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Abstract

In this study we look at how a catalytically efficient a-galactosidase stabilizes transition state
charge delocalization for substrate hydrolysis. We then assess whether covalent inhibition of the
enzyme by three types of mechanism-based covalent inhibitors occurs via similar modes of
transition state stabilization. We show, using Bartlett-type linear free energy relationships, that
good correlations are obtained between the catalytic efficiencies (kca/Km and/or kin,/K;) for
enzyme catalyzed reactions of natural and activated galactoside substrates, and of representatives
of three families of classical mechanism-based inhibitors: a 2-deoxy-2-fluoroglycoside, allylic
carbasugars, and an epoxy carbasugar. Of note, we show that glycoside natural substrates and
allylic carbasugars display log(rate)-log(rate) correlations that are unity (slope = 1), an observation
consistent with them having identical positive charge stabilization at the Sx1-like glycosylation
and pseudo-glycosylation transition states, respectively. In contrast, 2-deoxy-2-fluoroglycoside
mechanism-based inhibitors react via a different enzyme-catalyzed mechanism (Sn2), while the
strained epoxy carbasugar inactivates the a-galactosidase by traversing a transition state in which
the glycoside hydrolase stabilizes the inactivation transition state that has a significantly lower
degree of charge stabilization to those for the natural glycoside substrates. To add weight to these
conclusions, we computed free energy landscapes and their associated galactosylation and pseudo-
galactosylation transition states using QM/MM molecular dynamics methods with the whole

solvated enzyme.



Introduction

For well over a century and starting with the "lock and key" model proposed by Emil Fischer,'
researchers have advanced a variety of theories on how enzymes catalyze chemical reactions. The
first model envisioned a perfectly designed fit between the three dimensional shape of a substrate
and a corresponding hollow in the enzyme.' Later, Haldane proposed that enzymes and substrates
form a precise complementary alignment at the transition state for the reaction rather than at the
initially formed Michaelis complex of enzyme and substrate.>” Koshland's induced-fit model
provided further insight as to how enzymes act to maximize catalytic efficiency.” In the 1970s,
Albery and Knowles proposed that, through the process of evolution,” the catalytic efficiency
(keat/Kim) of an enzyme can be maximized by biomolecular alterations that affect the free energies
of the bound enzyme-substrate and transition states.’ That is, the enzyme preferentially stabilizes
the transition state(s) of kinetically significant step(s) relative to all of the other bound states.
Enzymes are flexible entities and, as such, protein vibrational modes may contribute to the catalytic
process.”® In a more general sense, proteins in their native state may exist as a conformational
ensemble that undergoes vibrational fluctuations to give a thermodynamic distribution of energy
states, with ground states that are optimized for biological activity.” In this regard, as a guide to
redesign enzymes, some researchers have proposed that allosteric regulation and modulation by
dynamic conformational ensembles function to enhance the populations of those reactive
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conformational states. Despite the unquestionable property of flexibility and its role in several

of the steps of the overall catalytic process of enzyme, the impact of these effects on reducing the
activation energy barrier are still under debate.'*"

Focusing on the transition state (TS), Wolfenden in 1969, laid the foundation for the theory of TS

analogy as it pertains to tight binding competitive inhibitors that mimic the structure of the



enzymessubstrate complex at the point where it traverses the reaction TS.'* In particular, an
enzyme's catalytic proficiency (CP = Krs) can be expressed as its pseudo-equilibrium constant for
binding the reaction TS (Scheme 1),"”'® which is associated with the equilibrium constants for
substrate binding (K,,,) and the two pseudo-equilibrium constants between ground state and the TSs
for enzyme-catalyzed and uncatalyzed reactions (Keat* and Kuncar' equation 1).'® This reduction in
reaction free energy is given by the second-order rate constant (kca/Km) divided by the spontaneous
rate constant for the water-promoted reaction (kunca)). = Bartlett expanded on these ideas and
showed that a linear free energy relationship (LFER) should exist between the rate constants for
enzymatic proficiency [kca/(Km * kuncat)] and the dissociation constant of a competitive transition

state analog (TSA) inhibitor (Kj, equation 2)_16, 19-20
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In addition to producing catalytically proficient enzymes, natural selection has generated natural
products that increase the likelihood of an organism surviving.! Some of these secondary

metabolites operate by competitively inhibiting critical enzymes present in rival organisms. Such

compounds are often referred to as TSA inhibitors based on the assumption that their structures



resemble the TS for substrate turnover at the key chemical step. Yet for most of these compounds
experimental evidence to support these assumptions is missing.

Several LFER studies have been performed on glycoside hydrolases to determine if competitive
inhibitors are TSAs.*’ However, this approach has not been applied to mechanism-based glycoside
hydrolase (GH) inhibitors. Such inhibitors covalently label an enzymatic active site residue and

2224 These mechanism-

are increasingly used as activity-based probes in chemical biology studies.
based inhibitors are assumed to react via TSs that are analogous to those located along the reaction
coordinate for enzyme-catalyzed glycosidic C—O bond cleavage, but this has not been verified
experimentally. Indeed, the design of more proficient and selective mechanism-based probes
hinges on improving our understanding of the structures, electron density and, in particular, how
positive charge is delocalized at the TS structures for GH-catalyzed covalent bond formation with
the inhibitor.

