosidase.a Uncertainties reported for the experimental data
correspond to the experimental errors while those of the QM/MM values are standard
deviations.
aConditions 25 mM HEPES, pH 7.4, 10% v/v D2O T = 37 °C. b Calculated from weighted
averages of kH/kD × kD/k13 (Table S2, supplementary information). c T = 50 °C, value
calculated at T = 37 °C, assuming T × ln(KIE) = constant is 1.045. d Measured by
UV/vis spectroscopy for turnover of 4, conditions 50 mM HEPES, pH 7.4, 1 mg mL−1 BSA
T = 37 °C.
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Scheme 4.1: Kinetic scheme for the covalent inhibition of GH36 α-galactosidase by carba-
sugar analogue 4 to give, after hydrolysis of the covalent intermediate (E–I) the hydrolyzed
product 5.

4.3.3 Free energy surfaces for the covalent labeling of TmGalA by car-
basugar 4

To understand how TmGalA stabilizes the TS for its covalent labeling by 4, we compu-
tationally studied the two chemical steps in the enzyme-catalyzed turnover of the covalent
inhibitor (kinact and kreact, Scheme 4.1). To do this, we computed the free energy sur-
face (FES) for the covalent labeling event (kinact, Scheme 1) at a DFT/MM level, after
setting up the molecular model of the full E·4 system solvated in a box of water molecules
(see supplementary information). Our results show that nucleophilic attack of D327 and
proton transfer to the departing dinitrophenolate leaving group take place in a stepwise
manner (Figure 4.3A). Here, we found that the covalent labeling event avoids formation
of a high energy enzyme-bound allylic cation (top right corner Figure 4.3A). Surprisingly,
though little to no nucleophilic attack has occurred as the reaction transverses TS1 (Figure
4.3A), this process still proceeds via a SN 2 reaction, because after traversing the TS the
covalent intermediate’s C–O bond forms without crossing any other energy barriers. The
computed inter-atomic distances of the forming and breaking bonds at the TSalk, 2.925 ±
0.683 and 2.212 ± 0.060 Å, respectively, as reported in Table 4.2 (Appendix 4.A), values
that confirms its exploded or loose character.

Notably, directly after cleavage of the pseudo-glycosidic bond in 4, the covalent inter-
mediate (CI-1) has a bound 2,4-dinitrophenolate while the acid catalyst (D387) remains
protonated. The interconversion of the first covalent intermediate CI-1 to the second inter-
mediate CI-2 corresponds to the proton transfer from D387 to the leaving group (Figure
4.3B). Then, as described in detail in the supplementary information, the leaving group
is released from the active site and hydrolysis of the carbasugar covalent intermediate (CI-
2) renders the enzyme complex of the hydrolyzed inhibitor 5, a process that is assisted
by the deprotonated D387 (Figure 4.3C). Again, we note that this reaction step avoids
formation of an enzyme bound allylic cation. The overall free energy profile for the in-
terconversion of the Michaelis complex to the product-bound species is shown in Figure
4.3D. Our calculations are in accord with the experimental observation that hydrolysis of
the covalent-enzyme intermediate is rate-limiting for inhibitor turnover (kinact >> kreact,
Scheme 4.1). To confirm our simulations, KIEs for this α-galactosidase-catalyzed reaction
were computed (Table 4.1) by evaluating 3 × 3 combinations of three TS structures of the
alkylation step (see Figure 4.3A and their overlay in Figure 4.4) and three GS structures
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Figure 4.3: M06-2X:AM1/MM free energy surfaces: Panel (A): transformation of the
Michaelis complex E·4 to the first covalent intermediate CI-1. The positions of three TS
structures (TS1-3, corresponding to TSalk) optimized at M06-2X/MM are indicated as stars,
while dashed lines indicate the intrinsic reaction coordinate (IRC) paths. Panel (B): trans-
formation of CI-1 to CI-2 by deprotonation of Asp387 by 2,4-dinitrophenolate. Panel (C):
transformation of the second covalent intermediate CI-2 to the enzyme product complex
(E·5). The positions of three TS structures (TS1-3, corresponding to TShyd) optimized at
M06-2X/MM are indicated as stars, while dashed lines indicate the intrinsic reaction coordi-
nate (IRC) paths. Panel (D): overall reaction coordinate free energy for the transformation
of the E·4 complex via the TSs for covalent labeling (TSalk, kinact), proton transfer (TSPT)
and hydrolysis of the covalent intermediate (TShyd, kreact) and two covalent intermediates
(CI-1 & CI-2) to give the enzyme complex of the product (E·5).
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of 4 solvated in a box of water molecules, optimized at DFT/MM level. We find, relative to
the GS, that at the TSs for covalent labeling, positive charge develops on the remote allylic
carbon atom C5.

Figure 4.4: Overlay of the three TSs for
the covalent labeling of TmGalA by 4,
TSalk, optimized at M06-2X/MM level.

This result clearly differentiates this class of
inhibitor from pyranosides where positive charge
development occurs mainly on the two adjacent
positions to the anomeric carbon atom within
the six-membered ring: the ring oxygen in the
pyranosylium ion (C+–O ↔ C=O+) and carbon-
2 (via hyperconjugation) [56, 57]. In addition, we
note that the computed FES is relatively flat in
the vicinity of the quadratic region of the TS
(Figure 4.3A), a conclusion that suggests that
the enzyme is able to stabilize positive charge
development on C5 via a plethora of different
TS structures.

We suggest that catalysis involves the GH’s
intrinsic ability to support positive charge devel-
opment further removed from the anomeric cen-

ter, and that this is clearly the origin of our carbasugar 4 being an excellent α-galactosidase
covalent inhibitor. Figure 4.5A shows the map of electrostatic potential computed on the
reacting system at the TSalk under the effect of the protein environment, while Figure
4.5B shows the electrostatic potential (V) generated by each protein residue on C5 of the
carbasugar ring. The spatial location of the four aspartic acid residues, which provide the
majority of the stabilization at the TS are shown in Figure 4.5C (in blue) along with
the two main destabilizing residues (in red). Moreover, as shown in Figure 4.5B, the two
largest contributors to stabilization of the positive charge on C5 are the two carboxylate
residues (Asp 220 and Asp 221, top left Figure 4.5C) that are positioned for H-bonding
with the C4 and C6 hydroxyl groups; such interactions are common in GHs. As a result,
we suggest that new designs of competitive, as well as covalent inhibitors, for GHs should
incorporate design elements that allow positive charge incorporation, or development, at
sites other than those that correspond to the anomeric carbon and the ring oxygen atoms.

We also computed three TSs for the hydrolysis of the covalent intermediate CI-2 (TShyd,
Figure 4.3C) to give the enzyme complex of hydrolyzed inhibitor (E·5). To calculate the
expected secondary α-2H KIE value, we used three ground state structures of 4 bound
to TmGalA (E·4, Scheme 4.1), which is the ground state for the enzymatic turnover
(kreact), plus the three TSs for hydrolysis of the covalent intermediate and evaluated the
3 × 3 combinations of DFT/MM optimized structures (Table 4.1). Again, the agreement
between experimental and calculated KIE values provides validation of the theoretical TSs.
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Figure 4.5: Electrostatic analysis on TSalk: Panel (A): map of electrostatic potential com-
puted on the reacting system under the effect of the protein environment: blue positive
values, red negative values. Panel (B); electrostatic potential generated by the protein, by
residue, on C5 atom of the carbasugar ring. Panel (C): detail of the GH active site. Residues
with a significant positive stabilizing contribution to the electrostatic potential are shown
as blue spheres, while maroon spheres depict the major destabilizing residues.

It is remarkable that the standard deviations are similar to the reported experimental errors.
The larger uncertainty for the QM/MM α-2H KIE values can be attributed to the nature
of the isotopic substitution (increment of 100% in the mass), the flat quadratic region of
the TS, and the variation in the position of the nucleophilic water.

4.4 Conclusions

In contrast to previous KIE/theoretical modeling studies using natural substrates [32,
33, 35], our study uses a combination of experimental KIE measurements and QM/MM cal-
culations to demonstrate that the GH α-galactosidase from T. maritima efficiently catalyzes
its own covalent labeling by allylic carbasugars through an exploded SN 2 TS in which the
enzyme stabilizes positive charge development at C5, a position that is far-removed from the
anomeric carbon. Of critical importance to inhibitor design, these results show that GHs are
capable of stabilizing positive charge at sites that are remote from those that chemists use to
position weakly basic amines – specifically, the anomeric carbon, ring oxygen and glycosidic
oxygen – as exemplified by the deoxynojirimycin, isofagomine and validamine families of
inhibitors. We therefore propose a new avenue for the design of efficient glycoside hydrolase
TSA inhibitors: the inclusion of structural elements that introduce positive charge at other
ring carbon atoms, such as the tertiary C5 atom in glycosides. This prediction is supported
by the improved potency reported by Vidyasagar and Sureshan for the neutral carbasugar
GH inhibitor gabosine J over the iminosugar counterpart (deoxymannojirimycin) (Figure
4.1D) [43].
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4.5 Experimental

4.5.1 Materials and methods

All anhydrous reactions described were performed under an atmosphere of nitrogen using
flame-dried glassware. Normal phase column chromatography was carried out with 230–400
mesh silica gel (Silicycle, SiliaFlash P60). All reagents and starting materials were purchased
from Sigma Aldrich, Alfa Aesar, TCI America, or Acros and were used without further
purification. All solvents were purchased from Sigma-Aldrich, EMD, Anachemia, Caledon,
Fisher or ACP and used without further purification unless otherwise specified. CH2Cl2
was freshly distilled over CaH2, and tetrahydrofuran (THF) was freshly distilled over Na
metal/benzophenone. Cold temperatures were maintained by use of the following conditions:
0 °C, ice-water bath; –78 °C, acetone-dry ice bath; temperatures between –78 °C and 0 °C
required for longer reaction times were maintained with a Neslab Cryocool Immersion Cooler
(CC-100 II) in a 2-propanol bath. Detailed synthetic routes for all isotopologues, protocols
for the measurement of KIEs, and all computational methods are provided in the article
supporting information.
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4.A Supplementary Information for Section 4

MATERIALS AND METHODS
Additional kinetic measurements.
In order to determine whether we could measure competitive 18O-leaving group V/K KIEs
on the mixture of isotopologues, (1-13C)-S-6 and (1-13C,1-18O)-S-6, we determined that the
reaction occurred too slowly at 50 °C, pH 7.4, for the acquisition of data. Therefore, we
raised the temperature to 70 °C and noted that over the course of 600 hrs, approximately
10% of S-6 had reacted, whereas, for a sample of (1-13C)-4 and (1-13C,1-18O)-4 containing
the same concentration of enzyme at 50 °C, the fraction of reaction was 60% in 60 hrs. Tak-
ing these two points the 4-nitrophenyl inhibitor is around 100–fold less reactive at 70 °C
than is the 2,4-dinitrophenyl at 50 °C. Importantly, given that the half-life of the covalent
intermediate (at 37 °C) formed in these reactions is 20 minutes [1], the rate-limiting step
for turnover of these covalent inhibitors has changed from intermediate hydrolysis (DNP-
inhibitor; 4) to formation of the intermediate (PNP-inhibitor, S-6). As a result, the change
in rate constant for formation of the covalent intermediate is greater than that measured
for simple turnover of the inhibitors as the leaving group is changed from 4-nitrophenolate
to 2,4-dinitrophenolate.
Computational details.
Molecular model set up. The starting structure for the computer simulations of the bind-
ing and hydrolysis of 4 (Figure 4.7) by Thermotoga maritima α-galactosidase (TmGalA)
was adapted from the X-Ray structure in Protein Data Bank under code 5M12 [2]. This
structure of TmGalA in complex with an intact cyclopropyl carbasugar was modified to
correspond to intact covalent inhibitor 4 at the active site. The missing atoms of Lys77 and
Glu80 residues in X-Ray structure were incorporated with Accelrys Discovery Studio Visu-
alizer v 4.5 [3]. Charges and parameters for inhibitor 4 were calculated using Antechamber
software package [4] with a general AMBER force field (GAFF) [5], listed in Table S3.
Hydrogen atoms were added to the protein structure using the tLEAP [5] module of Amber
Tools program. The protonation state of titratable amino acids at pH 7.4 was previously
determined using pKa results calculated with PROPKA ver. 3.1 [6] available on PDB2PQR
server [7]. The obtained results indicate that residues Asp387 and Glu459 are present in
their protonated form. Furthermore, residue Glu224 was protonated to allow more favor-
able hydrogen bonding between neighboring Asp221 and inhibitor 4. Additionally, His30
and His273 were protonated at the δ-position, all other histidine residues were protonated
at the ϵ-position. The total charge of the system was neutralized by incorporation of 17
sodium cations (Na+) in the most electrostatically favorable positions. Subsequently, the
system was placed in orthorhombic box of TIP3P [8] water molecules with size of 89 × 96
× 79 Å3 and geometries of the remaining water molecules were then optimized. The full
system consists of the protein (8453 atoms), the substrate (37 atoms in E·4 and 23 atoms
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in CI-2), and 17398 solvation water molecules (52194 atoms).
Molecular dynamics (MD). Using NAMD molecular dynamics program [9], the prepared
computational model was heated from 0 to 310 K with 0.001 K temperature increment, the
system was then equilibrated at the E·I state using the Langevin-Verlet algorithm [10], and
finally 10 ns of classical MD simulation (at temperature 310 K) was carried out in the NVT
ensemble. Periodic boundary conditions (PBC) using the particle mesh Ewald method were
applied. To improve calculation time, a nonbonding interaction cut-off was applied using a
smooth switching function between 14.5 to 16.0 Å. The time dependence of RMSD, tem-
perature and total energy confirms that the system is equilibrated after 10 ns of the MD
simulation (Figure 4.8).
QM/MM simulations. In this work, an additive hybrid QM/MM scheme was employed for
the construction of the total Hamiltonian where the total energy is obtained from the sum
of each contribution to the energy (4.2).

EQM/MM = EQM + Eelect
QM/MM + EvdW

QM/MM + EMM (4.2)

Here, EQM describes the atoms in the QM part, EQM/MM defines the interaction be-
tween the QM and MM region and EMM describes the rest of the MM part. As shown in
Figure 4.9, the two active site aspartate residues, Asp327 and Asp387, together with full
inhibitor 4 and one water molecule were described at QM level in the QM/MM simula-
tions, E. To saturate the valence of the QM/MM frontier atoms, two link atoms [11] were
inserted where the QM/MM boundary intersected covalent bonds in the positions indicated
on Figure 4.9. The Austin Model 1 (AM1) [12] semiempirical and the Minnesota Func-
tional M06-2X [13] with the standard 6-31+G(d,p) basis set were used to treat the QM
sub-set of atoms, as implemented in Gaussian 09 program [14]. The last structure from the
10 ns MM MD simulation was used in order to run QM/MM calculations using a modified
fDynamo library [15]. To reduce time of calculations, positions of atoms presented beyond
20 Å from the inhibitor 4 were fixed.
Potential Energy Surfaces (PESs). The PES shown in Figure 4.10 reveals that deproto-
nation of Asp387, by the leaving group, and leaving group departure occur subsequent to
covalent bond formation. The x-axis corresponds to the difference of leaving group oxygen-
anomeric carbon distance and nucleophile aspartate oxygen-anomeric carbon distance; and
the y-axis corresponds to the difference of general acid oxygen-proton distance and general
acid proton-leaving group oxygen distance (Figure 4.11)

x = d(C1 − OLG) − d(C1 − OAsp327) y = d(HAsp387 − OAsp387) − d(HAsp387 − OLG)

The PES for the alkylation step, E·4 to CI-1 is shown in Figure 4.12 where the x-axis cor-
responds to the anomeric carbon-leaving group oxygen distance, and the y-axis corresponds
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to nucleophilic aspartate oxygen-anomeric carbon distance (Figure 4.11).

x = d(C1 − OLG)y = d(C1 − OAsp327)

To generate the PESs for the hydrolysis step, CI-2 to E·5 (Figure 4.13A), the leaving
group and general acid Asp387 proton was previously removed from the system and the
cavity was filled with 5 water molecules. Next, 500 ps of AM1/MM MD was run where the
position of all atoms beyond distance of 20 Å from the substrate was fixed, thus generating
the CI-2 intermediate after equilibration. Finally, the AM1/MM PES for the hydrolysis of
this covalent intermediate and generation of compound E·5 in the active site was obtained
by controlling key interatomic distances. The x-axis corresponds to the difference of gen-
eral acid oxygen-proton distance and general acid proton-leaving group oxygen distance;
the y-axis corresponds to the difference of Asp327 oxygen-anomeric carbon distance and
nucleophilic water oxygen-anomeric carbon distance (Figure 4.13):

x = d(OW at − HW at) − d(HW at − OAsp387) y = d(OAsp387 − C1) − d(C1 − OW at)

