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Abstract

This thesis is divided into two parts. The first addresses basic issues of retaining glycosidase
mechanism. This includes the use of a new technique, time-resolved electrospray mass
spectrometry, to directly monitor changes in the mass of Bacillus circulans -xylanase during its
catalytic cycle. This enabled the pre-steady state kinetic parameters for the reaction it catalyses
to be determined, which were in turn validated by traditional stopped-flow spectrophotometry.
This study is followed by the characterization of the Cellulomonas fimi 3-mannosidase (Man2A)
by site-directed mutagenesis, pH-rate dependencies, Brgnsted relationships and kinetic isotope
effects. The contribution of the substrate 2-hydroxyl to catalysis in Man2A is also evaluated.
The second part of this thesis descibes the development of ‘glycosynthases’ from nucleophile
mutants of Man2A, Agrobacterium sp. B-glucosidase (Abg) and Streptomyces lividans
endoglucanase (CelB). When provided with a-glycosyl fluoride donors and glycoside acceptors
these mutant glycosidases synthesize glycosidic bonds. In all three cases higher glycosylation
activity is observed with serine nucleophile mutants than with the corresponding alanine
mutants. This is ascribed to stabilization of the departing fluoride in the glycosylation transition
state by the serine hydroxyl group, most likely through a hydrogen bond. Glycosidic bond
cleaving activity can be restored to these nucleophile mutants by providing a small exogenous
anion such as azide or formate. In addition to recovering bond cleaving activity with azide and
formate, Abg and Man2A nucleophile mutants are also rescued by halides, including ﬂubride.

This is an exceedingly rare form of enzymatic catalysis, as well as a dramatic example of how a

variety of chemistries, or catalytic promiscuity, can develop from a single enzyme active site.
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Chapter 1  Introduction to Retaining Glycosidase

Mechanisms




The Legacy of David Phillips

The most stable of the linkages within naturally occurring biopolymers is the glycosidic bond,
with half lives for spontaneous hydrolysis of cellulose and starch being in the range of 5 million
years.! The fact that glycosidases are capable of hydrolysing these materials with rate constants
up to 1000 sec” marks these enzymes as some of the most proficient of catalysts. The first
enzyme X-ray crystal structure determined happened to be that of a glycosidase, lysozyme,? and
the following 34 years of research into the catalytic prowess of glycosidases, for better or for
worse, has largely been interpreted through the lens of that work. Indeed, David Phillips’
original proposal for the mechanism of hen egg white lysozyme (HEWL) has become a paradigm
in enzymology, and is standard fare in all undergraduate biochemistry textbooks.

HEWL serves a defensive role by cleaving the glycosidic bond between the N-acetyl
glucosamine (NAG) and N-acetyl muramic acid (NAM) residues that comprise the
peptidoglycan in bacterial cell walls. Model building studies by Phillips suggested that the N-
acetylglucosamine residue of the scissile bond would be distorted from a normal chair
conformation to a half chair, placing the glycosidic oxygen in a pseudo-axial position near the
proposed general acid-base catalyst, Glu 35 (Figure 1-1). The Phillips mechanism also holds
that this distortion would favour a fully formed oxocarbenium ion intermediate, stabilized
electrostatically by an ionized Asp 52, following general acid catalysed expulsion of the
glycosidic bond by Glu 35. Subsequent general-base catalyzed attack of water at the § face of

the oxocarbenium-ion intermediate would produce a hydrolyzed' product with retained

stereochemistry.
Glu 35
(oj :O _oj :O
' K
oH M OH "H OH
NAM
,O O( O/ —_— .- O 0\ ,O O
NAM H@ NAM ﬂgiﬂ( H NAM H&OH
| NHAc
AcHN —o O AcHN -o_ O
Asp 52

Figure 1-1: The venerable lysozyme mechanism proposed by David Phillips.

- Controversial even until recently, the concept of substrate distortion received support in

Phillips’ time from measurements of sub-site affinities, which indicated a negative contribution



from the binding site,? and later from stereoelectronic arguments which require such distortion in
order to place the lone pair on the endocyclic oxygen anti-periplanar to the scissile bond. More
recent structural work with HEWL lent support to the distortioﬁ model,’ but ambiguity remained
because these results were based on the structure of an enzyme-product complex, not that of a
substrate spanning the cleavage site. However, the most distressing part of this mechanism was
the formidable challenge of stabilizing the highly reactive oxocarbenium ion for a length of time
sufficient to allow diffusion of the aglycone from the active site and the return of a water
molecule to complete hydrolysis. Solvolysis studies of acetals and glycosides have established
that the oxocarbenium ion is too unstable to exist as a real intermediate in the presence of a
nucleophile, such as Asp 52.6-10 However, for over 30 years kinetic evidence for or against the
existence of an ion pair in HEWL has been impossible to obtain because there are no known
substrates for which hydrolysis of the glycosyl-enzyme intermediate (Figure 1-1, second step) is

rate determining.!!-14 Thus it has never been possible to isolate the oxocarbenium intermediate

on any timescale, and the Phillips mechanism has remained inviolable to the passage of time.

That is until recently, as will be discussed below.

Emerging From the Shadow of Lysozyme

The Phillips mechanism for HEWL is all the more curious when one considers that Daniel
Koshland, 14 years earlier, had proposed two possible mechanisms for the enzymatic hydrolysis
of a glycosidic bond.!s Koshland recognized that because the anomeric carbon of a glycosidic
bond is stereogenic, glycosidase-catalyzed hydrolysis of a glycosidic bond could proceed
through retention or inversion of the stereochemistry, or anomeric configuration, at that carbon.
Each stereochemical outcome demands entirely different mechanisms, and two general schemes
were proposed, as shown in Figure 1-2. The inversion mechanism for glycoside hydrolysis was
envisioned as a simple Sn2 like displacement of the glycosidic oxygen by a water nucleophile
(Figure 1-2a). Although at the time Koshland did not know the identity of the catalytic residues,
today it is known that two carboxyl residues in the active site function as general acid-base
catalysts. In the retaining mechanism, Koshland circumvented the issue of an unstable
oxocarbenium ion by proposing a double displacement reaction in which a covalent intermediate
was transiently formed (Figure 1-2b). Once again, two carboxyl residues are employed for this
purpose, one as the nucleophile, the other as a general acid-base catalyst in the glycosylation and

deglycosylation steps. In both mechanisms, each displacement reaction passes through a

transition state with substantial oxocarbenium ion character, involving sp> hybridization of the




anomeric carbon as well as delocalization of partial positive charge between the anomeric carbon
and the endocyclic oxygen. Features of these transition states, as well as the covalent
intermediate, will be discussed in more detail below.

Remarkably, a covalent catalysis mechanism had been proposed for HEWL by Lowe at
the same time as Phillips proposed his oxocarbenium mechanism.!6:17 Lowe’s mechanism was a
variation on Koshland’s scheme and called for the N-acetamido group on N-acetyl glucosamine
to function as a nucleophile, forming a relatively stable cyclic oxazoline intermediate (Figure 1-
3). In this case an ionized Asp 52 would stabilize the positive charge of the oxazoline. Substrate
assisted catalysis is well-precedented in the spontaneous hydrolysis of N-acetyl [-
hexosaminides,!3!9 and is actually used by certain N-acetyl (-hexosaminidases (those from
Family 18 and 20).202} Howevér, this mechanism was discarded for HEWL in favour of the
Phillips’ version on the basis of the relatively rapid turnover of substrates lacking the N-acetyl

group.22.23
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Figure 1-2: Generalized mechanisms for inverting (a) and retaining glycosidases (b).
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Figure 1-3: Mechanism for HEWL proposed by Lowe involving substrate assisted catalysis.

Structural biology of glycosidases

Until 1990, HEWL was one of a handful of glycosidases with a known three-dimensional
structure. However, following advances in molecular biology in the last decade there has been
an explosion of structural information on glycosidases in terms of sequences and three-
dimensional structures. The predicted amino acid sequences of well over 2000 different
glycosidases are now available, these being divided into over 80 different families on the basis of
sequence similarities.2* Now a necessity in the post-genomic era, this information is maintained
and continually updated on a web-site (http://afmb.cnrs-mrs.fr/~pedro/CAZY/db.html). Three-
dimensional structures have now been determined for representatives of at least 30 of these
families, revealing stunning structural diversity despite the fact that all these enzymes catalyse
the same reaction, hydrolysis of an acetal.2> Nonetheless some families adopt similar folds and
on this basis have been assigned to so called ‘clans.’242627 However, many active site features,
such as the pair of carboxyl groups, are retained throughout. Likewise, although glycosidic bond
cleavage can occur with inversion or retention, all enzymes within a sequence-related family
appear to catalyse reaction with the same stereochemical outcome (Figure 1-2).28 Predictably,
there are fundamental differences in the active site geometries of inverters and retainers. The
two carboxyl groups in inverting glycosidases that serve as general acid and general base
catalysts are suitably placed, some 10.5 A apart on average,?3 to allow the substrate and a
water molecule to bind between them (Figure 1-2a). By contrast the carboxyl groups in retaining
glycosidases are only 5.5 A apart, consistent with a double-displacement mechanism involving a
covalent glycosyl-enzyme intermediate (Figure 1-2b).2629.30  Glycosidase structures have also

revealed two basic active site shapes, corresponding to two forms of polysaccharide cleavage.



http://afmb.cnrs-mrs.fr/~pedro/CAZY/db.html

Pocket shaped active sites are found on exo-glycosidases, or those that cleave sugar residues
from the end of a polysacharide chain. Cleft shaped (or possibly, in some cases, tunnel shaped)
active sites are found on endo-glycosidases, which cleave glycosidic bonds anywhere along the
length of the polysaccharide chain. In order to bind a polymeric substrate, glycosidases typically
have a number of sugar ring binding sites. By convention, subsites that bind the glycone portion
of the substrate are designated -1, -2, -3 etc., while the aglycone or ‘leaving group’ binding sites

are designated +1, +2, etc.

Defining rate-determining steps

In order to fully characterise each step in the retaining mechanism, it is necessary to first identify
a number of substrates for which different steps are rate-limiting. The aryi glycosides have
proved ideal for this purpose with a number of 3-glycosidases, early studies being performed on
the almond B-glucosidase3! and E. coli B-galactosidase.3? In the case of Agrobacterium sp. p-
glucosidase (Abg) a plot of log k. values for the hydrolysis of a series of aryl glucoside
substrates versus the aglycone pK, values produces a biphasic, concave-downward Brgnsted
relationship, indicating a change in rate-determining step as the aglycone leaving group ability
increases (Figure 1-4).33 The glycosylation step is rate-limiting for substrates to the right of the
break as indicated by the strong dependence (g = -0.7) in this region. Below the break the k.,
value is independent of the leaving group, indicating that some other step is rate-limiting. This
was shown to be the deglycosylation step through nucleophilic competition studies and the

observation of ‘burst’ kinetics in the pre-steady state.33.34
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Figure 1-4: Brgnsted relationship for a series of aryl B-glucosides with Agrobacterium sp. B-glucosidase.




Transition state structure

Substantial oxocarbenium ion character has been shown to be present at the anomeric centre in
the transition states of both inverting and retaining mechanisms, as is also the case for the
spontaneous hydrolysis mechanism.3435  Perhaps the best evidence is that derived from
measurements of alpha secondary deuterium kinetic isotope effects (DKIE).  Such
measurements on glycosidases have a long historyl!:3¢6 and are illustrated here in studies with
Abg. The oDKIE values measured?? for two substrates for which deglycosylation was rate-
limiting averaged ku/kp = 1.11, while aDKIE values for the glycosylation step averaged ku/kp =
1.06. The larger aDKIE values measured for deglycosylation suggest that this step has more
oxocarbenium ion character than does glycosylation, thus it involves a more dissociative
transition state. More importantly, because the oDKIE for deglycosylation is normal (i.e.
aDKIE > 1), indicating a sp’ to sp® rehybridization of the anomeric carbon, the existence of a
covalent intermediate prior to the transition state is required. Had the intermediate been an
oxocarbenium ion, an inverse isotope effect would be expected (DKIE < 1) as the result of sp*
to sp> rehybridization. In all retaining glycosidases where this measurement has been possible
on the deglycosylation step a normal isotope has been observed, indicating the formation of a
covalent intermediate.

A significant component of catalysis in most enzymes derives from non-covalent
enzyme-substrate interactions that are optimised at the transition state. In order to probe the
importance of hydrogen bonding interactions at each sugar hydroxyl position for each step along
the reaction coordinate with Abg, a series of deoxygenated and deoxyfluorinated derivatives of
the substrate 2,4-dinitrophenyl B-glucoside were synthesised and subjected to detailed kinetic
analysis.>* Key conclusions from this study were that binding interactions at the 3, 4, and 6-
positions individually contribute 3-10 kJ- mol™ to each transition state, whereas contributions in
the ground state are much weaker (< 3 kJ- mol'l). However, the most interesting interactions are
those at the 2-position which contribute substantially (18-22 kJ- mol™) to stabilization of the \
glycosylation and deglycosylation transition states. This appears to be a common phenomenon
with B-glycosidases with interactions at this position in some enzymes reaching 45 kJ- mol™.3¢
This feature is examined further in Chapter 3 of this thesis in the context of a f-mannosidase.

Further information on the structure of the glycosidase transition state can be derived
from inhibition studies with transition state mimics.3’ The flattened half-chair conformation and

the development of positive charge at the position of the endocyclic oxygen, anomeric carbon



and glycosidic oxygen are favourite features that are incorporated into transition state analogues
(Figure 1-5). Nature was the first to incorporate these features into secondary metabolites such
as acarbose (1-1), 1-deoxynojirimycin (1-2)38 and castanospermine (1-3)39, all potent inhibitors
of certain glucosidases. Synthetic efforts in the last two decades have produced numerous
nojirimycin analogues as well as other nitrogen substituted ‘aza-sugars’,4041 including‘
isofagomines (1-4)4243, 1-azafagomines (1-5)#, the bicyclo[4.1.0Jheptane compound 1-6*> and
cyclic imines (1-7),% all attempting to mimic positive charge development and the half-chair
conformation. Others, such as the hydroximolactam (1-8) and norjiritetrazole (1-9) derivatives
attempt to mimic the flattened half chair as well as interact with the acid-base catalyst.4’ In a
recent diversion from these themes, the non-basic lactam xylobiose derivative (1-10) was
designed to take advantage of the strong interactions (~ 10 kcal mol”) developed at the 2-

hydroxyl position by Cellulomonas fimi exoglycanase (Cex), and indeed proved to be a potent

inhibitor of this enzyme.*?
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Figure 1-5: Examples of naturally occurring and synthetic glucosidase inhibitors.

Significant differences in the transition state structure have been inferred from transition
state mimics. This includes the observation that retaining o-glucosidases are potently inhibited
by nojirimycin derivatives (1-2), whereas retaining [3-glucosidases are more potently inhibited by
isofagomine derivatives (1-4), implying that markedly different localization of positive charge
(at O5 or Cl) occurs in the respective transition states.#249.50 This parallels the relative
effectiveness of 5-fluoro and 2-fluoro glycoside inactivators on these enzymes, as well as the
opposite positions of their nucleophiles.*® Likewise, significant differences in the transition
states of two xylanases, Cex and Bcx, have been inferred from strong inhibition of the former by
imidazole, lactam, and isofagomine xylobioside derivatives, but not the latter.51:52 This appears

to correlate with the dramatically different structures that are observed for the corresponding

covalent intermediates (see below). The development of protonation site-specific transition state




11

analogue inhibitors has elegantly 'revealed a subtlety in the positioning of the acid-base
catalyst.4” The vastly reduced potency of 1,2,3-triazoles (1-11)Arelative to hydroximolactams (1-
8), tetrazoles (1-9) and imidazoles (1-12) with glycosidases belonging to clan GH-A implies that
protonation of the glycosidic oxygen occurs within the plane of the sugar ring and anti to the O5-
C1 bond (Figure 1-6). Recent structural analyses of imidazole and hydroximolactam complexes
with a cellulase3 and Cex 52 has confirmed this mode of binding. Examination of other
glycosidase structures has revealed that the opposite protonation trajectory, syn to the O5-Cl1

bond, also exists.47

OH OH OH 9
~Ns -~ 0
HO NN HO NN HO

OH OH @ OH \ H,
T "0 _ 0
OTO oﬁ,o
(1-11) (1-12)
Ki> 8000 uM Ki=19 uM

Figure 1-6: Illustration of anti-protonation by triazole (1-11) and imidazole (1-12) inhibitors. Ki values are for
Almond B-glucosidase.

It is essential to note that potent inhibition of an enzyme may merely be the result of
fortuitous binding, and not transition state analogy.?” A more rigourous approach to assessing
the transition state mimicry of an inhibitor was developed by Wolfenden34 and Bartlett.>> This
involves testing a series of ‘mutant’ variants of an inhibitor (e.g. deoxy or fluorinated
analogues) with an enzyme, or the converse, testing a series of aétive site mutants of the enzyme
with a single inhibitor. If an inhibitor is an accurate transition state mimic, then these mutations
will affect the binding of the inhibitor (Ki) and transition state binding (k../Ku) in equivalent

ways, and the following relationship will hold:
log Ki < log(K,, /k.,,) (1-1)

This criterion was used to establish that acarbose (1-1) was a transition state mimic for

Aspergillus niger glucoamylase3® and Bacillus circulans cyclodextrin glucanotransferase.5’

Likewise, manno- and gluco-nojiritetrazoles such as (1-9) were determined to be transition state
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mimics for glucosidases and mannosidases.’® In contrast, this correlation did not hold for a
series of deoxynojirimycins (1-2) and castanospermines (1-3) with Agrobacterium sp. [-

glucosidases, marking these as fortuitous binders with this enzyme.37

Acid-base catalysis

Cleavage of a glycosidic bond between two sugar residues requires substantial general acid
catalytic assistance, as well as general base catalysis to assist the attack of the nucleophilic water
molecule. Three-dimensional structures generally provide good clues regarding the identities of
the acid-base catalysts. Alternatively, candidates identified through sequence alignments can be
investigated by detailed kinetic analysis of mutants modified at those conserved residues.’®
However, simple measurement of activities can lead to mis-assignments.

Replacement of the acid-base catalyst carboxyl group with a methyl group (Ala) or amide
functionality (Asn or Gln) should yield a mutant with kinetic parameters that vary widely with
the leaving group ability of the substrate aglycone. Thus the glycosylation step, as measured
through k../Ku values or pre-steady state kinetics, is drastically slowed for substrates such as
disaccharides with poor leaving groups that need protonic assistance for departure, but is
affected relatively little for substrates such as dinitrophenyl glycosides or glycosyl fluorides that
need no such assistance (Figure 1-7, upper pathway). However the deglycosylation step is
slowed equally (typically 200-2000 fold) for all substrates of the same glycone structure, due to
removal of general base catalytic assistance. This results in accumulation of the covalent
intermediate when reactive substrates are employed, as suggested by unusually low substrate K,
values and ‘burst’ kinetics in the pre-steady state.60-64

The kinetic characteristics described above are necessary, but not sufficient, indicators of
mutation of the acid-base catalyst. Changes in the pH-rate profile should also be observed,
ideally involving complete removal of the ionization from the profile,52 though in many cases
this can be masked by other proton transfer events. A more definitive and rapid diagnostic test
for having mutated the acid-base catalyst is the observation of a large increase in rate of cleavage
of substrates for which deglycosylation is rate-limiting upon addition of nucleophilic anions such
as azide, formate or acetate. This is accompanied by the formation of a new product with
retained anomeric configuration (Figure 1-7, upper pathway). These effects are due to the anion

reacting more rapidly with the glycosyl-enzyme than does water in the absence of general base

catalysis. No such effect is seen with wild type enzymes, charge screening by the base catalyst
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presumably denying access tb the anions in that case. This approach allows relatively facile
identification of the acid-base catalyst and appears to be general.>®

Catalytic activity has also been restored to the acid-base mutant of Abg (E170G) by the
inclusion of a suitably positioned carboxyl group into the substrate.6> Thus the k../Ky value for
cleavage of ortho-carboxyphenyl -glucoside by this mutant (in the presence of azide to ensure
that deglycosylation is not rate-limiting) is some 10’ fold greater than that for its para-
substituted isomer, due to intramolecular delivery of a proton (Figure 1-7, lower pathway).
Remarkably, Sinapis alba myrosinase has evolved to use a similar rescue strategy. This enzyme
has a Gln residue in the positon normally occupied by Glu in Family 1 glycosidases.®® To
compensate, the myrosinase relies on the the good leaving group ability of the sinigrin aglycone
to perform the glycosylation step. Even more striking is that L-ascorbate (pK; = 4.17) provides

general base assistance in the deglycosylation step (Figure 1-8).67
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Figure 1-7: Glycosylation of the Abg acid-base mutant (E170G) with 2,4-dinitrophenyl glucoside (upper pathway)
or by substrate assisted catalysis (lower pathway). Azide assists deglycosylation, forming a retained product.
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Figure 1-8: Nature’s version of substrate assisted catalysis and chemical rescue. Hydrolysis of sinigrin by Sinapis
alba myrosinase (Family 1).67
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These examples point to a surprising tolerance to the chemical identity of the acid-base
catalyst. Indeed, in a remarkable study the general base (Glu400) of the inverting glucoamylase
from Aspergillus awamori was replaced by cysteine then oxidized to cysteinesulfinic acid. The
pKa of this sulphinate residue was determined to be merely 0.5 pKa units lower than the wild
type Glu400.¢ However, the k., value of the mutant towards maltose was 700 times higher than
that of the wild type enzyme, and the Kjy was unchanged. Likewise, changes in the position of
the acid-base catalyst in Bcx were demonstrated to have modest effects on catalysis.®3

Another intriguing feature of the acid-base catalyst in a retaining glycosidase is a
dynamic pKa. This was first demonstrated by >C NMR titrations perfomed on Bcx that had
been specifically °C-labeled in the side chain carboxyl groups of the nucleophile (Glu78) and
the acid-base catalyst (Glul72).%9 pKa values of 4.6 and 6.7 were measured for Glu78 and
Glul72 respectively. However, when the 2-fluoroxylobiosyl-enzyme intermediate was titrated it
was seen that the pKa of Glul72 had dropped some 2.5 units, thereby producing the ionisation
state required for the subsequent deglycosylation step. This drop in pKa also drives the
formation of the covalent intermediate by creating a thermodynamically favourable proton
transfer from the strongly acidic glutamic acid side chain to the strongly basic alkoxide leaving
group.’ Such ‘pKa cycling’ is ascribed to changes in the active site environment arising from
the presence and absence of charge on Glu78 and is most likely a general feature of the

mechanisms of retaining glycosidases.

Substrate distortion

The role of substrate distortion in the mechanism of 3-glycosidases is a contentious issue with a
long history. First posited for HEWL on the basis of models of bound oligosaccharides, this
concept has received support from measurements of sub-site affinities, which indicated a
negative contribution from the -1 site, and from stereoelectronic arguments which require such
distortion in order to place the lone pair on the endocyclic oxygen anti-periplanar to the scissile
bond.3# Structural evidence for such distortion has been ambiguous, possibly because the
complexes under investigation in many cases had no sugar filling the +1 site. Recently,
however, there have been three separate structure determinations of [B-glycosidases with
uncleaved substrates spanning the active sites, in which large distortions of the pyranoside ring
bound in the -1 site into a 'S; skew boat have been seen (Figure 1-9). 71-73 Such distortion, which

is likely driven by interactions between the enzyme and the substrate in the +1 site, can assist
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bond cleavage in several ways. Firstly it permits an in-line attack of the enzymic nucleophile at
the anomeric centre, unencumbered by the repulsive 1,3-diaxial interactions otherwise present
when displacing an equatorial leaving group. It also moves the substrate closer to the
conformation of the oxocarbenium ion transition state, as well as placing the glycosidic oxygen
in an appropriate position for protonation by the general acid catalyst. Finally it is consistent
with the dictates of stereoelectronic theory, which favours the endocyclic oxygen lone pair to

align with the developing sp” orbital on the anomeric carbon in the transition state.*
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Figure 1-9: Thiosugar substrate analogue bound in the active site of Fusarium oxysporum endoglucanase I with the
—1 sugar distorted to a 'S; conformation.”2

I-O

Covalent intermediates

The covalent intermediate is now firmly established for a large number of retaining glycosidases,
including HEWL.7* As noted above, important evidence has been provided by aDKIE’s of
ku/kp >1.0 measured on the deglycosylation step, which are consistent only with a covalent
intermediate reacting through an oxocarbenium ion-like transition state. Direct trapping of the
covalent intermediate has been achieved in several different ways. One approach involves the
introduction of a fluorine substituent into the 2 or 5 position of the substrate (Figure 1-10) to
slow the reaction by destabilising the positive charge that develops at the transition state and
removing the important transition state hydrogen bonding interactions which develop at the 2
position.”>77. Since such substitutions slow both the glycosylation and deglycosylation steps a
good leaving group, typically fluoride or dinitrophenolate, is generally incorporated into the
analogue to ensure that the glycosylation step is faster than the deglycosylation, and thus that the

intermediate accumulates.
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Figure 1-10: Examples of fluorosugar inactivators.

Inactivation of the enzyme is accompanied by the release of one full equivalent of
aglycone per equivalent of enzyme. The formation of a covalent intermediate is now trivially
demonstrable by electrospray mass spectrometric analysis?8 and '°F NMR studies have provided
good evidence for the stereochemistry of the linkage.”80 The catalytic competence of these
intermediates (with typical lifetimes of days) has been evidenced by their accelerated turnover in
the presence of acceptor sugars, via transglycosylation (Figure 1-11).
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Figure 1-11: Turnover of a 2-fluoro glycosyl enzyme by transglycosylation.
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The identity of the nucleophilic amino acid residue involved in intermediate formation
has been determined in a number of cases by proteolytic cleavage of the labeled protein,

followed by isolation and sequencing of the glycosylated peptide. This process has been

significantly accelerated by the use of LC/MS/MS protocols.’® Using this or closely related
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approaches the active site nucleophiles of 21 glycosidases have been identified, including a
hexosaminidase,8! representing approximately half of the retaining glycosidase families.82
Certainly the best insight into the nature of the glycosyl-enzyme intermediate has come
from X-ray crystallographic analysis of trapped complexes. Structures of several such
complexes have now been solved.50.66.71.80.83-85 including the acid-base rﬁutant of HEWL using
the 2-fluoro chitobiosylfluoride inactivator 1-17.74 In one study a true cellobiosyl moiety was
trapped dn Cex by deletion of both the acid-base catalyst (E127A) and a histidine (H205N), then
reacting the double mutant with 2,4-dinitrophenyl -cellobioside.®5 In the resulting structure the
2-hydroxyl of the —1 sugar had formed a single, unusually short hydrogen bond (2.4 A) to the
E233 oxygen. This strongly implies that the substantial contribution of the 2-hydroxyl to
catalysis with this enzyme (10 kcal: mol™) arises from a strong hydrogen bond, possibly of the
low-barrier type,® in the transition state. The interaction observed would become shorter and
stronger at the transition state through flattening of the sugar ring and approach of the
carboxylate. In addition, positive charge developed at the anomeric centre would transiently
increase the acidity of the 2-hydroxyl, making it a better hydrogen bond donor as shown in
Figure 1-12. As noted above (and Chapter 3 of this thesis) this may be a general phenomenon

for retaining glycosidases with appropriately configured 2-hydroxyls.34

Ii

§- 0

Figure 1-12: Retaining glycosidase transition state involving a short hydrogen bond between the 2-hydroxyl and
the nucleophile.

A remarkably different substrate conformation was observed for 2-deoxy-2-
fluoroxylobiosyl-enzyme intermediate formed on Bcx.37 In this case the covalently linked -1
xylosyl moiety was distorted into a *°B boat conformation (Figure 1-13) whereas the

corresponding 2-deoxy-2-fluoroxylobiosyl-enzyme intermediate in Cex accommodated the -1

sugar ring in an undistorted *C; chair.## As proposed earlier for yeast o-glucosidase,? such
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distortion places C5, OS5, C1 and C2 in a planar array, ideally set up for stabilisation of
oxocarbenium ion character at the transition state. Also observed in the Bex structure was a
bifurcated hydrogen bond formed by the Y69 hydroxyl group to the covalently linked oxygen of
E78 and the sugar ring endocylic oxygen (Figure 1-13a). Upon bond cleavage and positive
charge development at OS5 the symmetry of this arrangement will be broken and a hydrogen bond
will develop to the partially negatively charged E78 oxygen. Simultaneously, a stabilizing
electrostatic or dipolar interaction could develop with the ring oxygen, as shown in Figure 1-13b.
A very similar interaction was observed in the covalent intermediate for Bacillus circulans
cyclodextrin glucanotransferase, but in this case the nucleophile carboxyl oxygen had the
appropriate orientation to donate negative charge to an electropositive endocyclic oxygen in the

transition state (Figure 1-13¢).50

Figure 1-13: Bcx trapped as a covalent intermediate (a) and implications for the transition state (b). The
corresponding transition state for Bacillus circulans cyclodextrin glucanotransferase (c).

Objectives of This Thesis: Glycosidase Mechanisms

The first component of this thesis explores basic questions in enzyme mechanism. Chapter 2

describes the development of a new technique, called time-resolved ESI-MS, as a means of




20

detecting transient enzyme intermediates and measuring the rate constants for their formation
and decomposition. The covalent intermediates formed by retaining glycosidases present an
ideal system with which to develop this method. Chapter 3 explores the catalytic features of a

retaining B-mannosidase, with particular attention dedicated to the role of the substrate 2-

hydroxyl in catalysis and features of the acid-base catalyst.
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Chapter 2 Application of Mass Spectrometry to Enzyme

Kinetics
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Introduction to ESI-MS and Time-Resolved ESI-MS

Reaction kinetic analysis is a study of mass balance as a function of time. In this regard a mass
spectrometer would appear to be the ideal instrument with which to monitor a chemical reaction.
However, prior to the development of ‘soft’ ionisation techniques in the 1980’s, namely matrix
assisted laser desorption ionisation (MALDI) and electrospray ionisation (ESI), the accurate
quantification of large chemical species as a function of time without the complication of
fragmentation was impossible. This was particularly true for delicate structures such as enzymes
and oligonucleotides. This chapter will focus on the use of ESI-MS for enzyme kinetics.

During the ESI process, intact molecular ions are generated directly from solution at
atmospheric pressure by rapid vaporization of the surrounding solvent (Figure 2-1). A high
voltage (3-6 kV) is applied to a metal capillary through which the analyte solution flows at 1-10
pL min”. In the positive ion mode of ESI operation, the capillary is biased positively and
positive ions in solution are formed in the gas phase. Specifically, positive ions in solution are
pushed by the electric field to the tip of the capillary and ultimately emitted as a fine mist of
positively charged droplets. These droplets shrink in size through solvent evaporation and
Rayleigh fission. This latter process occurs when the electric field at the droplet surface
overcomes surface tension causing smaller droplets to form spontaneously. Eventually,
desolvated ions are created which drift under the influence of the electric field towards the
sampling orifice of the mass spectrometer. A stream of dry nitrogen (or ‘curtain’ gas) flows
across the sampling orifice to further assist droplet drying. The ions then proceed from the
sampling orifice towards a skimmer orifice of the mass analyzer, beyond which differential
pumping is applied to attain the vacuum required for mass analysis. An electric field is also
applied between the sampler and skimmer to push ions towards the skimmer, as well as
accelerate ions through the curtain gas. This helps to decluster ions and can even be used to
fragment them. This electric field, which can be adjusted in real time while collecting data, is
particularly useful for probing non-covalent interactions between a ligand and a protein. Three
types of mass analyzers are typically used for ESI-MS (quadruopole, time-of-flight and ion

cyclotron resonance), the specifics of which are reviewed extensively®® and will not be discussed

here.
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Figure 2-1: Simplified scheme of ESI-MS.