The study herein focuses on three classes of mechanism-based covalent inhibitors that require TS
charge stabilization, with one of them additionally benefiting from the release of epoxide ring
strain. We present a robust LFER approach to correlate, for the first time, the catalytic efficiencies
(keat/Kim) for hydrolysis of glycoside substrates with the second-order rate constants for either 1)
covalent inhibitors where the intermediate hydrolyses (k../Km), or ii) covalent inactivators, where
it does not (kinac/Ki). We used a natural unactivated pyranoside substrate (1), a chromogenic
substrate (2), and five mechanism-based covalent inhibitors (3—7, Figure 1). The structural motif
in inhibitor 3, a 2-deoxy-2-fluoroglycoside, was designed based on the notion of TS destabilization
by incorporation of a fluorine,” inhibitors 4-6 are structural analogs of the natural product
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valienamine, which is a sub-structure of acarbose, an antidiabetic drug that may”® or may not

be*” a TSA competitive inhibitor; and 7 is the o-galacto-stereoisomer of cyclophellitol, a natural



product inactivator of glycoside hydrolases.”® We show that the retaining a-galactosidase from
Thermotoga maritima (TmGalA) stabilizes the positive charge development at the hydrolytic and
covalent inhibition TSs equally for pyranoside and allylic carbasugars that have identical leaving
groups (both Sy1-like mechanisms). However, in contrast to glycoside substrates the fluorine
containing mechanism-based inhibitors 3 and 6 react via concerted mechanisms (Sx2), while the
enzyme inactivation by the structurally-strained galacto-cyclophellitol involves TS traversal with
a significantly lower degree of charge stabilization. To strengthen these conclusions, we computed
free energy landscapes and their associated galactosylation and pseudo-galactosylation transition
states using molecular dynamics (MD) simulations with Quantum Mechanics / Molecular

Mechanics (QM/MM) multiscale potentials with the whole solvated enzyme.
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Figure 1. Substrates and inhibitors used in this study. 6-fluoro-4-methylumbelliferyl (-D-
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melibioside 1, 4-nitrophenyl a-D-galactopyranoside 2, 2,4-dinitrophenyl 2-deoxy-2-fluoro-o-D-
galactopyranoside 3, aryl 5,5a-didehydro-5a-carba-B-L-arabino-hexopyranosides 4 and 5, 2,4-
dinitrophenyl 2-deoxy-5,5a-didehydro-2-fluoro-5a-carba-B-L-arabino-hexopyranoside 6, and o-

galacto-cyclophellitol 7.



Experimental Details

Mutagenesis, Gene Expression, and Protein Purification

A series of 14 TmGalA variant enzymes were generated, each variant possesses one non-catalytic
amino acid residue change in the substrate binding pocket. Mutant plasmids required to produce
variant 7TmGalA were generated using the QuikChange site-directed mutagenesis method using the
forward primers listed in Table S7 (Supporting Information) and their complimentary reverse
primers.’' Plasmid clones with WT and mutant galA genes were transformed into E. coli. Plasmid
DNA was isolated from single bacterial colonies and the expected mutation was verified by DNA
sequencing. Recombinant 7mGalA and its derived mutants were expressed and purified as
previously described.”® All derived variants and WT 7mGalA were subjected to thermal
denaturation by differential scanning fluorimetry (DSF) to determine their apparent melting

temperatures (7).
Differential scanning fluorimetry

Differential Scanning Fluorimetry was performed using an Applied Biosystems StepOnePlus Real-
Time PCR machine equipped with a 96-well heating block. Reactions were performed in
MicroAmp 96-well optical PCR plates (Applied Biosystems) at a final volume of 20 pL per well.
Each reaction contained between 0.3—0.5 mg/mL protein, 1- Protein Thermal Shift Dye (Thermo
Fisher Scientific) in 1x Protein thermal shift buffer (Thermo Fisher Scientific) and sealed with
MicroAmp Optical Adhesive Film (Thermo Fisher Scientific). The reactions were kept on ice prior
to the assay. The temperature was ramped in two steps. In step 1, the temperature was ramped at
100% ramp rate (equivalent to 1.6 °C/s) from room temperature to 25 °C, and in step 2 the

temperature was ramped from 25 to 99 °C at 1% ramp rate (equivalent to 0.05 °C/s). Changes in



fluorescence intensity were followed with the 580 nm excitation/ 623 nm emission filter set. Each
reaction was performed in duplicate, and data were analyzed using QuantStudio Design and
Analysis software. All obtained melt profiles were fit to a Boltzmann sigmoidal curve using

Graphpad Prism 7 and apparent 7}, values were obtained from the inflection point of the curve.