Free Energy Surfaces. In order to generate the free energy surfaces (FESs), in terms of 1D-
or 2D- potential of mean force (PMFs), potential energy surfaces (PESs) were computed
first to generate the required grid of structures (see above). Then, FESs were generated
using the Umbrella Sampling approach [16, 17] combined with the Weighted Histogram
Analysis Method (WHAM) [18]. For each structure of the grid generated to construct the
PES, MD simulations were performed with a total of 5 ps of equilibration (with 1 fs time
step) and 20 ps of production at 310 K using the Langevin-Verlet algorithm [10] with a time
step of 0.5 fs and an umbrella force constant of 5000 kJ·mol−1 · Å−2 to constrain the key
interatomic distances defining the reaction coordinates. 441, 80 and 2501 windows were em-
ployed for the FES of the alkylation step, proton transfer (Figure 4.14), and the hydrolysis
steps, respectively (Figure 4.3A, 4.3B, and 4.3C, respectively). Because a large number
of structures have to be sampled during the QM/MM MD simulations, the semiempirical
the Austin Model 1 (AM1) [12] Hamiltonian was selected to describe the QM sub-set of
atoms.
Spline corrections. In order to improve the quality of the FESs due to possible limitations
associated to the semiempirical method, the FESs were corrected at DFT/MM level. Thus,
based on the work of Truhlar and co-workers for reactions in solution [19, 20, 21]a spline
under tension [22, 23] is used to interpolate this correction term at any value of the reaction
coordinate, ξ1 and ξ2 in the case of two dimensional PMFs, selected to generate the free
energy surfaces [24, 25]. A continuous energy function is used to obtain the corrected PMFs:

E = ELL/MM + S[∆EHL
LL (ξ1, ξ2)]) (4.3)
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Where S is the two-dimensional spline function and ∆EHL
LL is the difference between

the energies obtained at low-level (LL) and high-level (HL) of theory of the QM part. The
AM1 semiempirical Hamiltonian was used as LL method, while a density functional the-
ory (DFT)-based method was selected for the HL energy calculation. In particular, HL
energy calculations were performed by means of the hybrid M06-2X [13] functional using
the standard 6-31+G(d,p) basis set. These calculations were carried out using the Gaus-
sian09 program [14]. From the DFT corrected FESs, structures were selected for GS/TS
localization with Baker’s algorithm [26] at M06-2X/OPLS-AA/TIP3P level, using the 6-
31+G(d,p) basis set for the treatment of the QM subset of atoms. The fDYNAMO library,
in combination with Gaussian 09 [14] were used for these calculations. From the localized
TS structures, the minimum energy path was traced to reactants and products using the
Intrinsic Reaction Coordinate (IRC) method [27].
Water-solvated substrate ground state optimizations. The structure of substrate 4 was sol-
vated in an orthorhombic box of water which extended 15 Å from the substrate. 20 ps
of AM1/MM MD was produced on this system using the fDYNAMO library, after which
GS localization was performed with the same aforementioned DFT/MM method, with the
substrate described at the QM level and water molecules described with TIP3P force field.
Map of electrostatic potential (MEP). The MEP shown in Figure 4.5A was visualized with
GaussView5.0 [28] (isovalue = 0.0375) from the electron density and potential cubes gen-
erated from the checkpoint files for the optimized structures of TSalk obtained using with
Gaussian 09 [14] in combination with fDYNAMO.
Kinetic Isotope Effects (KIEs). KIEs were computed for isotopic substitutions of key atoms
for alkylation and hydrolysis step. Standard deviations on these KIEs were computed based
on the averages over all possible combinations of 3 RC and 3 TS structures optimized at
M06-2X/MM level of theory, using the 6-31+G(d,p) basis set for the treatment of the QM
subset of atoms. Additionally, average KIEs were computed at lower AM1/MM level of
theory from 100 couples of stationary structures. This strategy of computing average values
of KIEs at two different levels of theory with obviously different number of structures we
have previously used in other studies [29]. Then, from the definition of the free energy of
a state, Gi, as a function of the internal energy, Ui, the total partition function, Qi, and
the zero-point vibrational energy, ZPEi (Equation 4.4), the ratio between the rate con-
stants corresponding to the light atom "L" and the heavier isotope "H" can be computed
using Transition State Theory (TST) (Equation 4.5). In Equation 4.5, the total partition
function, Q, was obtained as the product of the translational, rotational, and vibrational
partition functions computed for the isotopologues in the ground and transition state. The
Born-Oppenheimer, rigid-rotor, and harmonic oscillator approximations were considered to
independently compute the different contributions, without the scaling of vibrational fre-
quencies, as explained and applied in previous papers [30, 31]. The full 3N × 3N Hessians
have been subjected to a projection procedure to eliminate translational and rotational com-
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ponents, which give rise to small nonzero frequencies, as previously described [32]. Thus, it
has been assumed that the 3N–6 vibrational degrees of freedom are separable from the 6
translational and rotational degrees of freedom of the substrate. The subset of atoms used
to define the Hessian for all the KIE calculations were those of the QM region, consistent
with the “cut-off rule” and the local nature of isotope effects [32]. Analysis of the transition
vector of the TSalk confirms that it is dominated by leaving-group departure, whereas TShyd

is dominated by proton transfer.

Gi = Ui − RTlnQi + ZPEi (4.4)

KIE = (QT S/QGS)l

(QT S/QRCT )h

exp
[
− 1

RT
(∆ZPEl − ∆ZPEh)

]
(4.5)

Figure 4.6: Compounds S-1 to S-7.

Figure 4.7: Structure of the substrate. Atoms in red are those where isotopic substitutions
were made.
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Figure 4.8: Time dependence of RMSD computed for the backbone atoms of the protein.
Total Energy and Temperature during 10 ns MM MD simulations performed to equilibrate
the starting structure generated from the X-ray structure.
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Distance Subaq E·4 TSalk TShyd
C1-O1 1.468 ± 0.005 1.477 ± 0.007 2.212 ± 0.060 C1-OAsp = 2.193 ± 0.019
C1-H1 1.103 ± 0.003 1.093 ± 0.001 1.086 ± 0.002 1.080 ± 0.005

C1-ONu – 3.563 0.314 2.925 ± 0.683 C1-Owat = 2.449 ± 0.298
C1-C2 1.530 ± 0.007 1.516 ± 0.002 1.483 ± 0.004 1.492 ± 0.002
C2-F 1.402 ± 0.000 1.403 ± 0.006 1.378 ± 0.000 1.388 ± 0.005

C2-H2 1.095 ± 0.001 1.096 ± 0.001 1.102 ± 0.002 1.094 ± 0.002
C2-C3 1.516 ± 0.003 1.519 ± 0.002 1.526 ± 0.003 1.527 ± 0.003
C3-H3 1.099 ± 0.001 1.099 ± 0.000 1.095 ± 0.001 1.096 ± 0.003

C3-O3H 1.413 ± 0.004 1.414 ± 0.002 1.409 ± 0.003 1.414 ± 0.004
C3-C4 1.538 ± 0.007 1.532 ± 0.002 1.529 ± 0.003 1.529 ± 0.004
C4-H4 1.098 ± 0.001 1.098 ± 0.000 1.097 ± 0.000 1.097 ± 0.000

C4-O4H 1.424 ± 0.004 1.411 ± 0.000 1.410 ± 0.001 1.412 ± 0.000
C4-C5 1.512 ± 0.002 1.513 ± 0.001 1.516 ± 0.002 1.507 ± 0.003
C5-C7 1.513 ± 0.009 1.506 ± 0.003 1.490 ± 0.004 1.501 ± 0.003
C5-C6 1.335± 0.002 1.335 ± 0.001 1.365 ± 0.003 1.356 ± 0.006
C6-H6 1.088 ± 0.000 1.088 ± 0.001 1.085 ± 0.001 1.083 ± 0.000
C6-C1 1.493 ± 0.003 1.497 ± 0.002 1.405 ± 0.009 1.417 ± 0.010
O1-C1’ 1.330 ± 0.016 1.336 ± 0.003 1.276 ± 0.002 –
C1’-C2’ 1.404 ± 0.008 1.404 ± 0.001 1.435 ± 0.001 –
C2’-H2’ 1.092 ± 0.007 1.085 ± 0.002 1.086 ± 0.001 –
C2’-C3’ 1.382 ± 0.004 1.382 ± 0.001 1.369 ± 0.003 –
C3’-H3’ 1.085 ± 0.003 1.084 ± 0.000 1.084 ± 0.001 –
C3’-C4’ 1.398 ± 0.005 1.394 ± 0.000 1.408 ± 0.002 –
C4’-N4’ 1.450 ± 0.010 1.455 ± 0.002 1.439 ± 0.001 –
C4’-C5’ 1.390 ± 0.005 1.389 ± 0.005 1.385 ± 0.007 –
C5’-H5’ 1.088 ± 0.004 1.090 ± 0.009 1.086 ± 0.003 –
C5’-C6’ 1.381 ± 0.001 1.383 ± 0.001 1.387 ± 0.004 –
C6’-N6’ 1.464 ± 0.003 1.465 ± 0.005 1.454 ± 0.009 –
C6’-C1’ 1.414 ± 0.005 1.408 ± 0.002 1.439 ± 0.002 –

Table 4.2: Average distances (in Å) between key atoms computed for the substrate in
water (Subaq), Michaelis complex (E·4) and transition state (TSalk and TShyd) based on
the geometries of 3 stationary structures optimized at M06-2X/MM level.
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Figure 4.9: Schematic representation of the active site of TmGalA. The grey region corre-
sponds to the atoms included in the QM region in QM/MM calculations for the alkylation
step (left) and for the hydrolysis step (right). Link atoms are indicated as black dots.

Figure 4.10: Potential energy surface at AM1/MM level of theory that justifies the exis-
tence of two steps process of leaving group departure. The white area represents the region
with high potential energies. Distances of axis are in Å.
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Figure 4.11: Definition of key distances used in exploration of potential and free energy
surfaces for the alkylation step (left) and for the hydrolysis step (right).

Figure 4.12: Potential energy surface (A) and free energy surface (B) computed at
AM1/MM level for the covalent adduct formation (CI-1) and leaving group cleavage. White
area represents the region with high potential (A) and free (B) energies. Distances of axis
are in Å.
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Figure 4.13: Potential energy surface (A) and free energy surface (B) computed at
AM1/MM level for hydrolysis of the covalent adduct (CI-2) by an enzyme bound water
molecule that is activated by Asp387. The white area represents the region with high po-
tential (A) and free (B) energies. Distances of axis are in Å.

Figure 4.14: Free energy surfaces computed at AM1/MM (A) and corrected at M06-
2X/MM (B) level of theory for the deprotonation of Asp387 by the leaving group.
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Chapter 5

Fundamental Insight into Glycoside
Hydrolase-Catalyzed Hydrolysis of
the Universal Koshland
Substrates–Glycopyranosyl
Fluorides

This chapter comprises the mansucript: "Fundamental Insight into Glycoside Hydrolase-
Catalyzed Hydrolysis of the Universal Koshland Substrates–Glycopyranosyl
Fluorides" which was accepted in the journal ACS Catalysis (2021, 11 (16), 10383-10393.)
Additional materials and methods can be found in the supplementary information: https:
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Marco Farren-Dai,a Natalia Sannikova,a Katarzyna Świderek,b Vicent Moliner,b Andrew
J. Benneta
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Synthesis of substrates and NMR experiments were performed by Sannikova, calculations
were performed by Farren-Dai and Świderek.

5.1 Abstract

We measured a panel of five kinetic isotope effects [KIEs; three secondary deuterium
(1-, 2-, and 5-2H) and two primary (1-13C and 5-18O) effects] for the catalyzed hydrolysis of
α-d-glucopyranosyl fluoride by two inverting glycoside hydrolases (GHs). The experimen-
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tal KIEs were compared to average values computed with multiscale QM/MM methods
for the hydrolysis of α-d-glucopyranosyl fluoride promoted by an inverting α-glucosidase
(Aspergillus niger, GH family 15) to give β-d-glucopyranose, which we explored by the
generation of free energy surfaces. We also measured the same KIEs for catalysis of β-d-
glucopyranosyl fluoride by the Trichoderma virens GH55 inverting β-glucosidase using our
panel of isotopologues; this reaction occurs via the "Hehre resynthesis–hydrolysis mecha-
nism" to give, by two inversions of configuration, the hydrolysis product α-d-glucopyranose.
We conclude that the transition states for both enzymatic reactions are essentially identical
with fluoride ion departure occurring within a glycoside hydrolase active site that stabilizes
pyranosylium ion-like TSs, and with catalysis driven solely by H-bonding assistance from
an enzymatic carboxylic acid residue. That is, no assistance is required from the bound
nucleophile, which in these two cases is either a water molecule (GH15) or a sugar hydroxyl
group (GH55).

5.2 Introduction

Carbohydrate metabolism is central to life, and key players in that process – enzymes
that add or remove sugar units – are found in all biological kingdoms [1]. These enzymes
catalyze the biochemical transfer of carbohydrate units from donor sugars to acceptor
biomolecules or water [2]. Looking in particular at glycoside hydrolases (GHs), the en-
zyme family that is mainly responsible for the hydrolytic cleavage of glycosidic bonds, their
reactivity and specificity has been shaped by evolution such that some GHs are exquisitely
selective toward their natural substrate(s) [3, 4]. Over the years, enzymologists have probed
the mechanisms of action of GHs by using activated, non-natural, aryl glycosides as sub-
strates, in large part, because reactions with those substrates can be monitored easily by
measuring changes in the UV-vis absorbance or fluorescence of the solution. Unfortunately,
that approach provides little useful information for GHs that are highly specific for oligosac-
charides, because most activated aryl glycosides are poor substrates for enzymes that specif-
ically process this type of carbohydrate [3, 5]. Instead, experimentalists have probed the
mechanism of action of these enzymes with glycopyranosyl fluoride substrates [4], which
by virtue of the small fluoride ion leaving group, do not cause steric clashes in the agly-
cone (leaving group) binding locus. Although the absence of interactions in the aglycone
binding site(s) for glycosyl fluoride substrates eliminates the catalytic rate enhancement
afforded by these sub-sites, this lack of added stimulation is offset by the greatly enhanced
leaving group ability of the fluoride ion. Glycopyranosyl fluorides are therefore particularly
useful substrates for inverting (Figure 5.1A) and most retaining GHs, with one notable
exception [6], as they generally exhibit high kcat/Km values [7].

In addition to enzymatic studies, ample work on the reaction mechanisms for non-
enzymatic hydrolysis of glycosyl fluorides provides a solid foundation for understanding the
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Figure 5.1: Mechanisms of reaction for inverting glycoside hydrolases with either an α-
or a β-glucopyranosyl fluoride as substrate. A) Koshland inverting α-glucosidase-catalyzed
hydrolysis of α-maltosyl fluoride, showing the "correct" anomeric stereochemistry of the sub-
strate; the water nucleophile (in red), located at the β-anomeric position, is deprotonated
by the general-base enzymatic residue to give F− and β-maltose. B) Hehre resynthesis-
hydrolysis mechanism with the same inverting α-glucosidase, but with β-maltosyl fluoride,
which has the "incorrect" anomeric stereochemistry; a second sugar located in the aglycone
binding site acts as a nucleophile, while the fluorine, situated in the β-anomeric position, de-
parts with H-bonding assistance by the catalytic glutamic acid. This transglycosylation step
is followed by hydrolysis of the coupled product, occurring in similar fashion to that with α-
maltosyl fluoride. C) Hehre resynthesishydrolysis mechanism for GH55 β-glucosidase with
α-d-glucopyranosyl fluoride (αGluF), which has the "incorrect" anomeric stereochemistry
for this enzyme. D) Transition state for GH15 inverting α-glucosidase, Koshland mechanism
with αGluF, and transition state for Hehre resynthesis-hydrolysis mechanism for GH55 β-
glucosidase with αGluF.
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analogous enzyme-catalyzed mechanisms for these natural substrate mimics [8, 9, 10, 11, 12].
Glycopyranosyl fluorides are unsurpassed in the variety of distinct reaction mechanisms
that have been delineated in solution for the cleavage of their glycosidic C–F bond. These
mechanisms include concerted (SN2, Nuc = N−

3 ) [10]; internal ion-pair return (SNi, ROH =
hexafluoroisopropanol (HFIP), trifluoroethanol) [11, 12]; specific-base promoted (SN2, nuc
= hydroxide, ionized sugar-OH group) [8]; general-base catalyzed (nuc = solvent) [9]; and
acid-catalyzed (SN1) [13].