In the commonly used positive-ion mode of operation of ESI-MS, three classes of positve
ions may be observed. These are atoms or molecules that carry an inherent positive charge (such
as a quaternary amine or Na*), adduct ions (a neutral molecule combined with a cation, typically
Na*, K" ,or NH4") or protonated ions. Adduct ions, which can complicate a mass spectrum, can
be minimized by desalting the sample prior to analysis. In the case of large structures, such as
proteins, the ion is multiply charged from the attachment of several protons. Thus in the
corresponding mass spectrum one observes several ion forms of differing m/z values and
intensities, each corresponding to a different charge state. The entire series of ions is commonly
known as a charge envelope. It should be noted that the charge states in an envelope do not
correlate with the number of basic sites on a protein. Instead, the distribution of the charge
envelope is exquisitely sensitive to the conformation of the protein ion in the gas phase, which is
in turn a snapshot of the corresponding solution fold (Figure 2-2).%0 Thus depending on the
initial solution conditions, a gas phase protein ion with a native, denatured or intermediate gas
phase fold may be generated. In general, a native conformation yields an envelope with lower
charge states than a denatured conformation, stemming from the fact that the latter has a greater
surface area on which protons may attach. Due to the remarkably mild nature of the ESI process,
as well as the sensitivity of the resulting charge envelope to protein conformation, ESI-MS not
only serves an important role in investigations on the priniary structure of proteins (and other

biomolecules),?192 but also in the study of non-covalent protein interactions,”? protein folding, %

9 and the structures of gas phase proteins.?7-%9
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Figure 2-2: ESI-MS of cytochrome ¢ denatured at pH 2.4 (a) and in the native fold at pH 3.0 (b). Reproduced
with permission,100

The new method of “time-resolved” ESI-MS, which couples a continuous-flow mixing
capillary directly to an ESI source (Figure 2-3), allows the rates of chemical reactions to be
monitored with a mass spectrometer. At the current state of development it éan be used to
measure reaction kinetics on a time-scale of tens of milliseconds.!®! The first successful
application of time-resolved ESI-MS on a sub-second time scale involved the study of protein
folding kinetics.100.101  Different proteiﬁ conformations in solution were identified by the
different charge state distributions they generate during ESI. It was demonstrated that this
technique is especially useful in studying the kinetics of folding reactions that are coupled to the

loss or binding of a ligand. Protein states with and without ligand can be easily separated by

their different masses if the ligand-protein interactions are not disrupted during ESI.
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Figure 2-3: Experimental apparatus for time-resolved ESI-MS. Arrows indicate solution flow. The flow time At
in the reaction capillary is proportional to the capillary length Ax.

Recently it was proposed that time-resolved ESI-MS could become a powerful tool to
monitor the kinetics of enzymatic reactions.!%? Potentially, ESI-MS will allow the simultaneous
detection of substrates, intermediates, and products of enzymatic reactions, as well as the
detection of covalent or non-covalent enzyme-substrate complexes. The use of ESI-MS could
obviate the need for chromophoric substrates and coupled assays that are currently required to
monitor the kinetics of most enzymatic reactions. Indeed, the detection of enzyme-inhibitor
complexes!® and steady-state enzyme-substrate or product complexes by ESI-MS!%4 has been
demonstrated previously. Likewise, covalent enzyme intermediates have been detected in serine
proteases,!05 elastase,!06 (-lactamase,!07-19 and numerous glycosidases.82 Lee et al.!l'0 used a
continuous sample introduction system to monitor the steady-state kinetics of lactase. More
recently, a pulsed-flow device coupled to ESI-MS, operating on a 30 ms time-scale, was used
successfully to detect a highly unstable tetrahedral-intermediate in the reaction catalyzed by 5-
enolpyruvoyl-shikimate-3-phosphate synthase,!!! but no kinetic parameters were determined.
However, a stopped-flow device coupled to ESI-MS, capable of a 25 ms time scale, was used to
monitor the Britton reverse transport kinetics of carbonic anhydrase.!12

Pre-steady state analysis has been applied widely to the study of transient intermediates
in enzymic reactions!!3116 including the covalent intermediates formed by retaining
glycosidases. Stopped-flow UV-Vis spectroscopy was used to determine the glycosylation and
deglycosylation rate constants for Cellulomonas fimi B-1,4-glycanase$2!17 and Agrobacterium
sp. B-glucosidase3464118  using substrates that were hydrolyzed with rate-limiting
deglycosylation. Likewise, the pre-steady state ‘bursts’ of phenolate observed for the hydrolysis
of reactive aryl-B-galactosides by Escherichia coli (lac Z) [B-galactosidase provided early

evidence for a glycosyl-enzyme intermediate.119-12! The remainder of this chapter describes the
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first use of time-resolved ESI-MS to monitor the pre-steady state kinetics of enzymatic reactions

by direct observation of transient enzyme intermediates.

Application of Time-resolved ESI-MS to Agrobacterium sp. -glucosidase

To apply time-resolved ESI-MS to enzyme kinetics, we initially chose the reaction of
Agrobacterium sp. B-glucosidase (Abg) with D-glucal as a model system. This reaction involves
attack of the enzyme nucleophile (Glu 358) on the reactive enol-ether of D-glucal, forming a 2-
deoxy glucosyl-enzyme intermediate (Figure 2-4). The low k. and Kj values previously
determined with p-nitrophenyl 2-deoxy B-D-glucoside (ke = 0.025 s, Ky = 15 puM, 37°C),
which forms the same 2-deoxy-glucosyl enzyme as D-glucal, suggested accumulation of this
intermediate, and indeed pre-steady state kinetic analysis was possible with this substrate.34 The
dramatic reduction in the deglycosylation rate was attributed to substantial contributions of the

2-hydroxyl to catalysis in Abg, which are absent in this particular glycosyl-enzyme.3*
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Figure 2-4: Mechanism for the reaction of Abg with D-glucal.

Initially, the ESI mass spectrum of Abg was obtained under ‘native’ conditions (5 mM
ammonium acetate, pH 6.86) in the absence of substrate (Figure 2-5). Low charge states were
observed for monomeric Abg (M 6" to M 14"), consistent with a structure of a folded enzyme in
the gas phase. Under denaturing conditions (5% acetonitrile, 0.1% TFA), the charge states
observed in the ESI mass spectrum of Abg typically range from 30 to 60" (data not shown).
Intriguingly, charge states that could only be assigned to dimeric and tetameric forms of Abg
were also observed. The relative abundance of the multimeric ion peaks could be increased by
decreasing the declustering voltage (data not shown). Although multimers could also form non-

specifically, this result is consistent with previous gel filtration studies that indicated Abg was
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predominantly dimeric in solution. Likewise, the recent X-ray crystal structure of a Bacillus
circulans sp. B-glucosidase, which has 46% sequence identity to Abg, revealed an octameric
form for that enzyme, also consistent with prior biochemical studies.!?2 That multimeric forms
of Abg are observed by ESI-MS suggests that the forces involved in forming these complexes
must be reasonably strong, and may have an impact on catalysis itself. Indeed, in the structure of
the Bacillus enzyme the active sites in each dimer appear to face one another and limit access of

substrate. This suggests that the monomer is the more active form of the enzyme.
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Figure 2-5: ESI mass spectrum of Abg (MW = 51 200 Da) under ‘native’ conditions (29 uM Abg, 5 mM
ammonium acetate, pH 6.86, 23°C). Charge states attributed to monomeric (M), dimeric (D) and tetrameric (T)
forms of Abg are indicated. Note that monomeric peaks may also include dimeric and tetrameric forms of Abg
(e.g.: M 10" =D 20" =T 40").

Having established appropriate ESI conditions, the reaction of Abg with D-glucal was
investigated. Two separate syringes mounted on a syringe pump (Figure 2-3) were charged with
solutions of Abg and D-glucal, each buffered with 5 mM ammonium acetate (pH 7). The
syringes were simultaneously advanced at 4 uL min™ to give a total flow rate of 8 pL min™
downstream of the reaction tee (75 um internal diameter). Reaction capillary lengths ranging
from 1 to 187 cm afforded reaction times of 0.5 s to 81 s at this flow rate. After 81 s reaction
with 10 mM D-glucal a shift in the mass spectrum was observed, corresponding to complete
accumulation of Abg as the 2-deoxy glucosyl intermediate. Upon closer examination of the 10"

charge state it became apparent that complete resolution of the free and covalent intermediate

forms of Abg (A +147 amu) would not be possible (Figure 2-6). This was due to the
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heterogeneity of the enzyme, in which a proportion of the enzyme population is missing an N-
terminal methionine (A -132 amu). The spectrum was further complicated by an intermediate
species, which could not be assigned, corresponding to Abg less 50 amu. Nevertheless, the mass
shift was unambiguous. Moreover, after some time the mass spectrum was observed to shift
back to its original position, corresponding to complete tunover of D-glucal and recovery of the

free enzyme (data not shown).
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Figure 2-6: Analysis of the 10" charge state in the Abg ESI mass spectrum before (Abg 10%) and after reaction
with D-glucal (10 mM, 81 s) to form the 2-deoxy glucosyl enzyme intermediate (Abg-G 10%). The small shoulder at
m/z 5105 in the Abg 10" spectrum corresponds to Abg missing the N-terminal methionine (MW = 132 amu). The
origin of the ‘middle’ shoulder at m/z = 5113 is unknown. The MW of the 2-deoxy glucosyl adduct is 147 amu.

A time course for this reaction at various concentrations of D-glucal was obtained by
varying the reaction capillary length while maintaining constant total flow rate (8 pL min™).
Data collection was limited to the most abundant ion, in this case the 10" charge state (Figure 2-
7). Over a period of approximately 80 s the position of the 10* charge state was observed to shift
to that of the covalent intermediate form of Abg, indicating that this time regime corresponded to
the pre-steady state of the reaction. Moreover, as the concentration of D-glucal increased (0.5 to
10 mM) the rate at which Abg accumulated as the covalent intermediate increased, as expected.
Despite being unable to quantify free and covalent intermediate forms of the enzyme as a

function of time, the reaction constant (k.,) for this reaction can be estimated to be 1-10 s™

(23°C). In comparing these results with those obtained with the substrate p-nitrophenyl 2-deoxy-
B-D-glucoside (k., = 19 st Ky= 4.4 mM, 37°C),3* which forms the same 2-deoxy glucosyl
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intermediate, it is evident that the reaction with the enol ether moiety of D-glucal is comparable
to the reaction with the anomeric carbon bearing a p-nitrophenol leaving group.

The results with Abg and D-glucal illustrate one shortfall of kinetic analysis by time-
resolved ESI-MS. Specifically, the mass spectra of reactants and products must be clearly
resolved to allow accurate measurement of the progress of the reaction. If one is monitoring
changes in the mass of the enzyme directly, the enzyme population must be homogeneous. An
alternative is to monitor substrate and product mass spectra, rather than the enzyme. However,
what was encouraging from these results was our ability to monitor a reaction, if only at a
qualitative level, with a substrate that did not offer a simple assay on the timescale considered
here. The only alternative would be to synthesize radiolabelled D-glucal and use rapid quench-
flow methods. Of perhaps even greater interest would be to examine the response of dimeric and
tetrameric forms of Abg to glycosylation with D-glucal. Is catalysis reduced or enhanced
relative to monomeric forms of the enzyme? Complete isolation of the covalent intermediate as
the 2-fluoro-glucosyl-enzyme is also possible, allowing one to make ‘static’ combarisons of free

and intermediate forms of Abg.
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Figure 2-7: Monitoring the reaction of Abg (24 pM) with D-glucal in the pre-steady state with time-resolved ESI-
MS (5 mM ammonium acetate, pH 7, 23°C). Only the 10* charge state is shown, with the vertical line indicating

m/z = 5120. Final, mixed concentrations of D-glucal and reaction times are indicated. Abg-G = glycosyl-enzyme

Application of Time-resolved ESI-MS to Bacillus circulans Xylanase

An extensively characterized xylanase from Bacillus circulans (Bcx) was chosen as a second
model enzyme system for time-resolved ESI-MS. This is a small Family 11 glycosidase that
cleaves the B-1,4 glycosidic bonds of xylan to release xylobiose. Hydrolysis occurs with

retention of anomeric configuration,?® necessarily implying the involvement of a covalent
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xylobiosyl-enzyme intermediate (E-X,) as part of the classical double-displacement mechanism
(Figure 2-8). Glu 78 was identified as the catalytic nucleophile by trapping the covalent
intermediate with 2,4-dinitrophenyl 2-deoxy-2-fluoro f3-xylobioside and subsequent analysis of
the proteolytically digested enzyme by ESI-MS/MS techniques.!?2 Moreover, the free and
glycosyl-enzyme intermediate forms of Bcx have been characterized by X-ray
crystallography®”.12¢ and NMR spectroscopy.6%125:126  Wild type Bcx has not been amenable to
pre-steady state kinetic analysis by stopped-flow UV-Vis spectroscopy due to the fact that the
glycosylation step is rate-limiting with all known synthetic substrates.$3 However, as shown in
this study, the deglycosylation step is rate-limiting for the mutant Bcx Y8OF with the substrate
2,5-dinitrophenyl B-D-xylobioside (2,5-DNPX;), leading to accumulation of E-X, at a rate that

can be monitored in the pre-steady state phase by time-resolved ESI-MS.

Glu 172 _
(o’K -(o’go
H
m/ ’m(:on " ’_E&/ (g — HO% ’m/OH
OH
Ho o o ROH "o
X hd
Glu 78
)
E + 2,5-DNPX, E 2,5-DNPX, —_> E-X, _/r> E+X,
2,5- DNP

Figure 2-8: Mechanism and kinetic scheme for the hydrolysis of 2,5-dinitrophenyl B-D-xylobioside (2,5-DNPX;)
by Bacillus circulans xylanase (Bcx).

Steady-state kinetics and stopped-flow spectroscopy

The kinetic behaviour of a retaining glycosidase such as Bcx may be analyzed according to the
three step mechanism illustrated in Figure 2-8. In order to monitor meaningful pre-steady state
kinetics for the formation of the covalent intermediate E-X; or the corresponding release of 2,5-
DNP the deglycosylation step must be rate limiting (k2> k.3). In the case of the wild type Bcx,
glycosylation (k.7) is rate limiting, even with the most reactive of aryl-B-xylobiosides.63 The
corresponding Y8OF mutant hydrolyzes 2,5-DNPX, 480 fold slower (ke = 0.042 s™) than the
wild type enzyme (k.o = 20 '), while a substantially lower Ky (60 uM for the mutant, 1.8 mM

for the wild type) suggests the accumulation of E-X,. That deglycosylation is now rate limiting
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is verified by the pre-steady state bursts of 2,5-DNP observed by stopped—ﬁ’ow UV-Vis
spectroscopy (Figure 2-9). This change in rate determining step supports the role of Tyr 80 in
positioning the attacking water, as well as perturbing the pKa of Glu 172 through a hydrogen
bond.®387 The loss of this interaction in the Y80F mutant has been observed to increase the
pKa’s of Glu 172 (from 6.8 to 7.8) and Glu 78 (from 4.6 to 4.8), resulting in a shift in pH
optimum from 5.7 to 6.3 (M.D. Joshi, L.P. Mclntosh, personal communication). This substantial
increase in pKa for the general acid-base catalyst can be expected to reduce both glycosylation
and deglycosylation rates. However, the reactive aglycone of 2,5-DNPX, (pKa = 5.1) does not
require general acid catalytic assistance for departure, therefore hydrolysis rates will be limited
only by the deglycosylation step, resulting in accumulation of E-X,. It is interesting to note that
the Y80F mutation has a greater deleterious effect on the hydrolysis rate of 2,5-DNPX; than
mutations that eliminate general acid-base catalysis altogether (E172N, E172S)63 underscoring

the importance of this residue to catalysis.
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Figure 2-9: Hydrolysis of 2,5-DNPX, by Bex Y8OF (10 uM), monitoring the release of 2,5-DNP in the pre-steady
state by stopped-flow UV-Vis spectroscopy. The substrate concentrations for the individual curves are as indicated.

Observation of the covalent intermediate by time-resolved ESI-MS

As noted above, the rate-limiting step for wild type Bcx is glycosylation, even with the reactive
substrate 2,5-DNPX,. However, the glycosylation and deglycosylation rates must be of the same
order of magnitude because a low steady-state concentration (~ 5%) of E-X, was detected in the

time-resolved ESI mass spectrum when Bcx was mixed with 2.2 mM 2,5-DNPX,, a

concentration which afforded approximately half-saturation of the enzyme (Ky = 1.8 mM)
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(Figure 2-10). If glycosylation had been very much slower than deglycosylation (k.2 << k. 3), E-
X, would not have accumulated to a detectable level. It is noteworthy that indirect detection of
E-X; had been impossible using stopped-flow UV-Vis spectroscopy.®® Indeed, this intermediate

had only been accessible through trapping with a mechanism-based inactivator.123
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Figure 2-10: Detection of a transient enzyme intermediate with time-resolved ESI-MS. ESI mass spectra of wild
type Bex (4 uM) recorded before (A) and after mixing with 2,5-DNPX; (2.2 mM) for 130 ms (B). Only the 8*
peaks are shown. The small peak at m/z = 2583 (B) corresponds to the covalent xylobiosyl-enzyme intermediate
(E-Xo).

The ESI mass spectrum of the mutant Bcx Y80F in S mM émmonium acetate buffer (pH
6.3, no substrate) displays a charge state distribution that is virtually identical to that of the wild
type enzyme, with a characteristic maximum at 8" (data not shown). The m/z values of the peaks
in the spectrum agree with the calculated mass of the mutant (MW = 20 384 Da). A very similar
spectrum was recorded 0.5 s after mixing the enzyme with 0.11 mM 2,5-DNPX, (Figure 2-11,
A). However, after 4.2 s (Figure 2-11, B) each of the peaks in the spectrum displayed a
pronounced satellite peak. Based on the m/z values, these satellite peaks can be assigned to the
covalent xylobiosyl-enzyme intermediate E-X, (MW = 20 649 Da). The spectrum recorded after
48 s (Figure 2-11, C) displayed an even higher intensity for the E-X, peaks. Similar intensity

ratios between E and E-X, peaks were observed for the different charge states for all reaction

times and substrate concentrations.
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Figure 2-11: ESI mass spectra recorded at 0.5 s (A), 4.2 s (B) and 48 s (C) after mixing a solution of Bcx Y8OF
(0.08 mg/mL, 4 uM) with the substrate 2,5-DNPX, (110 uM). Peaks in the spectrum correspond to free enzyme (E)
and the covalent xylobiosyl-enzyme intermediate (E-X).

Pre-steady state kinetic analysis by time-resolved ESI-MS

From Figure 2-11 (A-C) it is evident that the ESI charge state distributions for the free enzyme E
and the intermediate E-X, are very similar; both have most of their overall intensity in the
respective 8" peak. The average of several spectra afforded reproducible intensity ratios for the
two 8" peaks, which can be used as a measure of the relative concentration of E-X; in solution as
a function of time. Measurement of peak areas gave identical values for the fraction of E-X.
The results of some representative pre-steady state kinetic measurements are shown in Figure 2-
12. Consistent with the kinetic scenario in which ki, > k.3 (Figure 2-8), the steady state

concentration of the covalent complex E-X, with saturating substrate comprised 95% of the total

enzyme. As observed for the rate of phenolate release (Figure 2-9), the pre-steady state
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accumulation of E-X, follows first order kinetics. The dependence of k., on substrate
concentration is shown in Figure 2-13. The absence of any saturation behaviour would indicate
that the K, value for binding of 2,5-DNPX, to Bex Y80F is in the high millimolar range,
consistent with Ky, values measured previously for the hydrolysis of less reactive substrates by

wild type Bcx. 127
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Figure 2-12: Relative contribution of the 8 ion generated from the covalent xylobiosyl-enzyme intermediate (E-
X,) in the ESI mass spectrum as a function of time. The substrate concentrations for the individual curves are as
indicated. Circular and triangular symbols represent experimental data, solid lines are single exponential fits to the
data.

Non-covalent enzyme-substrate complexes

The spectra in Figure 2-11 do not show any peaks that could be assigned to non-covalent
enzyme-substrate or enzyme-product complexes. Recently it was observed that non-covalent
inhibitor complexes formed by trypsin could only be detected by ESI-MS operating at low
declustering voltages.!?8 Similar attempts were made to detect non-covalent complexes formed
by Bex Y8OF under very “mild” ion sampling conditions (declustering voltage 30 V). Under
these conditions a whole series of peaks was observed for each charge state which could be
assigned to gas phase ions having the composition E-(DNPX3), with values of n ranging from 0

to about 5. This series is most likely due to the formation of non-specific gas phase adducts

rather than specific enzyme-substrate or product complexes. This notion is supported by the
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observation of similar clusters for the covalent intermediate E-X; [i.e. E-Xo(DNPX5),] under
saturating steady-state conditions. That specific enzyme-substrate complexes are not observed in
this system is not surprising; Ganem has shown previously with hen egg white lysozyme that
specific non-covalent complexes are only observed when the dissociation constant is in the

micro-molar range or lower.1% As noted above, the K; values in this case are much higher.

Stopped-flow UV-Vis spectroscopy vs time-resolved ESI-MS

As dictated by the kinetic mechanism shown in Figure 2-8, the first order rate of release of 2,5-
DNP in the pre-steady state must be equal to the rate of accumulation of E-X;. On this basis
traditional stopped-flow UV-Vis spectroscopy can be used to verify the accuracy of time-
resolved ESI-MS. The linear fits of the data in Figure 2-13 (solid and dashed lines) show that
the correlations of k,,; with substrate concentration determined by each method agree very well,
within experimental error. According to the kinetic scheme in Figure 2-8, the first order rate

constant for the release of phenolate, or the accumulation of E-Xj, is given by equation 2-134113;

iy kalS]
obs — ™43 K
4 +[S]

2-1
The low solubility of 2,5-DNPX, precluded saturation of Bcx Y80F in the pre-steady state,
therefore equation 2-1 could not be used to determine the individual values for k; and K.

However, in the absence of saturation kinetics ([S] < Kj) equation 2-1 simplifies to:

k,,[S]
kobs = k+3 + sz (2'2) »

d

Therefore, the slope of the plots in Figure 5 yield the second order rate constant of k»/K; = 0.65

mM™.s!. This is in excellent agreement with the corresponding second order rate constant,

ko/Kys = 0.70 mM.s7, obtained from steady state kinetic analysis.




37

1.6

Kope (8)

0.0 T T T T ot
0.0 0.5 1.0 15 2.0 25

[2,5-DNPX,] (mM)

Figure 2-13: Validation of time-resolved ESI-MS by stopped-flow UV-Vis spectroscopy. The first order rate
constant (k) for the pre-steady state accumulation of E-X, (filled circles), monitored by time-resolved ESI-MS,
and the corresponding release of 2,5-DNP (open triangles), monitored by stopped-flow UV-Vis spectroscopy,
plotted as a function of 2,5-DNPX, concentration. Linear fits of the data derived from each method are shown as
solid and dashed lines.

Conclusions and Epilogue

This study demonstrates that the pre-steady state kinetic parameters for an enzymatic reaction
can be determined by time-resolved ESI-MS. In the case of Bcx, identical kinetic parameters are
obtained using traditional stopped-flow UV-Vis spectroscopy, thereby verifying the accuracy of
this new technique. The time resolution of the apparatus used in this work is currently limited to
tens of milliseconds!®! this being determined by the length of the reaction capillary, and is
therefore limited to enzymes with k, values less than ~10 s. Rapid chemical quench methods
for monitoring enzyme intermediates currently can provide better time resolution. However,
these methods require the use of radiolabelled substrates and are prone to artifacts arising from
non-specific entrapment of the radioactive label. The time-resolved ESI-MS technique avoids
this problem. As well, considerable improvements in flow rate are possible. Indeed, the pulsed-
flow apparatus used by Paiva et al 111 for time-resolved ESI-MS generated flow rates
approximately 100 fold faster than those used in this study. As noted by Northropo2? the
advantage of time-resolved ESI-MS over traditional pre-steady state techniques is the
unambiguous identification of mechanistically important intermediates by direct observation of

their mass. This advantage was aptly demonstrated by ESI-MS studies on the inhibition of
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TEM-2 B-lactamase by clavulanic acid, in which the observed mass of the acyl-enzyme
intermediate formed was 44 Da less than prediéted, the result of decarboxylation of the inhibitor
following acylation of the enzyme.108109 As well, time-resolved ESI-MS does not require
chromophoric substrates, thereby providiﬁg an opportunity to conduct enzyme Kkinetics with
more ‘native’ substrates without the need for coupled assays.l92 Moreover, in principle, it is
possible to simultaneously observe product formation and substrate depletion in addition to
monitoring the formation and depletion of enzyme intermediates. Therefore a host of kinetic
data may be generated in a single experiment.

Since publication of the results with Bex the potential of time-resolved ESI-MS in the
study of enzyme kinetics and mechanism has received greatér consideration.!!'* Following the
pioneering work of Covey et alll0 the steady-state kinetics of ricin!?® and an o-glucosidase!30
have been determined by ESI-MS and MALDI, respectively. Enzyme activity has even been
monitored in cells using ESI-MS to quantify biotin-linked substrates and products recovered
from cell lysates. 131 On a more demanding time-scale, the pre-steady state kinetics of a
penicillin-binding protein were determined with a quench-flow apparatus and subsequent
analysis of the covalently modified enzyme by HPLC ESI-MS.132  Similarly, rapid quench
techniques have been coupled with ESI and MALDI-MS to determine the pre-steady state
kinetics of a fucosyltransferase,!33 a phosphatase!3* and dTDP-glucose-4,6-dehydratase.!35 In
the phosphatase study, as in the case of Bcx, covalent modification of the enzyme was monitored
directly and the rates obtained were verified spectrophotometrically. Moreover, in the
fucosyltransferase and dehydratase studies, it was possible to simultaneously observe substrates,
intermediate species and the final products and thereby obtain the corresponding pre-steady state
rate constants. Conventional stopped-flow spectrophotometry and radioactivity based assays

also verified these results. It is a tribute to Dexter Northrop’s foresight that the general outcomes

of all of these studies are predicted in his influential 1997 review.102
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Chapter 3 Mechanistic Investigations into the Retaining [3-

Mannosidase Cellulomonas fimi Man2A
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Cellulomonas fimi B-mannosidase Man2A

Cellulomonas fimi is a gram-positive bacterium that has the capability of degrading and
subsisting on a number of plant polysaccharides, including cellulose, xylan and galactomannan.
Cex is one enzyme involved in the hydrolytic breakdown of cellulose and xylan, but the
catabolic pathway for galactomannan, consisting of $(1,4) linked mannose residues with a(1,6)
galactose substitution, was unknown. This became the topic of the Ph.D. work of Dominik Stoll
in Professor R.A.J. Warren’s lab at the University of British Columbia,!36 who was successful in
cloning three genes expressing enzymes involved in the hydrolytic breakdown of
galactomannan.!3” These were determined to be an o-galactosidase, a B-mannanase and a [3-

mannosidase (Figure 3-1).

OH Og C. fimi B-mannosidase OH OI;
(Man2A)
HO OH + f-mannanase HO OH
HO HO HO + a-galactosidase . OH

Figure 3-1: Enzymes involved in the degradation of galactomannan by Cellulomonas fimi.

The predicted peptide sequence of the 95 kDa (-mannosidase, named Man2A, marked this
enzyme as a member of the Family 2 retaining f-glycosidases. A retaining mechanism was
further established by labeling the active site nucleophile with the mechanism based inactivator
2-deoxy-2-fluoro -D-mannosyl fluoride (Figure 3-2).138 Following proteolysis and sequencing
of the labeled peptide by ESI-MS/MS methods the labeled nucleophile was identified as Glu
519. Sequence alignment with other Family 2 glycosidases suggested Glu 429 was the general

acid-base.
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Figure 3-2: Labeling of the nucleophile E519 of Man2A with 2-deoxy-2-fluoro B-D-mannosyl fluoride. The acid-
base catalyst E429 was predicted from sequence alignments.

Dominik Stoll generously provided the Man2A clone for mechanistic investigations in
our lab. This was indeed an excellent opportunity from a mechanistic perspective. A retaining
-mannosidase had not been studied in great defail, owing to the difficulty in synthesizing the
prerequisite 3-mannoside substrates. A particular interest in this case was the contribution of the
2-hydroxyl to catalysis. As noted in Chapter 1, interactions at the 2-position appear to be
universally strong in f-glycosidase catalysis. This was hypothesized to arise primarily from a
hydrogen bond between the 2-hydroxyl and the nucleophile in the glycosylation and
deglycosylation transition states. Indeed, in the case of E. coli B-galactosidase, also a member of
Family 2, this interaction is worth a remarkable 10 kcal mol 135139 However, a similar
interaction in the Man2A transition state is impossible due to the axial orientation of the 2-
hydroxyl in B-mannosides. Therefore the question arises whether interactions at the 2-position

in 3-mannosidase catalysis are as important as in other glycosidases.

Synthesis of Substrates for Man2A

The initial challenge prior to studying Man2A was the synthesis of a series of [-mannoside
substrates with varying reactivity. [(-Mannosides are recognized as the most difficult of
glycosidic linkages to form owing to the cis relationship of the glycosidic bond and the 2-
position, as well as an anomeric configuration that is contrary to the influence of the anomeric
effect. Only two chromophoric B-mannosides are commercially available, p-nitrophenyl [3-

mannoside (PNPMan) and methylumbelliferyl B-mannoside (MuMan), both of which have
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leaving groups with very similar pKalg values (7.18 and 7.6, respectively). Fortunately, a
convenient and f-stereoselective synthesis of PNPMan had been published by Garegg!40

involving a Mitsunobu glycosylation (Figure 3-3).

mvé e

OH

(3-1)
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Figure 3-3: Synthesis of aryl B-D-mannopyranosides. (a) 4 eq. 1-methoxy-1-cylohexene, 2.5 mol.% TsOH, DMF,
40°C, 30 mm Hg, 30 min., 30% (3-1), 20% (3-2); (b) 1.4 eq. phenol, 1.4 eq. DEAD, 1.4 eq. Ph3P, toluene, RT, 2-3
hrs., 50-85%; (c) 4% HCI in MeOH, 4°C, overnight.

Reaction of D-mannose with 1-methoxy-1-cyclohexene produced the di-O-cyclohexylidene
mannopyranose 3-1 which was readily crystallized free of the thermodynamic mannofuranose
product (3-2) in modest yield. Subsequent Mitéunobu mannosylation of a number of substituted
phenols, with pK,’s ranging from 4 to 10, afforded B-mannosides as the major products and total
glycosylation yields of 50-85% (Table 3-1). The o~ and f-anomers were readily separated by
silica gel chromatography and deprotection of the purified B-glycosides was achieved in acidic

methanol.
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Table 3-1: Yields and anomeric selectivity of Mitsunobu mannosylation of substituted phenols.

Phenol Phenol Yield (%)* Bla®
Substituent pKa B a Total

H 9.99 48 8 56 6:1
4-chloro 9.38 75 10 85 7.5:1
4-cyano 8.49 76 8 84 9.1:1
3-nitro 8.39 77 6 83 13:1
4-nitro 7.18 50 - 50 -
4-chloro,2-nitro 6.45 50 - 50 -
2,5-dinitro 5.15 52 22 74 2.4:1
2,4-dinitro 3.96 38 15 53 2.6:1

a) Isolated yields. b) Ratios based on isolated yields.

A valuable probe of oxocarbenium ion transition state character in glycosidase reactions
involves the measurement of alpha deuterium Kkinetic isotope effects (aD-KIE’s). Such
measurements require a glycoside substrate with a deuterium installed at the anomeric carbon.
Synthesis of an aryl B-[1-*H]-mannoside (Figure 3-4) was readily achieved by Swern oxidation
of the anomeric hydroxy! of 3-1 to produce the mannolactone 3-3. Reduction of 3-3 with sodium
borodeuteride afforded 1-deuterio labelled 3-4 which was used to glycosylate 2,5-dinitrophenol
under Mitsunobu conditions. Deprotection in acidic methanol afforded the required deuterium

labelled substrate 2,5-dinitrophenyl B-D-[l-zH]-mannopyranoside.

O,N
0— O 0— 0 %Oo
o] o} :
6% D —_— = o] 0
¢ D NO,
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31) —— 00§ o o
a OH

(3-3) (3-4)
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d D NO,

Figure 3-4: Synthesis of 2,5-dinitrophenyl B-D-{1-*H]-mannopyranoside: (a) (i) (COCI),, DMSO, DCM, -78°C,
25 min., (ii) E;N, RT, 73% (recryst.); (b) NaBD,, D,O, THF, 0°C, 3 hrs., 90%; (c) 2,5-dinitrophenol, Ph;P, DEAD,
toluene, RT, 2 hrs., 65% (B/o. = 4.9:1); (d) 4% HCl/ MeOH, 0°C, 9 hrs., 42% (recryst.).