Measurement of Michaelis-Menten kinetic parameters

The k.o/Km values for the pH-rate profiles of 7mGalA with 4-nitrophenyl a-D-galactopyranoside
and 6-fluoro-4-methylumbelliferyl f-D-melibioside, were determined by using a continuous assay.
Michaelis—Menten kinetic parameters for the hydrolysis of the substrates were determined from a
minimum of eight initial rate measurements using a concentration range of at least K, /3 to 3x Ki,.
The progress of each reaction was monitored continuously at 400 nm for 4-nitrophenol and 365
nm excitation and 445 nm emission wavelengths for 6-fluoro-4-methylumbelliferone using a
Biotek Neo2 multimode plate reader. Each reaction mixture was prepared by addition of the
appropriate buffer (S0mM MES buffer for pH 6.5, 50 mM HEPES buffer for pH 7.0-7.5, 50 mM
glycylglycine buffer for pH 8.0-8.5, 50 mM glycine-NaOH buffer for pH 9.0-10.0), 0.1% BSA,
substrate, and enzyme. All reactions were performed at 37 °C.

All other kinetic measurements (used to construct the LFER plots) were performed at pH 8.0 in 50
mM glycylglycine, 0.1% BSA, and 37 °C and monitored as noted above unless specified otherwise.
The second-order rate constants (kca/Km) for the hydrolysis of the substrates 6-fluoro-4-
methylumbelliferyl -D-melibioside 1, 4-nitrophenyl a-D-galactopyranoside 2, 2,4-dinitrophenyl
2-deoxy-2-fluoro-a-D-galactopyranoside 3, and carbasugars 4, 5, and 6 by WT and the nine
variants of 7mGalA were determined from a minimum of six initial rate measurements. The release
of 4-nitrophenol, and 2,4-dinitrophenol were followed at 400 nm using a Cary 300 UV-vis

spectrometer equipped with a Peltier device temperature controller. For the 6-fluoro-4-



methylumbelliferyl f-D-melibioside substrate (1), a coupled assay was used to follow the progress
of each reaction by using an optimized excess amount (from 20 pg/mL at a pH of 6.5 to 400 pg/mL
at a pH of 10.0) of PB-glucosidase from almonds (Sigma). The release of 6-fluoro-4-
methylumbelliferyl $-D-glucoside from the melibioside substrate was continuously monitoring by
following the B-glucosidase-catalyzed release of 6-fluoro-4-methylumbelliferone at an excitation
wavelength of 365 nm with a 445 nm emission using a Biotek Neo2 multimode plate reader.

The calculated rate constants (kobs) for each reaction as a function of substrate concentration were

fit to a standard Michaelis—Menten equation using a standard nonlinear least-squares program

(Prism 8.0).

Measurement of covalent inactivation rate constants for a-galacto-cyclophellitol

The kinetic parameters for the pH-rate profile for the inactivation of WT TmGalA by a-galacto-
cyclophellitol 7 were determined using a classical dilution assay that involved preincubation of the
enzyme with varying concentrations of inhibitor at 37 °C in appropriate buffer (MES buffer for
pH 6.5, HEPES buffer for pH 7.0-7.5, glycylglycine buffer for pH 8.0-8.5, glycine-NaOH buffer
for pH 9.0-10.0) with 0.1% BSA. The remaining enzyme activity was measured periodically by
removing an aliquot (10 pL) and adding it to a 490 uL pre-equilibrated solution (37 °C) containing
4-nitrophenyl o-D-galactopyranoside (250 pM) in the same buffer conditions used for
preincubation. The kinetic parameters for inactivation of WT and nine variants of 7mGalA by a-
galacto-cyclophellitol 7 used to construct the LFER plots were performed similarly at pH 8.0 in
glycylglycine buffer. The pseudo first-order rate constants for inactivation (k,) 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 using

a standard nonlinear least-squares program (Prism 7.0).

Computational details

a) Molecular model set up: The starting structure for the computer simulations of Thermotoga
maritima o-galactosidase (7mGalA) was adapted from the X-Ray structure in Protein Data Bank
under code 5M 12 for substrate 3 and 6GTA* for inhibitor 4. The structure of TmGalA in complex
with an inhibitor was modified to correspond to substrate 3 and inhibitor 4 at the active site. The
missing atoms of Lys77 and Glu80 residues in the X-ray structure were incorporated with Accelrys
Discovery Studio Visualizer ver. 4.5.%> Charges and parameters for 3 and 4 were calculated using
Antechamber software package’® with a general AMBER force field (GAFF),”” listed in Tables S8
and S9 (Supporting Information). Hydrogen atoms were added to the protein structure using the
tLEAP®” module of Amber Tools program. The protonation state of titratable amino acids at pH
7.4 was previously determined using pK, values calculated with PROPKA ver. 3.1,*® which is
available on the PDB2PQR server.”” The computed results indicate that residues Asp387 and
Glu459 are present in their protonated form. Furthermore, residue Glu224 was protonated to allow
more favorable hydrogen bonding between it and neighboring Asp221. Additionally, after
structural inspection two histidines, His30 and His273 were protonated at the d-position, while all
others were protonated on the e-nitrogen. 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*’ water molecules with size
0f 90 x 101 x 80 A’ for substrate 3 and 90 x 97 x 72 A’ for inhibitor 4; geometries of the remaining
water molecules were then optimized. The full system consists of the protein (8453 atoms), the

substrate/inhibitor (37 atoms in Ee3 and 36 atoms in Ee4), 17 sodium ions, and solvation water
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molecules (19467 residues/58401 atoms for glycoside 3, 15967 residues/47901 atoms for
carbasugar 4).

b) Molecular dynamics (MD): Using the NAMD molecular dynamics program,*' the prepared
computational model was heated from 0 to 310 K with 0.001 K temperature increments, the
systems was then equilibrated for the EeS or the EeI state using the Langevin-Verlet algorithm,*
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 A. The time dependence of RMSD and total energy
confirms that the systems are equilibrated after 10 ns of the MD simulation (Figures S17 and S18,
Supporting Information).