In 1979, Hehre and co-workers reported that an inverting amylase, a GH that nor-
mally catalyzes the hydrolysis of α-d-glucosidic linkages (Figure 5.1A), hydrolyzed β-d-
glucopyranosyl fluoride, a substrate that has the incorrect anomeric configuration for this
enzyme [14]. Specifically, the enzyme hydrolyzes β-maltosyl fluoride to give β-maltose and
fluoride as the reaction products (Figure 5.1B). Since that time, several other inverting
GHs have been shown to hydrolyze glycosyl fluoride substrates of the ‘wrong’ anomeric
configuration [15, 16, 17, 18, 19]. Of note, this GH-catalyzed reaction, which is known as
the ‘Hehre resynthesis-hydrolysis mechanism’ (Figure 5.1B), typically displays complex
reaction kinetics, exhibiting a second-order term in substrate concentration, as the reaction
involves one molecule of the ’wrong’ anomeric fluoride acting as an acceptor in the cat-
alytic cycle to form a new glycosidic bond in a dimeric transglycosylation product. In other
words, the formation of the transglycosylation product (Figure 5.1B) is possible due to
the small size and reactivity of the anomeric fluoride, which can orient itself in the position
normally occupied by the water nucleophile in the classical mechanism (Figure 5.1A). In
addition, the residue that deprotonates the water nucleophile in the classical inverting mech-
anism can, when protonated, assist fluoride ion departure by H-bonding (Figure 5.1B).
Critically, the initial coupled transglycosylation product has the correct anomeric stereo-
chemistry for it to be a substrate for the GH that made it (Figure 5.1B) [18]. Isolation
of the initial transglycosylation product has been described in some reports detailing the
‘Hehre resynthesis-hydrolysis mechanism’ [20, 21]. Of particular interest to us, this initial
transglycosylation reaction closely resembles that of the microscopic reverse reaction, i.e.,
the standard hydrolysis reaction.

The common use of carbohydrates containing fluoride leaving groups for reactivity stud-
ies on GHs [22] and glycosyltransferases [23] continues notwithstanding the lack of in-depth
mechanistic investigations [24]. Therefore, we set out to compare the detailed mechanisms
for an inverting α-glycoside hydrolase that catalyzes hydrolysis and an inverting β-glycoside
hydrolase that catalyzes the transglycosylation reaction in the ‘Hehre resynthesis–hydrolysis
mechanism’ using the same substrate, α-d-glucopyranosyl fluoride (Figure 5.1C). In partic-
ular, we aimed to determine the transition state (TS) structures for these two GH-catalyzed
reactions (Figure 5.1D) by a combined strategy of experimental determination of multi-
ple kinetic isotope effects (KIEs) and theoretical modelling of the TS for the inverting GH
mechanism [25, 26]. This approach yields information about the geometry, charge develop-
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ment, and extent of bond cleavage and bond formation at the reaction TS [27]. In the first
part the study reported herein, we experimentally obtained five V/K KIE measurements
for both the GH15 α-glucosidase inverting glucoamylases from A. niger and Rhizopus sp.
We subsequently compare these values to the KIEs reported for the R. niveus enzyme by
Tanaka et al. [24], which were measured using tritium and carbon-14 isotopologues by a
scintillation counting methodology. We then model the TSs for the A. niger glucoamylase
catalyzed hydrolysis reaction using quantum mechanics/molecular mechanics (QM/MM)
methods with high level Density Functional Theory (DFT) to treat the QM sub-set of
atoms. These modeled TSs for the inverting mechanism are validated by comparing their
associated theoretical KIEs with the experimental KIE data. In the second part of this work,
we study the kinetics of the Hehre resynthesis-hydrolysis mechanism for α-d-glucopyranosyl
fluoride (αGluF) with a GH55 inverting exo-1,3-β-glucanase, which is a β-glucoside process-
ing enzyme, from Trichoderma virens (Figure 5.1C). Echoing the first section of work, we
then obtain an analogous panel of V/K KIE measurements for the production of fluoride
from αGluF, in the presence of an acceptor sugar, and we note the similarities of these values
to those measured for the inverting α-glucosidase. This allowed us to compare the TSs for
an α-glucosidase inverting mechanism and for a β-glucosidase Hehre resynthesis-hydrolysis
mechanism (Figure 5.1D).

5.3 Results and Discussion

5.3.1 Mechanism of GH15 catalyzed hydrolysis of α-d-glucopyranosyl flu-
oride

To the best of our knowledge, within the confines of GH active sites, glycosyl fluorides
are universal substrates for glycoside hydrolases that operate via either of the two classical
Koshland mechanisms [28]. In addition, these substrates exhibit low forward commitment
factors (cf = k2/k−1, Scheme 5.1) for the cleavage of the anomeric C–F bond [7, 24],
meaning that C–F bond cleavage is rate limiting and measured KIEs are intrinsic values;
this conclusion has been reported previously with a GH15 enzyme-catalyzed hydrolysis of
α-d-glucopyranosyl fluoride [24, 29].

Scheme 5.1: Scheme for the hydrolysis of α-d-glucopyranosyl fluoride by inverting α-
glucosidases

We initiated this mechanistic study by measuring a panel of five KIEs for the Rhizopus
sp. enzyme. To improve S/N for the NMR data acquisition, we used a higher pH (6.05) and
a lower temperature (25 °C), than that reported by Tanaka et al. (pH = 4.8, T = 30 °C) for
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their determination of intrinsic KIEs [24]. Our measured effects, which are remarkably simi-
lar to those reported previously (Table 5.1) [24], are also intrinsic KIE values. In analyzing
the data, we noted the magnitude of the β-secondary deuterium KIE (β-SDKIE, kH/kD =
1.053, Table 5.1), which is smaller than typical values for glycosyl transfer reactions in so-
lution such as the specific-acid catalyzed hydrolyses of methyl α-d-glucopyranoside (kH/kD

≈ 1.073) [30]. These β-SDKIEs arises primarily from hyperconjugative weakening of the
C2–H/D bond via a two-electron interaction with the nascent p-orbital on the anomeric
carbon [30, 31]. As such these β-SDKIEs are sensitive to the dihedral angle between the
C2–H bond and the C–F σ*-orbital [31] (H–C2–C1–F) and the degree of anomeric positive
charge at the TS. GHs have evolved to stabilize positively charged TSs and this provides
significant rate acceleration even in the absence of general acid or nucleophilic catalysis [32].
Such TS stabilization is likely achieved by synchronizing leaving group departure with pos-
itive charge delocalization onto the ring oxygen atom. Whereas in non-enzymatic reactions,
imperfect synchronization of charge delocalization can be identified by ring 18O-KIE mea-
surements that are close to unity (k16/k18 ≈ 1) [30]: poorly delocalized charge at the TS
results in a greater need for hyperconjugative stabilization and hence larger intrinsic β-
SDKIEs are expected for reactions in solution [33].

Enzymes GH family Anomeric 13C Ring 18O α-SDKIE β-SDKIE γ-SDKIE
Rhizopus sp.b GH15 1.013 ± 0.002 0.987 ± 0.005 1.150 ± 0.020 1.053 ± 0.013 0.969 ± 0.005

R. niveusc GH15 1.017 1.171 1.058
A. nigerc GH15 1.011 ± 0.004 0.986 ± 0.003 1.130 ± 0.026 1.039 ± 0.003 0.967 ± 0.004

A. niger QM/MMd GH15 1.022 ± 0.006 0.974 ± 0.014 1.102 ± 0.020 1.044 ± 0.013 0.953 ± 0.009
T. virense GH15 1.010 ± 0.003 0.980 ± 0.015 1.128 ± 0.013 1.051 ± 0.005 1.020 ± 0.005

aValues are the mean and standard deviation for at least three separate experimental de-
terminations. bConditions: pH 6.05 and 25.0 °C. c Expected values for 13C and 2H-KIEs
calculated from the 14C and 3H-KIE values reported by Tanaka et al. (pH = 4.80 T = 30
°C) [24]. dAveraged 13C-, 18O-, and 2H-KIEs computed at M06-2X/MM level at 300 K for
the A. niger GH15 glycoside hydrolase-catalyzed hydrolysis of α-d-glucopyranosyl fluoride.
Results are derived from the 16 combinations of the 4 most stable structures of the substrate
in aqueous solution and 4 structures of the transition state localized in the active site of
the enzyme. e Conditions: pH 6.05 and 40.0 °C.

Table 5.1: Experimental and QM/MM computed V/K KIEs for the Enzyme-Catalyzed
Hydrolyses of α-d-Glucopyranosyl Fluoride.a

Our measured anomeric carbon KIE (k12/k13 = 1.013, Table 5.1) is in the range
reported for typical α-glucosidase-catalyzed SN1-type reactions (k12/k13 ≈ 1.007 [24] to
1.010 [34]), while much larger values have been disclosed for GH-catalyzed reactions in
which glycosylation occurs via associative SN2-like TSs (k12/k13 = 1.028 [35] and 1.032 [34]).
Although experimental α-SDKIEs for the aqueous reactions of α-d-glucopyranosyl fluoride
span a wide range, the value for an SN2 reaction (azide nucleophile, kH/kD = 1.192 [10]) is
remarkably similar to that for SN1 H3O+-catalyzed hydrolysis (kH/kD = 1.219 [13]). There-
fore, our best approach for characterization of glycoside hydrolase TS structures required
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the measurement of a panel of KIEs and the subsequent use of those values in conjunction
with whole enzyme QM/MM computation.

Figure 5.2: Plots of the change in integrated isotopologue peak intensity ratios (R) versus
fraction of reaction for the light isotopologue (F1) for the measurement of competitive KIE
values on the GH15 enzyme from Aspergillus niger. A) data from an experimental measure-
ment of k(1−12C)/k(1−13C). B) data from an experimental measurement of k(5−16O)/k(5−18O).
The lines shown are the best nonlinear least squares fit to Equation 5.1.

To arrive at our mechanistic conclusions we compared experimental KIEs to those com-
puted using QM/MM methods. We selected a GH15 glucoamylase for which a 3D structure
is known [36] so that we could combine a detailed panel of KIE measurements with QM/MM
calculations performed on the whole enzyme. We used the same isotopologue panel to mea-
sure the KIEs for the Aspergillus niger glucoamylase (Table 5.1) and for these experiments
we used 19F NMR spectroscopy to measure competitive KIEs by monitoring the ratios of
α-d-glucopyranosyl fluoride isotopologues as the reaction progressed [37]. We integrated
individual 19F NMR signals to obtain relative ratios (R) for each α-d-glucopyranosyl fluo-
ride isotopologue as a function of the fraction of reactions (F1) for the unlabelled starting
material using an inert internal standard [3,5-difluorophenyl β-d-(1-2H)galactopyranoside].
Typical examples of the nonlinear least-squares fit of the fraction of reaction for the light
isotopologue (F1) versus the ratio of heavy to light isotopologues (R) to Equation 5.1 for
the experimental KIE data are illustrated in Figure 5.2 for the Aspergillus niger enzyme.
Table 5.1 lists the mean and standard deviation values for all enzymatic V/K KIEs derived
from three replicate experiments, while Tables 5.3-5.4 (Appendix 5.A) list all calculated
KIEs for each individual experiment.

R = R0 × (1 − FL)(
1

KIE
−1) (5.1)
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Having measured these five KIEs we then generated a starting point for our QM/MM
calculations using the reported 3D structure [36] where we replaced the bound active site
glycerols with a single α-d-glucopyranosyl fluoride molecule (charges and parameters used in
the computations are given in Tables 5.5-5.7, Appendix 5.A). In this initial Michaelis com-
plex, the substrate was orientated to mimic the interactions of 1-deoxynojirimycin within
the active site of the GH15 glucoamylase from A. awamori [38], a homolog of the A. niger
enzyme.

After equilibrating the full enzyme solvated in a box of water molecules (Figure 5.8,
Appendix 5.A), we generated free energy surfaces (FESs) using a hybrid QM/MM approach
to explore the catalytic itinerary for the hydrolysis of αGluF catalyzed by the GH15 invert-
ing glucoamylase from A. niger (see Appendix 5.A for details). The key interactions between
the A. niger enzyme and the substrate are shown schematically in Figure 5.9 (Appendix
5.A). We used the complete free energy landscape, deduced from the QM/MM FESs, which
are shown in Figure 5.3, to detail the reaction coordinate and the enzyme bound species
that occur during the catalytic cycle (Figure 5.4). Based on the computed reaction free
energy profiles, we conclude that the rate-limiting step for this GH15-catalyzed process is
fluoride ion departure (Figure 5.5). Regardless, all of our competitive KIE measurements
report on the second-order enzymatic rate constant kcat/Km, a rate constant that includes
all steps up to and including C–F bond cleavage [33, 39].

5.3.2 Transition State Analysis

Our theoretical calculations show that the hydrolysis of α-d-glucopyranosyl fluoride
catalyzed by the A. niger GH15 inverting α-glucosidase involves two separate chemical
steps and is therefore a SN1-type reaction, as revealed by the FESs depicted in Figure 5.3.
Cleavage of the C–F bond is rate-determining and this step involves H-bonding assistance,
rather than a general-acid-catalyzed proton transfer, to the nascent fluoride ion. As a result,
a bound glucopyranosylium ion intermediate (INT in Figure 5.3) is formed within the
active site, existing along with the nucleophilic water which is only weakly coordinated
to the anomeric carbon. Once the fluoride ion leaving group has diffused from the active
site the second TS–which has a lower free energy than that for glycosidic bond cleavage–is
traversed during attack on the anomeric center by the coordinated water molecule to give
the reaction product β-d-glucopyranose (Figure 5.10, Appendix 5.A). The measured KIEs
listed in Table 5.1 are competitive values that report on steps up to the first irreversible step
(kcat/Km; C–F cleavage); therefore, to compute QM/MM KIEs we optimized the possible
ground state structures of α-d-glucopyranosyl fluoride in solution and those at the TS for
formation of the glucopyranosylium ion intermediate. Specifically, we fully optimized the
structures corresponding to the Michaelis complex (RCT), the rate-limiting transition state
(TS1), and the first formed cationic intermediate (INT) at the DFT/MM level (Figure
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5.6B-D). A list of key interatomic distances, bond and torsional angles, and atomic charges
are compiled in Tables 5.8-5.10 (Appendix 5.A).

To prepare the reaction ground state of α-d-glucopyranosyl fluoride (GluF) in water,
we forced the molecule to adopt typical six-membered ring carbohydrate conformations (12
envelopes, 12 half-chairs, 6 boats, 6 skew-boats, and 2 chairs). We then minimized these
structures at the M06-2X/6-31+G(d,p) level with the CPCM continuum model mimicking
the water solvent to give a variety of local minima. The different conformers, whose relative
free energies are graphically shown in Figure 5.11 (Appendix 5.A), can be placed into eight
groups according to the Cremer-Pople puckering indexes as shown in a Mercator projection
(Figure 5.12, Appendix 5.A). Thus, we investigated various GluF geometries obtained
with this continuum model of water by conformational sampling with QM/MM explicit
models, and the most stable conformations were fully optimized. Finally, we computed the
KIEs using the optimized structures of our solvated ground state (Figure 5.6A) and the
transition state for the fluoride ion departure (Figure 5.6C). The results are reported in
Table 5.1.

5.3.3 Hehre resynthesis-hydrolysis mechanism for GH55 catalyzed reac-
tions of α-d-glucopyranosyl fluoride

To study the mechanism in depth, we first tested whether an inverting β-glucosidase,
from glycoside hydrolase family 55 (GH55), was capable of hydrolyzing αGluF without the
presence of added acceptor sugars. These reactions were run in NMR tubes and the reaction
progress was monitored by 19F NMR spectroscopy. As the Hehre resynthesis-hydrolysis
mechanism requires the enzyme to be in its reverse protonation state, general-base catalyzed
glycosylation (Figure 5.1C) reactions generally need a high concentration of enzyme (1.9
µM) to enable continuous monitoring of the catalyzed reaction. We measured the initial
reaction rates by 19F NMR spectroscopy in the presence of an inert internal standard and
converted the relative integral intensities, as a function of time, into concentrations. We
then performed linear fits of the concentration versus time data to obtain the initial rates
for the GH55-catalyzed hydrolysis of αGluF (Figure 5.13, Appendix 5.A).

Scheme 5.2: Kinetic scheme for the transformation of α-d-glucopyranosyl fluoride by the
GH55 exo-1,3-β-D-glucanase from T. virens.
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Figure 5.3: M06-2X:AM1/MM free energy surfaces corresponding to the catalytic itinerary
for the hydrolysis of αGluF catalyzed by the GH15 inverting glucoamylase from A. niger.
(A) Key distances that change during the α-glucosidase-catalyzed cleavage of the C–F
bond in GluF to give bound cation INT. (B) Cleavage of the glycosidic C–F bond from the
Michaelis complex (RCT) to give a bound glucopyranosylium ion (INT). (C) Key distances
that change during the catalyzed formation of the C–O bond in β-GluOH. (D) Nucleophilic
attack of the active site water on the glucopyranosylium ion intermediate INT’ to give
the enzyme-bound product β-d-glucopyranose (PDCT). Distances are reported in Å and
energies of iso-energetic lines in kJ·mol−1.
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Figure 5.4: Computed reaction coordinate for the enzyme-bound species on the catalytic
itinerary for the hydrolysis of αGluF catalyzed by the GH15 inverting glucoamylase from
A. niger. All carbon and the ring oxygen atom numbers are shown for the substrate (α-d-
glucopyranosyl fluoride) in the Michaelis complex (RCT).