Synthesis of 2-deoxy B-glycosides, like the B-mannosides, is also difficult owing to the

absence of a participating group at C-2 to direct B-selectivity.!4! Fortunately, in the case of aryl

2-deoxy-p-glycosides, novel f-stereoselective glycosylation chemistry has been developed based
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on 2-deoxy-o-glycosyl phophorodithioate donors (Figure 3-5).142144 The phosphorodithioc acid
3-5, prepared by condensation of 2,2-dimethylpropane-1,3-diol with phosphorus pentasulfide,145
cleanly added to 3,4,6-tri-O-acetyl-D-glucal to give the 2-deoxy-o-glycosyl phophorodithioate
donor (3-6) as the major product.!46 This is a notable reaction because the usual result of acid
catalysed additions to glycals is allylic or Ferrier rearrangement to 1-substituted 2,3-unsaturated
sugars.!47 Uncatalyzed glycosylation of 4-nitrophenoxide (resin bound) with 3-6 was slow, but
afforded the per-O-acetylated 4-nitrophenyl 2-deoxy-p-glycoside (3-7) in good yield and (-
stereoselectivity (B/oc ~ 10:1). Interestingly, the electrophilic promotors for this type of
glycosylation do not appear to accelerate the reaction, but instead lead to poor
stereoselectivity.!42 Removal of the acetates was achieved with sodium methoxide in methanol

to give 4-nitrophenyl 2-deoxy-B-D-arabino-hexopyranoside (3-8).

- AcO
Ac;%) AcO
>< + P285 —> >< / AcO
OH

HO
HO’&/O NO,
HO

(3-8)

Figure 3-5: Synthesis of 4-nitrophenyl 2-deoxy-f-D-arabino-hexopyranoside (3-8): a) toluene, reflux, 2.5 hrs.,
65%; b) benzene, RT, 24 hrs., 60%; c) 10:1 isopropanol / benzene, Amberlyst A-26 (4-nitrophenoxide form), RT,
13 days, 63%, B/o. ~ 10:1; d) NaOMe / MeOH, RT, 35 min. then Amberlite IR-120 (H"), 70%.

Brgnsted Analysis of Man2A

As noted previously in the Ph.D. work of Dominik Stoll,!3¢ the kinetic behaviour of Man2A
towards aryl f3-mannosides proved to be complex (Figure 3-6). The plots of reaction velocity
versus substrate concentration for all aryl B-mannosides (pKalg = 3.96-9.4) all have the
appearance of substrate inhibition. An exception was observed for the least reactive of the
series, phenyl B-mannoside (pKalg = 9.99), which followed normal saturation behaviour within
the same concentration range as the other substrates, although at higher concentrations (> 6 mM)

modest inhibition was observed.
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Figure 3-6: Plots of reaction velocity (Vo/Eo) versus substrate concentration for Man2A catalyzed hydrolyses of 4-
nitrophenyl B-mannoside (PNPMan) and phenyl B-mannoside (PhMan).

Substrate inhibition occurs when a second molecule of substrate binds to the Michaelis
complex of the enzyme, resulting in a ternary complex that has reduced activity (Figure 3-7a).148
This is not an unknown behaviour for glycosidases,!4%:150 which frequently have long active site
clefts to accommodate multiple monosaccharide units of a polysaccharide chain, and thus have
the potential to bind two aryl glycosides simultaneously in an unproductive fashion. In the case
of a retaining glycosidase a second type of ternary complex may arise from a substrate-inhibited
covalent intermediate (Figure 3-7b). In order for this to occur, at a kinetically significant level,
the deglycosylation step would need to be rate determining so that the covalent intermediate may
accumulate and receive a second substrate molecule. The resulting ternary complex may be a
true dead-end species, or possibly a transglycosylation complex in which the subsequent
transglycosylation step (Kirans) 1s slower than the hydrolysis pathway (kay4r). If the intermediate
enzyme species are combined (Michaelis and covalent intermediate) as well as the corresponding
inhibition pathways, the standard equation for substrate inhibition may be used (equation 3-1).148

Table 3-2 lists the kinetic parameters determined for the reaction of Man2A with aryl §-

mannosides using equation 3-1.
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Figure 3-7: (a) Simplified kinetic scheme for substrate inhibition. (b) Proposed kinetic scheme for substrate
inhibition of Man2A (E) during the hydrolysis of an aryl B-mannoside (S). ES = Michaelis complex; E-S* =
covalent intermediate; ESS = substrate inhibited Michaelis complex; E-S*S = substrate inhibited covalent
intermediate or transglycosylation complex; K; and K" are inhibition (dissociation) constants for the second
substrate molecule; P1 = phenol; P2 = mannose; P3 = disaccharide transglycosylation product.

Vo _  ky[S]
Eo [S1?
M

3-1)

Table 3-2: Kinetic parameters for the reaction of Man2A with substituted aryl B-mannosides (pH 7, 25°C)
determined with equation 3-1.

aglycone pKa'® koo 5 Ky (mM) K; (mM) kol Kns
s'mM?)
2,4-Dinitro 3.96 119 (6) 0.27 (0.02) 1.02 (0.09) 440
2,5-Dinitro 5.15 150 (20) 0.42 (0.08) 0.24 (0.04) 364
4-Chloro, 2-nitro ~ 6.45 230 (50) 0.8 (0.2) 0.19 (0.05) 290
4-Nitro 7.18 179 (9) 0.78 (0.05) 0.16 (0.01) 230
Mu : 7.6 61 (4) 0.19 (0.02) 0.47 (0.05) 320
3-Nitro 8.39 33 (5) 0.5 (0.1) 0.15 (0.04) 66
4-Chloro 9.4 7(1) 0.36 (0.08) 1.3 (0.3) 19
Phenyl 9.99 7.9 (0.4) 2.7(0.2) 8.8 (0.8) 3

A Brgnsted plot of log k.. versus the pKa of the leaving group reveals an apparent
downward break in the correlation occurring at approximately pKa 7.2 (Figure 3-8a). This break

can be ascribed to a change in the rate determining step, from deglycosylation with the reactive



47

substrates (pKa'® < 7) to glycosylation with the less reactive substrates (pKalg > 7). The By value
(-0.54 £ 0.05) obtained from the slope of the leaving group dependent section of the Brgnsted
plot reflects a glycosylation transition state with approximately 50% negative charge
development on the departing glycosidic oxygen. This can arise from either partial glycosidic
bond cleavage with no proton donation from the acid-base catalyst, or complete glycosidic bond
cleavage with partial proton donation. The corresponding Brgnsted plot for k.,/Kjs also shows a
non-linear, downward breaking correlation (Figure 3-8b). A similar concave-down correlation
was observed for Abg.33 Since this parameter represents the second order rate constant for
capture of substrate by free enzyme, a break in the correlation is not expected because there can
be no change in rate determining step unless substrate binding reaches diffusion control (10® s

L. M'I). However, the k../Ky values determined here are well below the diffusion limit.
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Figure 3-8: Dependence of log k., (a) and log (k../Ky) (b) on pKa'® for wild type Man2A catalysed hydrolyses of
aryl B-mannosides.

A complementary experiment to the Brgnsted analysis above is partitioning of the
covalent intermediate between water and an added acceptor.4®  Because the covalent
intermediate will react faster with a more nucleophilic acceptor, an increase in rate can be
expected for substrates for which deglycosylation is rate limiting. Accordingly, the rate of
reaction of Man2A with a substrate for which deglycosylation is rate limiting, 2,5-dinitrophenyl
B-mannoside, is increased by added ethylene glycol (Figure 3-9a), but not the rate of

disappearance of a glycosylation rate limiting substrate, phenyl B-mannoside (Figure 3-9b). This

is in agreement with the Brgnsted plot for log k., (Figure 3-8a).
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Figure 3-9: Dependence of the reaction rate of Man2A wt with saturating substrate and added ethylene glycol: (a)
2,5-dinitrophenyl B-mannoside (3.8 mM); (b) phenyl B-mannoside (10.6 mM).

pH-Rate Dependence of Man2A

The pH dependence of k../Ky for the reaction of Man2A with two different substrates was
examined (Figure 3-10). In each case k../Ky shows a dependence on a single ionisation event in
the active site. Essentially identical pKa’s were observed with 4-nitrophenyl B-mannoside (pKa
= 7.6 = 0.1) and phenyl B-mannoside (pKa = 7.7 + 0.1), as one would expect because k../Ky
presumably reflects ionisations on the free enzyme (or substrate). The ionisations of the general
acid-base catalyst and the nucleophile may be anticipated to dominate the pH-rate profile of a
retaining glycosidase, and indeed such ionisations have been assigned in the case of Bacillus
circulans xylanase ¢ and Cellulomonas fimi exoglycanase.®062 The relatively high pKa
observed here might be attributed to the acid-base catalyst, which requires an elevated pKa to
perform acid catalysis in the glycosylation step.®® A corresponding low pKa ionisation (< 5) that
would be expected from the nucleophile could not be observed for Man2A due to the instability

of the enzyme below pH 5.5.
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Figure 3-10: Dependence of k./Ky on pH for the reaction of 4-nitrophenyl B-mannoside (a) and phenyl -
mannoside (b) with Man2A (25°C).

Identification of the General Acid-Base Catalyst in Man2A

A rigorous approach towards the identification of the general acid-base catalyst of a retaining
glycosidase in the absence of a 3-dimensional structure requires deletion of the predicted residue
by site directed mutagenesis followed by assessment of the resulting mutant by Kinetic analysis
and chemical rescue.®® Alignment of the amino acid sequence of Man2A with other Family 2
glycosidases indicated that E429A was strictly conserved and matched the predicted acid-base

catalyst in E. coli B-galactosidase (Figure 3-11).

i

HASLVLWNGGNEN 430
HPSIIIWSGNNEN 457
HPSVIIWSLGNES 462
HPAVVMWSVANEP 452

C. fimi B-mannosidase Man2A (AF126472)
Human B-mannosidase (U60337)

E. coli, lac Z B-galactosidase (J01636)
Human B-glucuronidase (M15182)

Figure 3-11: Alignment of the amino acid sequence of Man2A with selected Family 2 glycosidases. Conserved
residues are in bold. The acid-base catalyst is indicated with an arrow. GenBank codes are in parentheses.

The Man2A mutant E429A was kindly provided by Dominik Stoll and tested with aryl 8-
mannoside substrates. As expected for an acid-base mutant, Man2A E429A reacted only with
substrates with good leaving groups that do not require acid catalysis in the glycosylation step.
Only 2,4-dinitrophenyl and 2,5-dinitr0phenyl B-mannoside reacted with Man2A, whereas no
hydrolysis was observed with 4-nitrophenyl or 3-nitrophenyl B-mannoside. Because base

catalysis in the deglycosylation step is not possible for a mutant missing the acid-base catalyst,

the deglycosylation step will be very slow. If the glycosylation step is accelerated sufficiently
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with a reactive leaving group, then deglycosylation will be rate limiting and the glycosyl-enzyme
will accumulate. This was indeed evident from the low k., (12 min™") and Ky (< 1 uM) values
observed for the reaction of Man2A E429A with 2,5-dinitrophenyl f-mannoside (2,5DNPMan).”
Interestingly, substrate inhibition is nearly absent in the reaction of 2,5DNPMan with Man2A
EA429A (Figure 3-12), unlike the severe inhibition observed with the wild type enzyme (Figure 3-
6).
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Figure 3-12: Reaction rate versus substrate concentration for the reaction of Man2A E429A with 2,5-dinitrophenyl
B-mannoside (pH 7, 25°C).

The dependence of k., as a function of pH for the reaction of 2,5DNPMan with Man2A
E429A was described by two ionisations corresponding to pKa’s of 6.1 and 8.4 (Figure 3-13).
As ke reports on the deglycosylation step for this mutant, and because the mutant is supposedly
missing the acid-base catalyst, these ionisations cannot readily be assigned. Direct ionisation of
the nucleophile is impossible during deglycosylation, and chemical rescue studies (described
below) confirm that the acid-base catalyst is absent in the E429A mutant. Therefore the
ionisations must arise from other groups in the active site. Intriguingly, citric acid activates the
mutant in a pH dependent manner (Figure 3-13, open circles), an effect that was not observed
with the wild type enzyme. The activation by citric acid was also concentration dependent,
which suggests this is a form of chemical rescue of the acid-base mutant. It is possible that citric
acid could function as a general-base catalyst or as a nucleophile in the deglycosylation step.
However, the increase in rate as a function of decreasing pH is inconsistent with both
possibilities, as protonation of citric acid is deleterious to both roles. Alternatively, protonation

of one of the other carboxyl groups of citric acid may allow it to bind in the Man2A E429A

active site and perform chemical rescue.
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Figure 3-13: Dependence of k., on pH for the reaction of 2,5DNPMan with Man2A E429A (25°C). Open circles
represent rates obtained in citric acid buffer. The curve is a fit of the data (filled circles) by a double ionisation
function. The calculated pKa’s are indicated.

A characteristic of acid-base mutants of retaining glycosidases is the enhancement of
catalytic activity observed with activated substrates when the mutant is provided a small anionic
nucleophile such as azide or formate (Figure 3-14). Unlike water, a small anion does not require
general-base catalysis to function as a nucleophile in the deglycosylation step and thus can react
with the glycosyl-enzyme in mutants missing the acid-base catalyst, thereby increasing the
turnover rate. Such enhancement of activity is observed for the reaction of 2,5SDNPMan with
Man2A E429A in the presence of azide. Saturation-like kinetic behaviour is observed as a
function of azide concentration (Figure 3-15), and remarkably little azide is required to attain
maximum acceleration of rate (Ky™* = 0.56 mM). By analogy to rescue studies on
Cellulomonas fimi exoglycanase® and E. coli (lac Z) B-galactosidase acid-base mutants,5! the
saturation kinetic behaviour observed with azide does not represent true binding of the anion in
the active site. Instead, this reflects the change in rate-determining step as azide concentration is
raised, such that eventually glycosylation becomes rate-limiting. Kinetic parameters were
determined for Man2A E429A with 2,5DNPMan in the presence of “saturating” azide (100
mM). Consistent with an 18 fold increase in turnover number (k. = 221 + 8 min'l) is a
corresponding increase in Ky value (25 £ 3 uM). Furthermore, the mechanism for azide rescue

shown in Figure 3-14 was confirmed by performing the reaction on a preparative scale and

isolating B-D-mannopyranosyl azide as the major product (as indicated by 'H NMR).
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Figure 3-14: Mechanism for azide rescue of Man2A E429A
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Figure 3-15: Reaction rate of Man2A E429A with 2,5DNPMan (1.88 mM) as a function of azide concentration
(pH 7, 25°C). The curve is a fit of the data to the Michaelis Menten equation.

The energetic cost of removing the acid-base catalyst on glycosylation and
deglycosylation steps can be determined by application \of equation 3-2 (where k is the
appropriate kinetic parameter).!4® The measurable Ky value observed for Man2A E429A in the
presence of 100 mM azide allows k..,/Ky to be determined (8840 min’!- mM'l) and compared
with the wild type enzyme (k../Ky = 21 840 min'- mM™), indicating a 2.5 fold reduction in
rate. Because this parameter reports on the glycosylation step in each case, the minimal
reduction in rate as a result of eliminating acid catalysis is consistent with the good leaving
group ability of 2,5-dinitrophenol, which requires minimal, if any, protonic assistance to depart.
However, the deglycosylation rate, reflected by the corresponding k., values (12 min™ for
E429A in the absence of azide, 9000 min™ for wild type) is reduced 750 fold (AAG* = 3.9 kcal

mol ™), reflecting the considerably greater need of base catalyzed attack of water on the glycosyl-

enzyme intermediate. This energetic cost is similar to that observed for the E461G acid-base
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mutant of E. coli (lac Z) P-galactosidase (Mg>* form) using deglycosylation rate limiting

substrates (1300-1700 fold reduction in k., AAG* = 4.2-4.4 kcal mol'l)ﬁl‘151

AAG* =RT 1n[];ﬂ] (3-2)

mut

Kinetic Isotope Effects

In contrast to the situation with wild-type Man2A, the standard saturation kinetic behaviour
observed for the E429A mutant with the substrate 2,5-DNP [-mannoside allows facile and
accurate measurements of a-DKIE’s on k. Using the substrate 2,5-DNP B-[1-2H]-mannoside
and the protio analogue under saturating conditions (2 mM), a significant kx/kp value of 1.12 +
0.01 was observed (average of 7 measurements). Doubling the concentration of deuterio and
protio substrates afforded the same kx/kp value, indicating that this effect is not the result of a
contaminant in either substrate. Surprisingly, kw/kp increased substantially to 1.166 + 0.009 (6
determinations) in the presence of 100 mM azide. This is an effect that is specific to the
nucleophilicity of azide, and not a non-specific salt effect, because the same measurement in 100
mM NaCl afforded a ky/kp value of 1.111 + 0.007 (3 determinations). The increase in a-DKIE
is also suspiciously similar to increases observed for the reaction of a-glucosyl fluoride!? and
N,N-dimethyl-N-(methoxymethyl)anilinium ions® with nucleophiles that are ‘softer’ than water
(e.g. azide), as well as for the reaction of Botryodiplodia theobromae Pat [-glucosidase with
glycerol when deglycosylation is rate determining.!33 However, as noted in the previous section,
the presence of 100 mM azide changes the rate determining step from deglycosylation to
glycosylation. Therefore, the aDKIE value of 1.166 reports on the glycosylation transition state
(which does not involve azide) and the smaller DKIE of 1.12 reports on the deglycosylation
transition state. This is directly opposite to what has been observed in wild type glycosidases
(see Chapter 1), where the glycosylation transition state has less Sy1 character (i.e. has a smaller
oDKIE on k) than the deglycosylation transition state.33:117.154 The absence of the acid-base
catalyst in Man2A E429A may cause this difference of oxocarbenium ion character in each step.
In the deglycosylation step the absence of base catalysis will demand greater pre-association of

the attacking water, thus producing the smaller aDKIE value. However, the 2,5-dinitrophenol

leaving group in the glycosylation step can sustain negative charge development on the phenol
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oxygen in the absence of acid catalysis, and thus can tolerate substantial bond cleavage to the

anomeric carbon of the substrate. This would produce the larger aDKIE value observed.

Evaluating the Role of the 2-Hydroxyl in Catalysis

The substrate 4-nitrophenyl 2-deoxy-f-mannoside (PNP-2D-Man) proved to be a slow substrate
with wild type Man2A. Unlike the parent substrate PNPMan, saturation of Man2A could not be
achieved with PNP-2D-Man. The absence of a measurable Kjs value also implies that
glycosylation is the rate limiting step for this substrate. A comparison of k../Ky values for
PNPMan (289 s mM™) and PNP-2D-Man (0.039 s mM™), which presumably reports on the
glycosylation step in both cases, indicates a 7400 fold reduction in this parameter as a result of
the removal of the 2-hydroxyl. From equation 3-2 the corresponding activation energy
difference in the glycosylation transition state (AAG*) is calculated to be 5.3 kcal mol™. The
energetic contribution of the 2-hydroxyl in Man2A is comparable to that observed for
Agrobacterium sp. B-glucosidase (4.5 kcal mol™')3 but is substantially lower than the value
obtained for E. coli B-galactosidase (10 kcal mol™).35 This is likely a minimum estimate for this
effect, given the electron withdrawing properties of the hydroxyl group which tend to make
glucosides inherently less reactive than their 2-deoxy counterparts. Thus, despite not having the
necessary geometry to form a strong hydrogen bond between the 2-hydroxyl and the nucleophile
(Figure 3-16a), Man2A has apparently developed substantial interactions between the 2-
hydroxyl and other residues in the active site at the transition state (Figure 3-16b). This also

points to a universal role of the 2-hydroxyl in catalysis by B-glycosidases.

a I:t b_‘,'? I-—i
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Figure 3-16: A comparison of the role of the 2-hydroxyl in the transition states of a B-glucosidase (a) and a f-
mannosidase (b).
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Conclusions

This study describes the first detailed kinetic analysis of a retaining [-mannosidase, Man2A.
Synthesis of a series of aryl $-mannosides of vastly different reactivities was essential for this
work (in order to allow isolation of the glycosylation and deglycosylation steps) and was readily
achieved by Mitsunobu mannosylation of substituted phenols. The contribution of the axial 2-
hydroxyl of B-mannoside substrates to Man2A catalysis (AAG* = 5.3 kcal mol™) is comparable
to that observed for retaining enzymes that act on substrates with equatorial configured 2-
hydroxyls. This suggests that the 2-hydroxyl is universally important to retaining B-glycosidase
catalysis, regardless of its position relative to the glycosidase nucleophile. The acid-base
catalyst of Man2A was unequivocally identified as E429A by a combination of sequence
alignment with other enzymes, mutagenesis and azide rescue. Alpha-deuterium kinetic isotope
effects measured for the reaction of 2,5-dinitrophenyl B-mannoside with the Man2A E429A
revealed greater oxocarbenium ion character was present in the glycosylation step than in the
deglycosylation step. This is opposite to what is normally observed in wild type glycosidases

and may be attributed to the absence of the acid-base catalyst.
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Chapter 4 Introduction to Glycosyl Transfer Reactions

and Glycosynthases
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Glycosides in Biology

The occurence of glycosides in biology is extensive, ranging from oligosaccharides and
polysaccharides through glycoproteins, proteoglycans, and peptidoglycans to saponins and
antibiotics (Figure 4-1). No other biopolymer rivals the potential complexity of the primary
structure of oligosaccharides. Whereas DNA, RNA, and polypeptides consist of monomers
linked by one specific type of linkage, the glycosidic linkages that comprise oligosaccharides can
be formed to any one of several hydroxyl groups on a sugar monomer, and additionally have one
of two stereochemical (anomeric) configurations. Add to this complexity the conformational
repertoire of glycosidic bonds and the monomer rings as well as secondary and tertiary
interactions between rings (such as hydrogen bonds), the range of structures that can be formed
is essentially infinite. Not surprisingly then, oligosaccharides mediate many of the precise
receptor-ligand communication phenomena found on cell surfaces as well as within. Likewise,
microorganisms manufacture multitudes of glycoside-containing secondary metabolites for the
primary purpose of waging chemical warfafe on competitors and predators. Yet very benign and
stable structures are also found, which are well suited to structural roles, such as that provided by
cellulose in plants and the peptidoglycan layer in bacterial cell walls, as well as energy storage in

the form of starch or glycogen. For these reasons, oligosaccharides are irresistible targets for

synthesis.
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‘Chemical’ Synthesis of Glycosidic Bonds

To study the roles of glycosides in biology as well as develop therapeutics based on glycoside
structures, one needs facile, high yielding chemistry to form glycosidic bonds. The challenge of
glycosidic bond synthesis is twofold: controlling regioselectivity and stereochemistry. The issue
of regioselectivity is met through creative use of protecting groups. Because a typical
monosaccharide bears five hydroxyl groups that may act as acceptors for a glycosylation
reaction, oligosaccharide synthesis is arguably the most demanding genre of chemistry in terms
of protecting group chemistry and is the inspiration for a large body of literature.!#’” Beyond
normal steric considerations, the stereochemistry of the desired linkage is influenced by two
factors: the anomeric effect and neighbouring group participation. In the absence of the latter,
the anomeric effect favours the anomer of a glycosidic bond that allows a stabilizing interaction
between the lone pair on the endocyclic oxygen of the monosaccharide ring and the antibonding

orbital of the glycosidic bond (Figure 4-2).

v&} g ®
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Figure 4-2: Molecular orbital representation of the anomeric effect.

This is the dominant effect in glycosylation reactions that are reversible. Neighbouring group
participation, generally manifested from a hydroxyl adjacent to the anomeric carbon, can be
exploited to enforce the fomation of a desired anomeric configuration depending on whether the
linkage desired is cis or trans to the neighbouring hydroxyl group (Figure 4-3). Only trans

glycosidic bonds can be enforced in this way (Figure 4-3, i and ii).
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Figure 4-3: Trans (i, ii) and cis (iii, iv) glycosidic linkages.

Classic neighbouring group participatior; involves a carbonyl group in the form of an ester
(acetate, benzoyl) or amide (N-acetyl, N-phthalimide) at the 2-position (Figure 4-4a). Others
include 2-deoxy-2-iodo glycosides (for the synthesis of 2-deoxy glycosidés,’ Figure 4-4b) and the
2- hydroxyl itself (glycosyl epoxides, Figure 4-4c).
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Figure 4-4: Neighbouring group effects: (a) acetate or amide, (b) 2-deoxy-2-iodo glycoside, (c) glycosyl epoxide.

Lacking the favour of neighbouring group participation, and often working against the
dictates of the anomeric effect, cis glycosidic bonds are more difficult to synthesize.
Consequently, glycosylations designed to achieve such linkages typically suffer from a lack of
stereoselectivity. This is particularly true for f-mannosides, and as will be described in Chapter
6, very few chemical methods exist that can synthesize these bonds with complete
stereoselectivity. On average, seven chemical steps are required to synthesize a single glycosidic
bond.!5> Even with excellent yields with each step, the overall yield for each glycosidic bond
formed is modest in the best cases. Therefore, as the number of glycosidic bonds required to

assemble a desired oligosaccharide ihcreases, the final yield of the product diminishes rapidly,

while the time and cost of production likewise increase.
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Glycosyltransferases

Enzymatic synthesis of glycosidic bonds has the potential to eliminate problems with
regioselectfvity and anomeric stereoselectivity. The glycosyltransferases offer numerous
opportunities in this regard. One class of these enzymes is that of the sugar nucleotide
dependent transferases. These are enzymes involved strictly in biosynthetic processes which use
an activated glycosyl species as the glycosyl donor in order to ensure that the reaction proceeds
in the direction of glycosyl transfer. As with glycosidases, these transferases catalyze either
inverting or retaining reactions, although the precise mechanistic details, particularly with the
retaining transferases, are not well understood.!56:157 In most cases the donor is a nucleoside
diphosphate sugar such as uridine diphospho-o.-D-glucose (4-1), thus the leaving group will be a
nucleoside diphosphate. In one case, however, CMP-N-acetyl neuraminic acid (4-2), the donor
is a nucleoside monophosphate. Different nucleotides (uridine, guanidine, and cytidine) are used
for the transfer of different sugars. Another type of donor employed for syntheses catalyzed by
many membrane bound glycosyl transferases is that of the dolichol phosphate sugars (4-3),

themselves synthesized from a nucleoside phosphate sugar.

OH
HO Q
HO o 0 0
OHo-p-0-P-0—  uridine HO o~ h-07 o fytidine
_0 _O na”\ OH o- _K_?
AcNH 07/ ~COz
(4-1) (4-2)

(4-3) n=16-17

Figure 4-5: Representative structures of glycosyltransferase donor sugars.

Most glycosyltransferases are membrane bound, rendering their direct isolation difficult
and their aqueous stability poor in free form. Also, the sugar nucleotide donors they require

have, until recently, been difficult to isolate or synthesize in quantity. However, these two

problems are rapidly receding due to advances in molecular biology. In the last decade the
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cloning and overexpression of the soluble catalytic domains of glycosyltransferases has
expanded exponentially, leading to advances in mechanistic!57-1¢0 and structural!57.161,162
understanding of these enzymes, as well as their increased availability for synthesis. Indeed, the
cloning of enzymes required for the in situ regeneration of sugar nucleotide donors has allowed
effective, although complex, ‘one pot’ syntheses of complex oligosaccharides,!®3 including sialyl
Lewis X (Figure 4-6),164 the sialyl T antigenl®5 and hyaluronic acid.!¢ Likewise, metabolic
engineering has allowed glycosyltransferases and appropriate coupling enzymes to be expressed
in vivo for large scale bacterial production of oligosaccharides.!67-168 On a simpler scale, in situ
generation of a sugar nucleotide donor by a retaining glycosyltransferase using a glycosyl
fluoride and the corresponding nucleotide has been demonstrated recently (Figure 4-7),19% and

may prove to be a general strategy with other retainers. Accordingly, glycosyltransferases are

enjoying increasingly widespread use for the synthesis of complex oligosaccharides.170-176
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A second, broad class of glycosyl transferases exists in which transfer occurs from a
species other than a sugar nucleotide. The most commonly occurring of these are those in which
the donor is an oligosaccharide or polysaccharide and transfer occurs to another sugar or to a
phosphate moiety. The best studied examples are those of enzymes involved in a-glucan
conversion. These are cyclodextrin glucanotransferases%.177 which carries out an intramolecular
giycosyl transfer, thereby making cyclic oligosaccharides, and glycogen phosphorylase!’® which
carries out transfer of glucosyl units from glycogen to phosphate as an acceptor. The former is
of considerable interest for the large scale synthesis of cyclodextrins (alpha, beta, gamma),

which are valuable as solubilizing agents.
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Figure 4-8: Synthesis of a-cyclodextrin by cyclodextrin glucanotransferase.

Glycosidases

Numerous strategies for oligosaccharide synthesis are possible with glycosidases. Owing to
their ease of expression, isolation, stability, as Well as the availability and low cost of their
substrates, this class of enzyme has enjoyed a long history in synthetic applications.!”® As noted
previously, glycosidases divide into retaining and inverting classes, and both can be used

synthesize glycosidic bonds.

Inverting glycosidases

Inverting glycosidases normally hydrolyse glycosidic bonds with inversion of configuration, but
when provided with a glycosyl fluoride of opposite anomeric configuration to that of the usual
substrate, the enzyme will catalyze transglycosylation (Figure 4-9a). This is historically known
as the Hehre mechanism for inverting glycosidases (reviewed in !80). However, because the
products formed are also substrates for the normal inverting hydrolysis mechanism,
oligosaccharide yields are inherently low. However, an analogous reaction has been reported for
Cellulomonas uda cellobiose phosphorylase, which normally catalyzes the phosphorolysis of
cellobiose into a-glucose-1-phosphate and glucose.!8! When given o-glucosyl fluoride as a
donor and glucose as an acceptor in the absence of phosphate, cellobiose is synthesized rapidly

(kear =7 8, kead/ Ky = 2250 M- s') and quantitatively (B. Nidetzky, personal communication).
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Retaining glycosidases

Retaining glycosidases are more commonly used for synthesis (reviewed in 155179).  This

primarily stems from the opportunity to partition the discrete covalent intermediate formed by
these enzymes between hydrolysis and transglycosylation pathways (Figure 4-10).
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Figure 4-10: Transglycosylation and hydrolysis pathways for partitioning of a covalent intermediate.
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There are two approaches in which the covalent intermediate may be partitioned. In the ‘reverse
hydrolysis’ or ‘thermodynamic’ approach a high concentration of monosaccharide is incubated
- with the enzyme to drive the equilibrium away from hydrolysis and towards synthesis (Figure 4-
11a). To further reduce competition by hydrolysis an organic solvent is often included, such as
acetonitrile, or the acceptor alcohol itself may serve this purpose if it is a solvent (Figure 4-11b).
However, a minimum fraction of water is usually essential to maintain enzyme activity (10-
20%), and this ultimately diminishes yields through hydrolysis of products. This problem has
been partly circumvented by coating glycosidases in lipids, thereby allowing synthesis to be
performed in neat organic solvents (e.g. benzene) 183 or in aqueous-organic phase transfer
systems.18¢ However, the use of organic solvents is ultimately limited by the solubilities of the
sugar donors and acceptors.
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Hgéﬁmori + HO N, —> HO o ~

OH H,0 (10% viv)

0.3 M 90% (v/v) 62%

Figure 4-11: Examples of the thermodynamic approach to glycoside synthesis with retaining glycosidases: (a) self
glycosylation of donor,!85 (b) alcohol acceptor acts as co-solvent, 186

In the ‘kinetic’ approach an activated donor substrate is required, having a k.,/Ky value
much greater than that of the product oligosaccharide. These are typically p-nitrophenyl
glycosides, glycosyl fluorides (reviewed in 139) or oligosaccharides (Figure 4-12). With
chitinases it has proven possible to introduce the donor directly as the reactive intermediate
formed during catalysis, in this case an oxazoline (Figure 4-12c).187 The kinetic method has the
benefit of requiring only low concentratiohs of substrates (typically 10-100 mM donor) and
greater versatility as more variation in donor structure is tolerated (due to the reactivity of the
leaving group) and stoichiometric introduction of a variety of glycoside acceptors becomes
possible (due to reduced competitive inhibition with the donor for the acceptor binding site). As

with the thermodynamic approach, competing hydrolysis of the covalent intermediate in the
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kinetic method is often reduced with organic co-solvents. Nevertheless, overall product yields

rarely exceed 50%.
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Figure 4-12: Examples of the kinetic approach to oligosaccharide synthesis using retaining glycosidases with
activated donor substrates: (a) p-nitrophenyl B-glycosides,!®8 (b) B-glycosyl fluoride,!89 (c) oxazoline of
chitobiose,!87 (d) an oligosaccharide.!90

As shown in Figure 4-12, both exo and endo retaining glycosidases can be used for
glycosyl transfer reactions. The endo glycosidases offer the advantage of transfering
oligosaccharide blocks rather than simple monosaccharide units (Figure 4-12b,c). Quite large

block transfers are possible, as illustrated by the transfer of a heptasaccharide to ribonuclease by

endo H (Figure 4-12d). Some endo retaining glycosidases can transfer single oligosaccharide
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blocks, capped with a terminal galactose residue, which prevents further polymerization due to
the absence of a suitably placed (equatorial) 4-hydroxyl. The galactose residue can be
subsequently removed by the application of B-galactosidase and thus make the oligosaccharide
product available for further glycosylations (Figure 4-13). Of course, it is the implicit goal of

enzyme catalyzed oligosaccharide synthesis to avoid any protection or deprotection steps.