¢) 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 (Equation 3). Here, Eqm describes the atoms in the QM part, Eqmmm
defines the interaction between the QM and MM regions and Ewmy describes the rest of the MM
part. As shown in Figure S19 (Supporting Information), the two active site aspartate residues,
Asp327 and Asp387, together with the full substrate 3 or inhibitor 4 were described at the QM
level in the QM/MM simulations. To saturate the valence of the QM/MM frontier atoms, two link
atoms™ were inserted where the QM/MM boundary intersected covalent bonds in the positions
indicated on Figure S18 (Supporting Information). The Austin Model 1 (AM1)** semiempirical
method and the Minnesota Functional M06-2X* with the standard 6-31+G(d,p) basis set were
used to treat the QM sub-set of atoms, as implemented in Gaussian09 program.*® The protein and

solvent water molecules were described by AMBER and TIP3P force fields, as implemented in the
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fDynamo library.*"**

For glycoside 3, the structure after 9.4 ns of MM MD simulation was used
to run the QM/MM calculations while for inhibitor 4 the last structure after 10 ns MM MD
simulation was used in the QM/MM calculations. To reduce time of calculations, positions of
atoms presented beyond 20 A from substrate 3 or inhibitor 4 were fixed.

d) Free Energy Surfaces: To generate the free energy surfaces (FESs), in terms of 2D-potential
of mean forces (PMFs), potential energy surfaces (PESs) were computed first to generate the
required grid of structures. The two distinguished reaction coordinates correspond to the leaving
group oxygen-anomeric carbon distance [d(C1-0"%)] and to the nucleophile aspartate oxygen-

_OAsp327

anomeric carbon distance [d(C1 )] (Scheme S3, Supporting Information). Then, FESs were

h** combined with the Weighted Histogram

generated using the Umbrella Sampling approac
Analysis Method (WHAM).”' 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** with a time step of 0.5 fs and an
umbrella force constant of 5000 kJ-mol '-A? to constrain the key interatomic distances defining
the reaction coordinates. Because many structures must be sampled during the QM/MM MD
simulations, the AM1 Hamiltonian was selected to describe the QM sub-set of atoms.

e) Spline corrections: To improve the quality of the FESs due to possible limitations associated

with the semiempirical method, the FESs were corrected at DFT/MM level. Thus, based on the

52-54 55-56

work of Truhlar and co-workers for reactions in solution a spline under tension was used
to interpolate this correction term at any value of the distinguished reaction coordinate, &; and &,
selected to generate the 2D FES.””® A continuous energy function is used to obtain the corrected
PMFs (Equation 4) where S is the two-dimensional spline function and AEFL is the difference

between the energies obtained at low-level (LL) and high-level (HL) of theory of the QM part. The
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AM1 semiempirical Hamiltonian was used as LL method, while the hybrid M06-2X™* functional
with the standard 6-31+G(d,p) basis set was selected for the HL energy calculation. These
calculations were carried out using the Gaussian09 program.*® From the DFT corrected FESs,
structures were selected for GS/TS localization with Baker's algorithm™ 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 were used for these calculations. Localized TS
structures were further characterized confirming existence of one imaginary frequency and the
minimum energy path that was traced to reactants and products using the Intrinsic Reaction
Coordinate (IRC) method.*

Eommum = Equ + Egxiam + Egumm + Envu Equation 3

E=E/um+ S[AEfi*(§1,¢;)]  Equation 4

Results and Discussion

Although enzymes are flexible entities and protein vibrational modes are proposed to contribute to
catalytic function " the impact of such effects in reducing reaction coordinate free energy barriers
is under debate.'”"” Glycoside hydrolase catalysis involves positively charged pyranosylium ion-

like transition states (TSs); accordingly, we based the analysis of our LFERs on the computational
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insights that enzymatic TSs® ~° —relative to the reaction TS in solution” ™" — are best stabilized by
electrostatic and hydrogen bonding interactions.