Figure 5.5: QM/MM free energy profile, deduced from the FESs of Figure 5.3, for the
hydrolysis of αGluF catalyzed by the GH15 inverting glucoamylase from A. niger.
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Figure 5.6: Detail of the M06-2X:AM1/MM optimized structures of the key states involved
in the catalytic itinerary for the hydrolysis of α-GluF catalyzed by the GH15 inverting glu-
coamylase from A. Niger. A) ground state in aqueous solution in its 4C1 conformation, B)
Michaelis complex, C) transition state for fluoride ion departure, and D) bound glucopyra-
nosylium ion intermediate. The catalytic glutamic acids are labelled, the reported distances
are in Å, and the H2–C2–C1–F dihedral angle at the computed TS is given in degrees.
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The Hehre resynthesis-hydrolysis mechanism can be described by the random sequen-
tial kinetic model shown in Scheme 5.2, where E denotes enzyme, and S is the substrate
(αGluF), subscripts refer to the sugar-binding sites in the active site, and α is the propor-
tionality constant governing the ratio of binding constants. We made the assumption that
the transglycosylation step (k0) is the kinetically significant step for fluoride ion production
and that all binding events preceding this chemical step are rapid. The kinetic expression for
the transglycosylation reaction under these conditions is given by Equation 5.2 [18]. We
performed non-linear least square regression of the rate versus concentration data to Equa-
tion 5.2, with the constraint that all variables must be positive, and determined that the
derived value for parameter c was equal to zero. This outcome stipulates that there are no
complexes of one α-d-glucopyranosyl fluoride detectable and that the affinity of the single
substrate enzyme complex for the second αGluF is much greater than the affinity of the free
enzyme for the first molecule of substrate. We accordingly fit our rate concentration data
to a two-parameter model (Equation 5.3, n = 2; r2 = 0.9949). Becker et al. have reported
similar kinetics for the Hehre resynthesis-hydrolysis of α-cellobiosyl fluoride by Cel6A en-
zymes [18]. Of note, GH55 enzymes have multiple sugar-binding subsites, for example, the
substrate-binding cleft of SacteLam55A laminarinase consists of six carbohydrate-binding
sites [40], while the CtLam55 laminarinase has a more open substrate-binding cleft, with
the key interactions at –1, +1 and +2 sites providing the proper positioning of the sub-
strate [41]. For our study, we note that the r2 value for the fit of the T. virens GH55
rate/concentration data is marginally improved if the cooperativity coefficient (n) in the
Hill equation is allowed to vary (Equation 5.3). Such a fit gives a Hill coefficient of 2.4 ±
0.2 (r2 = 0.9975), which indicates that species with two or more αGluF molecules bound
to the enzyme are catalytically active. The derived parameters for these two models for
the hydrolysis of αGluF by the T. virens enzyme are given in Table 5.2 (Figure 5.13,
Appendix 5.A).

v = k0 [E]0 [S]2(
b + c [S] + [S]2

) (5.2)

v = kcat [E]0 [S]n

(Km + [S]n) (5.3)

Equation kcat (s−1) KmApp (mM)h

Hill (h=2.4 ± 0.2) 0.056 ± 0.001 0.040 ± 0.05
Two-parameter model (h=2) 0.058 ± 0.001 0.050 ± 0.05

Table 5.2: Kinetic Parameters for the Hydrolysis of α-d-Glycopyranosyl Fluoride Cat-
alyzed by the T. virens GH55 in Sodium Succinate Buffer (100 mM, pH 6.05) at 40 °C.
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5.3.4 Measurement of V/K KIEs

Our strategy for measuring the V/K KIE values for GH55 enzyme catalysis via the
Hehre resynthesis-hydrolysis mechanism (Figure 5.1C) was as follows: i) simplify the re-
action kinetics to first order in αGluF, we used a large excess of an inert acceptor sugar,
thereby accelerating the reaction, and ii) determine the better of two inert acceptors tested,
which was achieved by monitoring in separate reactions the rate of transglycosylation by
determining fluoride ion release from the activated fluorinated substrate in the presence
of an inert acceptor sugar. Our results show that addition of methyl α-d-glucopyranoside
(94 mM) or phenyl 1-thio-β-d-glucopyranoside (67 mM), increases the rate of fluoride ion
production from αGluF, with the latter acceptor affecting a greater enhancement in the
rate of fluoride production. The observation that βGluSPh increases the reaction rate, at
saturating concentrations of αGluF (>9 mM, see Figure 5.13, Appendix 5.A) , means that
even if αGluF has the higher affinity for the +1 site, activation by βGluSPh will only occur
if the ternary complex E·αGluF–1·βGluSPh+1 has a higher reactivity than the complex of
the enzyme with two αGluFs (E·αGluF–1·αGluF+1, Scheme 5.2). Otherwise, the addition
of the inert acceptor would result in inhibition of transglycosylation.

We then measured V/K isotope effects using a similar strategy to that detailed above for
the GH15 catalyzed hydrolysis reactions. For the GH55 enzyme, we used 3,5-difluorophenyl
β-d-galactopyranoside as the inert internal standard. Figure 5.7 gives typical examples
of the nonlinear least-squares fit to Equation 5.1 of the fraction of reaction for the light
isotopologue (F1) versus the ratio of heavy to light isotopologues (R) for the experimental
KIE data. Table 5.1 lists the obtained KIE mean values and the associated standard
deviation values based on at least three replicate experiments, while Table 5.11 (Appendix
5.A) lists the KIEs obtained for all individual experiments.

5.3.5 Hehre Resynthesis-Hydrolysis Mechanism

The remarkable similarity between the measured KIE values for the Hehre resynthesis-
hydrolysis mechanism catalyzed by the T. virens GH55 β-glucosidase and the corresponding
values for the GH15 inverting α-glucosidase from A. niger (Table 5.1) is consistent with the
two mechanisms being essentially identical. The Hehre resynthesis-hydrolysis mechanism
involves a SN1 ionization of the bound α-d-glucopyranosyl fluoride in which the fluoride
leaving group is likely hydrogen-bonded to either solvent or an active site carboxylic acid
residue. The resulting glucopyranosylium ion intermediate is trapped by the bound requisite
acceptor sugar, forming a β-disaccharide that is then hydrolyzed by the enzyme. With regard
to the γ-SDKIEs measured for the Koshland and Hehre mechanisms detailed in this report,
we note that for enzyme-catalyzed glycosyl transfer reactions, it is not uncommon for the
γ-SDKIE to be either normal (kH/kD > 1) [42] or inverse (kH/kD < 1) [43]; therefore, we
expect that γ-SDKIEs will be the least diagnostic of the panel of KIEs measured.
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Figure 5.7: Plots of the change in integrated isotopologue peak intensity ratios (R) versus
fraction of reaction for the light isotopologue (F1) for the measurement of competitive KIE
values on the Hehre resynthesis-hydrolysis mechanism catalyzed by the GH55 enzyme from
Trichoderma virens: A) data from an experimental measurement of k2−1H/k2−2H. B) data
from an experimental measurement of k5−1H/k5−2H. The lines shown are the best nonlinear
least squares fit to Equation 5.1.

5.3.6 Unified Mechanism of Catalysis

The similarity of the experimental KIEs for these two glycosyl transfer reactions using
GluF points to a commonality of mechanism and more importantly TS structure. Fluoride
departure involves hydrogen-bonding assistance but not proton transfer, and this interac-
tion facilitates the formation of a cationic intermediate within the confines of the enzymatic
active site. Acid-catalyzed GluF hydrolysis in aqueous solution–an environment where no
preorganized structures exist to stabilize positive charge development–requires hydronium
ion (H3O+) catalysis by way of a late TS [13]. We suggest that glycosyl fluorides are uni-
versal substrates for glycoside hydrolases that operate by a Koshland mechanism as a result
of the efficient H-bonding catalysis provided by the ubiquitous catalytic carboxylic acid
residue. This H-bonding interaction provides more than enough TS stabilization to result
in high kcat/Km values for the hydrolysis of glycopyranosyl fluorides with an active site that
catalyzes anomeric positive charge development.

5.4 Conclusions

We measured five experimental KIEs and performed QM/MM calculations on the whole
enzyme for the hydrolysis of α-d-glucopyranosyl fluoride catalyzed by an inverting glycoside
hydrolase from A. niger (family GH15). We conclude that within a glycoside hydrolase ac-
tive site glycopyranosyl fluorides–a class of compounds that react via Koshland and Hehre
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mechanisms–traverse pyranosylium ion-like transition states. Furthermore, to achieve effi-
cient enzyme catalysis requires of these agents that the active site: i) must be predisposed
for the stabilization of positive charge development and ii) contains a single H-bonding
donor to interact with the nascent fluoride ion leaving group. In other words, catalysis does
not require any nucleophilic attack at the anomeric C–F bond cleavage transition state.

5.5 Materials and Methods

d-(1-13C)Glucose was purchased from Omicron Biochemicals, Inc. d-(1-2H)Glucose, d-
(2-2H)glucose, d-(5-2H)glucose, and d-(5-18O)glucose were prepared according to known
protocols [11, 30]. α-d-Glucopyranosyl fluoride and its singly labelled isotopologues were
prepared from the correspondingly labelled 1,2,3,4,6-penta-O-acetyl-d-glucopyranose in two
steps according to a previously reported procedure. [44] Amyloglucosidases from A. niger
and Rhizopus sp. and exo-1,3-β-d-glucanase from T. virens were purchased from Megazyme.
Phenyl 1-thio-β-d-glucopyranoside was made by following the procedure of Mende et al. and
it had identical NMR parameters to those reported [45].

5.5.1 Initial rate of Fluoride Ion Release for GH-55 Catalyzed Reactions

Reactions were carried out in 100 mM sodium succinate buffer, pH 6.05 at 40 °C with
1.9 µM enzyme. The hydrolysis of unlabelled α-d-glucopyranosyl fluoride in the absence of
additional acceptor was measured with 1.9 µM enzyme using the same conditions reported
below for the KIE measurements, except that only 15 spectra were acquired. Free induction
decay (FID) data were processed in a similar manner. Integral intensities were converted to
the corresponding substrate concentrations and then plot versus time. Fitting this kinetic
data by a standard linear regression in GraphPad Prism 7.04 yielded the initial rates of
GH55-catalyzed hydrolysis of αGluF.

5.5.2 KIE Measurements for GH15 Inverting α-Glucosidase

Competitive V/K KIEs were measured using 19F NMR spectroscopy on a Bruker AVANCE
III 600 MHz spectrometer equipped with a quadruple carbon inverse (QCI) cryoprobe.
Fluorine-19 T1 values were measured for 3,5-difluorophenyl β-d-(1-2H)galactopyranoside
(internal standard), unlabelled α-d-glucopyranosyl fluoride and α-d-(1-13C)glucopyranosyl
fluoride at 25 °C using standard inversion recovery pulse sequence and were determined to
be 1.157 s, 0.760 s and 0.704 s, respectively. In a typical experiment, a mixture of two or
three labelled αGluF isotopologues (approx. 1.0 mg of each) and internal standard (0.5 mg)
was dissolved in 650 µL of buffer (100 mM sodium succinate, pH 6.05, 1% w/v BSA, 50
mM NaCl, 10% v/v D2O) and transferred into a standard 5 mm glass NMR tube. Reac-
tions were initiated by the addition of enzyme (8-10 µL of 1 mg mL−1). The magnetic field
was shimmed to obtain symmetrical (as close to a Lorentzian shape as possible) peaks. An
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initial set of 1H NMR and 19F NMR spectra were acquired before sequentially acquiring
more than 50 quantitative proton-decoupled 19F NMR spectra using an inverse-gated pulse
sequence [46]. FIDs were acquired for 16 scans (acquisition time per scan of 0.6 s) with a
relaxation delay of 21 s (5.75 min per spectrum).

The resultant quantitative 19F spectra were deconvolved by performing the following
operations: (i) Fourier transformation of the FIDs was performed with two-fold zero-filling
and application of an exponential line broadening between 2.0 and 2.5 Hz; (ii) spectra were
manually phased and baseline corrected using MestReNova version 10.0.2; (iii) spectra were
fit using standard MestReNova line fitting algorithm for a generalized Lorentzian line shape;
(iv) to optimize the calculated fit peak positions, peak widths at half-height, peak heights
and optimal combination of Lorentzian and Gaussian (L/G) shapes for each individual peak
were allowed to vary; and (v) the peak areas were normalized relative to that of the internal
standard. Then, for each spectrum the fraction of reaction (F1) for the lighter isotopologue
and the associated R values were calculated from the respective integrals. These data were
then fit using GraphPad Prism 7.05 and a nonlinear least squares regression to Equation
5.1 [33].

5.5.3 KIE Measurements for the Hehre Resynthesis-Hydrolysis Mecha-
nism Catalyzed by a GH55 Inverting β-Glucosidase

To monitor whether the addition of an inert sugar-based acceptor increases the rate of
fluoride ion production, which is equivalent to the transglycosylation rate, we performed the
reaction in an NMR tube using 1 mg (>9.0 mM final concentration) of unlabeled αGluF and
3.8 µM enzyme. The 19F NMR spectrum acquired after 45 min showed the resonance for
fluoride ion in aqueous media (–120 ppm), and we observed increased fluoride production
from αGluF in the presence of 10 mg of either methyl α-d-glucopyranoside or phenyl 1-thio-
β-d-glucopyranoside; the latter acceptor is associated with a greater increase in the fluoride
ion signal intensity.

All KIE measurement procedures were identical to those used for the GH15 enzymes
except: (i) T1 values were measured at 40 °C and a pH value of 6.05 using standard in-
version recovery pulse sequence and determined to be 0.898 s, 0.936 s, 0.874 s and 1.156
s, respectively, (ii) acceptor sugar phenyl 1-thio-β-d-glucopyranoside (approx. 10 mg) was
added to each reaction mixture, (iii) the internal standard was 3,5-difluorophenyl β-d-
galactopyranoside (0.5 mg), (iv) the reaction buffer (100 mM sodium succinate, pH 6.05,
1% w/v BSA, 50 mM NaCl, 10% v/v D2O) to which a mixture of two or three labelled
αGluF isotopologues (approx. 1.0 mg of each) were dissolved to give a volume of 450 µL in a
standard 5 mm NMR tube, and (v) reaction initiation required (100 µL from a 2 mg mL−1

enzyme stock solution). The magnetic field was shimmed to obtain symmetrical (as close
to a Lorentzian shape as possible) peaks. A 1H-NMR and 19F-NMR spectra were acquired
before sequentially acquiring more than fifty quantitative proton-decoupled 19F-NMR spec-
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tra using an inverse-gated pulse sequence. Free induction decay (FID) traces were acquired
for 32 scans (acquisition time per scan of 0.6 s) with a relaxation delay of 12 s (6.7 min per
spectrum). The resultant quantitative 19F-NMR spectra were deconvolved by performing
the following operations: (i) Fourier transformation of the FIDs was performed with two-
fold zerofilling and application of an exponential line broadening between 4.0 and 5.0 Hz;
(ii) spectra were manually phased and baseline corrected using MestReNova version 10.0.2;
(iii) spectra were fit using a standard MestReNova line fitting algorithm for a generalized
Lorentzian line shape; (iv) each individual peak area was optimized by varying the calcu-
lated fit peak positions, peak widths at half-height, peak heights and optimal combination
of Lorentzian and Gaussian (L/G) shapes; and (v) the fitted peak areas were normalized
relative to the internal standard. For each spectrum, the fraction of reaction (F1) for the
lighter isotopologue and the associated R values were calculated from the respective inte-
grals. These data were then fit using GraphPad Prism 8.0 and a non-linear least squares
regression to Equation 5.1.

5.5.4 Computer Simulations

The initial coordinates for the computer simulations were taken from the X-ray structure
available in the Protein Data Bank with code 3EQA [36]. The charges and parameters
of α-d-glucopyranosyl fluoride substrate were obtained using the Antechamber software
package [47] along with a general AMBER force field (GAFF) [48]. After computing the
pKa of the titratable residues of the enzyme with using PROPKA ver 3.1 [49], hydrogen
atoms were added and the full system was solvated with an orthorhombic box of TIP3P
water molecules [50]. NAMD software [51] with the AMBER force field [48] was used to run
classical molecular dynamics (MD) simulations to equilibrate the system. A catalytically
favorable conformation from the MM MD simulation was taken as the starting point for
the QM/MM calculations with fDynamo library. [52] Substrate and the active site glutamic
acid/glutamate residues were treated with the AM1 semiempirical method [53], while the
protein and the water molecules were described with the OPLS [54] and TIP3P [50] classical
force fields, respectively.