OH.OH OH OH
o} Cel7B
évl ) 0 HO R Ak
HO %&S/ F+ "ho 7
OH OH OH
n=1 -3, 48-53%
Aspergillus oryzae
B- galactosldase /&/ m
HO

43-64%

Figure 4-13: Kinetic transfer of a single glucose unit with an endo-glycosidase, Humicola insolens Cel7B, using -
lactosyl fluoride as a donor and subsequent cleavage with B-galactosidase.!91

In a related, but remarkable example, the inverting endo-glycosidase T4 phage lysozyme
was converted into a retaining transglycosidase by substituting T26, a residue near the B-face of
a substrate, for histidine (T26H).192 The resulting imidazole side chain occupied the position
normally reserved for the attacking water and presumably attacked the anomeric carbon of the
substrate to form a reactive glycosyl-imidazolium covalent intermediate (Figure 4-14). This
intermediate had a high preference for glycosyl transfer to oligosaccharide acceptors (Kians/ knyaro

= 10:1), resulting in the synthesis of oligosaccharide products.
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HO RO
T26H NHAc NHAc T26H

Figure 4-14: Mechanism for transglycosylation by the T4 phage lysozyme mutant T26H. R = DAla-DGlu-DAPA,
R’ = second equivalent of substrate.!92
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Agrobacterium sp. B-glucosidase (Abg) has also been used successfully for kinetic
transglycosylation reactions. p-Nitrophenyl B-D-galactopyranoside and [-D-mannopyranosyl
fluoride were used as donors to a variety of thiosugar acceptors, with yields exceeding 60% for
the best donor-acceptor combination.!93 Interestingly, 3(1,3) linked products were favoured over
B(1,4). Abg could also synthesise 2-deoxy B-glycosides using D-glucal as the kinetic donor
(Figure 4-15). As demonstrated in Chapter 2, D-glucal rapidly forms a covalent 2-deoxy
glycosyl enzyme which is subsequently slow to turn over in the absence of an acceptor. Along
with B-mannosides, the 2-deoxy B-glycosidic bonds are the most challenging linkages to form

due to the absence of neighbouring group effects to direct the stereochemistry of this linkage.
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Figure 4-15: Synthesis of 2-deoxy glycosides using Abg and D-glucal as donor.

Glycosynthases

A more recent synthetic approach with retaining glycosidases, and the progenitor of this thesis,
eliminates the hydrolysis pathway by site directed mutagenesis of the retaining glycosidase. The
study leading to the development of these mutant glycosidases, called ‘glycosynthases’, is
noteworthy because the initial intent was not focused on generating synthetically useful
catalysts. The intent was, in fact, to engineer the Agrobacterium sp. retaining B-glucosidase to
be an inverting glycosidase. This was readily achieved by deleting the catalytic nucleophile with
the mutation E358A, producing a mutant virtually devoid of glycosidic bond cleaving activity,
even with the reactive substrate 2,4-dinitrophenyl B-glucoside (2,4DNPGlu).3° However, when
provided with an external anionic nucleophile, such as formate or azide, a 10° fold increase in
the rate of 2,4ADNPGlu cleavage was observed. This was the result of the anion taking the place
of the missing nucleophile, attacking the anomeric carbon of the substrate, and effecting
glycosidic bond cleavage (Figure 4-16a). The product formed in this case was not glucose, but
the corresponding o-glucosyl azide (or o-glucosyl formate). Not only did the inverted

stereochemistry of the cleavage product mark this mutant as an inverting glycosidase, but also its
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ability to cleave o-glucosyl fluoride through a Hehre mechanism (Figure 4-16b), albeit slowly
(kear = 5.5 min'l, Ky = 53 mM) due to the poor ability of a-glucosyl fluoride to act as an
acceptor. Nevertheless, due to the absence of a catalytic nucleophile, and thus the inability of
the mutant to cleave glycosidic bonds without chemical rescue, the resulting o-cellobiosyl

fluoride product accumulated.
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Figure 4-16: Mechanism for Agrobacterium sp. -glucosidase mutant E358A acting as an inverting glucosidase in
the presence of azide (a) and as a ‘glycosynthase’ with at-glucosyl fluoride (b). DNP = 2,4-dinitrophenyl.

The synthetic utility of the Abg E358A mutant was explored further using aryl
monosaccharides and disaccharides as acceptors.19* These drastically improved rates of
transglycosylation, presumably through additional binding interactions achieved with the aryl
aglycons, resulted in markedly improved yields of oligosaccharide products. Yields with
disaccharide acceptors such as p-nitrophenyl B-cellobioside exceeded 90% and yields with aryl
B-glycosides typically exceeded 80%. Using a-glucosyl fluoride as a donor a range of di-, tri-,
and tetrasaccharides were obtained (Figure 4-17a). However, using a-galactosyl fluoride only a
single glycosylation of the acceptor was catalysed due to absence of a suitably positioned 4-

hydroxyl in the product to receive a second transfer (Figure 4-17b). High yields were also
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obtained with this donor, exceeding 90% with disaccharide acceptors. Also noteworthy was the
regioselectivity obtained with Abg E358A. Unlike the wild type enzyme, which generally made
a mixture of products favouring the B(1,3) linkage,!93 the Abg E358A mutant was purely (1,4)
regioselective. The one exception was obtained with PNP B-xylopyranoside as an acceptor, in
which B(1,3) regioselectivity was observed. |
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Figure 4-17: Reaction schemes for Abg E358A using o-glucosyl fluoride (a) and ¢-galactosyl fluoride (b) as
donors.

An impressive number of glycosides acted as viable acceptors, including aryl B-
mannosides, xylosides and 2,4-dinitrophenyl 2-deoxy-2-halo-f-glucosides. These latter
acceptors allowed the synthesis of di- and trisaccharide inactivators for retaining cellulases
(Figure 4-18), and were successfully applied to the identification of active site nucleophiles in
these enzymes,!195.196 as well as revealing active site interactions in X-ray crystallographic
studies.”183.197 Such compounds would be impossible to prepare by transglycosylation with the
wild type enzyme because rapid inactivation would occur with the acceptor. Likewise,
glucosylaiion of a nitroxide-labelled glucoside to yield nitroxide-labelled cellotriose and
cellotetraose derivatives provided ligands for NMR studies of the binding modes of
cellooligosaccharides to cellulose binding domains (Fig 4-19a).198 Other labels, such as carbon-

13, deuterium, or tritium could also be incorporated at any position in an oligosaccharide chain

to provide specific probes of protein-ligand interactions or to serve as radiolabelled substrates

(Figure 4-19b).
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Figure 4-18: Synthesis of cellulase inactivators with Abg E358A.
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Figure 4-19: Synthesis of spin and isotopically labelled oligosaccharides with Abg E358A: (a) nitroxide labelled
cellotetraose!%8; (b) >C-labelled cellopentaoside (* fully BC-1abelled glucose).

Other glycosynthases based on nucleophile mutants of retaining glycosidases soon
followed the publication of Abg E358A. One of these, also a member of Family 1, was derived
from the Gly nucleophile mutant of Sulfolobus solfataricus B-glucosidase (Ss-B-Gly).1% In
contrast to the B-(1,4) specificity of Abg E358A, the Ss-B-Gly synthesised B-(1,3) glycosidic
bonds in high yield using o-glucosyl fluoride as a donor (Figure 4-20a). Also noteworthy was
the ability of Ss-B-Gly to synthesize a-glycosyl formate donors in situ from formate and
relatively unreactive 2-nitrophenyl B-glucoside or 2-nitrophenyl B-D-fucopyranoside (Figure 4-

20b,c). Unlike a-glucosyl fluoride, the o-glucosyl formate donor led to a variety of products,
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including branched oligosaccharides (Figure 4-19c). This example also raises the intriguing

possibility of tuning the reactivity of the donor to control the regioselectivity of glycosylation.
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Figure 4-20: Sulfolobus solfataricus E387G glycosynthase (Ss-B-Gly): (a) a-Glucosyl fluoride donor, (b) in situ

generation of a-D-fucopyranosyl formate donor (c) in situ generation of O-glucosyl formate donor.!99 2NP = 2-
nitrophenyl.

Glycosynthases can also be derived from endo-glycosidases. The first of these was the
E134A mutant of Bacillus licheniformis 1,3-1,4-B-glucanase (Family 16) which transferred o-
laminaribiosyl fluoride to B-glucosides, B-cellobiosides and B-laminaribiosides with B-(1,4)

specificity, but not to -galactosides or N-acetyl 3-glucosaminide acceptors (Figure 4-21),200
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Figure 4-21: Bacillus licheniformis E134A glycosynthase.200

A second endo-glycosynthase, the E197A mutant of Humicola insolens endocellulase Cel7B
(formerly called endoglucanase I), readily condensed substituted a-cellobiosyl fluorides to yield
a variety of derivatized cellulose oligomers, including branched cellulose chains (Figure 4-22
a).201 However, analogous to the tranglycosylation behaviour of the wild type enzyme,!9! single

glycosyl transfers could be achieved with a-lactosyl fluoride (Figure 4-22b).
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Figure 4-22: Humicola insolens Cel7B E197A ‘cellulosynthase’. (a) Substituted a-cellobiosyl fluoride donor,
(b) a-Lactosyl fluoride donor.201
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Objectives of This Thesis: Glycosynthases
The glycosynthase component of this thesis has two broad aims:
1. To improve glycosynthase activity through site directed mutagenesis.
2. To study glycosynthase behaviour through reaction kinetics and product analysis. Two
classes of reactions are considered:
i chemical rescue of glycosidic bond cleaving activity
i. transglycosylation using a-glycosyl fluoride donors
As will be seen, chemical rescue and transglycosylation are complementary approaches by which
to probe glycosynthase mechanism because one is approximately the microscopic reverse of the
other (Figure 4-23). Furthermore, chemical rescue allows the in situ generation of labile o-

glycosyl donors, which normally could not be prepared through standard synthetic methods.

S % X
z -
—_— .

Figure 4-23: Chemical rescue (a) and transglycosylation (b) as complementary glycosynthase probes.
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Chapter 5 Engineering Enhanced Glycosynthase Activity

in Agrobacterium sp. B-glucosidase
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Improving Glycosynthase Activity
There are a number of reasons for wanting to improve the rates of a glycosynthase reaction.
Obviously, a more potent glycosynthase should provide higher oligosaccharide yields in a
shorter length of time and require less enzyme to do so. Likewise, improved catalysis may
enable glycosylation of poor acceptors, thereby broadening the synthetic utility of a given
glycosynthase. Most importantly, once key catalytic features of a glycosynthase are optimized,
these features may serve as a template for the creation of glycosynthases from other
glycosidases. This latter goal was inspired by the troubling observation that the simple mutation
of a catalytic nucleophile to alanine in a retaining glycosidase did not universially produce a
glycosynthase. More confounding was the finding that this was true even for retaining
glycosidases that had impressive transglycosylation activity as wild type enzymes, such as
Thermoanaerobacterium  saccharolyticum P-xylosidase?92 and Bacillus circulans -
galactosidases.203

Initially the problem may be one of finding the best reaction for a given glycosynthase.
This is not a trivial task, as it has become apparent that the best acceptor for a glycosynthase
often defies prediction. Graduate work by Jan Blanchard approached this problem by examining
the reactivation rates of retaining glycosidases trapped as 2-fluoro glycosyl enzymes.204 As
noted in Chapter 1, an acceptor glycoside can accelerate reactivation through transglycosylation.
Accordingly, the best acceptors for transglycosylation can be identified by relative reactivation
rates. This method was readily adapted to a 96 well plate format in which each well contains a
sample of trapped enzyme plus a different acceptor. After incubation for a period of time a
chromophoric substrate for the free glycosidase is added to each well. A spectrophotometric
plate reader is then used to measure relative rates in each well, thus yielding relative reactivation
rates. Most importantly, the best acceptors identified by this screen have proved to be the best
acceptors for the corresponding glycosynthase.

Just as there are numerous reasons for wanting to improve a glycosynthase, there are also
a number of ways to do so, which broadly can be divided into irrational and rational design
strategies. Irrational design involves random mutation of a glycosynthase gene, either globally
or within defined regions of the enzyme, thereby éreating a library of mutants. Error prone PCR
or DNA shuffling between homologous genes have both been used to create glycosynthase
libraries. A given library can be expressed in E. coli or on the surface of phage and subsequently

be screened for improved transglycosylation activity. The screen itself is the key problem here
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since, unlike reactions that break a bond, the convenient release of a chromophofe or fluorophore
cannot be directly coupled to a transglycosylation reaction.

Screening assays involving radiolabelled substrates are a potential solution. One
approach under development involves linking a potential acceptor to a membrane. An E. coli
based glycosynthase library, plated on a Petri dish and provided with a radiolabelled o.-glycosyl
fluoride donor, is placed in physical contact with the membrane and the cells lysed. Following
an appropriate reaction time, excess donor is washed from the membrane. Radioactive spots are
then traced back to active glycosynthase colonies saved on a replica plate. This method has the
potential to assay any donor-acceptor combination. However, apart from the inherent difficulties
in preparing and working with radioactive donors, one has no control over the concentration of
the acceptor, or how the covalent attachment of an acceptor to a membrane will affect reaction
with a glycosynthase.20

Phage display is also a possible screening methodology. Analogous to the acceptor
screen developed by Jan Blanchard, phage that display active retaining glycosidase mutants are
initially trapped using a biotin linked 2-fluoro glycoside inactivator and isolated from the rest of
the phage library on a streptavidin column. A solution of acceptor is then applied to the column.
Glycosidase mutants that are effective in catalyzing transglycosylation to the acceptor release the
phage. Subsequent transfection of E. coli with these phage can then be used to express the
mutants of interest. The underlying premise in all of this is that a glycosidase mutant that is
readily trapped and subsequently reactivated by an acceptor will catalyze the corresponding
glycosynthase reaction upon mutation of the catalytic nucleophile.

A clever in vivo. coupled assay was developed by Dr. Christoph Mayer in this lab, which
takes advantage of the convenience of fluorescent substrates, to screen for improved Abg
glycosynthase activity.296 This particular screen used Cellulomonas fimi exocellulase CenD as a
coupling eniyme, since this enzyme has excellent activity towards 4-methylumbelliferyl (-
cellotrioside, but not 4-methylumbelliferyl B-glucoside. The latter is a good acceptor for an Abg
glycosynthase. Therefore, by co-expressing CenD in E. coli with a library of Abg nucleophile
mutants in the presence of o-glucosyl fluoride and 4-methylumbelliferyl 3-glucoside, colonies
containing active glycosynthases fluoresce as a result of synthesis and subsequent hydrolysis of

4-methylumbelliferyl B-cellotrioside. The shortfall of this approach is the need for a coupling

glycosidase that is highly specific for the oligosaccharide product formed, which is often not
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possible to find. Nevertheless, this strategy was successful in ‘rediscovering’ a more active Abg
glycosynthase, E358G,194 which will be described below.

In parallel with the ‘irrational’ methods described above, a rational approach to
engineering enhanced glycosynthase activity was undertaken. The glycosynthase transition state
can be expected to involve de‘velopment of negative charge on the departing fluoride of the
donor as the acceptor hydroxyl attacks from the opposite face of the anomeric carbon. What
Abg E358A appears to lack are interactions that would stabilize the development of negative
charge on fluoride. Chemical rescue studies with E358A, as well as other mutants (see below)
indicate that very little room is available on the o-face of a substrate in the position normally
occupied by the nucleophile E358. With this in mind the conservative mutation E358S was
conceived as a way to introduce a potential hydrogen bond to fluoride in the transition state
without undue steric interference. This chapter examines the catalytic properties of E358S, as

well as other mutants derived at this position.

Transglycosylation Kinetics with Abg E358 mutants

As described in Chapter 4 (see Figure 4-17), a glycosynthase reaction with an o-glycosyl
fluoride donor involves the release of fluoride. The concentration of this anion is readily
measured as a function of time with a fluoride electrode, thereby providing a convenient assay of
glycosynthase activity. Transglycosylation rates for Abg E358 mutants were examined by using
a fluoride electrode and Table 5-1 lists apparent kinetic parameters obtained with a-galactosyl or
o-glucosyl fluoride as donors and PNP f-glucoside or B-cellobioside as acceptors. With either
o-glucosyl fluoride or a-galactosyl fluoride as donors (at a fixed concentration of acceptor),
E358S exhibits the highest k..,/Kuy values of all mutants. Relative to E358A, the k../Kj value
for E358S is 24 fold greater with o-galactosyl fluoride and, interestingly, only 7 fold greater
with a-glucosyl fluoride. Surprisingly, E358G was also an effective catalyst, with k../Ky values
for either donor only 1.5 times lower than with E358S. Considering the data for a-glucosyl
fluoride, the advantage of the E358S mutation over E358A and E358G appears to manifest
primarily in a reduced Kj, value (0.8 mM), since the k., values for E358A and E358G are
equivalent or greater. If one can treat K in this case as a true binding constant, this suggests
that the serine side chain improves binding of the donor in the ground state. This may arise from
a hydrogen bond to fluorine, but the fact that fluorine (bonded to carbon) is a poor hydrogen

bond acceptor renders this interaction unlikely.2? The E358C mutant displayed the poorest
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glycosynthase activities. Although the cysteine side chain can engage in hydrogen bonds, the
considerably greater size of sulphur relative to oxygen (i.e. as in E358S) most likely has negative
steric effects. Indeed, chemical rescue studies described below indicate that very little space is
available near the position of E358.

Substrate inhibition behaviour was observed for both PNP [-glucoside and PNP [3-
cellobioside (Ki = 2 to 7 mM) when «-galactosyl fluoride was used as donor (at a fixed
concentration), suggesting that each competes with the donor for the —1 Binding site. This is not
surprising because both PNP B-glucoside333 and cellobiose”’ are excellent substrates for wild
type Abg, and therefore can be expected to bind reasonably well to the -1 subsite of the mutant.
What is remarkable, however, are the very high apparent K, values observed for both acceptors.
This is contrary to any expectation that good glycoside acceptors will bind strongly to the
aglycone subsites (+1, +2, etc.). Notably, the Ky value for PNP B-cellobioside (Ky = 70 mM),
the best acceptor known for Abg glycosynthases, is néarly 2 fold greater than the weaker
acceptor, PNP B-glucoside (Ky = 45 mM).

The pH dependence of the transglycosylation rate was also examined for E358S and
E358A (Figure 5-1). No significant effect on (kc./Ku)app. Was observed for either mutant over a
range of pH 9 to 5. Although one might have expected a titration corresponding to the acid-base
catalyst E170, this profile is analogous to the very broad pH-rate profile observed for wild type
Abg.33




Table 5-1: Apparent kinetic parameters for transglycosylation reactions of Abg E358 mutants (25°C, pH 7).
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DONOR > ACCEPTOR
kcat KM kcal/ KM KM I<ia
(min™) (mM) (min” mM™) (mM) (mM
a-galactosyl fluoride® PNP $-glucoside®
E358A - >1000 0.034 - -
E358C - >1000 0.018 - -
E358S 177 220 0.800 45 7
4 +12 +9 +2
E358G - - 0.56 - -
B a-galactosyl fluoride’ PNP B-cellobioside®
E358S 396 181 2.2 70 2
+15 +18 +12 +04
a-glucosyl fluoride’ PNP B-cellobioside
E358A 63 59 11 - -
+2 +04
E358S 65 0.79 82 - -
+1 +0.04
E358G 332 6.6 50 - -
+3 +0.2

a) Substrate inhibition observed. b) Parameters obtained with [PNP B-glucoside] fixed at 22 mM. ¢) [a-GalF] = 57

mM. d) [PNPC] = 11 mM. e) [0-GalF] = 66 mM. f) [PNPC] = 11 mM.
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Figure 5-1: pH dependence of k.,/Kj for the reaction of x-galactosyl fluoride with Abg E358A (a) and Abg

E358S (b) using PNP B-glucoside (20 mM) as acceptor (25°C).

Synthesis of Oligosaccharides With Abg E358S

The synthetic utility of Abg E358S was investigated using a-glucosyl fluoride or o-galactosyl

fluoride as donors to various acceptors (Tables 5-2 and 5-3). The yields of oligosaccharides

(determined by HPLC, with masses confirmed by ESI-MS) were generally better than or

comparable to those reported previously for E358A.194 An increased rate of glycosylation is

expected to improve yields as a result of less loss of the donor glycosyl fluoride to spontaneous
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hydrolysis. It is also significant that PNP or benzyl N-acetyl B-glucosaminide, which are weak
acceptors for E358A, were glycosylated by E358S to form N-acetyl lactosaminides in reasonable
yield (63-64%) (Table 5-2). N-Acetyl lactosamine is a valuable precursor to various cell surface
oligosaccharides, such as the N3 antigen (Chapter 4, Figure 4-1). Such syntheses could easily be
done on a large scale since the E358S mutant can be produced in gram quantities. Other
glycoside acceptors that were quantitatively galactosylated by E358S (by TLC analysis) include
octyl B-glucoside and PNP [3-gentiobioside. NMR spectroscopic analysis of the per-O-
acetylated products listed in Tables 5-2 and 5-3 indicated exclusive formation of [(1,4)
glycosidic bonds by E358S, as was previously observed with E358A.194 Thus the enhancement

in glycosylation activity afforded by the E358S mutation does not change regioselectivity.

Table 5-2: Yields of transglycosylation reactions with Abg E358S using «.-galactosyl fluoride as a donor. All
linkages formed are 3(1,4). Product numbers are indicated in parentheses.

Acceptor Oligosaccharide Yield (%)®

di- tri-
PNP B-glucoside® 98 (5-1) -
PNP B-cellobioside - 98 (5-2)
PNP B-mannoside 80 (5-3) -
PNP N-acetyl-p-glucosaminide 63 (5-4) -
Benzyl N-acetyl-B-glucosaminide 64°(5-5)

a) Determined by HPLC. b) PNP = para-nitrophenyl. c¢) Isolated yield.

Table 5-3: Yields of transglycosylation reactions with Abg E358S using o-glucosyl fluoride as a donor. All
linkages formed are 3(1,4). Product numbers are indicated in parentheses.

Acceptor Oligosaccharide Yield (%)* Total
di- tri- tetra-
PNP B-glucoside - "~ 83 (5-6a) 13 (5-6b) 96
PNP (3-cellobioside - 88 (5-6a) 7 (5-6b) 95
PNP B-mannoside 17 (5-7a) 25 (5-7b) 17 (5-7¢) 59
a) Determined by HPLC

Chemical Rescue of Abg E358 Mutants
As expected, Abg E358S and E358G mutants are virtually devoid of B-glycosidic bond cleaving

activity, even with the reactive substrate 2,4-dinitrophenyl -glucoside. However, as was

observed previously with Abg E358A (see Chapter 4, Figure 4-16)30 and other retaining
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glycosidase nucleophile mutants,208.209 substantial glycosidic bond cleaving activity could be
restored to Abg E358S and E358G upon the addition of azide or formate (Figure 5-2).
Hyperbolic, saturation behaviour was not observed for formate or azide at a fixed concentration
of 2,4-dinitrophenyl -glucoside, indicating that strong, specific binding of the anion in the Abg
active site does not occur (Figure 5-2). Any levelling or reduction of activity observed at high

(molar) concentrations of anion likely reflects enzyme death or ionic strength effects.
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Figure 5-2: Plots of reaction rate vs anion concentration for the reaction of Abg E358S with 2,4- d1n1trophenyl B-
glucoside (2.8 mM) and (a) formate or (b) azide (pH 7, 37°C).

A remarkable dependence on pH was observed for chemical rescue of all E358 mutants,
with the greatest rate observed at pH 5. Figure 5-3 illustrates this dependence for E358G and
azide. Rates could not be obtained beyond pH 5 due to the instability of Abg. Such a pH
dependence has not been reported for nucleophile mutants of other retaining glycosidases,
although a similar effect was observed for azide rescue of an acid-base mutant.208 The titration
in Figure 5-3 seems unlikely to arise from azide (pKa = 4.77) because protonation of the
nucleophile at low pH would be expected to reduce activity (although deletion of negative
charge by protonation may assist entry of azide into the active site). A more likely candidate
would be the acid-base catalyst E170. In the wild type enzyme this residue would be expected to
have a relatively high pKa (7-8) to function as an acid catalyst in the glycosylation step.®
However, the absence of the negative charge from E358 in the nucleophile mutant can be
expected to effect a drop in the pKa of E170 (by as much as 2-3 pKa units). Indeed, in the
crystal structure of a very similar Family 1 enzyme the acid-base catalyst actually appears to
interact directly with the nucleophile through a hydrogen bond (see Figure 5-9 below).
Therefore, in the case of E358 nucleophile mutants, the capacity of E170 to function as an acid

catalyst in protonating the 2,4-dinitrophenolate leaving group would improve at lower pH values.
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Although 2,4-dinitrophenol does not rigorously require protonic assistance to depart (pKa'"t =

3.96), an effect might be expected due to hydrogen bonding.
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Figure 5-3: pH dependence for the reaction of Abg E358G with 2 M azide and 2,4-dinitrophenyl B-glucoside (1.1
mM) at 25°C.

Kinetic parameters for chemical rescue of Abg E358 nucleophile mutants at pH 7 and 6
are given in Tables 5-4 and 5-5, respectively. In the case of azide rescue of E358A and E358S,
ke increases with decreasing pH, whereas only minor changes are observed for the
corresponding Ky, values. Thus the dramatic pH effect shown in Figure 5-3 is primarily a k.,
effect. Also noteworthy from Tables 5-4 and 5-5 is the relative order of k../Kj values for
chemical rescue. In the case of azide rescue at pH 6 (Table 5-3), this order correlates with the
size of the E358X side chain (E358G >> E358A > E358S), and thus is most likely steric in
origin. Indeed, the fact that acetate does not rescue activity with any of the E358 mutants,
whereas formate is a potent rescue nucleophile, suggests that very little space is available for an
anion in all cases. The chemical rescue order is in direct contrast to the relative glycosynthase
activities of these mutants, in which E358S is comparable to E358G and significantly more
active than E358A. Possible reasons for this are discussed below.

The markedly greater activity of E358G with anions is also of special note, particularly
with formate, which approaches wild type kinetic parameter values. Such a marked response to
formate has been observed previously for a glycine nucleophile mutant, SS-B-Gly, also a Family
1 B-glucosidase.2 It has been suggested that this is due to formate acting as an accurate mimic
of the missing glutamate carboxyl.208.209 Brgnsted analysis and measurement of the contribution
of the substrate 2-hydroxyl to catalysis in the Abg E358G - formate system, described below,

attempt to assess this proposal.
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Table 5-4: Kinetic parameters for the reaction of Abg E358 mutants with 2,4-dinitrophenyl f3-glucoside and anions
atpH 7, 37°C.

“Kear Ky keo/ Ky Behaviour at
(min™) (mM) (min- mM™) high [S]

Abg wt® 5270 0.031 170 000 "~ sat.

Abg E358A 0.0006" - - -

+ 5 M formate 92«1 0.057 £ 0.003 1600 trans.

+ 2 M formate 443 0.20 220 trans.

+ 2 M azide ¥ 18.3 0.54 34 trans.
Abg E358S - - - -

+ 5 M formate 19.9 0.033 603 trans.

+ 2 M formate 8.27 0.063 131 trans.

+ 2 M azide 0.933 0.097 9.62 trans.

a) Data from33 b) Data from30

Table 5-5: Kinetic parameters for the reaction of Abg E358 mutants with 2,4-dinitrophenyl B-glucoside and anions
at pH 6, 25°C.

kea Ky keo/Ky Behaviour at
(min™) (mM) (min: mM™) high [S]

Abg wt 5040 0.0214 235 500 sat.

Abg E358A <0.001 - - -

+ 2 M azide 86+ 1 0.34 +0.01 250 trans.

Abg E358G 0.08 - - -

+ 2 M formate 2570 + 20 0.081 = 0.002 31700 sat.

+ 2 M azide 1360 + 10 0.171 = 0.004 7950 trans.

Abg E358S <0.001 - - -

+ 2 M azide 2.95 £0.04 0.126 + 0.005 23.4 trans.

The initial product formed by chemical rescue of retaining glycosidase nucleophile
mutants with azide or formate is the corresponding o-glycosyl azide30 or a-glycosyl formate.208
Interestingly, the dependence of reaction rate upon substrate concentration during azide rescue of
Abg nucleophile mutants suggests that o-glucosyl azide acts as a glycosyl donor (Figure 5-4). A
linear, non-saturating rate dependence is observed at high substrate concentrations (> 0.5 mM),
which is a characteristic featuré of retaining glycosidases that catalyze transglycosylation. This
includes wild type Abg, in which reaction of the enzyme with PNP B-Xyloside produces a similar
rate curve, as well as a disaccharide product at high substrate concentrations.3® Although o-
glycosyl azides are stable compounds (as are a-glycosyl ﬂuoridés), a pKa'® of 4.77 for azide
implies that this anion, although a strong nucleophile, is a reasonable leaving group. Indeed,
glycosyl azides are known to function as substrates for wild type and mutant glycosidases.!51

A similar rate dependence on substrate concentration is observed for formate rescue of

Abg E358A and E358S mutants (Figure 5-5). a-Glucosyl formate is a highly reactive species

that is known to act as an effective glycosyl donor with SS-B-Gly, the Family 1 glycosynthase




87

(see Chapter 4).199209 This is also true for Abg E358G, in which reaction with formate (2 M) and
2,4-dinitrophenyl (3-glucoside (29 mM, pH 6, RT) afforded a 2,4-dinitrophenyl disaccharide as a
major product, as observed by TLC and ESI-MS. Interestingly, unlike rescue with azide (Figure
5-4c), formate rescue of the E358G mutant displays normal saturation kinetics (Figure 5-5¢).
Wild type Abg also displays saturation kinetics with 2,4-dinitrophenyl B-glucoside, perhaps
supporting the notion that formate acts as an accurate mimic of the missing glutamate in E358G.
However, the observation of saturation kinetics with formate rescue of E358G, despite catalysis
of transglycosylation, suggests that the relative rates of formation and breakdown of the «-
glycosyl donor will dictate the shapes of the velocity curves shown in Figures 5-4 and 5-5. A

kinetic model of chemical rescue is presented in this chapter which attempts to rationalize this

rate behaviour.
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Figure 5-4: Plots of rate versus substrate concentration for the reaction of Abg E358 nucleophile mutants with 2,4-
dinitrophenyl B-glucoside and 2 M azide (pH 6, 25°C). Curves are fits of the appropriate range of data to the
Michaelis Menten equation. (a) E358A; (b) E358S; (¢) E358G.

a 150 ————T—— b : : C 3000 . :
= L. ° = 2 Lo — -
£ 100 [ e . £ 15 . | = 2000
% 50 r ] % 10 1 g 1000
> > 5 ] >°
0 A i A L A 1 0 L 1 0 ] L
o 1 2 3 o 05 1 15 0 1 2 3
[2,4DNPGIu] (mM) [2,4DNPGlu] (mM) [2,4DNPGIu] (mM)]

Figure 5-5: Plots of rate versus substrate concentration for the reaction of Abg E358 nucleophile mutants with 2,4-
dinitrophenyl B-glucoside and formate. Curves are fits of the appropriate range of data to the Michaelis Menten
equation. (a) E358A, 5 M formate, pH 7, 37°C; (b) E358S, 5 M formate, pH 7, 37°C; (c) E358G, 2 M formate, pH
6, 25°C.
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Brgnsted Analysis of Abg E358G

The potent activity restored to Abg E358G by formate allows reaction with relatively unreactive
aryl B-glucosides (Table 5-6), as was observed witﬁ the SS-B-Gly glycosynthase.!9 In this way
the transition state for formate rescue of E358G may be examined in a Brgnsted relationship by
varying the pKa of the phenol leaving group. Remarkably, a potential break is observed in the
Brgnsted plot, just as was observed for the wild type enzyme (Figure 5-6).33 Because a
downward break calls for a change in the rate dg:tennining step, this suggests that for the more
reactive substrates (phenol pKa < 7) the reaction (or release) of the a-glucosyl formate product
is rate limiting. The low Ky value obtained with 2,4-DNP $-glucoside (80 uM) suggests that
this non-covalent intermediate may well accumulate in the mutant active site, much like the
covalent intermediate accumulates in wild type Abg with this substrate.33 Therefore, these data
strongly agree with the proposal?%® that formate is an accurate ‘biomimic’ of the wild-type E358

carboxylate side chain in the E358G active site.