With regard to the catalytic mechanism of the retaining o-galactosidase TmGalA (the
catalyst studied herein), Comfort et al. showed that the second-order rate constants for the enzyme-
catalyzed hydrolysis of aryl a-D-galactopyranosides (kc./Km) are independent of the leaving group

131

ability of the substituted phenol.”” Such observations are consistent with a non-chemical step as
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the limiting step for catalysis; this step occurs prior to cleavage of the glycosidic bond.* To
compare the TSs for the chemical bond cleavage step that gives the glycosylated enzyme
intermediate from a Michaelis complex, we (i) modified the reaction conditions for 7mGalA-
catalyzed hydrolysis of substrates and then (ii) identified conditions for which glycosidic C-O
bond cleavage is kinetically significant. Specifically, we synthesized an unactivated natural
disaccharide substrate (1, Scheme SI1, Supporting Information) in which cleavage of the
unactivated glycosidic bond can be monitored using a coupled enzyme assay (Scheme S2,
Supporting Information), and we measured the second-order rate constants (ke./Km) for the
cleavage of 1 and 4-nitrophenyl a-D-galactopyranoside 2 as a function of pH. Figure 2 shows the
logarithms of the measured rate constants (kca/Km) for these two 7TmGalA-catalyzed reactions with
values determined for pH conditions between 6.5 and 10.0 (rate constant values are given in Table

S1, Supporting Information).
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Figure 2. Logio(kcat/Km) versus pH plots for the wild-type 7mGalA-catalyzed hydrolyses of

substrates 1 (blue circles) and 2 (red circles).
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We found a similar lack of dependence on leaving group ability at pH values between 6.5 to
7.5, however, as the pH is raised above 7.5, there is a clear difference in the k../Ky, values for the
TmGalA-catalyzed hydrolyses of 1 and 2 (Figure 2). We therefore followed the reactions of
TmGalA at pH 8.0, a value where chemistry is at least partially rate limiting and enzyme activity
with our natural substrate requires a protonated enzymatic residue (likely the general-acid catalytic
residue D387) to traverse the TS for glycosidic C—O bond cleavage. A limitation of this experiment
is that it provides no information on whether transfer of this proton to the aglycone initiates before
or after the system crosses the glycosylation TS.

We considered two major experimental designs for a protocol to perform Bartlett-type LFER
correlations between substrates and mechanism-based inhibitors, those that measure: 1) wild-type
enzyme-catalyzed reactions using a series of substrate and inhibitor dyads, or ii) several variant
enzyme-catalyzed reactions on a single substrate and inhibitor pair.*’ We opted not to probe LFERs
with a panel of substrate and inhibitor pairs, because structural changes are generally made to a
single functionality within the panel of substrate/inhibitor dyads and this normally gives derived

LFER slopes of close to one for TS mimics, with kunca either assumed to be invariant®®®’ o

r
explicitly included in the fit.°® Such experiments generally modulate a limited subset of
substrate/inhibitor interactions that occur within the enzymatic active site and report on whether
these particular interactions are used by the catalyst to stabilize the enzymatic TS. However, no
information is provided on whether other structural elements of the inhibitor mimic TS
stabilization from the corresponding active site regions in the enzyme-catalyzed reaction of
substrates.

We therefore performed Bartlett LFER-type studies using multiple variant 7mGalA enzymes

in which amino acid changes are commonly made to residues that surround and interact with
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substrates bound in the active site, and thus the catalytic parameters recorded from a single
substrate/inhibitor pair are the result of altering a range of heterogeneous TS stabilizing
interactions. Such experiments often yield good LFER correlations with the data points displaying
intrinsic scatter around the best linear fit.”> *"!

For these experiments we prepared a series of variant 7mGalA enzymes, each of which
contained a single amino acid residue change. Making one amino acid change per enzyme variant,
we made changes to a total of nine active site residues located in the enzyme region that surrounds
bound substrate; the two key catalytic aspartic acids (D327 and D387) were not modified. We
made two variants for some residues and in all, generated fourteen variant 7mGalA enzymes. We
purified the fourteen enzyme variants and then tested each one for temperature stability and
catalytic activity (Table S2, Supporting Information). The active site locations of the amino acid
residues that were modified by site directed mutagenesis are shown in Figure 3 (drawn using the
coordinates from PDB file 6GTA);"* the changed residues that gave active TmGalA enzyme are
shown in panel A, while the three mutagenized amino acid residues that gave inactive enzyme are
shown in panel B (D220, K325, and D427). Notably, the three residues that yielded inactive

TmGalA are involved in H-bonding to the substrate via hydroxyl groups on carbon-4 (D220 and

K325) and carbon-3 (D427 via a H-bond chain through Y191).
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Figure 3. Positions of amino acid substitutions in the variant 7mGalA enzymes, structure is of the

general-acid catalyst variant (D387A) of 7TmGalA that has a bound intact carbasugar containing a
3,5-difluorophenyl aglycone. Panel A) shows the positions of substitution that resulted in partially
active enzymes (yellow carbon atoms); and panel B) shows the three mutation sites that gave
severely compromised catalysts (gray carbon atoms). Cyan dashed lines and distances (A) show

key interactions, H-bonding, and C-H to m.