Exploration of the QM/MM Potential Energy Surfaces (PES) was carried out by choos-
ing the appropriate combination of internal coordinates in every single step of the reaction.
Then, FESs were obtained, in terms of two dimension potential of mean force (2D-PMF),
using the Umbrella Sampling approach [55, 56] combined with the Weighted Histogram
Analysis Method (WHAM) [57] using the structures generated during the exploration of
the PESs. Afterwards, a correction term was interpolated to any value along the reaction
coordinates in the FES by means of a continuous energy function using a high level DFT
method, M06-2X with the 6-31+G(d,p) basis set [58]. Finally, averaged KIEs were calcu-
lated from isotopic substitution of the key atoms from localized ground state (GS) and
transition state (TS) structures.
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5.A Supplementary Information for Chapter 5

Characterization data for α-d-glucopyranosyl fluoride isotopologues.
α-d-Glucopyranosyl fluoride: mp 121.2–122.9 °C (lit. [1] 118–120 °C) ; 1H NMR (600 MHz,
D2O) δ 5.70 (dd, J = 53.5, 2.8 Hz, 1H, H-1), 3.88 (dd, J = 12.1, 2.1 Hz, 1H, H-6), 3.84
(ddd, J = 10.0, 5.0, 1.6 Hz, 1H, H-5), 3.80 (dd, J = 12.1, 5.0 Hz, 1H, H-6’), 3.75 (t, J = 9.6
Hz, 1H, H-3), 3.62 (ddd, J = 26.4, 9.9, 2.8 Hz, 1H, H-2), 3.52 (t, J = 9.7 Hz, 1H, H-4); 13C
NMR (151 MHz, D2O) δ 107.32 (d, J = 222.9 Hz, C-1), 74.14 (d, J = 3.2 Hz, C-5), 72.34
(C-3), 71.01 (d, J = 24.9 Hz, C-2), 68.51 (C-4), 60.08 (C-6); 19F NMR (565 MHz, D2O) δ

–151.20 (dd, J = 53.6, 26.4 Hz); ESI-MS for C6H11O5F m/z calcd for (M+Na+) 205.0483,
found 205.0484.

α-d-(1-2H)Glucopyranosyl fluoride: mp 121.4–123.3 °C; 1H NMR (600 MHz, D2O) δ

3.88 (dd, J = 12.1, 2.0 Hz, 1H, H-6), 3.84 (ddd, J = 9.9, 5.0, 1.9 Hz, 1H, H-5), 3.80 (dd, J =
12.1, 5.0 Hz, 1H, H-6’), 3.75 (t, J = 9.6 Hz, 1H, H-3), 3.62 (dd, J = 26.3, 9.9 Hz, 1H, H-2),
3.52 (t, J = 9.6 Hz, 1H, H-4); 13C NMR (151 MHz, D2O) δ 74.11 (d, J = 3.3 Hz, C-5),
72.34 (C-3), 70.91 (d, J = 25.1 Hz, C-2), 68.51 (C- 4), 60.08 (C-6); 19F NMR (565 MHz,
D2O) δ –151.92 (dt, J = 26.4, 7.9 Hz); ESI-MS for C6H10DO5F m/z calcd for (M+Na+)
206.0545, found 206.0552.

α-d-(2-2H)Glucopyranosyl fluoride: mp 121.5–123.0 °C; 1H NMR (600 MHz, D2O) δ

5.70 (d, J = 53.5 Hz, 1H, H-1), 3.88 (dd, J = 12.1, 2.0 Hz, 1H, H-6), 3.84 (ddd, J = 10.0,
5.0, 2.0 Hz, 1H, H-5), 3.80 (dd, J = 12.1, 4.9 Hz, 1H, H-6’), 3.75 (d, J = 9.4 Hz, 1H, H-3),
3.52 (t, J = 9.7 Hz, 1H, H-4); 13C NMR (151 MHz, D2O) δ 107.31 (d, J = 222.6 Hz, C-1),
74.13 (d, J = 3.3 Hz, C-5), 72.29 (C-3), 68.51 (C-4), 60.08 (C-6); 19F NMR (565 MHz, D2O)
δ –151.40 (dt, J = 53.6, 3.2 Hz); ESI-MS for C6H10DO5F m/z calcd for (M+Na+) 206.0545,
found 206.0549.

α-d-(5-2H)Glucopyranosyl fluoride: mp 121.9–123.7 °C; 1H NMR (600 MHz, D2O) δ

5.70 (dd, J = 53.5, 2.8 Hz, 1H, H-1), 3.88 (d, J = 12.5 Hz, 1H, H-6), 3.79 (d, J = 12.5 Hz,
1H, H-6’), 3.75 (t, J = 9.6 Hz, 1H, H-3), 3.62 (ddd, J = 26.4, 9.9, 2.8 Hz, 1H, H-2), 3.52 (d,
J = 9.3 Hz, 1H, H-4); 13C NMR (151 MHz, D2O) δ 107.33 (d, J = 222.8 Hz, C-1), 72.33
(C-3), 71.01 (d, J = 25.0 Hz, C-2) , 68.45 (C-4), 60.02 (C-6); 19F NMR (565 MHz, D2O) δ

–151.17 (dd, J = 53.8, 26.6 Hz); ESI-MS for C6H10DO5F m/z calcd for (M+Na+) 206.0545,
found 206.0546.

α-d-[5-18O]Glucopyranosyl fluoride: mp 121.7–123.4 °C; 1H NMR (600 MHz, D2O) δ

5.70 (dd, J = 53.5, 2.8 Hz, 1H, H-1), 3.88 (dd, J = 12.1, 2.1 Hz, 1H, H-6), 3.84 (ddd, J =
9.9, 5.0, 1.9 Hz, 1H, H-5), 3.80 (dd, J = 12.1, 5.0 Hz, 1H, H-6’), 3.75 (t, J = 9.6 Hz, 1H,
H-3), 3.62 (ddd, J = 26.4, 9.9, 2.8 Hz, 1H, H-2), 3.52 (t, J = 9.6 Hz, 1H, H-4); 13C NMR
(151 MHz, D2O) δ δ107.31 (d, J = 222.8 Hz, C-1), 74.11 (d, J = 3.4 Hz, C-5), 72.34 (C-3),
71.00 (d, J = 25.0 Hz, C-2), 68.51 (C-4), 60.08 (C-6); 19F NMR (471 MHz, D2O) δ -151.23
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(dd, J = 53.5, 26.4 Hz); ESI-MS for C6H11O418OF m/z calcd for (M+Na+) 207.0525, found
207.0528.

α-d-(1-13C)Glucopyranosyl fluoride: mp 120.7–122.7 °C; 1H NMR (600 MHz, D2O) δ

5.70 (ddd, J = 183.7, 53.5, 2.8 Hz, 1H, H-1), 3.88 (dd, J = 12.1, 2.1 Hz, 1H, H-6), 3.86 –
3.82 (m, 1H, H-5), 3.80 (dd, J = 12.1, 4.9 Hz, 1H, H-6’), 3.75 (t, J = 9.6 Hz, 1H, H-3), 3.62
(dddd, J = 26.4, 9.9, 2.9, 1.3 Hz, 1H, H- 2), 3.52 (t, J = 9.6 Hz, 1H, H-4); 13C NMR (151
MHz, D2O) δ 107.33 (d, J = 222.9 Hz, C-1), 74.13 (dd, J = 3.2, 2.4 Hz, C-5), 72.34 (C-3),
71.00 (dd, J = 46.1, 25.0 Hz, C-2), 68.51 (C-4), 60.08 (d, J = 3.5 Hz, C-6); 19F NMR (565
MHz, D2O) δ –151.30 (ddd, J = 222.8, 53.5, 26.4 Hz); ESI-MS for C5 13CH11O5F m/z calcd
for (M+Na+) 206.0516, found 206.0520.
Computational Details

Set up of the molecular models. The starting structure for the computer simula-
tions of the hydrolysis of α-d-glucopyranosyl fluoride by Aspergillus niger glucoamylase was
the structure PDB code 3EQA [2]. This structure corresponds to the structure of A. niger
with the active site in complex with both Tris and glycerol molecules. These active site
bound molecules were removed and an α-d-glucopyranosyl fluoride molecule was inserted,
positioned to maximize the interactions between the sugar and residues known to bind 1-
deoxynojirimycin in the A. awamori glucoamylase active site [3]. Missing atoms of Val487
were added using Accelrys Discovery Studio Visualizer v 4.5 [4]. The charges and parameters
of an α-d-glucopyranosyl fluoride substrate were obtained using the Antechamber software
package along with a general AMBER force field (GAFF) (see Tables 5.5-5.7) [5]. Hydro-
gen atoms were added using tLeap module [6] of Amber Tools program. The protonation
state of titratable amino acids at pH (6.05) was determined using pKa results calculated
using PROPKA ver 3.1 [7] available on PDB2PQR server [8]. These results indicated that
Glu 34, Glu 350, Glu 463, Asp 79, Asp 269, and Asp 354 are present in their protonated
form. However, Asp 79 (which was calculated to have a pKa of 6.78 by PROPKA) was de-
protonated to allow hydrogen bonding with O4 and O6 of the GluF substrate. Glu 203, the
catalytic general acid in the reaction was protonated in order to induce a more catalytically
favorable conformation. His 188, His 249, His 273, and His 415 were protonated at the ϵ-
position. Disulphide linkages were incorporated between Cys 205-Cys 208, Cys 217-Cys 444,
and Cys 257-Cys 265. Total charge of the system was neutralized by addition of 23 sodium
cations (Na+) in the electrostatically most favorable positions. The system was solvated
with an orthorhombic box of TIP3P [9] water molecules with size of 84 × 73 × 97 Å3. The
system consists of the protein (6716 atoms), the substrate (23 atoms), and 15,493 water
molecules (46,479 atoms). The starting structure for the QM/MM computer simulations
of the α-d-glucopyranosyl fluoride in aqueous solution was prepared by including it in an
orthorhombic box of TIP3P [9] water molecules with size of 58 × 59 × 57 Å3. Thus, the
system consists the substrate (23 atoms), and the solvent water molecules (4947 atoms).
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MD simulations with MM force fields. After setting up the model, NAMD soft-
ware [10] using the AMBER force field [11] was used to run classical molecular dynamics
(MD) simulations with the full solvated protein to equilibrate the system. In all, 10 ns of
classical MM MD simulation (at temperature 300 K) was carried out in the NVT ensemble
using the Langevin-Verlet algorithm to equilibrate the system with the substrate bound to
the active site in a catalytic conformation, after heating to 300 K with 0.001 K temperature
increment. Periodic boundary conditions using the particle mesh Ewald theory were applied.
In order to reduce calculation time, a cut-off for non-bonding interactions was applied using
a smooth switching function between 14.5 to 16 Å. Some constraints, between catalytic
base Glu 424 and water molecule, and between catalytic acid Glu 203 and fluorine leaving
group, were applied on the substrate to run the MD simulations. The time dependence of
the root mean square deviation (RMSD) computed with the atoms belonging to the protein
backbone are plotted in Figure 5.8.

QM/MM optimizations. Once the system was equilibrated, a catalytically favorable
conformation from the MM MD simulation (after 6.9 ns) was taken as the starting point
of the E·GluF complex (Scheme 5.1). In order to carry out the QM/MM calculations,
the QM subset of atoms, consisting of the αGluF substrate, catalytic residues Glu 203
and Glu 424, and the catalytic water molecule were described first by the semi-empirical
AM1 Hamiltonian and later with M06-2X hybrid density functional and the 6-31+G(d,p)
basis set (see Figure 5.9), as described below. The protein and water molecules were
described with the OPLS [12] and TIP3P [9] classical force fields, respectively. fDynamo
library [13] combined with Gaussian09 [14] were used for all the QM/MM calculations.
To reduce calculation time, positions of atoms presented 20 Å beyond the αGluF substrate
were fixed. For the calculations of the GS in aqueous solution, just the substrate was defined
by QM methods while all the solvent water molecules were described by the TIP3P force
field. In this work, an additive hybrid QM/MM scheme was employed for the construction
of the total Hamiltonian, Heff , where the total energy is obtained from the sum of each
contribution to the energy.

Heff = HQM + H elec
QM/MM + H V dW

QM/MM + HMM (5.4)

Here, HQM describes the atoms in the QM part, HQM/MM defines the interaction
between the QM and MM region and HMM describes the rest of the MM part.

Potential Energy Surfaces. Exploration of the Potential Energy Surfaces (PESs) was
carried out by choosing the appropriate combination of internal coordinates (ξi) in every sin-
gle step of the reaction. A harmonic constraint was used to maintain the proper interatomic
distances along the reaction coordinate, and a series of conjugate gradient optimizations
and L-BFGS-B optimization algorithms were applied to obtain the final potential energy of
the minimized constrained geometry. The QM subset of atoms were described by the Austin
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Model 1 (AM1) [15] semiempirical Hamiltonian. After the exploration of stationary points
on the PES, the structures corresponding to reactants and products states, intermediates
and transition state were localized at DFT/MM level applying the Baker’s algorithm [16].
Minimum energy path was traced down to reactants and products following the Intrinsic
Reaction Coordinate [17] (IRC) method from every localized TS structure.

Free Energy Surfaces. Free energy surfaces (FESs) were obtained, in terms of 2D-
PMF [13], for every step of the reaction using the Umbrella Sampling approach [18, 19]
combined with the Weighted Histogram Analysis Method (WHAM) [20]. Series of MD
simulations were performed adding a constraint along the selected reaction coordinates
with an umbrella force constant of 2500 kJ·mol−1 · Å−2. In every window QM/MM MD
simulations were performed with a total of 5 ps of equilibration and 20 ps of production at
300 K using the Langevin-Verlet algorithm [21] with a time step of 1 fs. Structures obtained
in previously computed PESs were used as starting points for the MD simulations in every
window.

Spline corrections. A correction term is interpolated to any value along the reaction
coordinates in the FES. A continuous energy function is used to obtain the corrected PMFs:

E = ELL/M + S[∆EHL
LL (ξ1, ξ2)] (5.5)

Where S is the two-dimensional spline function and δEHL
LL is the difference between

the energies obtained at low-level (LL) and high-level (HL) of theory of the QM part.
The AM1 semiempirical Hamiltonian was used as LL method, while a density functional
theory (DFT)-based method was selected for the HL energy calculation. In particular, HL
energy calculations were performed by means of the hybrid M06-2X [22] functional using the
standard 6-31+G(d,p) basis set. These calculations were carried out using the Gaussian09
program [14].

Kinetic Isotope Effects. Averaged kinetic isotope effects (KIEs) were calculated from
isotopic substitution of the key atoms from localized ground state (GS) and transition state
(TS) structures. From the definition of the free energy of a state and using the Transition
State Theory, the ratio between the rate constants corresponding to the heavy and the light
atoms can be computed by means of equation 5.6.

KIE = (QT S)/QGS)L

(QT S)/QGS)H
exp (−1/RT )(∆ZPEL − ∆ZPEH) (5.6)

Here, Q refers to the total partition function which was computed as the product of the
translational, rotational and vibrational partition functions of isotopologues in GS and TS
structures, and ∆ZPE refers to difference of the zero point energy between GS and TS in
the light (L) and heavy (H) isotopologues [17, 18, 19]. KIEs were computed at M06-2X/MM
level of theory using 16 combinations of 4 structures representing the ground state (GS), in
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aqueous solution or the Michaelis complex (MC), and 4 structures of the TS. The Hessian
was computed for the QM subset of atoms under the effect of the environment.

13C-1 KIE α-SDKIE β-SDKIE 18O-5 KIE γ-SDKIE
Run 1 1.012 ± 0.001 1.173 ± 0.002 1.056 ± 0.001 0.980 ± 0.001 0.964 ± 0.003
Run 2 1.012 ± 0.001 1.143 ± 0.003 1.039 ± 0.001 0.990 ± 0.001 0.975 ± 0.001
Run 3 1.016 ± 0.001 1.134 ± 0.003 1.065 ± 0.002 0.989 ± 0.001 0.966 ± 0.002

0.990 ± 0.001 0.969 ± 0.001
Mean (SD) 1.013 ± 0.002 1.150 ± 0.020 1.053 ± 0.013 0.987 ± 0.005 0.969 ± 0.005

Table 5.3: Individual measurements of V/K KIE values for the Rhizopus sp. GH15-
catalyzed hydrolysis of α-d-glucopyranosyl fluoride at pH 6.05 and 25 °C, and the cor-
responding means and standard deviations.