Table 5-6: Kinetic parameters for the reaction of Abg E358G with aryl B-glucosides and 2 M formate (pH 6,
25°C).

phenol substituent pKa koo Ky keo/ Ky
(min™) (mM) (min”! mM™?)
2,4-dinitro 3.96 2570 £ 20 0.081 +0.002 31 700
2,5-dinitro 5.15 1910 + 20 0.210 £ 0.005 9100
4-chloro, 2-nitro 6.45 2800 £ 40 0.180 = 0.009 15 500
4-nitro 7.18 24.7 +£0.2 0.860 + 0.015 29
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Figure 5-6: Brgnsted relationships for the reaction of Abg E358G with formate and aryl B-glucosides. (a) Plot of
log k.. vs pKa of the aglycone phenol; (b) plot of log ../Kys vs pKa of the aglycone phenol.
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Contribution of the Substrate 2-Hydroxyl to Chemical Rescue and Transglycosylation

Wild type Abg relies heavily on interactions with the 2-hydroxyl of a glucoside substrate to
perform catalysis, interactions at this position being worth some 4.5 kcal mol™ of activation
energy.3* Saturation kinetics were obtained for the reaction of E358G with the substrate
analogue PNP 2-deoxy-f-glucoside and 2 M formate (pH 6, 25°C), yielding k.., and Ky values of
1.59 + 0.05 min! and 2.1 + 0.2 mM, respectively. lA comparison of the k.,/Ky value for this
substrate (0.76 min mM™) to that obtained for formate rescue with PNP B-glucoside (Table 5-7)
indicates a 38 fold decrease in this parameter as a result of removing the 2-hydroxyl. This
corresponds to a 2.1 kcal mol™ difference in activation energies (see Chapter 3, equation 3-2), a
typical energy value for a normal hydrogen bond. In wild type Abg the large contribution of the
2-hydroxyl towards transition state stabilization is believed to arise primarily from a strong
hydrogen bond between this position and the carbonyl oxygen of the nucleophile (E358). A
strong hydrogen bond is not likely to occur with a loosely bound formate in the E358G active
site. Nevertheless, the contribution of the 2-hydroxyl is significant to formate rescue of E358G.
Indeed, this is likely a minimum estimate of the magnitude of this interaction since 2-deoxy
glycosides are typically 1000 fold more reactive than the parent compounds.

It is also noteworthy that 2-deoxy-2-fluoro-o-glucosyl fluoride does not function as a
donor with Abg E358S and the acceptor PNP f-cellobioside. The corresponding reaction with
o.-glucosyl fluoride is rapid and high yielding (see above). By analogy to the trapping of
retaining glycosidases by 2-fluoro sugars, this result illustrates two features of the glycosynthase
transition state: that interactions with the donor 2-hydroxyl are important, and that substantial
oxocarbenium ion character is present. The relative importance of each, however, remains an

open question.

Donor Interactions in the Glycosynthase Transition State

By analogy to a wild type retaining glycosidase in which the bulk of transition state stabilization
is applied to the —1 sugar during glycosidic bond cleavage, we believed that interactions with the
a-glycosyl fluoride donor in the glycosynthase transition state, obtained by mutation of the
nucleophile position, would likewise result in the greatest enhancement in activity. The 24 fold
greater glycosynthase activity of E358S relative to E358A supports the idea that the serine
hydroxyl can stabilize the glycosylation transition state. Gas phase and solution studies lend

insight into how this may occur. Although fluorine is, at best, a poor hydrogen bond
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acceptor,207:210 desolvated fluoride can form some of the strongest hydrogen bonds known, with
hydrogen bond energies of 30 kcal mol™ realized with methanol or ethanol as partners in the gas
phase.2!! Likewise, the departure of fluoride during the solvolysis of o- or $-glucosyl fluoride is
acid catalyzed.8152212 Favourable interactions between fluoride and alcohols in solution are also
known. For example, the solvolysis of a-glucosyl fluoride in mixtures of trifluoroethanol (pKa
= 12.4) or phenol (pKa = 9.99) is essentially Sni; nearly 90% of the trifluoroethyl or phenyl
glycoside product recovered is of retained anomeric configuration.2? In the case of
trifluorethanol, this could be attributed to an unfavourable dipole effect that prevents attack from
the B-face.” However, a hydrogen bond between the departing fluoride and relatively acidic
trifluorethanol (or phenol) in an internal return mechanism could also account for the observed
o-selectivity (Figure 5-7a).213 The serine hydroxyl in Abg E358S may interact similarly with
departing fluoride (Figure 5-8a) |

The E358S mutation also introduces a potential hydrogen bond to the 2-hydroxyl of the
glycosyl fluoride donor (Figure 5-8a). As noted above, this is an important contribution to
catalysis in wild type Abg (Figure 5-8b). Likewise, the inability of 2-deoxy-2-fluoro a-glucosyl
fluoride to function as a donor with E358S suggests that the 2-position is, at least in part,
involved in catalysis of glycosylation. This proposal also receives support from solution studies.
The solvolysis of B-glucosyl fluoride in ethanol / trifluoroethanol mixtures gives predominantly
inverted products. This has been attributed to a hydrogen bond between the 2-hydroxyl of the

substrate and the incoming alcohol on the o-face of the substrate (Figure 5-7b).2!3
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Figure 5-7: Proposed transitions states for the solvolysis of (a ) a-glucosyl fluoride (R = Ph, CF;CH;) and (b) B-
glucosyl fluoride (R = CF;CH,, Et) in alcohol mixtures.
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Figure 5-8: A comparison of the hypothetical glycosylation transition state for Abg E358S (a) and the transition
state for the wild type enzyme (b).

All of the arguments in favour of Abg E358S forming a hydrogen bond to fluoride are at
odds with the comparable glycosynthase activity observed for the E358G mutant. However, the
glycosylation transition state for Abg E358G may also benefit from a hydrogen bond. Although
a structure is not yet available for Abg, an X-ray crystal structure has been solved for a very
similar enzyme, Bacillus circulans sp. B-glucosidase (46% sequence identity).!22 In the active
site of this enzyme, Tyr 296 forms a strong hydrogen bond (2.72 A) to the carboxyl oxygen of
the nucleophile, Glu 355 (Figure 5-9). This residue is conserved with Tyr 298 of Abg. It has
been shown in the E358D mutant of Abg that Tyr 298 will infrequently attack the anomeric
carbon of 2,4-dinitrophenyl 3-glucoside, resulting in labelling of this residue.!!® Thus for Abg
E358G, it is possible that Tyr 298 can form a hydrogen bond to departing fluoride, which

presumably would occupy a similar position to that of the missing E358 carboxyl oxygen.
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Figure 5-9: Active site residues in Bacillus circulans sp. B-glucosidase!22 that are conserved in Abg. Glu 355 is
the nucleophile, Glu 166 the acid-base catalyst. Lengths (A) of predicted hydrogen bonds are indicated.

Acceptor Interactions with Glycosynthases

The fact that good acceptors for Abg glycosynthases have poor apparent Ky, values is seemingly
a paradox (Table 5-1). Poor acceptor binding is not unique to Abg; high K, values (> 50 mM)
have been measured for acceptors used to reactivate a number of retaining glycosidases trapped
as 2-fluoro glycosyl-enzymes, as will be discussed below (Table 5-7). This may, however,
reflect the original purpose of a glycosidase active site, that being to hydrolyse glycosidic bonds.
Strong aglycone binding would result in product inhibition for a glycosidase. Moreover, as
discussed in Chapter 1, structural examination of a number of Michaelis complexes has shown
that significant distortion is applied to the —1 sugar. This is most likely achieved by maintaining
strong binding to the —1 sugar while applying destabilizing forces to the leaving group (in the +1
site), with these interactions reaching maximum effect at the transition state. The effect of such
aglycone interactions is illustrated by the similar k., values for Agrobacterium sp. B-glucosidase
catalyzed hydrolyses of 2,4-dinitrophenyl B-glucoside (10 100 min™") and cellobiose (9 900 min
. Likewise, Abg is trapped as readily by 2’-deoxy-2’-fluorocellobiose as with 2,4-
dinitrophenyl 2-deoxy-2-fluoro-B-glucoside.”” Thus aglycon binding by Abg effectively renders
a glucose moiety (pKa'® ~ 14) as good a leaving group as 2,4-dinitrophenol (pKa'® = 3.96).

Therefore, one can argue in the context of microscopic reversibility that the same transition state
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interactions that render an aglycone a good leaving group in a glycosidase are also at play with

the acceptor in the corresponding glycosynthase reaction.

A Kinetic Model for Chemical Rescue of Retaining Glycosidase Nucleophile Mutants

The unusual and somewhat unpredictable dependence of reaction velocity on substrate
concentration for chemical rescue (as illustrated in Figures 5-4 and 5-5) deserves further
consideration. Such behaviour is best understood in the context of classical partitioning of an
enzyme intermediate between an acceptor nucleophile and water.148.214 A minimal kinetic
scheme for partitioning is shown in Figure 5-10. Formation of a Michaelis complex (ES),
typically with a 2,4-dinitrophenyl 3-glycoside, is followed by attack of the rescue nucleophile
(azide or formate) to form an enzyme bound a-glycosyl donor (S*). The donor can either be
hydrolyzed to yield P1 (this step could also represent release of the o-glycosyl donor), or
transferred to a second equivalent of substrate to form a disaccharide product (P2). A major
assumption in this scheme is that the acceptor, in this case the second equivalent of substrate, has
negligible binding to the enzyme in the ground state. Although some binding of an acceptor
glycoside can be expected, the acceptor binding constants measured for Abg glycosynthases (see
Table 5-1) or for reactivation of 2-fluoro glycosyl enzyme intermediates (see Table 5-8, next
section) are consistently high (typically >50 mM). The range of substrate concentration
considered in chemical rescue (0.1-5 mM) is much less than the values of these binding
constants. Therefore, for the sake of simplicity, binding of an acceptor may be neglected (or k4
may be considered to be the specificity constant (ks’/K,.ns) for reaction of ES* with the acceptor,

where K., is the dissociation constant).

ky[S]_» P2
Kd[S] ky /
E =ES ~ ~ ES*
| DNP k P1

Figure 5-10: A minimal kinetic scheme for chemical rescue of a retaining glycosidase nucleophile mutant followed
by transfer of the a-glycosyl donor to a second equivalent of substrate. S = 2,4-dinitrophenyl B-glycoside substrate;
DNP = 2,4-dinitrophenol; S* = a.-glycosyl donor; P1 = hydrolysis product; P2 = transglycosylation product.
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Steady-state analysis of the scheme in Figure 5-10 yields the velocity equation 5-1, which is
merely an extension of the velocity equation derived for the double-displacement mechanism of

a retaining glycosidase (5-2):

V Ukt +k,[ST 51

Et Kd( (k, +k,[S]) ]+[S]
k,+k,+k,[S]

[ k,k, )[ 5]
v |k +k, 52)

Et
Kd b +[S]
k, +k,

A direct fit of equation 5-1 to the plots in Figures 5-4 and 5-5 above is not helpful due to the

( k,(k, +k,[S]) ][ 5]
1%

grouping of individual kinetic constants. A more useful exercise is to assign reasonable values
to these constants to generate a plot similar to those in Figures 5-4 and 5-4. Then the value of
each constant can be changed while holding all others fixed to determine the effect on the
resulting plot. The danger in this exercise, of course, is that there may well be more than one
solution for a given curve, particularly with a multi-parameter equation.

A typical transglycosylation curve generated from equation 5-1 is shown in Figure 5-11.
For this plot an ‘unbiased’ K; of 1 was chosen and the glycosylation rate constant was set to
ensure accumulation of the o.-glycosyl donor intermediate (k, = 100 min™). The hydrolysis (ks =
10 min™) and transglycosylation (ks = 5 min™) steps chosen in this case represent a partitioning

ratio (k«/k3) of 0.5 towards the second equivalent of substrate.
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Figure 5-11: Simulated plot of substrate concentration versus reaction rate for chemical rescue of a glycosynthase
using equation 5-1. Values of kinetic constants used: K, = 1, k, = 100 min™, k3 = 10 min™, k&, = 5 min".

Figure 5-12 illustrates the response of the curve shown in Figure 5-11 as a result of
changing the rate constants in isolation. Variation in the dissociation constant of the substrate
(Kz) from unfavourable to favourable binding, as well as increasing the rate of a-glycosyl donor
synthesis (k;), both decrease the apparent K, value of the curve, as expected (Figure 5-12a,b).
Accumulation of the o-glycosyl donor intermediate (enzyme bound) may well explain the
unusually low K, values measured for formate and azide rescue of Abg mutants (Tables 5-6 and
5-5). Increasing the rate of hydrolysis (or release) of the o-glycosyl donor (k3), or the rate of
transglycosylation (ky), to excéed the rate of donor synthesis produces standard saturation
kinetics as a result of faster turnover of enzyme (Figure 5-12c,d). Either scenario might apply to
the case of formate rescue .of Abg E358G, which displays saturation kinetics (Figure 5-5¢).
However, if the rate of donor synthesis and transglycosylation are increased in tandem, a low
apparent Ky, is maintained while the slope of the linear portion of the curve increases (Figure

12e). Changes in slope are not evident in Figures 5-4 and 5-5, but are observed for chemical

rescue of Cellulomonas fimi B-mannosidase Man2A nucleophile mutants (see Chapter 6 and

Chapter 8).
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Figure 5-12: Simulations of chemical rescue using equation 5-1. Arrows indicate sequence of plots for each value
of constant. Starting values are given in Figure 5-11. (a) Change in substrate dissociation constant: K;=0.5, 1, 2.
(b) Increasing rate of donor synthesis: k, = 10, 100, 1000 min”. (c¢) Increasing rate of hydrolysis (or donor
release): k; =1, 10, 200 min™. (d) Increasing rate of transglycosylation: k, = 0.1, 5, 50 min’. (¢) Concurrent
increase in donor synthesis and transglycosylation: k, = 50, 100, 150 min’; k; = 5, 10, 20 min™".

Prediction of Glycosynthase Activity

As noted above, simple deletion of the catalytic nucleophile of a retaining glycosidase,
particularly if the mutation is merely to alanine, does not always produce a glycosynthase.
Insight into the glycosynthase potential of a retaining glycosidase might be gained by
examination of the kinetic parameters for turnover of the 2-fluoro glycosyl enzyme derived from
the scheme shown in Figure 5-13. This scheme is essentially the same as that for chemical
rescue (Figure 5-11), but includes a binding step for the acceptor (Ki..s). Reactivation of the
trapped covalent intermediate, which may be regarded as a model of the glycosynthase bound -
glycosyl fluoride, can occur by transfer of the 2-fluoro glycosyl moiety to water or to a
competing acceptor glycoside (Figure 5-13). Table 5-7 lists reactivation parameters for a
number of retaining glycosidases and the results of glycosynthase conversions attempted thus

far. Although this is only a partial survey, glycosidases that yield active glycosynthases appear

to have 2 reactivation characteristics:
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1. High rate constants for transfer to an acceptor (Kreqcr = 10 min™).

2. High selectivity for transfer to an acceptor over water (keqac/kr20 > 20).

Kinact Kinact Khzo
E+l E| —> EI* —— E+P1
A Kirans
Kreact
E-FA — E+ P2
Figure 5-13: Kinetic scheme for inativation and reactivation of a retaining glycosidase. | = 2-fluoro sugar; E-1* =

trapped covalent intermediate; A = acceptor glycoside; P1 = hydrolysis product; P2 = transglycosylation product.

Abg and Humicola insolens Cel7B clearly display these two characteristics for
reactivation, and both enzymes were converted to effective glycosynthases upon mutating the
nucleophiles to alanine (see Chapter 4 and this chapter).194201  Streptomyces lividans CelB and
Cellulomonas fimi Man2A are borderline cases; although the absolute rates for transfer to
acceptors are high (> 102 min™), the selectivities for transfer to an acceptor over water are
modest (kreackzo = 10-20). The corfesponding alanine nucleophile mutants of Man2A and
CelB display weak glycosynthase activity, but, as will be presented in Chapters 6 and 7, the
serine mutants are more effective catalysts. Wild type Thermosporum saccharolyticum -
xylosidase has impressive transglycosylation activity, but conversion to the alanine or serine
nucleophile mutant was unsuccessful in producing a glycosynthase (David Vocadlo, Dr. David
Jakeman, personal communications). Although high selectivity is observed with disaccharide
acceptors (kreqc/kr20 = 80 with xylobiose), the low rate constants for transfer to an acceptor (Kreqcr
= 10 to 10) appear to foreshadow poor glycosynthase potential. This example raises an
unavoidable question. How are impressive transglycosylation qualities in the wild type enzyme
lost upon trapping the intermediate as a 2-fluoro glycosyl enzyme, or mutating the nucleophile to
alanine? This may be a reflection of the relative reactivities of the glycosyl donor in each case
(glycosyl enzyme, 2-fluoro-glycosyl enzyme and a-glycosyl fluoride). Therefore, to extend the
theme of this thesis, the challenge may be to find glycosynthase mutants that raise the reactivity
of the a-glycosyl fluoride donor to that of the wild type glycosyl-enzyme intermediate.

Another feature evident in Table 5-7 is that of the remarkably high binding constants

measured for acceptors (Kians). In all cases Kiq,s is 46 mM or greater. Despite poor binding,
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these acceptors often greatly accelerate turnover of the 2-fluoro-glycosyl enzyme intermediates.
Indeed, the turnover of the Abg intermediate increases nearly 3000 fold with PNP (3-glucoside as
acceptor. As discussed above, the qualities of a good acceptor appear to stem from kinetic (or
reactivity) effects, that are manifested primarily in the transition state, rather than ground state

binding.

Table 5-7: Kinetic parameters for reactivation of 2-fluoro glycosyl enzyme intermediates.

Enzyme inactivator  kpo acceptor Kirans Kirans kans/kmzo  Glycosynthase ® Ref.
(min™) (min™) (mM)

Abg : 2FDNPGlc  1x10°% B-glucosyl 5x10° 59 500 E358A ++ 206

benzene E358S ++++ 215
E358G +++++ 244

“ «“ “ PNPGlu 2.7x107 - 2700 “
(20 mM)

“ 2F 8-ManF  1x10° B-glucosyl 6x10° 64 6 “
benzene

“ 2FDNPGal  5x1073 B-glucosyl 0.355 69 71 “
benzene

E. coli, 2FDNPGal 2.7x10* glucose 4.8x103 460 18 ES37S + 35,216

lacZ (25C)

B-galactosidase .

Streptomyces 2FDNPC 2.2x10°  cellobiose 2.5x107 54 11 E120A + 150

lividans E120S8 +

CelB

Cellulomonas 2F B-ManF  2x10° gentiobiose 4x10* 78 20 ES19A + 138

fimi E519S ++

Man2A

Humicola 2FDNPC 3x10* cellobiose 1.5x10% - 50 E197A ++ 197

insolens (20 mM) 201

Cel7B ,

Cex 2FDNPC 8.5x10°  cellobiose S 19x10% - 22 Ala inactive 117

: (55 mM)
Bex , 2FDNPX, 21x10°  benzyl thio B- 3x10? 46 14 Ala inactive 123
) xylobioside L
Thermoanaero- 2FDNPXyl  1x10° xylose 5x10° - 5 Ala inactive 217
bacterium (45 mM) Ser inactive

saccharolyticum
B-xylosidase

xylobiose 8x10* - 80
- (45 mM)
Candida 2FDNPGlc  1.9x10°  benzyl thio B- 0.024 56 13 No data 196
albicans glucoside
endoglucanase
Fusarium. 2FDNPC 1.1x10*  cellobiose 4.8x10° - 4 No data 195
oxysporum (19.5 mM)

endoglucanase I
a) Plus signs (+) are a qualitative measure of glycosynthase activity and not directly proportional.

Conclusions
This study demonstrates that placement of a hydroxyl group in a glycosynthase active site near
the position of the fluoride leaving group of a glycosyl fluoride donor can substantially enhance

catalysis of transglycosylation. This hydroxyl group can be provided by serine (as in Abg

E358S) or possibly tyrosine (as may be the case in Abg E358G). The origin of this rate
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enhancement is an open question, but by analogy to solvolysis studies on glycosyl fluorides the
most likely source is a hydrogen bond between fluoride and the hydroxyl group in the
transglycosylation transition state. Chemical rescue studies with azide and formate indicate that
a-glucosyl azide and o-glucosyl formate, generated in situ, can also act as donors for
transglycosylation. A kinetic model suggests that accumulation of the o-glycosyl azide or
formate donor in the glycosynthase —1 subsite (generated in situ), as well as negligible binding of
an acceptor substrate in the +1, +2 subsites, is required to produce the non-saturating kinetic
plots observed. The possibility of accumulation of a non-covalent intermediate during chemical
rescue is further strengthened by the apparent break in the Brgnsted plot for formate rescue of
Abg E358G. Likewise, poor biriding of glycoside acceptors is not only observed for the Abg
glycosynthase reactions, but also for the reactivation of 2-fluoro-glycosyl-enzyme intermediates.

This strongly argues that the reactivity of glycoside acceptors is manifested by binding

interactions in the transglycosylation transition state, not by binding in the ground state.
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Chapter 6 Development of a Mannosynthase From

Cellulomonas fimi f-Mannosidase Man2A
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Chemical and Enzymatic Synthesis of f-Mannosides

The B-D-mannopyranoside linkage is found in a number of biological structures (see Figure 4-1),
most notably in the core trisaccharide of N-linked glycoproteins,?18 as well as within the
antigenic polysaccharides of yeasts,219-221 Salmonella??2 and glycolipids.?23:224 Due to the cis
relationship with the 2-position (see Chapter 4, Figure 4-3) this is arguably the most difficult
glycosidic bond to synthesize chemically and has inspired numerous approaches (reviewed in
225226). Some of the more popular glycosylation methods include the use of insoluble silver
silicate as a catalyst with o-mannosyl halides??’ or 2-oxo-glycosyl halides,?? oxidation and
reduction of the 2-position,?28229 inter-230 or intramolecular?3! displacement at C-2,
intramolecular aglycone delivery2?32.233 and the generation of a-mannosyl triflate donors from
mannosyl sulfoxides234 (Figure 6-1). Despite these successes, each method requires a number of
protection and activation steps,prior to glycosylation, and few methods can achieve complete

anomeric stereoselectivity.232.234

H
a OoBn \ s‘

OR’
-0
Vjﬁ( ( SOR' OH
I?D vl [promotor] ‘ ].o OR'

,'Ag
(Si0y)
¢ o O tﬁ/ NaBH; l
d OBn OBn OBn
Ph—X-0 0 ThO |Ph\~0 o ,~OR Ph—\~0 o
o — 0 Oy 1| o 0 O o
HOR' BnO H B8nO
o/,SPh Cort

Figure 6-1: Examples of ‘chemical’ f-mannosylation methods: (a) insoluble silver silicate catalyst; (b)
intramolecular aglycone delivery; (¢) oxidation-reduction of the 2-position; (d) in situ generation of o-mannosyl
triflate from mannosyl sulphoxide. .

Enzymatic synthesis of $-mannosides avoids the problem of anomeric stereoselectivity

and often eliminates problems with regioselectivity as well.135 Successful transfer of B-mannosyl

residues to a variety of acceptor sugars has been achieved using retaining 3-glycosidases under
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kinetic conditions (see Chapter 4).193235-238 However, as discussed in Chapter 4, the yields of
these transglycosylation reactions are inherently modest as the product formed is a substrate for
the glycosidase used, resulting in hydrolysis. Further, this approach requires the preparation of a
B-mannoside as a glycosyl donor, thereby minimising advantages. Substantially better yields
have been obtained with recombinant yeast and Salmonella -mannosyltransferases (60-90%),
239243 but these enzymes are limited by their requirement for a complex acceptor. With the
challenges of chemical and enzymatic syntheses in mind, efforts were undertaken to develop a

glycosynthase approach to B-mannoside synthesis.

Engineering a B-Mannosynthase

The retaining B-mannosidase Cellulomonas fimi Man2A described in Chapter 3 was chosen as a
template for a f-mannosynthase. As noted previously, the active site nucleophile was identified
as Glu519 by labelling the enzyme with the mechanism based inactivator 2-deoxy-2-fluoro B-D-
mannosyl fluoride.!38 In an initial effort by Dominik Stoll, mutation of the nucleophile to
alanine (ES519A) produced a poor mannosynthase, from which only an 8% yield of di- and
trisaccharides was obtained upon the reaction of o-D-mannosyl fluoride (a-ManF) with para-
nitrophenyl B-D-mannopyranoside (PNP [-mannoside). Based upon the success with
Agrobacterium sp. B-glucosidase (Abg) in which a much more effective glycosynthase was
obtained by replacing the catalytic nucleophile with serine (see Chapter 5),244 Dr. Oyekanmi
Nashiru made the analogous E519S mutation in Man2A and generously provided ample
quantities of this mutant for analysis. Gratifyingly, Man2A E519S also proved to be a much
more effective glycosynthase, affording a 99% overall yield (determined by HPLC) of
oligosaccharides from the reaction of a-ManF with PNP (-D-cellobioside (Table 6-1). A
number of other sugars also acted as viable acceptors, with oligosaccharide yields typically in
excess of 70% (Table 6-1). Reaction times varied from 24 hours for disaccharide acceptors to
several days for the poorer monosaccharide acceptors.  Unfortunately, benzyl [-D-
glucosaminide, PNP -D-glucosaminide or chitobiose would not function as acceptors, which
would have afforded precursors to the core trisaccharide of N-linked glycoproteins. However,
more active mannosynthase mutants may prove successful in mannosylating derivatives of
GIcNAc. Indeed, as noted in Chapter 5, it proved possible to synthesize N-acety! lactosamine in
good yield from «a-galactosyl fluoride and benzyl B-GIcNAc using the more active

Agrobacterium sp. E358S glycosynthase. Nevertheless, Table 6-1 illustrates a diverse range of
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structures that are ménnosylated by Man2A ES519S, including maltol, which has little
resemblance to a sugar. Interestingly, maltol was singly mannosylated by Man2A E519S to
afford 6-7 as the primary product in modest yield (47% for the isolated per-O-acetylated
product).

(o)

HO OH
0 \ 6-7
HS&/O \

0]

Table 6-1: Products synthesized with Man2A E519S using o-mannosyl fluoride as donor. Product numbers are
given in bold.

Oligosaccharide Yield (%)™

Acceptor
di tri tetra penta  hexa TOTAL
PNP B- 21 32 19 2 - 74
mannoside'™ 6-1a 6-1b (5) 6-1d (5)
6-1c (2) 6-1e (1)
B(1,4)B(,3) BL4B(,4P(1,3)
2,4-DNP 2- 7 39 15 8 1 70
deoxy-2-fluoro- © 6-2a (1)
B-mannoside'®’ B(1,4)B(1.4)
6-2b (1)
B(1,4)B(1,3)
PNP §3- 22 36 13 - - 71
glucoside 6-3a 6-3b (1) 6-3d
B(1,3) B(L,HB(L4) B(L,HP(1,4)B(1,3)
6-3c (15)
B(L4)B(1,3)
PNP B- 8 64 19 3 - 94
xylobioside 6-4a (1) 6-4c (1) 6-de (1)
B(1,4) B(1,4)B(1,4) all B(1,4)
6-4b (1) 6-4d (2) 6-4f (1)
B.3) BU1.4BA,3) BA.HBA.4B(,3)
PNP 3- - 27 56 5 1 99
cellobioside 6-5a (8) 6-5¢ (4) 6-5e
B(1,3) B(1,4)B(1,4) all
6-5b (5) 6-5d (1) B8(1,4)
B(1.4) B(1,4)8(1,3)
PNP (3- - 34 49 8 0.5 91
gentiobioside 6-6a 6-6b
B(1,3) B(1,4)B(1,3)
maltol - - - . R 47
6-7

(a) Yields determined by HPLC and based on remaining acceptor. Relative ratios of products indicated in
parentheses. Sequence of linkages formed in each product is indicated. (b) PNP = para-nitrophenyl. (c) 2,4-DNP =
2,4-dinitrophenyl. (d) Yield of isolated, per-O-acetylated product.
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The H-1, H-2 coupling constant of the mannosyl glycosidic bond is an unreliable indicator of
anomeric configuration because the value is virtually the same in each case. This is not so for
the C-1, H-1 coupling constant measured for the anomeric carbon of the mannose residue, where
typically J = 150 Hz is observed for alpha linkages and J = 160 Hz for f3-linkages.24> Although
the mannosynthase mechanism demands that a 3-mannoside linkage is formed, the mannoside
linkage formed was confirmed to be 3 by the 160 Hz J(C-1, H-1) coupling constant measured for
C-1 of the mannose residue in the disaccharide products 6-1a and 6-3a. NMR analyses of the
per-O-acetylated products also indicated that a mixture of B(1,3) and P(1,4) linkages was
synthesized by Man2A E519S (Table 6-1). A notable example was the mixture derived from
PNP f3-gentiobioside, which afforded branched tri- and tetrasaccharide products 6-6a and 6-6b
in which a mannose residue is 8-(1,3) linked to the PNP bearing glucose residue (Figure 6-2).

Branched oligosaccharide products synthesized by glycosynthases have been reported previously
(see Chapter 4).199.201

OH - 6-6a 34%
+
HO
R0 Ho OH

OH HO Q
HO (o) OH

HO
6-6b 49%

Figure 6-2: Synthesis of branched oligosaccharide products with Man2A E519S from PNP B-gentiobioside and o.-
mannosyl fluoride.

Transglycosylation Kinetics with Man2A ES19A and E519S
Kinetic parameters for transglycosylation by the Man2A ES519A and E519S mutants were
determined by use of a fluoride electrode to monitor fluoride release during the coupling of o

ManF with PNP B-cellobioside (Table 6-2). In the presence of a fixed concentration of PNPC

(20-30 mM), typical saturation kinetics were observed for o-ManF with both mutants.
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Interestingly, saturation could not be achieved with PNPC (up to 35 mM PNPC) in the presence
of a saturating concentation of o-ManF (50 mM), despite this being the best acceptor for the
mannosynthase. As noted in Chapter 5, good binding is not a prerequisite for a good acceptor.
Indeed, acceptor Ky values of 45 and 70 mM were measured for PNP B-glucoside and PNP {3-
cellobioside, respectively, as acceptors for Abg E358S (Chapter 5). Likewise, K; values
measured for acceptors of trapped 2-fluoro-glycosyl enzyme intermediates are typically greater

than 50 mM (Chapter 5).

Table 6-2: Apparent transglycosylation kinetic parameters for Man2A E519S and E519A.

o-ManF PNP B-cellobioside
kcax KM kca/ KM kca/ KM
(min™?) (mM) (min"! mM™) (min! mM™?) ¢
E519A 0.334 0.57 0.58 0.0133
+0.005% +0.02 +0.0005¢
E519S 11.8 0.70 17 0.353
10.2° +0.03 +0.008°

a) [PNPC] fixed at 20 mM. b) [PNPC] = 30 mM. c) No saturation with PNPC observed. d) [o-ManF] = 24 mM. e)
[a-ManF] = 52 mM.

The apparent k.,/Ky values of 0.35 min'* mM"! and 0.013 min!- mM"! for Man2A
E519S and E519A, respectively, were determined from the slope of the plot of rate versus PNPC
concentration. This corresponds to a 27 fold transglycosylation rate enhancement for ES19S
relative to the ES19A mutant and is remarkably similar to the 24 fold increase observed for Abg
E358S (using o-galactosyl fluoride as a donor). As in the case of Abg E358S, this enhancement
may arise from a hydrogen bond between the serine hydroxyl and the departing fluoride in the
transglycosylation transition state. Transglycosylation rates were also studied as a function of
pH. Man2A E519S was found to be most active between pH 5 and 6 (Figure 6-3), which is
remarkably fortunate because o-ManF undergoes rapid spontaneous hydrolysis above pH 7,
presumably through the base catalyzed formation of a 1,2 epoxide.?*¢ The increased activity of
this mutant at low pH is also somewhat contradictory because decreasing the pH might be

expected to protonate the acid-base catalyst, E429, and consequently inhibit the capacity of this

residue to function as a base catalyst in the transglycosylation reaction.
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(B
H

Figure 6-3: Reaction of Man2A E519S (5.5 puM) with o-ManF (5.8 mM) and PNPC (5 mM) as a function of pH
(filled circles). Vo refers to the rate of fluoride release. Spontaneous hydrolysis rates of o.-ManF are indicated by
open circles. The curve is included for clarity. Mechanism of base catalyzed hydrolysis of a-ManF is indicated.