LFERs for melibioside natural substrate analogue and aryl galactosides. Our initial Bartlett-
type LFER involved examining whether a correlation exists between the rate constants for the
catalyzed hydrolyses of a natural substrate analogue (1) and a galactoside with an activated aryloxy
leaving group (2) using the nine active variant 7mGalA enzymes (Figure 4, Table S3 Supporting
Information). For the LFER correlation between the log(Km/keat) values for TmGalA-catalyzed
hydrolyses of 1 and 2, we excluded the wild-type enzyme data point in this and all subsequent
plots involving the catalyzed reactions of 2, because cleavage of the C-O glycosidic bond in 4-

nitrophenyl a-D-galactopyranoside is not kinetically significant under our assay conditions (Figure
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2). Interestingly, the two variants of tryptophan-65 (W65F and W65Y )—a residue that interacts
with the aglycone—show larger rate reductions for the B-D-glucopyranoside leaving group in 1
than for the 4-nitrophenoxide leaving group produced in the reactions of 2. We note that this active
site tryptophan is located in the aglycone binding site (Figure 3A), which suggests to us that W65
assists with the departure of carbohydrate aglycones found in natural substrate(s); indeed, such
tryptophan—carbohydrate interactions are common binding motifs found in lectins and glycoside

hydrolases.”>

We analyzed the LFER correlation between the kinetic parameters for the
TmGalA-catalyzed hydrolyses of 1 and 2 (Figure 4A) by fitting the data points for the seven other
variant enzymes to probe for TS similarities and we obtained a slope of 0.88 + 0.14 (r* = 0.8898).
Also, as amino acid residue W257 interacts with one of the two oxygen atoms from the active site
nucleophile D327 (Figure 3), we expect a greater rate reduction in the rate of reaction for cleavage
of an anomeric C—O bond with an unactivated aglycone if the H-bonding interaction between these
two residues (D327-W257) is important in positioning the either nucleophilic attack or
electrostatic TS stabilization. This is indeed the case for the catalyzed hydrolysis of the unactivated
substrate (1), as the linear correlation (six data points) has a slope of 0.85 £ 0.08 (r* = 0.9652).

Regardless, our derived slope (< 0.9) for the LFER correlation of 7mGalA-catalyzed hydrolysis of

1 and 2 is consistent with catalyzed hydrolysis of 2 having an earlier TS with less positive charge
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development, and thus a lower degree of electrostatic TS stabilization, than the corresponding TS
for 1.
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Figure 4. Bartlett-type LFER plots showing correlations between the second-order rate constants

for TmGalA-catalyzed hydrolyses. Panel A) substrates 1 and 2; and panel B) glycosides 2 and 3.

Bartlett LFERs for a 2-deoxy-2-fluoroglycoside mechanism-based inhibitor. Given the
widespread use of C2-fluorine substituted glycosides as mechanism-based GH inactivators,” >
we applied the LFER approach to examine how the substitution of the C2-hydroxyl group by a
fluorine atom perturbs the enzymatic glycosylation TS. For our analysis, we plotted the measured

values for log(Km/keat) for the TmGalA-catalyzed hydrolysis of 4-nitrophenyl o-D-

galactopyranoside (2) against those for 2,4-dinitrophenyl 2-deoxy-2-fluoro-a-D-galactopyranoside
(3). The resultant Bartlett LFER plot has a slope of 0.79 + 0.09 (r*= 0.8972, Figure 4B, Table S3
Supporting Information), indicating a good mechanistic correlation for the 7mGalA-catalyzed
hydrolysis of these two substrates. Interestingly, the differences in TS stabilization for the W65

variants that we noted above for the melibioside substrate 1 are not apparent in this LFER; the
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similarity in TS stabilization between the W65 variants likely results from both pyranoside
substrates having activated electron deficient aromatic leaving groups, 4-nitrophenoxide for 2 and
2,4-dinitrophenoxide for 3, that interact with tryptophan-65 in the aglycone binding pocket during
enzyme catalysis. We expected that the introduction of a C2-fluorine-substitution (a change that
raises the free energy of the pyranosylium ion) would make the TS later (Hammond effect so that
more positive charge is developed at the TS).”” However, the less than unit LFER correlation (slope
= 0.79 £ 0.09) indicates a change in mechanism, from Sy1-like to Sx2, has occurred and now
enzyme-catalyzed C—O bond cleavage occurs with assistance by the active site nucleophile
(Asp327) with a concomitant lower degree of TS charge development in the reactions of 3.

To add weight to this conclusion, we computed a viable TS for the 7mGalA-catalyzed
glycosylation of 3 using QM/MM MD simulations with the whole solvated enzyme system (See
Methods in Supporting Information). Our computed free energy surface (FES) for the 7mGalA-
catalyzed glycosylation reaction of 3 (Figure SA) shows that covalent bond formation to the active
site nucleophile (Asp327) occurs via an exploded Sx2 TS (Figure 5B), and that no discrete 2-
deoxy-2-fluoro-D-galactopyranosylium ion intermediate is evident along the reaction coordinate.
In other words, the TmGalA-catalyzed hydrolysis of 3 involves a tighter TS with more Sx2
character and less positive charge development than for the corresponding reaction of 2, a

conclusion that is consistent with the less than unit LFER slope of 0.79 + 0.09.
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Figure 5 Computational results of the catalytic itinerary for the hydrolysis of 3 catalyzed by
TmGalA. Panel A) M06-2X:AM1/MM FES corresponding to the o-galactosidase-catalyzed
cleavage of the C—OAr bond in 3 from the Michaelis complex (RCT), concomitant with the
nucleophilic attack by Asp327, to give covalently bound glycosylated enzyme (Covalent INT).
Energies of iso-energetic lines in kJ-mol'. Activation and reaction free energies for the reaction
of the Michaelis complex (RCT) to the covalent intermediate are 6.0 and —99.4 kJ-mol ',
respectively; and panel B) Detail of the active site in the transition state optimized at M06-2X/MM

level. Key distances in the located transition state are indicated as dashed white lines and reported

in A.