13C-1 KIE α-SDKIE β-SDKIE 18O-5 KIE γ-SDKIE
Run 1 1.010 ± 0.001 1.117 ± 0.006 1.040 ± 0.005 0.984 ± 0.001 0.965 ± 0.002
Run 2 1.010 ± 0.001 1.110 ± 0.008 1.040 ± 0.003 0.989 ± 0.001 0.971 ± 0.002
Run 3 1.006 ± 0.001 1.126 ± 0.003 1.042 ± 0.002 0.983 ± 0.001 0.964 ± 0.002
Run 4 1.016 ± 0.001 1.167 ± 0.004 1.035 ± 0.003 0.986 ± 0.001

Mean (SD) 1.011 ± 0.004 1.130 ± 0.026 1.039 ± 0.003 0.986 ± 0.003 0.967 ± 0.004

Table 5.4: Individual measurements of V/K KIE values for the Aspergillus niger GH15-
catalyzed hydrolysis of α-d-glucopyranosyl fluoride at pH 6.05 and 25 °C, and the corre-
sponding means and standard deviations.
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Atom name Atom type Charge (e−)
C1 c3 0.11005
C2 c3 0.06305
C3 c3 0.33335
C4 c3 0.10105
C5 c3 0.09405
H1 h2 0.10365
H2 h1 0.09365
H3 h1 0.10165
H4 h1 0.08565
H5 h1 0.04065
C6 c3 0.12635
H6 h1 0.04615
H7 h1 0.04615
O1 os –0.43165
O2 oh –0.56985
H8 ho 0.41595
O3 oh –0.56085
H9 ho 0.40295
O4 oh –0.58385
H10 ho 0.42695
O5 oh –0.61280
H11 ho 0.41600
F1 f –0.24830

Table 5.5: Atom number, atom types, and calculated charges for an α-d-glucopyranosyl
fluoride substrate generated by using the antechamber package included in AmberTools.

Atom symbol Atomic mass Atomic polarizability (Å3)
OH 16 0.465
HO 1.008 0.135
CT 12.01 0.878
H1 1.008 0.135
H2 1.008 0.135
F 19 0.320

OS 16 0.465
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Atom symbol Bond harmonic force constant Equilibrium bond length
(kcal·mol−2 · Å−1) (Å)

OH-HO 369.6 0.974
OH-CT 314.1 1.426
CT-H1 337.3 1.092
CT-CT 303.1 1.535
CT-H2 337.3 1.092
CT-F 363.8 1.344

CT-OS 301.5 1.439
Atom symbol Angle harmonic force constant Equilibrium bond angle

(kcal·mol−1·rad−2) (rad)
OH-CT-H1 51.07 109.50
OH-CT-CT 67.72 109.43
HO-OH-CT 47.09 108.16
CT-CT-H1 46.37 110.05
CT-CT-CT 63.21 110.63
CT-CT-OS 67.78 108.42
CT-CT-H2 46.37 110.05
CT-CT-F 66.22 109.41

CT-OS-CT 62.39 112.45
H2-CT-F 51.33 108.92

H2-CT-OS 50.87 108.70
F-CT-OS 70.66 110.61

OS-CT-H1 50.87 108.70
H1-CT-H1 39.43 108.35

Atom label Van der Waals radius Potential well depth
(Å) (kcal·mol−1)

OH 1.721 0.2104
HO 0.000 0.0000
CT 1.908 0.1094
H1 1.487 0.0157
H2 1.487 0.0157
F 1.750 0.0610

OS 1.6837 0.1700

Table 5.6: Parameters for an α-d-glucopyranosyl fluoride substrate generated by using the
antechamber package included in AmberTools.
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Atom symbol Torsional barrier Barrier height/2 Phase shift angle Periodicity
division factor (kcal·mol−1)

OH-CT-CT-H1 1 0 0 –3
OH-CT-CT-H1 1 0.25 0 1
OH-CT-CT-OH 1 0.144 0 –3
OH-CT-CT-OH 1 1.175 0 2
OH-CT-CT-CT 1 0.156 0 3
OH-CT-CT-OS 1 0.144 0 –3
OH-CT-CT-OS 1 1.175 0 2
HO-OH-CT-H1 1 0.167 0 3
HO-OH-CT-CT 1 0.16 0 –3
HO-OH-CT-CT 1 0.25 0 1
CT-CT-CT-H1 1 0.16 0 3
CT-CT-CT-CT 1 0.18 0 –3
CT-CT-CT-CT 1 0.25 180 –2
CT-CT-CT-CT 1 0.2 180 1
CT-CT-OS-CT 1 0.383 0 –3
CT-CT-OS-CT 1 0.1 180 2
H1-CT-CT-H1 1 0.15 0 3
H1-CT-CT-OS 1 0 0 –3
H1-CT-CT-OS 1 0.25 0 1
CT-CT-CT-OS 1 0.156 0 3
CT-CT-CT-H2 1 0.16 0 3
CT-CT-CT-F 1 0.156 0 3
H1-CT-CT-H2 1 0.15 0 3
H1-CT-CT-F 1 0 0 –3
H1-CT-CT-F 1 0.19 0 1

OH-CT-CT-H2 1 0 0 –3
OH-CT-CT-H2 1 0.25 0 1
OH-CT-CT-F 1 0.156 0 3
CT-OS-CT-H1 1 0.383 0 3
H2-CT-OS-CT 1 0.383 0 3
F-CT-OS-CT 1 0.383 0 3

Table 5.7: Dihedral parameters generated for an α-d-glucopyranosyl fluoride substrate
generated by using the antechamber package included in AmberTools.
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Bond GS(aq) MC TS
C1–C2 1.53 ± 0.01 1.52 ± 0.01 1.50 ± 0.01
C2–C3 1.53 ± 0.01 1.52 ± 0.00 1.53 ± 0.01
C3–C4 1.52 ± 0.01 1.52 ± 0.01 1.53 ± 0.01
C4–C5 1.53 ± 0.00 1.54 ± 0.01 1.53 ± 0.00
C5–O 1.44 ± 0.01 1.45 ± 0.01 1.47 ± 0.01
O–C1 1.37 ± 0.01 1.36 ± 0.01 1.28 ± 0.01
C1–F 1.41 ± 0.01 1.42 ± 0.02 1.89 ± 0.03

F–H(Glu174/203) – 1.98 ± 0.13 1.46 ± 0.05
C1–OH2 – 3.25 ± 0.21 2.82 ± 0.04
C1–H1 1.09 ± 0.01 1.09 ± 0.00 1.10 ± 0.01
C2–H2 1.10 ± 0.01 1.10 ± 0.00 1.10 ± 0.00
C3–H3 1.10 ± 0.00 1.11 ± 0.00 1.10 ± 0.00
C4–H4 1.10 ± 0.01 1.10 ± 0.00 1.10 ± 0.00
C5–H5 1.10 ± 0.00 1.10 ± 0.00 1.10 ± 0.00

Table 5.8: Average values of key distances (in Å) computed for the following stationary
points; GS is the ground state in water, MC is the E·S Michaelis complex, and TS is the
Transition State for C–F bond cleavage, that were all optimized at the M06-2X/MM level.

Angle GS(aq) MC TS TS(average)
O5–C1–C2 114.4 118.2 122.8 122.5 ± 0.7
H1–C1–F 107.8 101.5 91.7 91.8 ± 0.5

C5–O5–C1 116.1 120.6 122.7 123.1 ± 0.3
C1–F–H(Glu174/203) NA 138.4 131.5 129.8 ± 3.0

Torsional Angle
H2–C2–C1–F 165.3 165.8 163.9 166.0 ± 2.4

H5–C5–O5–C1 -57.7 -81.8 -94.9 -95.1 ± 3.0
C5–O5–C1–C2 -52.8 -35.2 -16.8 -18.1 ± 4.1

Table 5.9: Average values of key bond and torsional angles computed for the following
stationary points; GS is the ground state in water, MC is the E·S Michaelis complex, TS is
the Transition State for C–F bond cleavage, and TS (Average) is the average from the TS
structures used to calculate KIE values, with associated standard deviation. All structures
were optimized at the M06-2X/MM level.
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Atom GS(aq) MC TS
C1 0.28 ± 0.13 0.49 ± 0.11 0.24 ± 0.03
C2 0.09 ± 0.14 0.20 ± 0.08 0.35 ± 0.05
C3 0.34 ± 0.14 0.28 ± 0.18 0.23 ± 0.10
C4 0.25 ± 0.21 0.47 ± 0.08 0.47 ± 0.04
C5 0.04 ± 0.16 0.10 ± 0.13 0.07 ± 0.05
O –0.42 ± 0.04 -0.48 ± 0.11 –0.24 ± 0.02
F –0.29 ± 0.04 -0.35 ± 0.07 –0.72 ± 0.02

H1 0.14 ± 0.04 0.08 ± 0.04 0.21 ± 0.02
H2 0.11 ± 0.03 0.05 ± 0.04 0.13 ± 0.02
H3 0.05 ± 0.02 -0.05 ± 0.06 0.00 ± 0.04
H4 0.04 ± 0.05 0.02 ± 0.04 0.02 ± 0.01
H5 0.06 ± 0.06 0.06 ± 0.05 0.10 ± 0.02

Table 5.10: Average values of charges (ESP- ChelpG, in a.u.) computed for the stationary
points (GS, MC, and TS) optimized at M06-2X/MM level.

13C-1 KIE α-SDKIE β-SDKIE 18O-5 KIE γ-SDKIE
Run 1 1.007 ± 0.001 1.121 ± 0.001 1.044 ± 0.002 0.964 ± 0.005 1.024 ± 0.002
Run 2 1.011 ± 0.002 1.114 ± 0.001 1.054 ± 0.002 0.992 ± 0.002 1.020 ± 0.001
Run 3 1.012 ± 0.002 1.134 ± 0.002 1.051 ± 0.001 0.985 ± 0.001 1.015 ± 0.001
Run 4 1.144 ± 0.002 1.053 ± 0.001

Mean (SD) 1.010 ± 0.003 1.128 ± 0.013 1.051 ± 0.005 0.980 ± 0.015 1.020 ± 0.005

Table 5.11: Individual measurements of V/K KIE values for the Trichoderma virens GH55-
catalyzed hydrolysis of α-d-glucopyranosyl fluoride at pH 6.05 and 40.0 °C in the presence of
phenyl 1-thio-β-d-glucopyranoside, and the corresponding means and standard deviations.
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Figure 5.8: Time-dependent evolution of the root mean squared deviation (RMSD) of the
atoms belonging to the protein backbone and B-factors of the Cα atoms, during the 10 ns
MD trajectory of the α-d-glucopyranosyl fluoride placed in the active site of the Aspergillus
niger glucoamylase

167



Figure 5.9: Schematic representation of the active site of the Aspergillus niger glucoamy-
lase where the atoms in blue were treated with QM potentials during the QM/MM sim-
ulations of the hydrolysis of α-d-glucopyranosyl fluoride. Quantum link atoms are labeled
with black dots.
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Figure 5.10: Detail of the M06-2X:AM1/MM optimized structures of the key states in-
volved in trapping of the glucopyranosylium ion intermediate from the catalytic itinerary
for the hydrolysis of αGluF catalyzed by the GH15 inverting glucoamylase from A. Niger.
Panel A) bound glucopyranosylium ion complex; Panel B) transition state for water attack
at the anomeric carbon; and Panel C) Michaelis complex of β-d-glucopyranose product.
The catalytic glutamic acids are labelled, and distances are reported in Å

Figure 5.11: Relative free energies of reactants state conformations in aqueous solution
computed at M06-2X/6-31+G(d,p) level in continuum model of water CPCM. The starting
conformation is shown along the x-axis and the y-axis displays the relative free energies
(∆G) for each of these optimized structures. The optimized conformations are grouped into
4C1 chairs (1), 3,OB/3S1 boat/skew-boats (2), 5S1 skew-boats (3), a 2H3/2SO half-chairs
(4), a 1S3 skew-boat (5), a 1S5 skew-boat (6), OS2 skew-boats (7), and 1C4 chairs (8).
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Figure 5.12: Mercator projection map of the Cremer-Pople puckering sphere showing the
fully M06-2X/6-31+G(d,p) optimized structures of characteristic conformers of GluF in
water (pink dots). Black dots show starting conformations prepared with the use of polar
components phi (ϕ) and theta (θ).

Figure 5.13: Variation with α-d-glucopyranosyl fluoride concentration of the rate of fluo-
ride ion productions by the inverting exo-1,3-β-glucanase from Trichoderma virens, the best
non-linear fits to equation 3 with h = 2 (blue line) and h = 2.4 ± 0.2 (red line).
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Chapter 6

Synthesis and evaluation of a novel
carbocyclic inverting GH
mechanism-based inactivator

6.1 Introduction

As discussed in section 1.2.4, the Bennet group has recently designed and developed novel
GH mechanism-based inactivators which function via opening of a strained cyclopropane
ring. This leads to formation of a non-classical carbocation intermediate which alkylates an
active site nucleophile, inactivating the enzyme (Figure 1.10) [1, 2].

Figure 6.1: Trishomocyclopropenyl cation formation and product stereoselectivity

Due to the effectiveness of the bicyclo inactivator through formation of a non-classical
cation at the active site, the non-classical trishomocyclopropenyl cation was identified as
a promising galactoside inactivator candidate. Winstein and Sonnenberg introduced the
concept of homoaromaticity to explain the acetolysis behaviour of cis-3-bicyclo[3.1.0]hexyl
toluenesulfonate. They proposed that a three-centred trishomocyclopropenyl cation (THCPC)
is formed in order to explain the stereochemical outcome of the acetylized products. Not
only did acetolysis selectively give an equatorial acetyl (cis to the cyclopropane group) re-
gardless of initial leaving group stereochemistry, there was equal distribution of deuterium
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at the leaving group carbon and the two tertiary carbon positions in the acetylated products
(Figure 6.1) [3].

Winstein and Sonnenberg demonstrated the formation of this cation with a deuterium
label on the same carbon as the tosyl group, which they subsequently acetylized. Upon
acetolysis of the tosyl group, it was found that the deuterium label was scrambled onto
the two β-carbons, indicating that a symmetric three-centered carbocation formed wherein
the acetyl nucleophile attacks either of the centres non-selectively, hence the deuterium
scrambling. Furthermore, the selectively formed equatorial acetyl orientation in the product
regardless of the reactant stereochemistry was indicative of an SN1-type mechanism.

Figure 6.2: Proposed trishomocyclopropenyl inactivator mechanism

With these properties of the THCPC, a novel inactivator was designed with a bicy-
clo[3.1.0]hexyl structure (Figure 6.3A). The specific conformation of the cyclopropyl ring
and leaving group allows formation of the three-centred two-electron trishomocyclopropenyl
cation [3, 4], which when reacted with a nucleophile should give a product with retention of
configuration (i.e. the cation will selectively react with a nucleophile that forms the equa-
torial product) (Figure 6.2C). We expect that when this cation is formed in stereospecific
enzymatic reactions it will retain its unique stereospecificity with regards to nucleophilic
attack (Figure 6.2B), and act to inhibit both retaining and inverting GHs.

Figure 6.3: A) Possible inactivator conformations B) Natural substrate structures of target
enzymes
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This proposed inactivator has the correct stereochemistry for α-L-iduronidase, β-d-
glucuronidase, and β-d-galactoronidase, with the proper substituent orientation at C2, and
the C5 carboxylate group on the cyclopropane is oriented such that it could possibly interact
with either conformation of d- and l- sugar acid (Figure 6.3). Sugar acid GHs were chosen
as the target as these were the easiest to access given the synthetic route chosen, as mild
conditions are required to saponify the methyl ester at C5 in the final step of the synthesis.