Azide rescue of Man2A ES19A and E519S

As observed for Abg nucleophile mutants, substantial glycosidic bond cleaving activity could be
restored to Man2A nucleophile mutants in the presence of azide (Table 6-3). Even with the
reactive substrate 2,4-dinitrophenyl B-mannoside, virtually no activity could be detected with
Man2A ES19A or E519S in the absence of azide. The addition of azide (1 M, pH 6, 25°C),
however, increased k., values 17 000 to 22 000 fold. This is likely a minimum value for the
increase, given that trace wild type activity, as well as contamination by halides (described in
Chapter 8), can mask the true activity of the mutant.

A notable difference is the significantly lower azide rescue activity of the E5S19S mutant
relative to that of ES19A. Although a hydrogen bond between azide and the serine hydroxyl is a
possibility, steric effects between azide, which is approximately 2.5 A in length, and the serine
side chain are most likely greater than for alanine. Contrasting behaviour is also observed for
the rate dependencies of azide rescue at high substrate concentrations (Figure 6-4). This
difference appears to correlate with the corresponding glycosynthase activities of the two
mutants. With E519S a linear, non-saturating increase in rate is observed with increasing
substrate concentration (above 1 mM), consistent with a transglycosylation reaction utilizing o.-
mannosyl azide as a donor that is faster than release (or hydrolysis) of the donor itself (Figure 6-
4a). The ES19A mutant seemingly reverts to wild type behaviour (see Chapter 3) and exhibits
weak substrate inhibition at high concentrations of substrate (Figure 6-4b). This is consistent

with the weak glycosynthase activity of E519A, which is further challenged by the relatively
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unreactive donor, o-mannosyl azide (i.e. release of o-mannosyl azide is faster than

transglycosylation).

Table 6-3: Kinetic parameters for the reaction of Man2A nucleophile mutants with 2,4-dinitrophenyl $-mannoside
and azide (pH 6, 25°C)

Ko Ky k../Ky Behaviour at high [S]
(min™) (mM) (min”?: mM™?)
Man2A wt 27 000 0.6 45 000 sub. inhib.
+ 4000 +0.1 Ki =031
+ 0.06 mM
Man2A E519A <0.008 - - -
+ 1 M azide 174 0.193 901 sub. inhib.
+3 +0.009 Ki=42
+4 mM
Man2A E519S 0.0015 - - -
+ 1 M azide 25.2 0.044 573 trans.
+0.2 +0.002
a 40 — T b
= ° i 150
g %0 o« ° =
E ‘€ 100
o 20 -] haed
u - Y
S 10 . s %0
0 1 1 1 i 1 ] 0 1 1 A
0O 2 4 6 8 10 12 0 5 10 15 20
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Figure 6-4: Reaction rate versus 2,4-dinitropheny [-mannoside (2,4DNPMan) concentration for the reaction with
Man2A E519S (a) and ES19A (b) in the presence of 1 M azide (pH 6, 25°C). The curves in (a) and (b) are fits of
the data to the Michaelis Menten and substrate inhibition equations, respectively.

The pH dependence of azide rescue with Man2A E519S was also examined (Figure 6-5).
A marked increase in rate is observed at low pH values, which continued beyond the range of
stability of the mutant. The conspicuous similarity of this dependence to that observed for azide
rescue with Abg E358G (see Figure 5-3) suggests that a similar residue is being titrated in both

cases. For the same reasons discussed in Chapter 5, the most likely candidate is the acid-base

catalyst, E429.




108

N
(&)

Vo/Eo (min1)
iy - N
o 4,1 o
T 1 )
[
1 1 i

(&)
T
1

o
(&)
o F
u
© |e
(=]

pH

Figure 6-5: pH dependence of the reaction of 2,4-dinitrophenyl 3-mannoside (1 mM) with Man2A E519S and
azide (2 M, 25°C).

Conclusions

This study extends the glycosynthase methodology to the synthesis of B-mannosides, one of the
most difficult glycosidic bonds to synthesize by standard chemical methods. This was made
possible by improving the transglycosylation rates of a poor glycosynthase (Man2A ES519A)
with the introduction of a serine side chain in the active site (Man2A E519S). As was observed
with Abg glycosynthases (particularly with o-galactosyl fluoride donors), the serine mutation
enhanced k../Ky values for transglycosylation ~25 fold over the alanine mutant. Achieving this
result in a completely different enzyme system strengthens the hypothesis that a hydroxyl group
positioned near a fluoride leaving group will accelerate the reaction catalysed. Azide rescue of
Man2A E519A and E519S produced completely different reaction velocity behaviours at high
substrate concentrations, which can be explained by o-mannosyl azide acting as a glycosyl

donor and the very different glycosynthase activities of these mutants. This strengthens the view

that chemical rescue is an essential part of the characterization of glycosynthase reactivity.
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Chapter 7 Development of a ‘Cellulosynthase’ from

Streptomyces lividans endoglucanase CelB




110

Introduction
The degradation of cellulose into cellooligosaccharides by bacterial and fungal microbes is
achieved by the secretion of cellulases into the extracellular medium. Cellulases may cleave the
B-(1,4) glycosidic bonds of cellulose with either retention or inversion of anomeric
configuration. The lab of Professor Claude Dupont (Centre de recherche en microbiologie
appliquée, Université du Québec) has cloned the gene for the bacterial cellulase, Streptomyces
lividans CelB, a 36 kDa endoglucanase that has been assigned on the basis of sequence to
Family 12 (formerly known as family H).247 Typical of many cellulases, the tertiary structure of
CelB consists of an N-terminal signal peptide and a catalytic domain connected to a C-terminal
cellulose binding domain by a flexible linker.26 The structure of the catalytic domain was
recently solved to 1.75 A resolution,48 revealing a jelly-roll fold that is remarkably similar to
that found in the Family 11 xylanases, thereby confirming the prediction from hydrophobic
cluster analysis that these two glycosidase families comprise a structurally related ‘clan’ (GH-
C).249

Although the stereochemical course of substrate hydrolysis has not been determined for
CelB, another member of family 12, Humicola insolens endoglucanase III, is known to
hydrolyze cellooligosaccharides with “retention of anomeric configuration. Therefore, the
catalytic nucleophile of CelB may be identified by trapping the covalent intermediate with a 2-
fluoro sugar inactivator, proteolysis of the labelled enzyme and analysis by ESI-MS/MS. This
labelling strategy wés used to identify the nucleophile in the family 11 Bacillus circulans
xylanase (Bcx) as Glu 78123 allowing the sole other Glu residue in this enzyme (Glu 172) to be
assigned as the acid-base catalyst. Because Bex and CelB belong to the same structurally related
clan (GH-C), a direct comparison of the Bex structure!?* with the structure of CelB permitted the
preliminary assignment of Glu 120 and Glu 203 as the nucleophile and acid-base catalysts,
respectively.2#®  The structure also revealed that the carboxyl moieties of these residues are
located 7 A apart on opposite sides of a long, active site cleft which can accommodate five
glucopyranoside moieties (-3 to +2). The first part of this chapter describes the steady state
kinetic behaviour of CelB (provided by Professor Dupont) with 2,4-dinitrophenyl B-cellobioside

(DNPC), as well as trapping of the covalent intermediate with the corresponding inactivator, 2,4-

dinitrophenyl 2-deoxy-2-fluoro-f3-cellobioside (2FDNPC). The nucleophile was verified to be
E120.
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Once the catalytic nucleophile of CelB is known with certainty, this residue may be
mutated accordingly to produce a potential glycosynthase. Because CelB is an endo glycosidase,
the efficient transfer of oligosaccharide blocks may be possible with the corresponding
glycosynthase, as has been possible with other endo enzymes (see Chapter 4). The second
component of this chapter examines the glycosynthase activity of CelB E120A, E120S, and
E120G mutants, prepared by Professor Dupont’s lab.

Steady-State and Inactivation Kinetics of CelB

CelB readily hydrolyzed DNPC to produce a biphasic velocity profile (Figure 7-1) that is
characteristic of substrate inhibition, as was previously described for Cellulomonas fimi Man2A
(see Chapter 3). A direct fit of this plot with the substrate inhibition equation 3-1 gave kinetic
parameters of k., = 40 = 1 s'l, Ky = 0.35 £ 0.03 mM, and K; = 24 + 4 mM. The long, open
binding cleft observed by X-ray crystallography suggested that CelB could accommodate five to
six glucopyranosyl! units (-3 to +2 or +3), therefore the simultaneous binding of two molecules of
DNPC to form an unproductive ternary complex is certainly possible. It is noteworthy that the
structure of CelB includes a surface loop (see Figure 7-8) that closes over the active site cleft
upon substrate binding, and that a reduction in the distance separating the putative nucleophile
and acid-base residues (7 A) to the typical retaining glycosidase span of 5.5 A appears to be
necessary for catalysis.2248 Such conformational adjustments may inadvertently stabilize a non-

productive ternary complex.

0 5 10 15
[DNPC] (mM)

Figure 7-1: Plot of reaction velocity vs substrate concentration for the reaction of DNPC with Streptomyces
lividans CelB. The curve is a fit of the data to the substrate inhibition equation.

Substrate inhibition is also observed with the mechanism based inactivator 2FDNPC.

The initial time dependence of inactivation of CelB through the accumulation of a covalent 2-
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fluoro cellobiosyl-enzyme intermediate followed first order kinetics (Figure 7-2a). Complete
inactivation of the enzyme was not possible (~90% inactivation, Figure 7-2a), suggesting
relatively fast turnover of the covalent intermediate. The corresponding dependence of Kops(inacr)
on [2FDNPC] (Figure 7-2b) parallels the velocity curve observed for the hydrolysis of DNPC.
Fitting this curve directly with an equation analogous to 3-1 gave inactivation parameters of kinacr
=0.29 £ 0.02 min‘l, Kinae: = 0.72 £ 0.08 mM, and K; = 8 £ 1 mM. This inactivation is active site
specific, as shown by the reduction in Kops(inger) With 2.84 mM 2FDNPC from 0.18 + 0.02 min! to
0.048 + 0.007 min™ in the presence of 47.4 mM cellobiose (Figure 7-3), a competitive inhibitor
of CelB (approximate K; = 5 mM). The ratio of these rate constants (0.27) is in reasonable
agreement with the predicted protection ratio (0.34, see Experimental). The -catalytic
competence of the trapped 2-fluorocellobiosyl-enzyme intermediate is demonstrated by the
spontaneous reactivation observed when the trapped enzyme is freed of excess inactivator (kx20
= 0.0022 min’!, t;, = 314 min). Furthermore, reactivation is accelerated in a saturable fashion
(Figure 7-4) through a transglycosylation mechanism (see Chapter 5, Figure 5-13) when

cellobiose is added as an acceptor ligand, yielding the kinetic parameters kye..: = 0.025 = 0.003
min" and Keer = 68 £ 17 mM.
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Figure 7-2: Inactivation of CelB by 2FDNPC. (a) Representative data for the loss of activity (V/Vo) over time in
the presence of various concentrations of 2FDNPC: [, 2.84 mM; @, 11.38 mM; O, 0.17 mM; A, 0.087 mM; L,
0.057 mM. (b) Plot of kypginacy) vS [2ZFDNPC]. The curve is a fit of the data to the substrate inhibition equation (k;,.,
=0.29 £ 0.02 min", Kjpze = 0.72 £ 0.08 mM, K; = 8 £ 1 mM).
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Figure 7-3: Protection against inactivation with cellobiose. Inactivation of CelB in the presence of 2.84 mM
2FDNPC (@) or 2.84 mM 2FDNPC with 47 mM cellobiose (O).

a 1 E L e e S S b 0.02 T T T I r
08 | T 0015 | :
S 06 € oo} .
= 04 S
02 . % 0.005 - -
O L xo 0 1 A 1 L 2
0 100 200 300 400 : 0 50 100 150
t (min) [cellobiose] (mM)

Figure 7-4: Turnover of the 2-deoxy-2-fluorocellobiosyl CelB intermediate via hydrolysis or transglycosylation.
(a) Reactivation of CelB over time in the presence of various concentrations of cellobiose: @ 0mM: A 11 mM;
0,28 mM; O, 84 mM; €, 125 mM. (b) Plot of kopsreacr) Vs [cellobiose]. The curve corresponds to k.. = 0.025 +

0.003 min™' and K, = 68 + 17 mM.

A comparison of the inactivation and reactivation kinetics with the steady state kinetics
of DNPC can provide an estimate of the kinetic consequences of the 2-fluorine substitution. The
deglycosylation rate, reflected by k., and kuzo, is reduced 1.1 X 10° fold, a value that is
comparable to those observed for Agrobacterium sp. B-glucosidase>’* E. coli, lac Z PB-
galacotosidase,?16 Fusarium oxysporum endoglucanase I, 195 and Clostridium thermocellum
endoglucanase CelC.259 The glycosylation rate, reflected by k../Ky and kinac/Kinaer, is reduced to
a lesser degree, 1.7 x 10* fold. This difference may reflect the finding that the deglycosylation

transition state typically has greater oxocarbenium ion character than the glycosylation step and

thus is more seriously affected by the fluorine substitution.3325! In contrast to these large
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transition state effects, the similarity of Kj,, and K; to the corresponding Ky and K; values for

DNPC suggests that the 2-fluorine substitution has a minimal impact on substrate binding.

Identification of the Catalytic Nucleophile of CelB

The ESI mass spectrum of intact CelB (data not shown) provided a mass of 24 567 Da for the
catalytic domain, which is identical to the average [M + H]* mass predicted for the sequence.
The corresponding ESI mass spectrum of labeled CelB (data not shown) indicated that 50% of
the enzyme had increased in mass by 326 Da * 6 Da, consistent with incorporation of a single 2-
fluorocellobiosyl moiety (327 Da). However, according to an assay of activity with DNPC prior
to ESI-MS, the labeled enzyme was estimated to be >90% inactivated. The origin of the
discrepancy between the ESI-MS analysis and the activity assay is not clear, but it is most likely
due to loss of label on the HPLC column prior to MS analysis. Nevertheless, this degree of
labeling was sufficient to identify the nucleophile as described below.

The labeled CelB was markedly resistant to digestion with pepsin relative to the
unlabeled enzyme as judged by HPLC profiles of the digests over time. This resistance to
proteolysis has been observed with other trapped glycosidases and is attributed to a stabilization
of the glycosidase structure upon formation of the covalent intermediate.2!5 Fortunately, it was
possible to denature the labeled CelB (by boiling) prior to proteolysis without significant loss of
the label. Figure 7-5a shows the peptic digest of the labeled enzyme resolved by reverse phase
HPLC using ESI-MS as a detector. Labeled peptide(s) were detected in a second HPLC run with
the spectrometer operating in neutral loss mode. This involved scanning the HPLC eluent with
the first and third quadrupoles (Q1 and Q3), while subjecting the gas phase peptide ions to mild
fragmentation with a neutral gas in the collision cell (Q2). The a-acylal bond of the label is
significantly more labile than any other bond in the peptide and readily cleaves in a homolytic
fashion, leaving the peptide with its original charge, but with a decreased mass. With Q3 offset
from Q1 by the mass of the label fhat is lost in the collision cell, peptides originally bearing this
label can be detected. As shown in Figure 7-5b, scanning for the loss of the 2-fluorocellobiosyl
label (327 Da) from a singly charged peptide produced a fragment of mass m/z 947.5 Da that was
not present in the unlabeled digest (Figure 7-5c). Subtraction of the mass of the label (947.5 -
327 + 1 H") yields an unlabeled peptide of m/z 621.5. A computer aided search?52 of the CelB

sequence for a peptide with an average mass of 621.5 + 1 Da produced only eight sequences,

including QTEIM, which corresponds to the region of the putative nucleophile Glu 120.
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Examination of the total ion chromatogram for the unlabeled digest confirmed the presence of a

peptide of m/z 621.5 with a retention time essentially identical to that of the labeled peptide.
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Figure 7-5: Detection of the 2-deoxy-2-fluorocellobiosyl labeled peptide by ESI-MS/MS. (a) Total ion
chromatogram (TIC) for the peptic digest of CelB labeled with 2FDNPC. (b) TIC for the labeled CelB digest, with
ESI-MS/MS operating in neutral loss mode. Only those peptides that lose a neutral fragment of m/z = 327 (the mass
of the label) are detected. The labeled peptide of interest is indicated with an asterisk (*). (c) TIC for the peptic
digest of the unlabeled enzyme in neutral loss mode. (d) Mass spectrum for the labeled peptide (*) eluted at 23 min.
in (b). - :

The sequence QTEIM was confirmed by ESI-MS-MS analysis of the labeled peptide
isolated by HPLC. Q1 was set to m/z 947.5 to selectively introduce the peptide to the collision
chamber (Q2), with the resulting daughter ion spectrum detected by Q3. As shown in Figure 7-
6, the spectrum contains a series of ‘b’ ions (N-terminal fragments produced by cleavage
between CO-NH bonds) corresponding to the fragments QT (m/z 229.5), QTE (m/z 358.5), QTEI
(m/z 472.5), and QTEIM (m/z 603.5). A series of ‘y’ ions (C-terminal fragments produced by
cleavage between CO-NH bonds) are also observed, corresponding to M (m/z 149), IM (m/z
262), and EIM (m/z 392.5) fragments. Unequivocal evidence for the position of the label at

E120 is provided by fragmentation of the label itself (Figure 7-6). Cleavage of the internal
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glycosidic bond to release the terminal glucosyl moiety gives rise to a series of ‘b’ ions bearing a
2-fluoro glucopyranosyl residue (164 Da) corresponding to QTE (m/z 523.5), QTEI (m/z 636.5),
and QTEIM (m/z 767.5). Full 2-fluoro-cellobiosyl labeled ‘b’ ions are also observed: QTE (m/z
685), QTEI (m/z 798.5), and QTEIM (m/z 930). However, a labeled ‘b’ or ‘y’ ion corresponding

to QT is not observed, thereby eliminating the unlikely possibility of threonine acting as the

y2:392.5
y3: 262
y4 149
b2:229.5
b3:358.5

nucleophile.
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Figure 7-6: Daughter ion mass spectrum for the 2-deoxy-2-fluorocellobiosyl labeled peptide (m/z 947.5) produced
by ESI-MS/MS. The ‘b’ and ‘y’ ions corresponding to the sequence QTEIM are indicated, as well as the
corresponding 2-fluoroglucopyranosyl (164 Da) and 2-fluorocellobiosyl (327 Da) labeled forms.

Structural Features of Family 12 Glycosidases

Having firmly established the identity of the catalytic nucleophile of CelB as E120, the amino
acid sequence of CelB was compared to those of other Family 12 glycosidases. As expected, the
sequence surrounding the nucleophile of Family 12 enzymes (E(/L)YMI/V)W) is highly

conserved, consistent with the critical role of the nucleophile in catalysis (Figure 7-7). The
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sequence surrounding the putative acid-base catalyst, E203, is considerably less conserved. This
implies that the structure of the acid-base region is subject to a reduced evolutionary pressure,
which may reflect the lesser contribution of the acid-base residue to catalysis relative to that of
the nucleophile, as observed in other retaining glycosidases.”® This is also consistent with the
greater tolerance for changes in the position of the acid-base catalyst, as shown for the Family 11

Bcex.63

U A
S. lividans CelB 118 QTEIMIWFNRVGPIQPIG 135 194 YLTSVQAGFEPWQNG 208
S. rochei A2 155 RTEIMIWFNRVGQIQPIG 172 231 YLTSIQAGFEPWQNG 245
S. halstedii 155 RTEIMIWLNKVGPIQPIG 172 231 YLTSVQAGFEPWQNG 245
M. tuberculosis 48 QQEIMIWFNHQGSIQPVG 65 124 YLTSIRAGLEPWSDG 138
R. marinus 157 GAELMIWLNWNGGVMPGG 174 233 YLHAVETGFELWEGG 247
A. aculeatus 132 DYELMIWLARYGGVQPIG 149 209 YLITLQFGTEPFTGG 223
T. reesei EGIII 130 DYELMIWLGKYGDIGPIG 147 207 YVLSYQFGTEPFTGS 221
A. awamorii 130 DYELMIWLARYGSVQPIG 147 211 HLITLQCGTEPFTGG 225
A. oryzae 130 DYELMIWLARYGTIQPIG 147 211 YLINMQFGTEPFTGG 225
E. carotovora CelS 156 TDELMIWLNDTNAG-PAG 172 237 YISSVEFGTEIF-GG 250
E. carotovora CelB 156 TDELMIWLNNTNAG-PAG 172 237 YISSVELGTEIF-GG 250
T. neapolitana endoA 132 DVEIMVWFYFNELT-PGG 148 222 YFTVWEIGTE-FGSP 235
T. neapolitana endoB 150 DVEIMVWFYNNILM-PGG 166 241 YFCVWEIGTE-FGDP 254
T. maritima CelA 132 DVEIMVWFYFNVLT-PGG 148 222 YFTVWEIGTE-FGSP 235
T. maritima CelB 150 DAEIMVWFYNNVLM-PGG 166 241 YFCVWEIGTE-FGDP 254

Figure 7-7: Alignment of the sequence regions containing the labeled nucleophile and the putative general acid-
base catalyst of CelB with other Family 12 endoglucanases. Accession numbers from the National Center for
Biotechnology Information (NCBI) are indicated in brackets. The sequences shown are: S. lividans CelB
(2462718); Streptomyces rochei (strain A2) endoglucanase (1076114); Streptomyces halstedii endoglucanase
(2209260); Mycobacterium tuberculosis ‘hypothetical’ endoglucanase (2896727); Rhodothermus marinus
endoglucanase (2304961); Aspergillus aculeatus endoglucanase 1 (FI-CMCASE) (121835); Hypocrea jecorina
(Trichoderma reesei) endoglucanase III (2116583); Aspergillus awamori (var. kawachi) endoglucanase A
(CMCASE-]) (2494338); Aspergillus oryzae endoglucanase (2467373); Erwinia carotovora endoglucanase S
(121830); Erwinia carotovora endoglucanase B (2570837); Thermotoga neapolitana endoglucanase A (1934673);
Thermotoga neapolitana endoglucanase B (1934674); Thermotoga maritima endoglucanase A (1297061);
Thermotoga maritima endoglucanase B (1297062). The sequence numbering includes the signal peptide sequences,
with the exception of CelB, which begins at D41 of the NCBI entry. Absolutely conserved residues are shown in

bold. The proposed nucleophiles and acid-base catalysts are indicated by arrows (U and »L respectively).

Shortly following publication of these results!>0 the 3-dimensional structure of CelB
trapped as a 2-fluoro-cellotriosyl intermediate was solved by X-ray crystallography.®3 Electron
density corresponding to the E120-labeled intermediate as well as the hydrolyzed 2-fluoro
cellotriose product was observed. This is consistent with the relatively fast turnover of 2FDNPC
described above, which would certainly be significant on the timescale of X-ray crystallography.

When compared to the structure of the free enzyme?*8 a loop that was previously disordered was
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observed to be well-defined in the labeled enzyme (Figure 7-8). This loop carries Asn 155 and
Asn 158, two residues that are in close contact with the fluorine at the 2-position and the
nucleophile E120, respectively. The movement of this loop also reduced the distance separating
E120 and the acid-base catalyst E203 to 5.8 A, a value more typical of a retaining glycosidase.
Moreover, E203 is also positioned to interact with the 6-hydroxyl of the —1 sugar, suggesting
that substrate binding may help set the pKa of this residue. This structure also predicts that the
portion of the substrate binding to the aglycone subsites would need to be distorted slightly to
avoid steric clashes with the enzyme, particularly M122. Distortion of the aglycone appears to
be consistent with the high dissociation constant observed for cellobiose (68 mM) as an acceptor

of the 2-fluorocellobiosyl enzyme.

Figure 7-8: Structure of 2-fluorocellotriosyl labeled CelB83. The nucleophile (E120), acid-base catalyst (E203)
and the loop that becomes ordered in the complex are indicated.

Glycosynthase Activity of CelB Nucleophile Mutants

Relatively high reactivation parameter values are obtained for the turnover of the 2-
fluorocellobiosyl intermediate of CelB (kyeqer = 0.025 min™, kreackmzo = 11). As discussed in
Chapter 5, the potential for glycosyl transfer to acceptors reflected by these parameters suggest
that CelB is a good candidate for a glycosynthase. Three nucleophile mutants of CelB (E120A,
E120S, and E120G) were prepared by the lab of Professor Claude Dupont (Centre de Recherche
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en Microbiologie Appliquée, Institut Armand-Frappier, Université du Québec) for testing as
glycosynthases.

Reactions with these mutants using o-cellobiosyl fluoride as a donor and PNP (-
cellobioside as an acceptor (pH 7, RT) proceeded slowly and failed to consume more than 50%
of the acceptor (as judged by TLC). However, a significant amount of white precipitate formed
over time. With o-lactosyl fluoride as the donor, only one tetrasaccharide product was observed,
consistent with a single glycosyl transfer, but once again this reaction proceeded slowly and
failed to go to completion (< 50%). Variation of pH (5-9) had no noticeable effect on reaction
rate or conversion (as judged by TLC). Moreover, reaction solutions turned yellow, suggesting
that some wild type contaminant was present. This was confirmed by the low activity observed
with these mutants on the substrate DNPC, which could be reduced substantially by treatment of
the enzyme with the inactivator 2FDNPC. This is not surprising considering that these mutants
were over-expressed in Streptomyces lividans, which naturally produces the wild type enzyme.

Interestingly, reaction of these mutants with only o-cellobiosyl fluoride proved to be
more successful. Using CelB E120S (0.7 mg/mL), 49 mg of o-cellobiosyl fluoride was
converted to 40.5 mg of a water insoluble, white precipitate in less than 18 hrs. (pH 7.9, RT).
This corresponds to an oligosaccharide yield of 85%. Acetylation of this product by the Miles’
method?53 produced a new polymeric product that was soluble in chloroform. The 'H NMR
spectrum of the per-O-acetylated product was consistent with cellulose tri-O-acetate!® and the
BC NMR spectrum matched data previously reported for cellopentaose per-O-acetate as well as
cellulose tri-O-acetate.2’¢ Moreover, the ESI mass spectrum revealed a significant ion peak (m/z
= 2349 [M - CH3CO + H]") corresponding to a per-O-acetylated octasaccharide product (M. W.
= 2408 Da). Because this peak was observed at the detection limit of the ESI instrument (m/z =
2400), it is quite possible that CelB E120S is capable of more than 4 sequential transfers of a
cellobiosyl unit. Thus CeiB E120S functions as an effective cellulosynthase (Figure 7-9),
despite trace amounts of wild type enzyme in the mutant preparation. The failure of PNP 3-
cellobioside or PNP B-glucoside to act as effective acceptors is surprising, but most likely results-
from‘the acceptors competing with the a-glycosyl fluoride donor for glycone binding subsites (-
1, -2). It is also noteworthy that the acceptor screen developed by Jan Blanchard indicated that
methyl a-cellobioside, a structural analogue of a-cellobiosyl fluoride, was the best acceptor for

2-fluorocellobiosyl labeled CelB.204 This agrees with the high yield observed for the

polymerization of o-cellobiosyl fluoride by CelB E120S.
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Figure 7-9: CelB E120S acting as a ‘cellulosynthase’.

Kinetic parameters for the polymerization of a-cellobiosyl fluoride by CelB E120
mutants were determined by use of a fluoride electrode (Table 7-1). Standard saturation kinetics
were observed with all mutants, and all k., values (1-2 min'l) were significantly lower than those
previously observed with the Abg and Man2A glycosynthases (Chapters 5 and 6). Indeed,
unlike the significant increase in transglycosylation rates observed with Abg and Man2A serine
nucleophile mutants, the E120S mutant is merely 1.7 fold faster than the E120A mutant
(comparing k../Ky values). The sluggish performance of these catalysts may be inherent to the
structure of CelB. As noted above, formation of the wild type glycosyl enzyme (and most likely
substrate binding) involves substantial reorganization of a loop which serves to deliver residues
to interact with the substrate and nucleophile. With a key interaction to this loop missing in the
E120 mutants, the structure of -the active site provided by this loop may be compromised.
Likewise, because the acid-base catalyst hydrogen bonds to the 6-hydroxyl of the —1 sugar, a
pKa change in this residue as a result of deleting the negative charge of the nucleophile may be
expected to effect substrate binding. A poorly assembled active site structure also appears to be
reflected by the weak enhancement in glycosidic bond cleaving activity observed for these
mutants with azide and DNPC (daté not shown). Examination of the structures of CelB E120

mutants complexed with cellobiose could address these issues.

Table 7-1: Kinetic parameters for the reaction of CelB nucleophile mutants with a-cellobiosyl fluoride (pH 7,
25°C).

Mutant k.. (min™) Ky (mM) k../Ky (min™: mM?)
E120S 1.72 £ 0.06 2.8+0.3 0.61
E120A 0.96 + 0.05 27+04 0.35

E120G 0.127 £ 0.006 47+0.5 0.027
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Conclusions

Identification of the catalytic nucleophile in Steptomyces lividans endoglucanase CelB as E120
using the 2-fluoro glycoside inactivator methodology opened the possibility of engineering a
new glycosynthase. Reactivation parameters for the trapped 2-fluorocellobiosyl intermediate
indicated that CelB had fair glycosynthase potential. Indeed, the mutations E120A, E120G, and
E120S all produced weakly active glycosynthases, with E120S being the most active. The
relatively poor glycosynthase activity of these mutants may stem from a poorly structured active
site produced by deletion of the nucleophile. The best reaction catalyzed by these mutants was,
by far, the polymerization of o-cellobiosyl fluoride to yield cellulose. This opens the possibility

of using this catalyst to form novel polymeric structures based on a cellulose backbone.
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Chapter 8 Enzymatic Synthesis of Carbon-Fluorine
Bonds
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Mechanisms of Enzymatic Halogenation

Halogenated secondary metabolites are ubiquitous in Nature. Over 3000 natural products
containing chlorine, bromine, or iodine have been characterized to date, and scores are added to
the list each year.25525¢ There is, however, a notable scarcity of fluorinated natural products, of
which only 13 are known (Figure 8-1).257 This may in part stem from the limited bioavailability
of fluoride, which exists primarily in insoluble mineral forms.25825% Equally elusive is an
enzymatic mechanism for fluorination, as no enzyme with fluorinating activity has yet been

isolated.257

NH,
a SN
"\/ﬁ\o HoN— N/)
H
F
H H

Figure 8-1: Examples of fluorinated natural products: fluoroacetate and nucleocidin.

A key aspect of the fluorination mechanism will be the nature of the fluorinating species:
electrophilic, radical, or nucleophilic. An electrophilic halogenation mechanism is well known

for the haloperoxidases (vanadium, heme, and cofactor free classes).260-263 This mechanism

involves oxidation of CI°, Br~, or I" by a peroxide to form a hypohalous acid that in turn
halogenates the substrate (Figure 8-2). A radical chlorination mechanism is thought to be
involved in the biosynthesis of barbamide,264 presumably initiated by a chlorate species (e.g.
HOCI).265 However, genetic analysis of biosynthetic pathways suggest that haloperoxidases may
not be involved in the biosynthesis of many halometabolites.2%¢ Likewise, the apparent lack of
substrate specificity and regioselectivity displayed by haloperoxidases, presumably arising from
the high reactivity and diffusable nature of the hypohalous acid that is generated, also suggests
that halometabolite biosynthesis is not their primary function.263 In the case of enzymatic
fluorination, the chemical oxidation of fluoride to “F" (E° = 2.87 V),267 the strongest oxidizing

agent known, is impossible and therefore electrophilic or radical fluorination mechanisms are

untenable.259
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X=Cl-,Br-, I-)
X p—
R—O- HOX + RH RX + HO
(R =H, CH;C=0) (R' = alkyl, aryl, vinyl, etc.)

Figure 8-2: Simplified scheme for a haloperoxidase reaction.