Bartlett LFERs for allylic carbasugar mechanism-based covalent inhibitors. Next, we
measured the second-order rate constants for the panel of variant 7mGalA-catalyzed reactions with

allylic carbasugar 4, 5, and 6 (Table S4, Supporting Information). Figure 6 shows the resulting
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galactoside 2 and carbasugar 4, both of which possess identical 4-nitrophenoxide leaving groups.

Figure 6. Bartlett-type LFER plot between the second-order rate constants for the catalyzed
hydrolyses of substrate 2 and covalent inhibitor 4. The blue line shows the best linear fit to the blue

circles, while the W65 variants (red diamonds) are omitted from the fit, see text for full details.

Based on literature precedence for several GH families (which cover enzyme groups that
include B-glucosidases, f-mannosidases, -galactosidases, a-glucosidases, and a-galactosidases),
a consensus was reached that glycosidic bond cleavage occurs via a *H; pyran ring TS
conformation;®”” we suggest that TmGalA catalysis involves substrates traversing an equivalent
*H; TS. Intriguingly, the W65 variants again show deviations from the best linear fit. We propose
that the interactions between the aglycone and tryptophan-65, which facilitate 4-nitrophenoxide
departure, result in a greater TS stabilization during the requisite distortion of galactoside 2
(solution *C) ground state to *H; TS)"*™ than in the allylic carbasugar 4 (solution *H3 ground state

to E3 TS)**7* As a result, the W65 variants are markedly less active with pyranoside substrate 2,

22



than with the corresponding covalent inhibitor 4 (Figure 6), with the least electron-rich
phenylalanine variant exhibiting the largest difference in activity between cleavage of pyranoside
2 and carbasugar 4.®' We note that the excellent correlation for the seven other variant enzymes
displays a slope indistinguishable from unity (0.97 £ 0.09, r* = 0.9591), an observation that is
consistent with 7mGalA being able to stabilize a similar degree of positive charge development at
pyranosylium (*H3) and allylic (E3) cation-like TSs that both lead to the formation of covalent
intermediates.

To provide further insight into the reaction coordinate for 7mGalA-catalyzed covalent
inhibition by carbasugar 4, we computed the FES for the pseudo-glycosylation step. Figure 7A
shows the computed FES, while the TS for cleavage of the pseudo-glycosidic bond in 4, which
occurs via a Syl-type mechanism in which the allylic cation is in a shallow energy well, is
displayed in Figure 7B. The enzymatic reaction path passes over the TS and through this shallow
energy well to give the covalent adduct directly. For this reaction, the TS — which has an almost
fully developed positive charge — is Sy1-like, with nucleophilic attack occurring as the reaction
coordinate exits the shallow energy well of the cation. This Sx1-type reaction path is similar to that
for the inverting GH15 amylase, where the catalyzed hydrolysis of the natural substrate analogue
a-D-glucopyranosyl fluoride proceeds through a pyranosylium ion intermediate.® That is, both the
pyranoside and carbasugar reactions proceed via Sy1-like mechanisms with a similar degree of

positive charge stabilization at the glycosylation and pseudo-glycosylation TSs.
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Figure 7. Computational results of the catalytic itinerary for the hydrolysis of 4 catalyzed by
TmGalA. Panel A) M06-2X:AM1/MM FES corresponding to the 7mGalA-catalyzed cleavage of
the C—OAr bond in 4 from the Michaelis complex (RCT), followed by the nucleophilic attack by
Asp327, to give covalently bound glycosylated enzyme (Covalent INT). Energies of iso-energetic
lines in kJ-mol™". Activation and reaction free energies for the reaction of the Michaelis complex
(RCT) to the covalent intermediate are16.7 and —90.5 kJ-mol ', respectively; and panel B) Detail
of the active site in the transition state optimized at M06-2X/MM level. Key distances in the

located transition state are indicated as dashed white lines and reported in A.

Transition state similarity between the two mechanism-based covalent inhibitors 3 and 6.
Greater scatter is apparent in LFER plots that correlate the enzymatic parameters for reaction of
the two C2-fluoro containing mechanism-based inhibitors 3 and 6 (Figures 4B and 8). We
hypothesize that incorporation of a C2-fluorine substituent lowers the active site H-bonding
network cooperativity, a requisite for proficient catalysis of unactivated substrates. During the
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stabilization of positive charge at the TSs for glycosidic or allylic C-O bond cleavage, each

amino acid residue is more independent, rather than participating as a unified ensemble, which
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involves the extensive H-bonding shown in Figure S14 (Supporting Information).**

Figure 8. Selected Bartlett-type LFER correlations between the second-order rate constants for the

catalyzed hydrolyses of galactoside 3 and covalent inhibitors 4—6. Panel A) LFER for the 7TmGalA-

catalyzed reactions of the fluorinated galactoside 3 versus the fluorinated covalent inhibitor 6; and

panel B) LFER plots for the 7mGalA-catalyzed hydrolyses of covalent inhibitors, correlation

between the negative logarithms of the second-order rate constants [log(Kwm/kcat)] for 4 versus 5

(blue circles) and 4 versus 6 (red circles).