6.2 Synthesis

A multi-step syntheses for the glycoside hydrolase inactivator was formulated starting
from d-glucose which involves some challenging steps such as the sulfonium ylide-mediated
cyclopropanation of compound 11 (Figure 6.4). This synthesis largely based from a pre-
viously reported synthetic route for compound 11 starting from glucose [5], which has its
furanose form protected at the C1, C2, C5 and C6 hydroxyls with isopropylidene groups
to yield 1,2:5,6-di-O-isopropylidene-α-d-glucofuranose. This is an effective way to sequester
the C3 hydroxyl, which can then be benzylated with benzyl bromide (BnBr) and NaH.
Following deprotection of the 5, 6-isopropylidene under mild acidic conditions to give 3, it
is oxidized with NaIO4 to yield an aldehyde which is directly reacted with dimethyl mal-
onate in a Knoevenagel condensation, yielding diester 5. Following NaBH4 reduction, the
remaining isopropylidene of compound is deprotected with 3:1 TFA:H2O, and ring opening
can be effected with NaIO4 to yield an aldehyde which thermally cyclizes to give diastere-
omeric mixture 8 in an aldol reaction. The diastereomers are acetylated under standard
conditions and a Krapcho decarboxylation resolves the diastereomers through elimination
of the acetate, after which hydrolysis of the formate ester yields Michael acceptor 11. The
synthesis up to this point has been reported by Tadano and coworkers [5] with only small
modifications made in the experimental conditions (see Section 6.5.1) which were found to
improve the reported yields. Thus, with the cyclopropanation substrate 11 in hand, cyclo-
propanation was performed with a sulfur ylide in a Johnson-Corey Chaykovsky reaction,
wherein the ylide carbanion attacks the Michael acceptor and expels a sulfoxide to form
a diastereomeric mixture of cyclopropanated products 12a and 12b. Despite the presence
of the bulky benzyl group on one face of the ring, the resulting diastereomers were found
to be in 1:1 ratio. This mixture can be separated by column chromatography, and 12a
undergoes DAST fluorination, debenzylation by hydrogenation, and saponification of the
ester with LiOH, to yield final product 15 in fairly good yields. Notably, final compound
15 was found to be unstable on silica and thus was not purified by column chromatogra-
phy. However, the final saponification reaction proceeds cleanly and the final product was
deemed clean enough by NMR to be used for enzyme kinetics. Other than deprotections iii,
vii, xv, and NaIO4 oxidations iv, viii reactions were performed under inert atmosphere.
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Figure 6.4: i) Acetone, I2, rt, 48 hr (quant.); ii) NaH, BnBr, THF, 0°C→rt, 16 hr;
iii) 66% AcOH in water, rt, 48 hr (88% over 2 steps); iv) NaIO4/silica (2 equ), DCM,
0°C→rt, 30 min; v) Dimethyl malonate, TFAA, pyridine, rt, 72 hr (28% over 2 steps); vi)
NaBH4, MeOH, 0 °C, 1 hr; vii) 80% TFA in water, 0 °C, 5 hrs (55% over two steps); viii)
NaIO4/silica (3 equ), DCM, 0°C→rt, 4 hr (85%); ix) AcOAc, DMAP, pyridine, rt, 23 hr
(75%, 21% sm recovered), x) LiCl, DMSO, 150 °C, 6 hrs (57%, 28% sm recovered) xi) Na
metal, MeOH, 0 °C→rt, 2 hr (quant.); xii) TMSI, KOtBu, DMSO, rt, 3 hr (30%, 12a : 12b
= 1 : 1, 22% sm recovered); xiii) DAST, CH2Cl2, -10°C, 30 min (73%); xiv) 20% Pd/C,
THF, 1 atm H2, rt, 70 hr, (90%); xv) LiOH·H2O, 3:1 THF:H2O, 0°C→rt, 3 hr (quant.)
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6.3 Kinetics

Inactivator 15 inhibition was evaluated against human β-glucuronidase/GUSB (EC
3.2.1.31) with 4-methylumbelliferyl β-d-glucuronide substrate, and human α-l-iduronidase/IDUA
with 4-methylumbelliferyl β-l-iduronide substrate, but neither showed activity after incu-
bation for 15 min or 1 hr at concentrations as high as 500 µM at 37 °C and pH 4.5 (enzyme
optimum).

6.4 Conclusion

A cyclopropyl inactivator candidate for β-d-glucuronidase and α-l-iduronidase was syn-
thesized and tested for activity with human βglucuronidase and human α-l-iduronidase
but found no inhibition against 4-methylumbelliferyl natural substrate. The synthesis can
be modified in the final deprotection stage and reduce the ester to CH2OH so as to target
galactosidase and glucosidases.
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6.5 Experimental information

6.5.1 Synthesis procedures and data

Preparation of diisopropylidene-α-d-glucofuranose (1)

d-Glucose (15 g) was added to a stirred solution of iodine (0.5 g) in acetone (1 L) and
stirred for 48 hours under N2. The reaction was quenched by addition of Na2SO3(aq) until
solution turned clear. Acetone was removed by reduced pressure and extracted with CH2Cl2
(4 × 150 mL). The combined organic fractions were washed with 300 mL water and 300 mL
brine, dried with Na2SO4, and concentrated under vacuum. The white solid was recrystal-
lized by dissolving in minimum amount of hot ether and adding hexanes until solution turns
cloudy, after which the the mixture was cooled in an ice bath. The crystals formed were
collected and washed with cold hexanes. The recrystallization solution was concentrated
and the procedure was repeated. The collected white needle-like crystals of 1 were dried
under vacuum (21.6 g, quantitative yield).
1H NMR (400 MHz, CDCl3) δ 1.32, 1.36 (each s, each 3H, C(CH3)2), 1.44, 1.50 (each s,
each 3H, C(CH3)2), 2.49 (d, J = 3.7, 1H), 3.98 (dd, J = 8.6 Hz, 5.4 Hz, 1H), 4.07 (dd, J =
7.5 Hz, 2.8 Hz, 1H), 4.17 (dd, J = 8.6 Hz, 6.2 Hz, 1H), 4.34 (td, J = 5.7 Hz, 5.1 Hz, 2.0
Hz, 2H), 4.54 (d, J = 3.6 Hz 1H), 5.95 (d, 3.6 Hz, 1H)

Preparation of 3-O-Benzyl-1,2:5,6-Di-O-isopropylidene-α-d-glucofuranose (2) and
3-O-Benzyl-1,2-/emphO-isopropylidene-α-d-glucofuranose (3)

Compound 1 (17.7 g) was dissolved in tetrahydrofuran (150 mL) and stirred at 0 °C,
to which 60% NaH in mineral oil (3.7 g) was added slowly portionwise and stirred for 30
min under N2. Benzyl bromide (11 mL) was added dropwise and stirred at 40 °C for 10
h. The reaction was quenched with dropwise AcOH, the solvent was removed by reduced
pressure, diluted with 200 mL water, extracted with DCM (3 × 150 mL). The organic
layers were washed with a saturated solution of NaHCO3 (300 mL), brine (300 mL), dried
over Na2SO4, and concentrated under reduced pressure to yield 2 as a viscous yellow oil
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which was directly in the next step. Compound 2 was stirred in 66% AcOH(aqu) at rt for
16 h. The reaction was quenched with a saturated solution of NaHCO3 and extracted with
CH2Cl2 (3 × 150 mL). The organic phase was dried over Na2SO4 and concentrated with
reduced pressure. The concentrated residue was purified by flash column chromatography
over silica gel with EtOAc in Hexanes (0-40% EtOAc over 5 column volumes, 40% EtOAc
over 5 column volumes) to give 3 as a clear oil (19 g, 88% over two steps)
1H NMR (400 MHz, CDCl3) δ: 1.33, 1.49 (each s, each 3H, C(CH3)2), 2.01 (s, 1H), 2.47 (d,
6.2 Hz, 1H), 3.70, 3.82 (each m, each 1H, CH2), 4.03 (dtd, J = 7.6, 5.8, 3.5, 1H), 4.12 (m,
2H), 4.54 (d, J = 11.7, 1H), 4.64 (d, J = 3.8, 1H), 4.74 (d, J = 11.8, 1H), 5.94 (d, J = 3.8,
1H), 7.33-7.38 (m, 5H, OCH2C6H5)

Preparation of aldehyde (4), diester (5)

A NaIO4/silica reagent was prepared by taking mixture of NaIO4 and silica in water
(mass ratio 1 : 4 : 4, NaIO4 : silica : H2O) and removing the water under reduced pressure.
To a solution of 3 (13.5 g) in CH2Cl2 (250 mL) was added two equivalents of NaIO4 in the
form of NaIO4/silica reagent (18.35 g/73.4 g) in a 0 °C ice bath. Once added the mixture
forms a slurry due to the silica, which requires vigorous stirring for 30 min as the mixture
is allowed to warm to room temperature. The slurry was filtered through celite on a fritted
glass funnel with vacuum suction and the solids were washed with 10:1 CH2Cl2:MeOH (500
mL) to extract the product suspended on the silica. The filtrate was dried over Na2SO4 and
concentrated under reduced pressure to yield aldehyde 4, which was used directly in the
Knoevenagel condensation step without purification. Knoevenagel condensation: To a solu-
tion of 4 in pyridine (100 mL, dried on molecular sieves) was added dimethyl malonate (10
mL), and dropwise trifluoroacetic anhydride (10 mL) at 0 °C under inert atmosphere. The
reaction was allowed to warm to room temperature as it stirred for 24 h, after which it was
quenched by slow addition of solid NaHCO3 over an ice bath. The mixture was diluted with
EtOAc (500 mL), and washed with water (250 mL × 4), saturated solution of NaHCO3 (150
mL × 2), saturated solution of NaCl (250 mL × 3), and water (250 mL), successively. The
organic layer was dried over Na2SO4 and concentrated under reduced pressure. The concen-
trated residue was purified by flash column chromatography over silica gel with EtOAc in
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hexanes (0-15% EtOAc over 10 column volumes, 15% EtOAc over 5 column volumes) and
the fractions corresponding to Rf =0.38 (1:3 EtOAc/hexanes) were concentrated in vacuo
to yield diester 5 as a clear oil (17.1 g, 28%).
1H NMR (400 MHz, CDCl3) δ: 1.32, 1.48 (each s, each 3H, C(CH3)2), 3.78, 3.82 (each s,
each 3H, 2 C(O)OCH3), 4.18 (d, J = 3.3 Hz, 1H), 4.48 (d, J = 12.0, 1H), 4.62 (d, J = 3.6,
1H), 5.07 (dd, J = 6.9, 3.4, 1H), 6.00 (d, J = 3.7, 1H), 7.12 (d, J = 7.0, 1H), 7.25-7.35 (m,
5H, OCH2C6H5)

Preparation of diester (6), hemiacetal (7)

To a solution of 5 (4.8 g) in MeOH (30 mL) was added NaBH4 (570 mg, 1.2 equ) at 0 °C
under an inert atmosphere. The reaction was stirred for 1 h and quenched with amberlite H+

resin. The resin was filtered and washed with MeOH. The combined reaction mixture and
filtrate was concentrated in vacuo and used directly in the next step. To diester 6 (3.2 g) was
added 80% TFA (15 mL) and stirred at 0 °C for 5.5 h. The reaction was partitioned between
EtOAc (50 mL) and water (40 mL), and quenched with slow addition of solid NaHCO3 at
0 °C. The insoluble material was filtered off and washed with EtOAc. The filtrate was
extracted with EtOAc (3 × 50 mL), and the combined organic layers were dried over
Na2SO4 and concentrated under reduced pressure. The concentrated residue was purified
by flash column chromatography over silica gel with EtOAc in hexanes (0-45% EtOAc over
15 column volumes, 45% EtOAc over 10 column volumes) and the fractions corresponding
to Rf =0.17 (1:1 EtOAc/hexanes) were concentrated in vacuo to yield hemiacetal 7 as a
yellow oil (2.4 g, 55% over two steps).
1H NMR (400 MHz, CDCl3) δ: 2.24 (dd, J = 7.9 Hz, 6.2 Hz, 2H), 2.30 (dd, J = 9.1 Hz,
4.1 Hz, 1H), 2.41 (ddd, J = 14.2 Hz, 9.8 Hz, 5.9 Hz, 1H), 3.60 (t, J = 7.3 Hz, 1H), 3.72,
3.73 (each s, each 3H, 2 C(O)OCH3), 3.89 (ddd, J = 20.46 Hz, 4.68 Hz, 2.27 Hz, 1H), 4.20
(dd, J = 4.39, 3.00, 1H), 4.27 (ddt, J = 10.45 Hz, 8.33 Hz, 4.75 Hz, ), 4.57 (dd, J = 11.8
Hz, 2.6 Hz, 1H), 4.70 (dd, 11.8 Hz, 7.8 Hz, 1H), 5.43 (d, J = 4.3 Hz, 1H), 7.28-7.38 (m, 5H,
OCH2C6H5)
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Preparation of diester (8)

To a solution of 7 (870 mg) in CH2Cl2 (100 mL) was added three equivalents of NaIO4

in the form of NaIO4/silica reagent (2.4 g/9.6 g) at 0 °C (ice bath). Once added the mixture
forms a slurry due to the silica, which requires vigorous stirring for 4 h as the mixture is
allowed to warm to room temperature. The slurry was filtered through celite on a fritted
glass funnel with vacuum suction and the solids were washed with 10:1 CH2Cl2:MeOH (500
mL) to extract the product suspended on the silica. The filtrate was concentrated under
reduced pressure, then diluted with 50 mL water and extracted with EtOAc (4 × 100 mL).
The organic layers were dried over Na2SO4 and concentrated in vacuo. The concentrated
residue was purified by flash column chromatography over silica gel with EtOAc in hexanes
(0-75% EtOAc over 30 column volumes) and the fractions corresponding to Rf =0.55, 0.65)
(1:2 EtOAc/hexanes) were concentrated in vacuo to yield diastereomeric mixture of diester
8 as a clear oil (735 mg, 85%).
1H NMR (400 MHz, CDCl3) δ: 2.33 (t, J = 7.1 Hz, 2H), 3.40 (dd, J = 7.9. Hz, 7.0. Hz,
1H), 3.73, 3.74 (each s, each 3H, 2 C(O)OCH3), 3.92 (ddd, J = 3.75 Hz, 1.27 Hz, 0.6 Hz,
1H), 4.61, 4.78 (each d, J = 11.8 Hz, each 1H, OCH2Ph), 5.39 (dddd, J = 7.3 Hz, 6.3 Hz,
3.7 Hz, 1.0 Hz, 1H), 7.31-7.38 (m, 5H, OCH2C6H5), 8.01 (s, 1H, C(O)H), 9.62 (d, J = 1.2
Hz, 1H)

Preparation of diester (9a, 9b)

The diastereomeric mixture 8 (611 mg) was dissolved in pyridine (15 mL, sieve dried),
to which acetic anhydride (15 mL), and 4-dimethylaminopyridine (11 mg, 0.05 eq) was
added and stirred under inert atmosphere at room temperature for 23 hrs. The reaction
was quenched with slow addition of NaHCO3 at 0 °C, diluted with water (100 mL), and
extracted with EtOAc (3 × 100 mL). The combined EtOAc organic layers were washed
with a saturated solution of NaHCO3 (200 mL), saturated solution of NaCl (100 mL) and
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water (100 mL). The aqueous layers from these washes (NaHCO3, NaCl, water) were ex-
tracted with CH2Cl2 (3 × 100 mL) and combined with the EtOAc organic layers, dried over
Na2SO4 and concentrated in vacuo. The concentrated residue was purified by flash column
chromatography over silica gel with EtOAc in hexanes (0-20% EtOAc over 10 column vol-
umes, 20% EtOAc over 10 column volumes, 20-40% EtOAc over 5 column volumes, 40%
EtOAc over 5 column volumes) and the fractions corresponding to Rf =0.39 (9b), 0.42 (9a)
(1:2 EtOAc/hexanes) were concentrated in vacuo to yield disatereomeric mixture of diester
9a and 9b as a clear oil (514 mg, 75%, 21% starting material recovered). Diastereomers
were separated in a small scale experiment.
9a: 1H NMR (400 MHz, CDCl3) δ: 2.03 (s, 3H, C(O)OCH3), 2.54 (dd, J = 14.6 Hz, 6.5 Hz,
1H), 2.97 (ddd, J = 14.9 Hz, 7.8 Hz, 0.8 Hz, 1H), 3.69, 3.73 (each s, each 3H, 2 C(O)OCH3),
4.00 (d, J = 7.0 Hz, 1H), 4.59, 4.68 (each d, J = 11.9 Hz, each 1H, OCH2Ph), 5.16 (dddt,
J = 7.6 Hz, 6.6 Hz, 3.6 Hz, 1.0 Hz, 1H), 5.9 (dq, J = 3.4 Hz, 0.7 Hz, 1H), 7.25-7.34 (m, 5H,
OCH2C6H5), 7.99 (d, J = 1.0, 1H, C(O)H)
9b: 1H NMR (400 MHz, CDCl3) δ: 1.95 (dd, J = 15.3 Hz, 5.1 Hz, 1H), 2.04 (s, 3H,
C(O)OCH3), 3.35 (dd, J = 9.0 Hz, 6.4 Hz, 1H), 3.72, 3.75 (each s, each 3H, 2 C(O)OCH3),
4.20 (dd, J = 7.0 Hz, 4.3 Hz, 1H), 4.51, 4.66 (each d, J = 11.6 Hz, each 1H, OCH2Ph), 5.26
(dddd, J = 9.2 Hz, 6.2 Hz, 5.1 Hz, 1.0 Hz, 1H), 6.01 (dd, J = 4.3 Hz, 1.0 Hz, 1H), 7.28-7.37
(m, 5H, OCH2C6H5), 7.99 (d, J = 0.9, 1H, OC(O)H)

Preparation of ester (10)

Krapcho dealkoxycarbonylation: A mixture of diastereomers 9a, 9b (514 mg) was dis-
solved in dimethylsulfoxide (15 mL) along with LiCl (200 mg), heated to 150 °C and stirred
for 6 hours, after which the reaction mixture was cooled to room temperature. The cooled
reaction mixture was diluted with EtOAc (100 mL) and washed with water (3 × 100 mL).
The aqueous layers were extracted with CH2Cl2 (3 × 100 mL), combined with the EtOAc
layers, dried over Na2SO4, and concentrated in vacuo. The concentrated residue was puri-
fied by flash column chromatography over silica gel with EtOAc in hexanes (0-20% EtOAc
over 10 column volumes, 20% EtOAc over 5 column volumes, 20-30% EtOAc over 5 column
volumes, 30% EtOAc over 5 column volumes) and the fractions corresponding to Rf =0.57
(1:2 EtOAc/hexanes) were concentrated in vacuo to yield ester 10 as a clear oil (204 mg,
57%, 28% starting material recovered).