In light of the problems associated with electophilic halogenation, a nucleophilic
mechanism may be a more general route towards halometabolite biosynthesis. However, this

mechanism is thus far poorly defined. Nucleophilic halogenation has only been demonstrated

for the methylation of Br™, CI°, and I" by S-adenosylmethionine methyl transferases (Figure 8-
3a).268 Nevertheless, it appears that this example is merely the first of many enzymes employing
halides as nucleophiles. A newly discovered class of enzymes, the FAD-NADH dependent
halogenases, are believed to use a halide to attack epoxide substrates (Figure 8-3b).266.269
Likewise, extensive work on Streptomyces cattleya will most likely produce the first wild type
fluorinating enzyme,?70271 which is thought to use a fluoride nucleophile to synthesize

fluoroacetate.?59
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Figure 8-3: Nucleophilic halogenation mechanisms. (a) Synthesis of methyl halides by S-adenosylmethione
methyltrarvlsferase.268 (b) Proposed mechanism for syntheis of 7-chlorotryptophan (a precursor to pyrollnitrin) by
NADH-FAD dependent halogenases.266

Nucleophilic Fluorination by Glycosynthases

Given the scarcity of data on nucleophilic halogenation by enzymes, particularly with fluoride, it
is significant that the glycosynthases derived from Agrobacterium sp. -glucosidase (Abg) and
Cellulomonas fimi -mannosidase (Man2A) catalyze the formation of carbon-fluorine bonds
using nucleophilic fluoride. As noted previously, replacement of the catalytic glutamate
nucleophile in Abg (E358) or Man2A (E519) with alanine, glycine or serine renders the usual
double displacement mechanism inoperable and virtually no glycosidic bond cleaving activity is
detectable. However, when assayed with the appropriate 2,4-dinitrophenyl -glycoside substrate
in the presence of fluoride, substantial glycosidic bond activity is restored (Figure 8-4, Table 8-

1). As with azide rescue (see Chapters 5 and 6), the reaction with fluoride was also pH

dependent, with the highest rates observed at pH 6 and lower (data not shown).
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Figure 8-4: Plot of reaction rate versus fluoride (KF) concentration for the reaction of Abg E358S with 2,4-
dinitrophenyl B-glucoside (2.75 mM) at pH ~ 7, 37°C.

Chemical rescué by fluoride has been observed previously with a mutant glutamate
dehydrogenase, but this was the result of fluoride fulfilling an electrostatic role.2’2 With Abg
and Man2A nucleophile mjut'ants, fluoride acts as a nucleophile and the product of the glycosidic
bond cleaving reaction is the corresponding o-glycosyl fluoride (Figure 8-5a, first step) as
confirmed by TLC, 'H and F NMR. In the case of Abg E358G, the apparent k., value for
carbon-fluorine bond formation exceeds 2 s (Table 8-1). As one would expect from the
glycosynthase activity of these mutants, the o-glycosyl fluoride product in turn acts as a glycosyl
donor in a subsequent transglycosylation reaction with a second molecule of 2,4-dinitrophenyl 3-

glycoside, thus forming new glycosidic bonds (Figure 8-5a, second step).

a C:I 'I' b —/\r

- 0 o
No-R HO o Ho OH OH,OH
’%/ODNPT HOS ( QS%N/OR g.; \ ODNP ____> o)
OH
F.,  DNPOH ( Fo, -5 DNPOH HO F
| |
s _ff J_"
E3585

E358S E358S8

Figure 8-5: (a) Abg E358S catalyzing nucleophilic fluorination of 2,4-dinitrophenyl B-glucoside and subsequent
transfer of o-glucosyl fluoride to a second equivalent of substrate (R). (b) Abg E358S synthesizing ¢-galactosyl

fluoride.
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Table 8-1: Kinetic parameters for Abg and Man2A nucleophile mutants catalyzing glycosidic bond cleavage of
2,4-dinitrophenyl B-glucoside and 2,4-dinitrophenyl 3-mannoside, respectively, using halides as nucleophiles (pH 6,
25°C).

keor Ky keo/Kn

(min™) (mM) (min: mM™?)
Abg wt 5040 0.0214 235 000
+2MKF 3600 0.024 150 000
Abg E358A <0.001 - -
+2MKF 21.5 0.131 164
+2 M NaCl 1.00 0.112 ' 8.93
Abg E358G 0.08 - -
+2MKF 131 0.157 834
+2 M NaCl 44.8 0.086 521
+2 M NaBr 11.2 0.144 77.8
+2MKI n/a® - -
Abg E358S <0.001 . - -
+2MKF 28.9 0.044 657
Man2A wt 27 000 0.6 45 000
+2MKF 7900 0.22 36 000
Man2A E519A <0.008 - .
+2MKF 20.7 0.131 158
Man2A E519S 0.0015 - -
+2MKF 14.0 0.036 389

a) No activity.

The relatively modest glycosynthase (transglycosylation) activity of Man2A E519S allowed
isolation of o-mannosyl fluoride as the major product, which was characterized by 'H and “°F
NMR. However, the much greater glycosynthase activity of the Abg mutants resulted in rapid
synthesis of oligosaccharide products, as observed by TLC and ESI-MS. Indeed, the rate
constant for turnover of a-glucosyl fluoride with Abg E358S exceeds 1 s™'. Nevertheless, a low
concentration of o-glucosyl fluoride could be observed by '°F NMR during the reaction of 2,4-
DNP B-glucoside with Abg E358G and fluoride (8 -74.3, dd, J = 55.4, 24.9 Hz, referenced to
CF;CO;H). Moreover, the analogous reaction with 2,4-dinitrophenyl B-D-galactoside and Abg
E358G resulted in the formation of o-D-galactosyl fluoride as the major product, which was
isolated and characterized. As noted previously, o-galactosyl fluoride cannot glycosylate a
second 2,4-dinitrophenyl [-galactoside substrate due to the absence of a suitably positioned
(equatorial) 4-hydroxyl (Figure 8-5b).244 The wild type enzymes did not catalyze the formation
of a- or B-glycosyl fluorides, as indicated by F NMR, presumably due to electrostatic or steric
effects preventing access to fluoride. This is not surprising considering the precision of chemical

rescue demonstrated thus far with glycosidase mutants.
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The transglycosylation reaction is also reflected in the steady state kinetic behaviour of
the nucleophile mutants at high concentrations of 2,4-dinitrophenyl glycoside (Figure 8-6). A
non-saturating, linear relationship of reaction velocity versus substrate concentration is observed
above 0.5 mM in all cases. As predicted by the kinetic model presented in Chapter 5, the slope
of the linear region appears to correlate with the glycosynthase activity of the mutant. In the
case of Abg E358S and E358A, the k., values for the turnover of a-glucosyl fluoride are similar
(~65 min™), although the corresponding Ky values are considerably different (see Chapter 5,
Table 5-1). Likewise, the slopes of the corresponding fluoride rescue plots are similar (Figure 8-
6a). In contrast, the k., value for Man2A E519S for the turnover of o-mannosyl fluoride (12
min™') is considerably greater than that for E519A (0.33 min™') and this too is reflected in the

relative slopes of the fluoride rescue plots (Figure 8-6b).
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Figure 8-6: Plots of reaction velocity vs substrate concentration for the reaction of Abg and Man2A nucleophile
mutants with 2,4-dinitrophenyl glycosides and fluoride (2 M, pH 6, 25°C). (a) Plots for Abg E358A (O) and
E358S (@). (b) Plots for Man2A E519A (O ) and E519S (@).

Hydrogen Bonding to Fluoride
Also noteworthy from the k../Kuy values is the fluorination activity of the Man2A E519S, Abg

E358S and Abg E358G mutants (Table 8-1). This activity is considerably greater than that for
the corresponding alanine mutants. It is probable that this difference arises from hydrogen
bonding to fluoride. In the case of the serine mutants, this hydrogen bond would arise from the
serine hydroxyl group. As proposed previously, a hydrogen bond formed with the departing
fluoride ion in the glycosynthase transition state (Figure 8-5a, second step), may also explain the

~25 fold greater giycosynthase activity of Man2A and Abg serine mutants relative to the alanine

mutants.244273  More surprising is the high fluorination activity of Abg E358G, which would
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appear to offers no such side chain. However, as discussed in Chapter 5, structural evidence
suggests that Tyr 298 in this mutant may provide an equally good, if not better, hydrogen bond

in the fluorination or transglycosylation transition states.

Kinetic Isotope Effects

The transition state character of the fluorination transition state for the Abg nucleophile mutants
was examined through a-DKIE’s. Using the substrate 2,4-dinitrophenyl B-[1->H]-glucoside o-
DKIE’s of 1.055 + 0.017 for E358S, 1.057 + 0.022 for E358A and 1.076 + 0.026 for E358G
were obtained for k.,/Ky. These values are all similar and suggest that the corresponding
oxocarbenium ion transition state for each mutant is only partly developed. This may be the
result of significant nucleophilic participation of fluoride in the transition state, much like Glu
358 is proposed to interact in the glycosylation transition state of wild type Abg. Indeed, these

o-KIE’s are quite similar to that observed for the wild type enzyme in the glycosylation step.33

Glycosynthases as Halogenases

The Abg E358G and E358A mutants can also catalyze nucleophilic halogenation of 2,4-
dinitrophenyl B-glucoside using chloride and bromide (2 M). Although the corresponding o-
glucosyl halides are too unstable to isolate directly, transglycosylation products resulting from
transfer to a second equivalent of substrate were observed by TLC and ESI-MS. Nevertheless,
an attempt was made using 'H NMR to observe the synthesis of o-galactosyl chloride during the
reaction of Abg E358G with 2,4-dinitrophenyl -galactoside and 2 M NaCl (pD 5.6, 300K). As
with a-galactosyl fluoride, a transglycosylation reaction is not possible and the accumulation of
a-galactosyl chloride is expected (Figure 8-5b). Indeed, a small resonance was observed by 'H
NMR (Figure 8-7) which may correspond to the anomeric proton of o-D-galactosyl chloride (&

5.45, d, J = 3.1 Hz, referenced to HDO). However, the instability of this compound precludes

synthesis of a standard that could confirm this result.
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Figure 8-7: 'H NMR spectra (300 MHz) of the reaction of Abg E358G (19 uM) with 2,4-dinitrophenyl B-
galactoside (7 mM) in the presence of 2 M NaCl (100 mM citrate, pD 5.65). (a) Region of aromatic and anomeric
proton resonances. Upper spectrum obtained during the reaction with E358G after 145 min. at 300K. Lower
spectrum obtained under the same conditions in absence of E358G after 145 min.. (b) Expansion of the anomeric
region. The resonance at 5.45 ppm (*) is proposed to arise from H-1 of a-galactosyl chloride.

Unusual kinetic behaviour is observed at high 2,4-DNPGIlu concentrations when chloride
or bromide ions are used as nucleophiles with Abg E358G. Although E358A displays a linear,
non-saturating rate dependence on glycoside substrate concentration with chloride (Figure 8-8a),
E358G displays substrate inhibition with the same anion (Figure 8-8b). With bromide, E358G
displays typical saturating kinetics (data not shown). Despite these differences,
transglycosylation does occur with chloride or bromide with either mutant at high substrate

concentrations, as noted above. However, it is possible that the transglycosylation pathway with

o.-glucosyl chloride or bromide donors may be slow or inhibitory with E358G.
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Figure 8-8: Reaction rates versus 2,4-dinitrophenyl B-glucoside concentration for Abg E358A (a) and E358G (b)
in the presence of chloride (2 M, pH 6, 25°C).

The high hydration energy of fluoride (117 kcal- mol™) might be expected to severely

limit its participation as a nucleophile in biochemical processes.?>® Intriguingly, a comparison of
kea/ Ky values for E358G and E358A (Table 8-1) indicates an order of halide reactivity (F~ > CI”

> Br”) opposite to that expected in aqueous solution. Although this may be the result of steric
constraints in the Abg active site, this order of halide nucleophilicity has also been observed in
organic solvents and in the gas phase.2’427> This suggests that desolvation of the halide occurs in
the active site of Abg, and indeed this is highly probable given the limited size of the reaction
cavity. The reactivity order may also reflect a stabilizing ‘synergism’276 in the halogenation
transition state between hard, weakly polarizable attacking and leaving groups (i.e. fluoride and
phenolate oxygen). Synergism may also cause a similar reversal in reactivity observed for the
réaction of methyl glycosides?’” and o-glucosyl fluoride’ .with halides in aqueous solution.
Synergism is also consistent with the halide reactivity order observed for the S-
adenosylmethione methyltransferase reaction (I = >> Br™ > CI"), which involves a 'soft' leaving
group, sulphur (Figure 8-3).268 Fluoride, notably, is not a substrate for S-adenosylmethionine
methyl transferases. However, one must also consider that halide specificity may have evolved

in these enzymes.

Fluorination Activity of a General Acid-Base Mutant
The generality of enzymatic nucleophilic fluorination is further demonstrated by the ability of

the E429A acid-base mutant of Man2A to synthesize 3-mannosyl fluoride. This mutant readily

forms the covalent intermediate with the reactive substrate 2,5-dinitrophenyl B-mannoside




132

(Figure 8-9). Due to the absence of base catalysis in the second step, deglycosylation is slowed
and the covalent intermediate accumulates, as evidenced by very low k., and Ky values (keq =
12 min'l, Ky < 1 pM). However, fluoride (1 M KF) can attack the anomeric carbon of the
covalent intermediate, resulting in faster turnover of the enzyme (k. = 87 min'l) and a
corresponding rise in Ky (7.7 uM), as well as the formation of -mannosyl fluoride. The -
mannosyl fluoride product could not be isolated and is not expected to accumulate as it is also a
good substrate for Man2A.138 Nevertheless, while monitoring the reaction directly by F NMR
spectroscopy (Figure 8-10) a resonance corresponding to a low steady-state concentration of [3-

mannosyl fluoride was observed (8 -146.7, d, J= 49 Hz, referenced to CFCl;).

E429A E429A

—_

CH3 CH3

HO— OH -F
HO —— HO Of ——» HO Ok

( w HO HO
-0 \fo DNPO - Co \ro
E519 E519

Figure 8-9: Man2a E429A catalysing nucleophilic fluorination of the mannosyl-enzyme covalent intermediate,
forming §-D-mannosyl fluoride. DNP = 2,5-dinitrophenyl.
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Figure 8-10: (a) F NMR spectrum (282 MHz, referenced to CFCl;) of the reaction of Man2A E429A with 2,5-
dinitrophenyl B-mannoside in the presence of 1 M KF (pH 7, 300 K) after 30 min.. (b) Spectrum of -D-mannosyl
fluoride. (¢) Spectrum of o-D-mannosyl fluoride.
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A notable enhancement in the activity of Man2A E429A is also observed with chloride
and bromide (Figure 8-11). Although the enhancement in rate is modest (~10 % increase with 1
M bromide, 55% with 1 M chloride), the example set by fluoride implies that chloride and

bromide also effect this rate increase by serving as external nucleophiles. Likewise, the relative

order of halide reactivity with the E429A mutant (F~ >> CI” > Br") suggests that desolvation and
synergy in the halogenation transition state may be at play, barring any steric effects, as observed

for the nucleophile mutants of Abg.
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Figure 8-11: Plots of initial rates versus salt concentration for the reaction of Man2A E429A (0.575 uM) with 2,5-
dinitrophenyl B-mannoside (1.88 mM, pH 7, 25°C).

Conclusions

The catalysis of carbon-fluorine bond formation by mutants of two unrelated glycosidases, each
using a nucleophilic fluorination mechanism, demonstrates the feasibility of such a mechanism
occurring in Nature. Indeed, it is particularly interesting that one of the known fluorinated
natural products, nucleocidin (Figure 8-1), is itself a glycosyl fluoride and may well be formed
by an analogous mechanism. As suggested by this work, catalytic features of nucleophilic
fluorination may involve hydrogen bonding and desolvation of the anion. This work also raises

the possibility of engineering other enzymes to catalyze nucleophilic fluorination of medicinally

significant compounds.




134

Catalytic Promiscuity

It is standard practice to name an enzyme according to the substrate (or class of substrates) that
yields the highest k../Ky values. In some cases enzymes are perfectly evolved towards their
particular substrate, with k../Ky values approaching the diffusion limit (10* M- ). During
the course of evolution, beneficial catalytic features in one enzyme may be appropriated by gene
recombination, or merely by chance through spontaneous mutation. Often an existing structural
platform is modified, giving rise to common folds and binding sites, termed ‘superfamilies’?78
that catalyze numerous reactions. The o/f barrel (TIM barrel), to which Abg and Man2A
belong, is one such platform. The consequence of this evolutionary history, in addition to simple
chance, is the ability of many enzymes to catalyse multiple chemical transformations, albeit at
k../Ky values that are often far below that of the choice substrates (reviewed in 279). Some
examples of catalytic promiscuity include the oxidase activity of hemoglobin,280 the
phosphotriesterase activity of chymotrypsin, and the nitrilase activity of L-asparaginase.?’ This
is frequently to the advantage of the enzymologist, who can ﬁse such reaétions to conduct facile
assays of enzyme activity, as well as tune the reactivity of a substrate. For example,
glycosidases are routinely assayed with aryl glycosides or glycosyl fluorides. However, not only
does catalytic promiscuity allow interrogation of an enzyme mechanism with a wide range of
chemistries, but it also provides the opportunity to engineer new catalytic activity. This activity
may be latent; the rough catalytic features and structure may be present for catalysis, but
remodeling of the active site is required for catalysis of a new reaction to occur. Such
engineering of new activity may be done through rational design or, more often, through directed
evolution where large libraries of mutants are created by random mutagenesis or DNA shuffling,
and then screened for the desired activity. There are many successful examples of rationally
designed or evolved enzyme functions,?81-284 but three of the most dramatic examples are the
transformation of E. coli cyclophilin, an isomerase of X-Pro bonds, into an X-Pro specific
protease,?8> the conversion of E. coli indoleglycerol-phosphate synthase into
phosphoribosylanthranilate isomerase?86 and conversion of dimeric chorismate mutase into an
active monomer.287 In each case the new activity was completely absent in the wild type
enzyme, and the resulting mutants catalyzed their new reactions with ‘wild-type’ enzyme
activities (k.4 values of 1-10 s'l).

Glycosidases are also catalytically promiscuous. The wild type enzymes are capable of

cleaving carbon-oxygen, carbon-nitrogen, carbon-sulphur and carbon-halide bonds. Likewise,
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the Hehre mechanism for inverting glycosidases has long been cited as evidence of the catalytic
‘plasticity’ in these enzymes (see Chapter 4).288 The catalytic features of inverting and retaining
glycosidases are remarkably similar, and from a crude perspective only differ in the distance
spanning the two catalytic carboxyl groups. Thus it has been possible to transform one into the
other with single mutations of these residues, as is the case for T4 lysozyme and Abg
nucleophile mutants,30.289-291

Indeed, a striking feature of glycosidases is their amenability to functional group
replacement, particularly at the position of the acid-base catalyst or the nucleophile (for
retainers). This has not been overlooked in Nature, as illustrated by the bizarre acid-base
chemistry performed by Sinapis alba myrosinase (see Chapter 1).67 The rate accelerations
achieved by functional group replacement are outstanding, particularly with the retaining
nucleophile mutants of Abg described in this thesis. Measurement of ‘true’ k., values for
glycosidic bond cleavage by these mutants is a distinct challenge due to contamination by wild
type enzyme or exogenous nucleophiles, but approach 107 s in the case of Abg E358A.30 Thus
the k.., values of 1-45 s observed for Abg nucleophile mutants in the presence of azide, formate
or halides represent accelerations in excess of 10° fold. Likewise, these nucleophile mutants
(particularly Abg) use o.-glycosyl fluoride substrates to catalyse glycosylation reactions with kg
values exceeding 5 s. A rate acceleration in this case cannot even be calculated because the
wild type retaining glycosidases presented in this thesis do not accept a-glycosyl fluorides as
substrates.

By describing the transformation of catalytic function from that of a glycosidase to a
glycosynthase and then to a halogenase, this thesis demonstrates how a diverse set of chemistries
can arise from one active site. Although these new reactions can be exploited for purely
synthetic purposes, it is more intriguing to use these new chemistries as a lens through which to
understand catalysis of the corresponding wild type enzyme, as well as understand how similar

reactions might arise in Nature.



136

Experimental Methods
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Chapter 2: Application of Mass Spectrometry to Enzyme Kinetics

General

The substrate 2,5-dinitrophenyl B-xylobioside (2,5-DNPX;) was synthesized according to
published procedures.!?” The mutation of Bcx, yielding the Y8OF substitution, has also been
described previously.!?* This mutant was generously provided by Dr. Manish Joshi and Prof.
Lawrence MclIntosh (Department of Biochemistry, University of British Columbia). Prior to
kinetic studies, solutions of wild type Bcx (MW 20,400) and mutant Bcx YSOF (MW 20,384)
were exhaustively desalted with freshly prepared 10 mM ammonium acetate (pH 6 for wild type,
pH 6.30 for the mutant) using a centrifugal concentrator (Amicon) with a nominal molecular
weight cut-off of 10 kDa. The concentrations of wild type and mutant Bcx were determined

from the extinction coefficient Aj* =2.50. This extinction coefficient was derived from active

site titration of Bcx Y8OF with 2,5-DNPX, (see below).

Steady-state kinetics

Steady-state kinetic studies were performed on a Unicam 8700 UV-Vis spectrometer equipped
with a circulating water bath. Assay solutions, prepared in black quartz cuvettes (1 cm path

length), consisted of an appropriate concentration of substrate in 5 mM ammonium acetate (pH
6.0 for wild type Bcex, pH 6.3 for Bex Y80F), pre-equilibrated at 23°C. Substrate hydrolysis was
initiated with the addition of an aliquot of enzyme (0.629 pg/mL wild type Bcx, 220 pg/mL Bex
Y8OF, final concentrations) and the initial rate of phenolate release was monitored at 440 nm (Ag
=3.57 mM".cm™).127 Hydrolysis rates were determined at 10 substrate concentrations ranging
from 0.2 to 5 times the K value, where possible. The resulting velocity curve was fitted with

the standard Michaelis-Menten equation using the program GraFit. 292

Stopped-flow spectroscopy

Pre-steady state kinetics were performed on a stopped-flow UV-Vis spectrometer (Applied
Photophysics, Model SF.17MV) equipped with a circulating water bath. Aliquots (100 pL each)
of an appropriate concentration of 2,5-DNPX, (in de-ionized water) and Bcx Y8OF (0.41
mg/mL, 20 uM, in 10 mM ammonium acetate, pH 6.3), were pneumatically driven from 2.5 mL
Hamilton syringes (equilibrated at 23°C) into a mixing cell. The release of phenolate was

monitored at 440 nm for a total of 50 seconds, and the resulting time course fitted to the equation
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Ago(t)= A(l-exp(-kopst)) + Bt + C using the program GraFit. The observed first-order rate
constant (k,»s) for the pre-steady state release of phenolate was determined at 7 substrate
concentrations (ranging from 0.1 mM to 2.2 mM).

The published extinction coefficient for Bcx (A%’ = 4.08)124 is an estimate based on

the number of tyrosine and tryptophan residues in the protein, rather than an exact value
determined from a complete amino acid quantification. A more accurate measure of enzyme
concentration can be derived from the stopped-flow experiments because 2,5-DNPX, acts as an
active site titrant with Bcx Y80F due to rate-limiting deglycosylation (k42 >> k43). 114 Using a
sample of Bcx Y80F diluted 133 fold from the stock solution, a burst of 10.1 uM 2,5-DNP
(0.036 absorbance units) was observed (Figure 1) when mixed with excess 2,5-DNPX; (2.2
mM). This corresponds to 0.206 mg/mL enzyme or 27.4 mg/mL in the stock solution. Time
resolved ESI-MS measurements indicated that >95% of the enzyme is converted to E-X; under
these conditions (see below), therefore it is unlikely that this burst underestimates the
concentration of enzyme!!* A 561 fold dilution of the stock solution yielded an absorbance of
0.122 at 280 nm, which corresponds to an extinction coefficient of AJ:* =2.50. The
concentrations of wild type Bcx and Bex Y80F quoted in this study are derived from this

corrected extinction coefficient.

Time-resolved ESI-MS

Time-resolved ESI-MS measurements were carried out as described previously.100.101  Briefly,
two syringes (1 mL volume each) were advanced simultaneously by a syringe pump. One
syringe contained enzyme (0.165 mg/mL wild type or Y80F Bcx) in 10 mM ammonium acetate
buffer (pH 6.0 for wild type Bcx, pH 6.3 for Bcx Y80F). The other syringe contained 2,5-
DNPX; in deionized water. The enzymatic reaction was initiated by mixing the solutions from
both syringes in a reaction tee. This tee was connected to an ESI source by a reaction capillary
with an inner diameter of 75 um. Lengths of the reaction capillaries varied between 1 cm and
186 cm. The total flow rates used for the experiments were 10 pL/min and 20 pL/min,
corresponding to minimum and maximum reaction times of 0.13 s and 47.8 s, respectively.
Slightly different charge state distributions were observed at different flow rates. Therefore, for
a given substrate concentration the flow rate was kept constant and the reaction time was varied
only by changing the length of the reaction capillary. Apparently the velocity distribution in the

reaction capillary translates into a narrow distribution of solution “age”, even though simple
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models indicate that the flow rates used here are too low to induce turbulent flow and adequate
mixing.!’> Under laminar flow conditions used here the solution next to the capillary wall is
retarded relative to solution in the middle of the capillary due to friction, resulting in a
distribution of solution age. However, computer simulations show that the distortion of the
measured kinetics under laminar flow conditions is remarkably small.2%3 This is because the age
distribution is narrowed by the effect of molecular diffusion between outer and inner solutions.
Accordingly, there is excellent agreement between the stopped-flow data (that achieves turbulent
flow) and time-resolved ESI-MS data in this and previous studies.!00.101 The enzyme and
substrate concentrations given in Chapter 2-4 correspond to the final concentrations (i.e. after the
mixing step). Multiply charged gas phase protein ion\s were generated at the exit of the reaction
capillary by pneumatically assisted ESI and were analyzed in a quadrupole mass spectrometer
constructed ‘in house’.!%0 The voltage difference between the orifice and the RF-only
quadrupole (“declustering voltage”) was 130 V unless stated otherwise. All experiments were
carried out at room temperature (23 + 1°C). The relative ratio of E-X; to free enzyme at a given
time point was determined from the relative inténsities (peak heights) of the 8" ions, averaged
from 30 scans. The time courses for the accumulation of E-X; were fit to the equation C(t) =
Css(1-exp(-kopst)) where C(t) is the concentration of E-X; as a function of time ¢, and Cgs is the
steady state concentration of E-X,. The first order rate constant, k,,;, was determined at 8

concentrations of 2,5-DNPX; ranging from 0.035 to 2.2 mM.
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Chapter 3: Mechanistic Investigations into the Retaining $-Mannosidase Cellulomonas
Jimi Man2A :

General

The expression and purification of wild type Man2A is described elswhere.13’ The wild type
plasmid was provided by Dr. Dominik Stoll. The acid-base mutant Man2A E429A was also
prepared by Dr. Stoll. 'H NMR (400 MHz, Bruker) and BC NMR (100 MHz, Varian) data for
the aryl 2,3:4,6-di-O-cyclohexylidene-B-D-mannopyranosides can be found in Tables 3-3 and 3-
4 (see below). 'H NMR (400 MHz, Bruker) data for the deprotected aryl B-mannosides can be
found in Table 3-5 (see below).

Mitsunobu Glycosylation of Phenols!40

Phenols were dried by repeated evaporation (3 X) from acetonitrile on a rotovap. 4-
Chlorophenol and phenol were vacuum distilled from 4 A molecular sieves prior to use. 2,3:4,6-
Di-O-cyclohexylidene o-D-mannopyranose (2-1) (1-3 g), triphenylphosphine (1.4 eq.) and
substituted phenol (1.4 eq.) were dissolved in dry toluene (50 mL) and the vessel purged with
dry nitrogen. DEAD (1.4 eq.) was added dropwise via syringe and the reaction stirred at room
temperature in the dark. Within 20 minutes crystalline triphenylphosphine oxide was observed
to form. The reaction was typically complete (by TLC) in 1.5 to 2 hrs.. The reaction mixture
was concentrated in vacuo and the bulk of the triphenylphosphine oxide removed by
recrystallization (1-2 X) from PE/EtOAc. After concentration in vacuo, the reaction mixture was
dissolved in DCM and washed with saturated sodium bicarbonate (for phenols with pKa’s < 7)
or 0.1 M NaOH (for phenols with pKa’s > 7) followed by brine. After drying over MgSO, and
concentration in vacuo the crude mixture of - and a-anomers were purified by silica gel
chromatography. 'H and C NMR data for the aryl 2,3:4,6-di-O-cyclohexylidene-f3-D-

mannopyranosides can be found in Tables 3-3 and 3-4.

Deprotection of Aryl 2,3:4,6-Di-0O-Cyclohexylidene-B-D-Mannopyranosides

Each aryl di-O-cyclohexylidene-f3-mannopyranoside (1-2 g) was suspended in dry methanol
(100 mL), chilled to 0°C and the vessel purged with dry nitrogeﬂ. Acetyl chloride (4 mL) was-
added dropwise with stirring via syringe. The reaction was maintained at 4°C overnight
whereupon TLC indicated complete deprotection. The solvent was evaporated in vacuo

followed by several evaporations of dry diethyl ether to remove the bulk of the HCl. Acid stable
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aryl B-mannosides (pKa'® < 7) typically crystallized spontaneously during this process and could
be isolated accordingly. Acid sensitive aryl B-mannosides (pKa® > 7) required immediate
passage through a silica gel column to remove trace HCI or rapid hydrolysis would ensue. 'H

NMR data for aryl 3-D-mannopyranosides can be found in Table 3-5.

1-Methoxy-1-cyclohexene94:295

OMe

Trimethyl orthoformate (554 mL, 5.06 mol, 1.05 eq.) was added slowly to a 0°C solution of
cyclohexanone (500 mL, 4.82 mol) and tosic acid (5 g) then allowed to stand at room
temperature for 20 hrs.. 1-Methoxy-1-cyclohexene was obtained by fractional distillation (337
g, 62% yield, 95% pure by GC). b.p. = 137-140°C (lit. 137-138°C).2%5 'H NMR (200 MHz,
CDCl3): 6 4.58 (t, J = 3.5, 3.5 Hz, 1 H, allylic H), 3.50 (s, 3 H, -OMe), 2.00 (m, 4 H, allylic
CH;), 1.60 (m, 4 H, homoallylic CH,).

2,3:4,6-Di-O-cyclohexylidene orD-mannopyranose (2-1) and 2,3:5:6-di-O-cyclohexylidene D-

mannofuranose (2-2)140.29%
\~0— ¢ o
aoly (X
o)
OH 0 O,Oo OH

(2-2)
(2-1)

D-Mannose (94.3 g, 0.523 mol) and tosic acid (2.5 g) were dissolved in dry DMF (500 mL). 1-
Methoxy-1-cyclohexene (238 g, 2.12 mol, 4 eq.) was added dropwise and the reaction
subsequently maintained at 40°C on a rotovap (30 mm Hg) for 30 min.. TLC indicated
completion of reaction. Sodium bicarbonate (6 g) was added and the reaction mixture
concentrated under high vacuum. The crude was diluted in diethyl ether (1.2 L), washed with
water and brine, dried over MgSOys, then concentrated in vacuo. Recrystallization of the crude

material from petroleum ether provided 2,3:4,6-di-O-isopropylidene a-D-mannopyranose (2-1)

(54 g, 30%). Subsequent recrystallizations of the crude material furnished 2,3:5:6-di-O-
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cyclohexylidene D-mannofuranose (2-2) (40 g, 20%). The pyranoside derivative proved to be
highly acid sensitive and readily rearranged in acidic CDCl; to the thermodynamically stable
furanoside. Data for 2-1: Rf (4:1 petroleum ether/EtOAc) = 0.33; m.p.: 171-173°C (lit. 174-
175°C);140 'H NMR (400 MHz, CDCl,): §5.43 (d, 1 H, J = 3.2 Hz, H-1), 4.17 (m, 2 H, H-2,3),
3.83 (m, 1 H, H-5), 3.75 (m, 2 H, 2 x H-6), 2.60 (d, 1 H, J = 3.2 Hz, -OH, disappears upon
addition of D;0), 1.9 and 1.7-1.3 (m, 20 H, 2 x cyclohexylidene), Anal. calcd. for C;sH2306
(340.41): C, 63.51; H, 8.29. Found: C, 63.51; H, 8.18. Data for 2-2: Rf (4:1 petroleum
ether/EtOAc) = 0.38; "H NMR (200 MHz, CDCl,): & 5.37 (d, 1 H, J = 2.2 Hz, H-1), 4.76 (dd, 1
H, J=3.5,5.8 Hz, H-3),4.57 (d, 1 H, J = 5.9 Hz, H-2), 440 (ddd, 1 H, /= 5.9, 5.9, 5.9 Hz, H-
5),4.23 (dd, 1 H,J =3.6,59 Hz, H-4),4.02 (m,2 H, /=59 Hz,2 xH-6),2.72(d, 1 H,J =23
Hz, -OH), 1.7-1.2 (m, 20 H, 2 x cyclohexylidene).