Despite the scatter, the catalyzed reactions of 2-deoxy-2-fluorogalactoside 3 and allylic

carbasugar 6, both of which possess 2,4-dinitrophenyl aglycones, display a unit correlation (1.03

+0.20; 1* = 0.7648). Specifically, formation of covalent intermediates during turnover of 2-fluoro

galactoside 3 and covalent inhibitor 6 proceeds via analogous "exploded" Sx2 TSs (Figure 5B and
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reported for 6)** where the corresponding enzymatic TSs have the same degree of electrostatic TS

stabilization for these fluorine-containing mechanism-based inhibitors.

Next, we analyzed two Bartlett LFER correlations, one that compares the 4-nitrophenyl
containing reference carbasugar 4 with carbasugar 5 (which possesses a better leaving group) and
the other between reference compound 4 and carbasugar 6 (which is deactivated by the C2 fluoro-
substituent). Figure 8B shows the correlation data between the log(Kn/kcat) values for carbasugars
4 and 5 (blue), and for 4 and 6 (red). The derived LFER slopes are 0.73 + 0.10 (r* = 0.8695) for 4
versus 5, and 0.63 + 0.13 (r* = 0.7430) for 4 versus 6. We conclude that covalent inhibition of
TmGalA by 5 has less allylic positive charge development at an earlier TS because 5 has a better
leaving group (2,4-dinitrophenoxide) than 4 (4-nitrophenoxide). For the variant 7TmGalA-catalyzed
C—O bond cleavage reactions, the LFER correlation between carbasugars 4 and 6 is comparable to
that for galactosides 2 and 3 (see Figure 4B). That is, the less than unit LFER correlation (slope =
0.63 £ 0.13) for the introduction of a positive charge destabilizing C2-fluorine atom results in the
assistance of C—O bond cleavage by the active site nucleophile (Sx2) while the 2-hydroxy covalent

inhibitor reacts via an Sy1-like mechanism (Figure 7A).

LFERs for melibioside substrate and mechanism-based inactivator galacto-cyclophellitol.
We turned our attention to a natural product, the well-known oxirane containing inactivator
cyclophellitol.*> We first studied the effect of pH on the rate of TmGalA inactivation by o-D-
galacto-cyclophellitol (7) and found that the rate constant for covalent labeling (kinac/Ki) decreases
as the pH increases (Figure 9A). This observation is consistent with the mechanism of 7mGalA-
catalyzed inactivation to require a protonated form of the enzyme. We therefore measured the rate
constants for inactivation of our panel of 7mGalA variants at the same pH used for hydrolysis of

the melibioside natural substrate analogue 1. Surprisingly, one variant (W65F) inactivated nearly
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two orders of magnitude faster than any of the other enzymes used in this study. The LFER
correlation between melibioside 1 and cyclophellitol 7 has a slope = 0.59 + 0.06 (R* = 0.9406;
Figure 9B) when the outlier W65F is excluded. This result is consistent with an early TS for

nucleophilic ring opening of the oxirane, due to the release of substantial angle strain. Such an
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early TS would have little charge development on either the carbasugar ring or the oxygen of the

oxirane, which is consistent with the shallow slope (= 0.59) of the LFER plot (Figure 9B).

Figure 9. Inactivation of 7mGalA and its variant enzymes by 7. A) Log;o(kinact) Versus pH profile
for the inactivation of wild-type 7mGalA by a-galacto-cyclophellitol (7); B) Bartlett-type LFER
plot of the logarithms of the second-order rate constants for the 7mGalA variant-catalyzed
inactivation by inhibitor 7 (Ki/kinaet) and hydrolysis of the melibiose substrate 1 (Ky/kcat), blue
circular points included in the linear fit (blue line), while the red circular point (W65F) was

excluded from the fit.

Conclusions
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We have shown that the three classes of mechanism-based inhibitors studied herein react via
different degrees of TS charge stabilization. Specifically, 1) 2-deoxy-2-fluoroglycosides react via
Sn2-like TSs while the glycoside natural substrates react via a Sy1 TS, i1) mechanism-based allylic
carbasugars react via analogous TSs to those of the glycosides, and iii) the epoxy carbasugar
inactivator 7 reacts via a ring-opening TS that has a reduced requirement for charge stabilization
than the TS for reaction of a natural substrate disaccharide. We propose that the design of efficient
mechanism-based covalent inhibitors ideally should mimic the flexibility of GHs with respect to
stabilizing a variety of charge distributions at the pseudo-glycosylation transition state.
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