183



1H NMR (400 MHz, CDCl3) δ: 2.51 (d, J = 17.6 Hz, 1H), 3.25 (ddt, J = 17.6 Hz, 7.3 Hz,
1.9 Hz, 1H), 3.77 (s, 3H, C(O)OCH3), 4.63, 4.70 (each d, J = 11.8 Hz, each 1H, OCH2Ph),
4.67 (d, J = 2.6 Hz, 1H), 5.41 (dt, J = 7.1 Hz, 3.3 Hz, 1H), 6.69 (q, J = 2.1 Hz, 1H),
7.28-7.38 (m, 5H, OCH2C6H5), 8.05 (s, 1H, OC(O)H)

Preparation of ester (11)

Ester 10 (67 mg) was dissolved in MeOH (3 mL) and reacted with a solution of NaMeO
in MeOH (0.3 mg in 1 mL MeOH, 0.05 eq), stirred at 0 °C under inert atmosphere for 2 hr.
Reaction was quenched with addition of ammonium amberlite resin. The resin was filtered
off and washed with MeOH, and the filtrate was concentrated in vacuo to give 11 (60 mg,
quant.), which was used directly in the next step without purification.
1H NMR (400 MHz, CDCl3) δ: 2.43 (ddt, J = 16.8 Hz, 5.33 Hz, 1.9 Hz, 1H), 3.04 (ddt, J =
16.8 Hz, 7.4 Hz, 1.7 Hz, 1H), 3.75 (s, 3H, C(O)OCH3), 4.47 (dt, J = 7.4 Hz, 4.8 Hz, 1H),
4.54 (dq, J = 3.7 Hz, 1.8 Hz, 1H), 4.65, 4.69 (each d, J = 11.7 Hz, each 1H, OCH2Ph), 6.69
(q, J = 1.9 Hz, 1H), 7.28-7.37 (m, 5H, OCH2C6H5), 8.05 (s, 1H, OC(O)H)

Preparation of cyclopropyl carbasugar (12a, 12b)

Cyclopropanation reagent was prepared by dissolving KOt-Bu (16 mg) and trimethyl-
sulfoxonium iodide (33 mg) in dimethylsulfoxide (sieve-dried, 1 mL), which was stirred at
room temperature under inert atmosphere for 1.5 h. 11 (11 mg) was dissolved in THF (sieve-
dried, 0.5 mL) and stirred under inert atmosphere, to which was added the reagent solution
(0.37 mL, 1.25 eq) and stirred at room temperature for 1.5 hr. Reaction was quenched with
a NH4Cl solution (0.5 mL) and extracted with EtOAc (3 × 1 mL). The organic layers were
concentrated under reduced pressure and purified by flash column chromatography over
silica gel with EtOAc in hexanes (0-20% EtOAc over 10 column volumes, 20% EtOAc over
5 column volumes, 20-30% EtOAc over 5 column volumes, 30% EtOAc over 5 column vol-
umes) and the fractions corresponding to Rf =0.67 (12a), 0.76 (12b) (1:1 EtOAc/hexanes)
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were concentrated in vacuo to yield diastereomeric mixture of cyclopropylcarbasugar 12a,
12b as a clear oil (3.2 mg, 30%, 12a : 12b = 1 : 1, 7% starting material recovered).
12a: 1H NMR (400 MHz, CDCl3) δ: 1.32 (t, J = 5.0 Hz, 1H), 1.50 (ddd, J = 9.5 Hz, 4.7
Hz, 1.9 Hz, 1H), 1.84 (dd, J =, 4.4 Hz, 1.0 Hz, 1H), 2.13 (ddd, J = 9.6 Hz, 5.3 Hz, 1.8 Hz,
1H), 2.76 (ddd, J = 14.4 Hz, 7.1 Hz, 2.0 Hz, 1H), 3.66 (s, 3H, C(O)OCH3), 3.74 (s, 1H),
4.31 (ddt, J = 7.1 Hz, 1.9 Hz, 0.9 Hz, 1H), 4.59 (d, J = 2.4 Hz, 2H, OCH2Ph), 7.27-7.37
(m, 5H, OCH2C6H5)
13C NMR (600 MHz, CDCl3) δ:18.84 (s), 31.26 (s), 33.52 (s), 35.84 (s), 51.91 (s, C(O)OCH3),
71.47 (s, CH2Ph), 77.4-77.5 (s, buried under solvent signal, identified from HSQC), 86.56
(s), 127.81, 128.64, 127.99, 138.27 (each s, C6H5), 174.19 (s, C(O)OCH3)
HRMS: m/z calcd for C15H18NaO+

4 : 285.1103 (M+Na) found: 285.1098 (M+Na)
12b: 1H NMR (400 MHz, CDCl3) δ: 1.09 (t, J = 5.2 Hz, 1H), 1.35 (dd, J = 8.6 Hz, 5.4 Hz,
1H), 2.10 (dt, J =, 8.6 Hz, 5.0 Hz, 1H), 2.18 (ddd, J = 13.2 Hz, 8.8 Hz, 1.2 Hz, 1H), 2.33
(dd, J = 13.2 Hz, 7.5 Hz, 1H), 3.67 (s, 3H, C(O)OCH3), 3.82 (ddd, J = 8.8 Hz, 7.5 Hz,
6.1 Hz, 1H), 4.03 (t, J = 5.5 Hz, 1H), 4.57, 4.72 (each d, J = 11.7 Hz, each 1H, OCH2Ph),
7.27-7.39 (m, 5H, OCH2C6H5)
13C NMR (600 MHz, CDCl3) δ:16.69 (s), 27.12 (s), 28.73 (s), 33.22 (s), 52.08 (s, C(O)OCH3),
72.07 (s, CH2Ph), 75.09 (s), 85.53 (s), 127.92, 127.98, 128.66, 138.41 (each s, C6H5), 173.91
(s, C(O)OCH3)

Preparation of cyclopropyl carbasugar (13)

12a (11 mg) was dissolved in DCM (sieve-dried, 1mL ) and stirred at 0 °C under an
inert atmosphere, to which was added diethylaminosulfur trifluoride (8 µL, 1.5 equ). After
45 min the reaction was quenched with a saturated solution of NaHCO3 and extracted
with CH2Cl2 (3 × 3 mL). The organic fractions were washed with water (2 × 3 mL), dried
over Na2SO4 and concentrated in vacuo. The concentrated residue was purified by flash
column chromatography over silica gel with EtOAc in hexanes (0-10% EtOAc gradient over
20 column volumes, 10% EtOAc for 10 column volumes) and the fractions corresponding
to Rf =0.75 (1:2 EtOAc/hexanes) were concentrated in vacuo to yield 13 as an amorphous
white solid (8.1 mg, 73%).
1H NMR (400 MHz, CDCl3) δ: 1.13 (t, J = 5.2 Hz, 1H), 1.44 (dd, J = 8.7 Hz, 5.4 Hz,
1H), 2.20 (dt, J =, 9.5 Hz, 5.5 Hz, 1H), 2.29 (dd, J = 13.4 Hz, 8.5 Hz, 1H), 2.40 (dd, J =
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13.4 Hz, 7.6 Hz, 1H), 3.68 (s, 3H, C(O)OCH3), 3.73 (dt, J = 13.2 Hz, 7.2 Hz, 1H), 4.51,
4.59 (each d, J = 11.7 Hz, 11.9 Hz, each 1H, OCH2Ph), 5.25 (dt, J = 56.0 Hz, 5.4 Hz, 1H,
C(F)H), 7.28-7.36 (m, 5H, OCH2C6H5)
13C NMR (600 MHz, CDCl3) δ 17.06 (d, J = 3.5 Hz), 28.49 (d, J = 26.6 Hz), 31.45 (d, J
= 5.4 Hz), 52.48 (s, C(O)OCH3), 72.14 (s, CH2Ph) 80.38 (d, J = 23.6 Hz), 99.41 (d, J =
184.3 Hz, C(F)H), 128.05, 128.14, 128.79, 138.04 (each s, C6H5), 173.38 (s, C(O)OCH3),
173.38 (s, C(O)OCH3)

Preparation of cyclopropyl carbasugar (14)

13 (7.6 mg) was dissolved in tetrahydrofuran (1 mL) with 2 mg of 20% Pd/C and stirred
at room temperature and 1 atm of hydrogen. After 48 h, additional 20% Pd/C (2 mg) was
added and the reaction was continued for and additional 20 h. The reaction as filtered
through cotton and the undissolved solid was washed with MeOH. The reaction mixture
and filtrate was concentrated in vacuo. The concentrated residue was purified by flash col-
umn chromatography over silica gel with EtOAc in hexanes (0-25% EtOAc gradient over
20 column volumes, 25% EtOAc for 20 column volumes) and the fractions corresponding
to Rf =0.28 (1:2 EtOAc/hexanes) were concentrated in vacuo to yield 14 as an amorphous
white solid (4.6 mg, 90%).
1H NMR (600 MHz, CDCl3) δ: 1.18 (t, J = 5.2 Hz, 1H), 1.45 (dd, J = 8.7 Hz, 5.5 Hz, 1H),
2.17 (dtd, J =, 8.9 Hz, 5.0 Hz, 2.5 Hz, 1H), 2.24 (dd, J = 13.0 Hz, 9.0 Hz, 1H), 2.38 (dd, J
= 13.4 Hz, 7.6 Hz, 1H), 3.69 (s, 3H, C(O)OCH3), 3.98 (dtd, J = 20.0 Hz, 8.1 Hz, 5.6 Hz,
1H), 5.06 (dt, J = 56.1 Hz, 5.4 Hz, 1H, C(F)H)
13C NMR (600 MHz, CDCl3) δ 16.87 (d, J = 3.3 Hz), 28.09 (d, J = 26.4 Hz), 32.55 (d, J
= 5.2 Hz), 52.30 (s, C(O)OCH3), 74.05 (d, J = 24.9 Hz), 99.80 (d, J = 184.1 Hz, C(F)H),
173.21 (s, CO(O)Me)

Preparation of cyclopropyl carbasugar (15)
A LiOH·H2O solution was prepared by sonicating LiOH·H2O (3.6 mg) in a tetrahydro-

furan : H2O mixture (3 : 1, 1 mL). 14 (4.6 mg) was dissolved in tetrahydrofuran : H2O (3
: 1, 0.5 mL), LiOH·H2O solution was added (0.5 mL, 1.5 equ) and stirred at 0°C for 3 h.
Additional LiOH·H2O solution (0.25 mL, 0.75 equ) was added and the reaction was allowed

186



to warm to room temperature as it stirred for an additional 2 h. The reaction was quenched
with addition of ammonium amberlite resin. The resin was filtered off and washed with
MeOH, and the filtrate was concentrated in vacuo to give 15 an amorphous white solid
(4.4 mg). The final compound was not purified as a previous purification attempt resulted
in degradation of the compound on silica. The crude reaction product was deemed pure
enough by NMR for enzyme kinetics.
1H NMR (600 MHz, CD3OD) δ: 1.03 (t, J = 4.8 Hz, 1H), 1.25 (dd, J = 8.5 Hz, 4.9 Hz,
1H), 1.97 (qd, J =, 6.4 Hz, 5.6 Hz, 3.2 Hz, 1H), 2.11 (dd, J = 13.1 Hz, 9.0 Hz, 1H), 2.28
(dd, J = 13.1 Hz, 7.7 Hz, 1H), 3.80 (dtd, J = 20.7 Hz, 8.4 Hz, 6.0 Hz, 1H), 4.95 (dt, J =
56.9 Hz, 5.6 Hz, 1H, C(F)H)
13C NMR (600 MHz, CD3OD) δ: 16.19 (d, J = 3.0 Hz), 28.03 (d, J = 25.6 Hz), 29.63 (s),
34.70 (d, J = 5.5 Hz), 74.67 (d, J = 24.3 Hz), 101.41 (d, J = 183.5 Hz), 179.78 (s, C(O)OH)
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6.A Supplementary Information for Chapter 6
1H NMR spectra for synthesis of inactivator

Figure 6.5: 1H NMR spectrum of compound 1 in CDCl3
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Figure 6.6: 1H NMR spectrum of compound 3 in CDCl3
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Figure 6.7: 1H NMR spectrum of compound 5 in CDCl3
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Figure 6.8: 1H NMR spectrum of compound 6 in CDCl3
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Figure 6.9: 1H NMR spectrum of compound 7 in CDCl3
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Figure 6.10: 1H NMR spectrum of compound 8 in CDCl3
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Figure 6.11: 1H NMR spectrum of compound 9a in CDCl3
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Figure 6.12: 1H NMR spectrum of compound 9b in CDCl3
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Figure 6.13: 1H NMR spectrum of compound 10 in CDCl3
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Figure 6.14: 1H NMR spectrum of compound 11 in CDCl3
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Figure 6.15: 1H NMR spectrum of compound 12a in CDCl3
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Figure 6.16: 1H NMR spectrum of compound 12b in CDCl3
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Figure 6.17: 1H NMR spectrum of compound 13 in CDCl3
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Figure 6.18: 1H NMR spectrum of compound 14 in CDCl3
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Figure 6.19: 1H NMR spectrum of compound 15 in CD3OD
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Chapter 7

Future Work

7.1 Neighbouring Group Participation in Base-Catalyzed Man-
noside Hydrolysis: a KIE/QM Mechanistic Analysis

The work presented in chapter 2 begs the question of the presence of an epoxide inter-
mediate during enzymatic hydrolysis of α-mannosides. The study was in fact developed as a
result of structural studies done by Thompson and coworkers [1] wherein they proposed par-
ticipation of the 2-OH during mannoside hydrolysis by endo-α-mannosidase. As a natural
continuation of the work, the Bennet group participated in a collaborative study which pro-
vided structural, computational, and kinetic evidence for neighbouring-group participation
by a mannose 2-hydroxyl in GH99 endo-α-1,2-mannanases. [2] Notably, they identified a
18O KIE for the 2-OH during enzymatic hydrolysis of 1.05, larger than the one we recorded
for base-catalyzed hydrolysis of ManPNP. In the essay “A Shut-and-Open Case: An Epoxide
Intermediate Spotted in the Reaction Coordinate of a Family of Glycoside Hydrolases” by
David Vocadlo [3] he outlines the relevance of this collaborative enzymatic study and the
role that the base-catalyzed ManPNP hydrolysis study played in elucidating the mechanism
of an α-mannosidase. Remarking upon the ability of nature to exploit and improve upon
uncatalyzed reaction pathways, he suggests that this epoxide intermediate mechanism will
likely be found in other GHs. More generally however, this series of studies provides an
example of an uncatalyzed substrate reaction coordinate exploited by an enzyme, which
may prove useful in the study of enzymes that have not had their catalytic mechanisms
defined.

7.2 Covalent Inhibition of Glycoside Hydrolases by Allylic
Carbasugars: Mechanistic and Computational Studies

In the two publications presented in chapter 3, a novel GH covalent inhibitor with an
inactivation mechanism which is facilitated by a neighbouring allylic bond. This mechanism
was investigated through experimental and computational studies, studying the conforma-
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tional and electronic effects contributing to catalysis, which uncovered some interesting
properties, namely the stabilization of positive charge at the C5 position of the carbasugar.
This phenomenon is potentially useful in designing new potent GH inhibitors bearing struc-
tural elements that introduce positive charge at non-typical ring carbon atoms, such as the
tertiary C5 atom. Furthermore, there are more mechanistic studies to be done on this type
of mechanism-based inhibitors, namely a linear free energy relationship study to establish
the extent of TS analogy that these inhibitors bear relative to the natural substrate.

7.3 Fundamental Insight into Glycoside Hydrolase-Catalyzed
Hydrolysis of the Universal Koshland Substrates–Glyco-
pyranosyl Fluorides

The manuscript presented in chapter 4 investigated the enzymatic hydrolysis of α-
glucosyl fluorides, specifically the similarities between the universal Koshland and Hehre
resynthesis-hydrolysis mechanism. We found that in both mechanisms, α-glucosyl fluorides
undergo significant positive charge stabilization by the GH enzyme active site and catalysis
occurs in a SN1 fashion, with leaving group departure as the rate-determining step. This
work provides fundamental insight into the reactivity of glycosyl fluorides and their reactiv-
ity with GHs, and will help inform the design of future glycosyl fluorides as activity based
probes or mechanism based inhibitors.

7.4 Synthesis and Evaluation of a Novel Carbocyclic Invert-
ing GH Mechanism-Based Inactivator

In chapter 5, the synthetic efforts towards a novel type of cyclopropyl mechanism-based
GH inactivator was presented. Though ultimately the first iteration was not found to be
active towards an iduronidase or glucuronidase, small modifications can be made in the
final deprotection stage to obtain potential inactivators for glucosidases, galactosidases or
mannosidases. The use of different leaving group or installation of an additional hydroxyl
group on the ring (via a more complex synthesis) may also be necessary to achieve the full
potential of these novel type of inactivators.
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