2,4-Dinitrophenyl 2,3:4,6-di-O-cyclohexylidene- -D-mannopyranoside (and o-anomer)

ON
O 0 '
oo o~ )-ve:

Protected 2-1 (1.0 g, 2.94 mmol) was reacted with 2,4-dinitrophenol according to the Mitsunobu
protocol above. After work-up the crude mixture was loaded onto a silica gel column as a
concentrated DCM solution and eluted with a gradient of 15:10:1 to 5:4:1 DCM/PE/EtOAc to
obtain brittle foams for both anomers (0.57 g B-anomer, 0.22 g a-anomer, B/a = 2.6:1, 0.79 g
total, 1.56 mmol, 53%). Rf P—anomer (5:4:1 DCM/PE/EtOAc) = 0.48; Rf a-anomer (5:4:1
DCM/PE/EtOAc) = 0.82. 'H and C NMR data for the P-anomer can be found in Tables 3-3
and 3-4. Anal. calcd. for Co4H30N2010 (506.5): C, 56.91; H, 5.97; N, 5.53. Found: C, 57.21; H,
6.07; N, 5.32; ESI-MS: m/z = 507.5 [M + H]". 'H NMR data for a-anomer (200 MHz, CDCl3):
08.73(d, 1 H,J=2.8 Hz, H-3 Ph), 840 (dd, 1 H,J=2.7,9.3 Hz, H-5 Ph), 7.45 (d, 1 H, J=9.3
Hz, H-6 Ph), 598 (d, 1 H,J < 1Hz,H-1),442 (dd, 1 H,J=5.6,< 1 Hz, H-2),432(dd, 1 H, J =
5.6,7.8 Hz, H-3), 3.82 (dd, 1 H, J = 7.8, 9.5 Hz, H-4), 3.77-3.54 (m, 3 H, H-5, 2 X H-6).
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2,5-Dinitrophenyl 2,3:4,6-di-O-cyclohexylidene- B-D-mannopyranoside

Protected 2-1 (2.55 g, 7.50 mmol) was reacted with 2,5-dinitrophenol according to the
Mitsunobu protocol above. After work-up the crude mixture was loaded onto a silica gel column
as a concentrated DCM solution and eluted with 10:1 PE/EtOAc to obtain B- and oi-anomers as
brittle foams (1.98 g B-anomer, 0.85 g a-anomer, 2.83 g total, 5.59 mmol, 74%, B/o. = 2.3:1). Rf
B-anomer (4:1 PE/EtOAc) = 0.50; Rf o-anomer (4:1 PE/EtOAc) = 0.62. Anal. calcd. for
C24H30N,049 (506.5): C, 56.91; H, 5.97; N, 5.53. Found for the B-anomer: C, 57.01; H, 5.95; N,
5.35.

4-Chloro-2-nitrophenyl 2,3:4,6-di-O-cyclohexylidene- B-D-mannopyranoside

Protected 2-1 (2.0 g, 5.88 mmol) was reacted with 4-chloro-2-nitrophenol according to the
Mitsunobu protocol above. After the usual work-up the crude material was absorbed onto silica
gel, applied to a silica gel column and eluted with 10:1 PE/EtOAc. Both anomers were obtained
as brittle foams following evaporation of solvent (1.46 g [-anomer, 2.94 mmol, 50%). Rf -
anomer (10:1 PE/EtOAc) = 0.11; Rf o-anomer (10:1 PE/EtOAc) = 0.38. Anal. calcd. for
C24H30CINOg (495.9): C, 58.12; H, 6.10; N, 2.82. Found for the B-anomer: C, 57.87; H, 6.17,;
N, 2.70.

4-Nitrophenyl 2,3:4,6-di-O-cyclohexylidene- B-D-mannopyranoside

Protected 2-1 (2.8 g, 8.23 mmol) was reacted with 4-nitrophenol according to the Mitsunobu
protocol above. Following work-up the crude material was loaded onto a silica gel column as a
concentrated DCM solution and eluted with a gradient of 10:1 to 4:1 PE/EtOAc. Evaporation of
the solvent afforded [3- and c-anomers as brittle foams (1.90 g B-anomer, 4.12 mmol, 50%). Rf
B-anomer (4:1 PE/EtOAc) = 0.51; Rf o-anomer (4:1 PE/EtOAc) = 0.65. Anal. calcd. for
Cy4H31NOg (461.5): C, 62.46; H, 6.77; N, 3.03. Found for the B-anomer: C, 62.28; H, 6.77; N,
2.98.

3-Nitrophenyl 2,3:4,6-di-O-cyclohexylidene- -D-mannopyranoside
Protected 2-1 (3.0 g, 8.81 mmol) was reacted with 3-nitrophenol according to the Mitsunobu
protocol above. Following work-up the crude material was absorbed onto a silica gel, applied to

a silica gel column and eluted with 6:1 PE/EtOAc. Evaporation of the solvent afforded brittle

foams for both anomers (3.14 g 3-anomer, 0.24 g o-anomer, 3.38 g total, 7.32 mmol, 83%, B/o. =
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13:1). Rf B-anomer (6:1 PE/EtOAc) = 0.24; Rf oi-anomer (6:1 PE/EtOAc) = 0.36. Anal. calcd.
for C,4H3;NOg (461.5): C, 62.46; H, 6.77. Found for the B-anomer: C, 62.25; H, 6.90.

4-Bromophenyl 2,3:4,6-di-O-cyclohexylidene-3-D-mannopyranoside

Protected 2-1 (2.0 g, 5.96 mmol) was reacted with 4-bromophenol according to the Mitsunobu
protocol above. After work-up, the crude material was repetitively (3 x) purified by silica gel
chromatography (10:1 PE/EtOAc). Evaporation of the solvent afforded both anomers as pale
yellow solids (0.72 g 3-anomer, 0.15 g a-anomer, 0.87 g total, 1.76 mmol, 29%, B/ = 4.8:1).
Anal. calcd. for CpsH3BrOg (495.4): C, 58.19; H, 6.31. Found for the B-anomer: C, 58.37; H,
6.30.

4-Chlorophenyl 2,3:4,6-di-O-cyclohexylidene- B-D-mannopyranoside

Protected 2-1 (3.0 g, 8.81 mmol) was reacted with freshly distilled 4-chlorophenol according to
the Mitsunobu protocol above. Following the usual work-up the crude material was absorbed
onto silica gel, applied to a silica gel column and eluted with a gradient of 40:3 to 10:1
PE/EtOAc. Evaporation of solvent afforded both anomers as solids that would not recrystallize
(2.98 g PB-anomer, 0.40 g o-anomer, 3.38 g total, 7.51 mmol, 85%, P/a = 7.5:1). Rf B-anomer
(10:1 PE/EtOAc) = 0.31; Rf a-anomer (10:1 PE/EtOAc) = 0.55. Anal. calcd. for CpH;3,ClOg
(450.9): C, 63.92; H, 6.93. Found for the B-anomer: C, 64.10; H, 7.11.

4-Cyanophenyl 2,3:4,6-di-O-cyclohexylidene-B-D-mannopyranoside

Protected 2-1 (2.0 g, 5.96 mmol) was reacted with 4-cyanophenol according to the Mitsunobu
protocol above. After the usual work-up the crude material was purified by silica gel
chromatography (10:1 PE/EtOAc). Evaporatio‘n of the solvent afforded both anomers as solids
that would not recrystallize (2.01 g B-anomer, 0.22 g o-anomer, 2.23 g total, 5.05 mmol, 85%,
B/oe =9.1:1). Anal. calced. for C,sH3NOg (441;5): C, 68.01; H, 7.08; N, 3.17. Found for the §-
anomer: C, 67.75; H, 7.21; N, 3.38. "H NMR data for the o-anomer (400 MHz, CDCl3): 6 7.58
(d, 2 H, J = 8.9 Hz, H-3,5 Ph), 7.07 (d, 2 H, J = 8.9 Hz, H-2,6 Ph), 5.83 (d, 1 H, J < 1 Hz, H-1),
436 (dd, 1 H,J=5.5, < 1 Hz, H-2), 4.28 (dd, 1 H, J = 5.6, 7.9 Hz, H-3), 3.81 (dd, 1 H, J = 8.0,
10.1 Hz, H-4), 3.71 (m, 2 H, 2 x H-6), 3.60 (ddd, 1 H, J = 6.1, 9.8, 9.8 Hz, H-5), 1.90 and 1.8-1.3

(m, 20 H, 2 X cyclohexylidene).
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Phenyl 2,3:4,6-di-O-cyclohexylidene- -D-mannopyranoside

Protected 2-1 (3.0 g, 8.81 mmol) was reacted with freshly distilled phenol according to the
Mitsunobu protocol above. Following work-up the crude material was absorbed onto silica gel,
applied to a silica gel column and eluted with a gradient of 40:3 to 10:1 PE/EtOAc. Evaporation
of the solvent afforded - and o-anomers as brittle foams (1.75 g B-anomer, 0.29 g o-anomer,
2.04 g total, 4.90 mmol, 56%, /o = 6:1). Rf B-anomer (4:1 PE/EtOAc) = 0.60; Rf o-anomer
(4:1 PE/EtOAc) = 0.67. Anal. calc. for C4H3,06 (416.5): C, 69.21; H, 7.74. Found for the B-
anomer: C, 69.03; H, 7.83.

2,4-Dinitrophenyl -D-mannopyranoside
Deprotection of 1.90 g (3.75 mmol) of the protected mannoside was complete in 4 hrs. at 4°C in
4% HCUYMeOH. Rf (7:2:1 EtOAc/MeOH/H,0) = 0.65. White crystals formed spontaneously
upon evaporation of HCI/MeOH (0.71 g, 2.05 mmol, 55%). Small, white needles were obtained
by recrystallization from Et;O/MeOH (0.47 g, 1.35 mmol, 36%). Anal. calcd. for C;,H14N,049
H,0 (346.25 + 18.02): C, 39.57; H, 4.43; N, 7.69. Found: C, 39.73; H, 4.29; N, 7.51. This
product was remarkably base sensitive, rapidly rearranging to a UV active compound in alkaline
solutions (Rf (7:2:1 EtOAc/MeOH/H,0) = 0.74). This is most likely the result of the base
catalyzed migration of the 2,4-dinitrophenyl aglycone to the 2-hydroxyl.?%? For this reason
solutions of 2,4-dinitrophenyl $-D-mannopyranoside were freshly prepared and buffered at pH 5-
6.

2,5-Dinitrophenyl B-D-mannopyranoside

Deprotection of 1.90 g (3.75 mmol) of the protected mannoside was complete overnight at 4°C in
4% HCI/MeOH. A yellow solid was obtained upon evaporation of HCI/MeOH.
Recrystallization 2 x from EtOH afforded small white crystals (0.280 g, 0.8 1mmol, 21%). M.p.
= 149-151°C. Rf (7:2:1 EtOAc/MeOH/H,0) = 0.60. Anal. calcd. for C;;H14N2O)o (346.25): C,
41.63; H, 4.08; N, 8.09. Found: C, 41.51; H, 4.09; N, 7.90.

4-Chloro-2-nitrophenyl B—D-mannopyranoside
Deprotection of 1.45 g (2.92 mmol) of the protected mannoside was complete overnight at 4°C in

4% HC1/MeOH. Small, pale yellow needles were obtained by recrystallization (2 x) of the crude
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solid from EtOH (0.329 g, 0.98 mmol, 34%). Rf (7:2:1 EtOAc/MeOH/H,0) = 0.60. Anal.
calced. for C12H14CINOs (335.7): C,42.94; H, 4.20; N, 4.17. Found: C, 43.00; H, 4.24; N, 4.14.

4-Nitrophenyl B-D-mannopyranoside

Deprotection of 1.84 g (3.99 mmol) of the protected mannoside was complete overnight at 4°C in
4% HCI/MeOH. Evaporation of the solvent affoded a crude pale yellow solid that was
recrystallized from EtOH to yield white needles (0.71 g, 2.36 mmol, 59%). Rf (7:2:1
EtOAc/MeOH/H,0) = 0.49. Anal: calcd. for C;,H;5sNOg (301.25): C, 47.84; H, 5.02; N, 4.65.
Found: C,47.70; H, 5.09; N, 4.46.

3-Nitrophenyl B-D-mannopyranoside

Deprotection of 2.98 g (6.62 mmol) of the protected mannoside was complete overnight at 4°C in
4% HCI/MeOH. A syrup was obtained upon evaporation of the solvent. Chromatography of the
crude on silica gel (27:2:1 EtOAc/MeOH/H,0) and evaporation of the solvent afforded a white
solid, which was recrystallized from EtOH to obtain hydroscopic white needles (0.843 g, 2.80
mmol, 42%). M.p. = 158-160°C. Rf (7:2:1 EtOAc/MeOH/H,0) = 0.49. Anal. calcd. for
C12HsNOg (301.25): C,47.84; H, 5.02; N, 4.65. Found: C, 47.93; H, 4.94; N, 4.44.

4-Chlorophenyl -D-mannopyranoside

Deprotection of 2.98 g (6.62 mmol) protected mannoside in 4% HCI/MeOH was complete
overnight at 4°C. Evaporation of the solvent afforded a syrup that was subsequently purified by
silica gel chromatography (27:2:1 EtOAc/MeOH/H,0). A white solid (0.97 g, 3.34 mmol, 50%)
was obtained upon evaporation of the solvent, which was subsequently recrystallized from EtOH
(0.748 g, 2.57 mmol, 39%). M.p. = 164-165°C. Rf (7:2:1 EtOAc/MeOH/HZO) = 0.55. Anal.
calcd. for C;2H5ClO0g - 1/2 H70 (290.7 + 9.01): C, 48.09; H, 5.39. Found: C, 48.21; H, 5.59.

Phenyl (-D-mannopyranoside

Deprotection of 1.75 g (4.20 mmol) of the protected mannoside was complete overnight at 4°C in
4% HCI/MeOH. Evaporation of the solvent afforded a syrup that was purified by silica gel
chromatography (100% EtOAc to 27:2:1 EtOAc/MeOH/H,0). A white solid was obtained that
was recrystallized from Et;O/MeOH to afford white needles (0.77 g, 3.01 mmol, 71%). M.p. =
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151-153°C. Rf (27:2:1 EtOAc/MeOH/H,0) = 0.23. Anal. calcd. for C;2H1606' 1/4 H20 (256.26
+4.50): C, 55.27; H, 6.20. Found: C, 55.52; H, 6.42.




Table 3-3: 'H NMR data for aryl 2,3:4,6-di-O-cyclohexylidene 3-D-mannopyranosides (400 MHz, CDCL).
Multiplicity and coupling constants (Hz) are given in parentheses. Chemical shifts referenced internally to the

solvent. For 2 X cyclohexylidene: § 2.0-1.3 (m, 20 H).

2,4-dinitro 2,5-dinitro 4-chloro, 4-nitro 3-nitro
2-nitro
H-2 Ph - - - 7.09 7.87
(d,9.2) (s)
H-3 Ph 8.67 (d, 2.8) 7.86 (d, 8.8) 7.77 (d, 2.6) 8.19 (d,9.2) -
H-4 Ph - 795 (dd, 2.3, - - 7.88 (d, 8.1)
8.8)
H-5 Ph 8.37 - 7.44 as for H-3 7.43
(dd, 2.8,9.3) (dd, 2.6, 9.0) (dd, 8.0, 8.0)
H-6 Ph 7.33(d, 9.3) 8.09 (d, 2.2) 7.17 (d, 9.0) as for H-2 7.34 (d, 8.0)
H-1 5.81(d,3.2) 5.76 (d, 3.2) 5.56(d, 3.2) 557, 3.1) 5.53(d, 3.0)
H-2 4.48 4.49 4.44 4.44 4.43
(dd, 3.2,7.9) (dd, 3.2,7.8) (dd, 3.2,7.7) (dd, 3.2, 6.9) (dd, 3.1, 6.6)
H-3 4.40 4.40 4.35 4.36 4.35
(dd,7.5,7.5) (dd,74,7.4) (dd, 7.4,7.4) (m) (m)
H-4 4.64 4.58 4.59 4.36 435
(dd, 7.3, 10.2) (dd, 7.1, 10.3) (dd, 7.1, 10.7) (m) (m)
H-5 3.58 3.56 (ddd, 4.5, 3.49 (ddd, 5.3, 3.51 (ddd, 4.8, 3.51 (ddd, 5.1,
(m) 10.3, 10.3) 10.5, 10.5) 10.1, 10.1) 10.1, 10.1)
H-6.4 3.87 3.90 3.85 3.90 391
(m) (dd, 4.5, 10.2) (dd, 5.3, 10.7) (dd, 4.1, 9.6) (dd, 5.1, 10.6)
H-6,, 3.58 3.61 3.65 3.56 3.61
(m) (dd, 10.3,10.3) (dd, 10.5,10.5) (dd, 10.3,10.3) (dd, 104, 10.4)
4-chloro 4-bromo 4-cyano phenyl
H-2 Ph 6.95 6.91 7.07 - 1.02
(d,9.0) (, 8.9) (d, 8.9) (m)
H-3 Ph 7.23 7.37 7.57 7.28
{, 9.0) (d, 8.9) {, 8.9) (dd, 7.3, 8.8)
H-4 Ph - - - 7.02 (m)
H-5Ph as for H-3 as for H-3 as for H-3 as for H-3
H-6 Ph as for H-2 as for H-2 as for H-2 7.02 (m)
H-1 5.38(d, 3.0) 5.39(d, 3.0) 5.52(d,3.1) 5.42 (d, 3.0)
H-2 4.39 4.39 442 441
(dd, 3.0, 6.7) (dd, 3.1, 6.5) (dd, 3.1, 6.9) (dd, 3.0, 6.7)
H-3 4.32 4.32 4.34 431
(m) - (m) (m) (dd, 6.9, 6.9)
H-4 432 4.32 4.34 4.36
(m) (m) (m) (dd, 7.1, 10.2)
H-5 344 (ddd, 5.3, 3.44 (ddd, 5.3, 3.50 (ddd, 4.8, 3.44 (ddd, 5.4,
10.1, 10.1) 10.2, 10.2) 9.9,9.9) 10.2, 10.2)
H-6,, 3.89 3.89 3.88 . 3.90
(dd, 5.3, 10.8) (dd, 5.3, 10.8) (dd, 4.9,10.4) (dd, 5.4, 10.8)
H-6,, 3.64 3.62 3.58 3.67

(dd, 10.5, 10.5)

(dd, 10.4, 10.4)

(dd, 10.3, 10.3)

(dd, 10.5, 10.5)

148
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Table 3-4: '>C NMR data49 for aryl 2,3:4,6-di-O-cyclohexylidene B-D-mannopyranosides (100 MHz, CDCl5).

Assignments based on APT experiments. Chemical shifts internally referenced to the solvent.

4-nitro 3-nitro 4-bromo 4-cyano phenyl
C-R phenyl 161.7, 142.6 157.5,149.2 156.3,114.9 160.2, 118.8 157.2
C-H phenyl 126.1,116.3 130.1, 123.2, 132.4,118.8 134.0,117.2 129.4, 122.5,
117.4,111.8 117.0
C1 95.6 96.8 96.8 96.0 96.8
C-2,34,5 75.2,72.8, 75.7,73.0, 75.8,73.2, 75.6, 72.8, 75.8,73.4,
704, 66.4 70.5, 66.5 70.6, 66.4 70.4, 66.5 70.7, 66.3
C-6 62.6 624 624 62.4 62.4
C cyclohexyl 112.7,99.9 112.5,99.8 112.3,99.8 112.5,99.8 112.2,99.8
CH, 37.8, 36.5, 37.8, 36.4, 37.9, 36.6, 37.8, 364, 37.9, 36.7,
cyclohexyl 349,217, 35.0, 277, 352,277, 35.0,27.7, 35.2,27.7,
25.5,25.0, 25.6,25.1, 25.6,25.1, 25.6, 25.0, 25.6,25.1,
23.9,23.6, 24.0, 23.6, 24.0,23.6, 23.9,23.6, 23.9,23.6,
22.6,224 22.7,22.5 22.7,22.4 227,224 22.7,22.4
other 105.8 (cyano)
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Table 3-5: 'H NMR data for aryl B-D-mannopyranosides (400 MHz, CD;0D). Multiplicity and coupling constants

(Hz) are given in parentheses. Chemical shifts are referenced internally to the solvent.

2,4-dinitro 2,5-dinitro 4-chloro, 4-nitro 3-nitro
2-nitro
H-2 Ph - - - 7.22 7.92
d,9.3) (dd, 2.2,2.2)
H-3 Ph 8.71 (d, 2.8) 8.00 (d, 8.8) 7.85 (d, 2.6) 8.21(d, 9.3) -
H-4 Ph - 8.04 - - 7.88 (ddd,
(dd, 2.0, 8.8) 1.2,2.1,7.9)
H-5Ph 8.46 - 7.59 as for H-3 7.53
(dd, 2.8, 9.3) (dd, 2.6, 9.0) (dd, 8.1, 8.1)
H-6 Ph 7.64 8.29 7.49 as for H-2 7.47 (ddd,
(d, 9.4) (d, 2.0) (d, 9.0) 1.2,2.4,8.3)
H-1 5.50(d, 0.8) 546, <1) 527, 1.0) 5.35(d, 0.9) 5.32(d, 0.9)
H-2 4.12 4.12 4.10 4.09 4.10
(dd, 0.7, 3.0) (dd, <1, 2.3) (dd, 0.9, 3.1) (dd, 0.9, 3.0) (dd, 0.8, 3.1)
H-3 3.58 3.59 3.55 3.59 3.60
(dd, 3.0,9.3) (dd, 3.0, 9.3) (dd, 3.1,9.4) (dd, 3.1, 9.4) (dd, 3.0, 9.6)
H-4 3.65 3.65 3.64 3.66 3.67
(dd, 9.4,9.4) (dd, 9.3, 9.3) (dd,94,9.4) (dd, 9.4, 9.4) (dd,9.4,9.4)
H-5 349 (ddd, 2.3, 3.48 (ddd, 2.3, 3.39 (ddd, 2.3, 3.45 (ddd, 2.3, 3.45 (ddd, 24,
6.2,9.4) 6.2,9.4) 6.1,9.5) 6.0,9.3) 6.0, 9.3)
H-6,, 3.92 3.92 391 391 391
(dd, 2.3, 12.0) (dd, 2.2,12.1) (dd, 2.3, 12.0) (dd, 2.3, 12.0) (dd, 2.3, 12.0)
H-6,, 3.72 3.73 3.72 3.72 3.73
(dd, 6.2, 12.0) (dd, 6.2, 12.1) (dd, 6.1, 12.0) (dd, 6.0, 12.0) (dd, 6.0, 12.0)
4-chloro phenyl
H-2 Ph 7.05 7.07
,9.1) d,7.7)
H-3 Ph 7.25 7.27
d,9.1) (dd, 7.4, 8.7)
H-4 Ph - 6.98
(dd, 7.3, 7.3)
H-5Ph as for H-3 as for H-3
H-6 Ph as for H-2 as for H-2
H-1 5.16 (d, 0.9) 5.19 (d, 0.8)
H-2 4.04 4.05
(dd, 0.7,3.1) (dd, 0.7, 3.1)
H-3 3.56 3.56
(dd, 3.2,9.4) (dd, 3.1,9.4)
H-4 3.64 3.66
(dd, 9.5, 9.5) (dd, 9.5, 9.5)
H-5 3.37 (ddd, 2.4, 3.38(ddd,
5.9,9.4) 2.4,5.8,9.5)
H-6,, 3.89 3.90
(dd, 2.3, 12.0) (dd, 2.4,11.9)
H-6,, 3.72 3.73

(dd, 5.9, 12.0)

(dd, 5.8, 12.0)
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2,3:4,6-Di-O-cyclohexylidene-D-mannolactone (3-3)

mga"%&o ) \

Oxalyl chloride (8.57g, 67.5 mmol, 1.1 eq.) was dissolved in dry DCM (100 mL) and cooled to —
78°C under dry N, in a 3-neck round bottom flask. From an addition funnel DMSO (10.0 mL,
116 mmol, 2 eq.) diluted in dry DCM (30 mL) was added dropwise with stirring. Subsequently
20 g (58.8 mmol) of 3-1 in DCM (275 mL) was added via canula over a period of 5 min. After
stirring for 25 min., triethylamine (40 mL, ~ 5 eq.) was added via syringe and the reaction
mixture allowed to warm to room temperature. TLC (4:1 PE/EtOAc) indicated essentially
complete conversion of 3-1 to a product with a higher Rf value. The reaction mixture was
washed with water and brine then dried over MgSO4. Evaporation of the solvent afforded a
yellow solid. Recrystallization from PE/EtOAc afforded large, granular, transparent crystals of
thé lactone (3-3) (14.45 g, 42.7 mmol, 73%). Rf (4:1 PE/EtOAc) = 0.45; 'H NMR (400 MHz,
CDCls): 84.71 (d, 1 H, J = 8.4 Hz, H-2),4.56 (dd, 1 H, J = 6.2, 8.3 Hz, H-3), 4.04 (m, 1 H, H-
6eq.), 4.03 (ddd, 1 H,J=5.6,9.7, 11.4 Hz, H-5), 3.88 (dd, 1 H,J = 6.3, 9.5 Hz, H-4), 3.83 (m, 1
H, H-6ax), 2.05 (m, 1 H, cyclohexylidene), 1.85 (m, 1 H, cyclohexylidene), 1.75-1.33 (m, 18 H,
2 x cyclohexylidene); *C NMR (100 MHz, CDCls): & 168.9 (C-1), 113.6, 100.2 (2 x ROCOR’
cyclohexylidene), 76.7, 72.0, 72.9, 67.5 (C-2,3,4,5), 60.7 (C-6), 37.5, 36.3, 34.7, 27.5, 25.4, 24.8,
23.7, 23.5, 22.6, 22.4 (CH; cyclohexylidene); Anal. calcd. for C18H2606 (338.4): C, 63.89; H,
7.74. Found: C, 63.99; H, 7.99.

2,3:4,6-Di-O-cyclohexylidene -o-D-[1 -’H]-mannopyranose (3-4)2%8

D (34)



152

The mannolactone (3-3) (15.12 g, 44.7 mmol) was dissolved in dry THF (200 mL) and cooled to
0°C under dry Ny. A solution of sodium borodeuteride (0.765 g, 20.2 mmol, 0.45 eq.) in DO (6
mL) was added dropwise and the reaction stirred for 3 hrs.. The solvent was evaporated and the
crude product redissolved in DCM, washed with water and brine, then dried over MgSOs,.
Evaporation of the solvent afforded deuterium labeled 3-4 as a white solid (13.7 g, 40.2 mmol,
90%) that was used without further purification. Rf (4:1 PE/EtOAc) = 0.30; 'H NMR (400
MHz, CDCl;) agreed with that of 3-1. Integration of 6 5.43 (H-1) indicated 97% incorporation

of deuterium at C-1.

2,5-Dinitrophenyl 2,3:4,6-di-O-cyclohexylidene-B-D-[1-°H]-mannopyranoside

Nyt O,N
0— O 2
oé .o
5 o

D NO,

Deuterium labeled 3-4 (3.0 g, 8.79 mmol) was reacted with 2,5-dinitrophenol using the
Mitsunobu protocol described above. Following the usual work-up the crude product was
purified by silica gel chromatography (9:1 to 8:1 PE/EtOAc). Evaporation of the solvent
afforded - and a-anomers as brittle foams (2.42 g B-anomer, 0.49 g a-anomer, 2.91 g total, 5.73
mmol, 65%, B/o. = 4.9:1). 'H NMR (400 MHz, CDCls): & 8.09 (d, 1 H, J = 2.2 Hz, H-6 Ph),
7.95 (dd, 1 H, J=2.2, 8.8 Hz, H-4 Ph), 7.86 (d, 1 H, J = 8.8 Hz, H-3 Ph), 5.76 (d, 3% abundant,
J=3Hz, H-1),4.59 (dd, 1 H, J =7.2, 10.3 Hz, H-4), 4.48 (d, 1 H,J=17.9 Hz, H-2),4.40 (dd, 1
H, J =174, 7.4 Hz, H-3), 3.89 (m, 1 H, H-6eq), 3.62 (dd, 1-H, J = 10.3, 10.3 Hz, H-6ax), 3.57
(ddd, 1 H, J =4.5, 10.3, 10.3 Hz, H-5), 1.7-1.3 (m, 20 H, 2 X cyclohexylidene). Anal. calcd. for
C24H29DN,Oy4 (507.5): C, 56.8; H+ D, 6.16; N, 5.52. Found: C, 57.18; H + D, 6.17; N, 5.30.

2,5-Dinitrophenyl (-D-[1 “H ']-mannopyranoside
Deprotection of 2.41 g (4.75 mmol) deuterium labelled 3-4 in 4% HCI/MeOH was complete in 9

hrs. at 0°C. Evaporation of the solvent afforded a yellow solid that was recrystallized from
EtOH to afford off white small needles (0.693 g, 1.99 mmol, 42%). M.p. = 145-148°C; Rf (7:2:1
EtOAc/MeOH/H,0) = 0.67; "H NMR (400 MHz, CD;0D): § 8.29 (d, 1 H, J = 2.1 Hz, H-6 Ph),
8.04 (dd, 1 H, J =2.1, 8.8 Hz, H-4 Ph), 8.00 (d, 1 H, J = 8.8 Hz, H-3 Ph), 5.47 (d, 3% abundant,
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J=3Hz, H-1),4.12 (d, 1 H, J =3 Hz, H-2),3.92 (dd, 1 H, J = 2.3, 12.1 Hz, H-6a), 3.73 (dd, 1
H, J=6.3, 12.1 Hz, H-6b), 3.66 (dd, 1 H, J=9.3,9.3 Hz, H-4), 3.59 (dd, 1 H, J =3.1, 9.3 Hz, H-
3),3.48 (ddd, 1 H, J = 2.3, 6.3, 9.0 Hz, H-5). Anal. calcd. for C1,H3DN,O,0 (347.26): C, 41.51,;
H+ D, 4.35; N, 8.07. Found: C,41.13; H + D, 4.18; N, 7.89.

2-Mercapto-5,5-dimethyl-2-thioxo-1,3,2-dioxaphosphorinane (3-5)145

(3-5)

Phosphorus pentasulfide (24.1 g, 108 mmol) was stirred as a suspension in dry toluene (80 mL)
at 70°C. 2,2-Dimethyl-1,3-propanediol (22.6 g, 217 mmol, 2 eq.) was partially dissolved in hot
toluene (130 mL) and added portion-wise. The mixture was then refluxed for 2.5 hrs, during
which time the solution clarified. The solvent was evaporated to afford 3-5 as an off white solid
which was recrystallized from PE/toluene to afford large cubes and needles (27.8 g, 140 mmol,
65% based on propanediol). M.p. = 76-78°C (lit. 81-82°C);145 '"H NMR (200 MHz, CDCl3): §
4.05 (d, 4 H, Jp5 = 15.7 Hz, 2 x CHy), 3.00 (s, 1 H, RSH), 1.08 (s, 6 H, 2 x CH3); *'P NMR (81
MHz, CDCl3, H-coupled, referenced to H3PO,4) 8 76.5 (quintet, Jpy = 15.3 Hz).

5,5-Dimethyl-2-thioxo-2-(3,4,6-tri-O-acetyl-2-deoxy- o-D-arabino-hexopyranosylthio)-1,3,2-

dioxaphosphorinane (3-6)'4¢

AcO
Aco/&‘ 3-6)
AcO

Tri-O-acetyl-D-glucal (20 g, 73.4 mmol) was dissolved in dry benzene (200 mL) and cooled to
0°C. A solution of the phosphorodithioic acid (3-5) in benzene (100 mL) was gradually added
via canula. Clean coﬁversion of D-glucal was noted after 24 hrs.. The solvent was evaporated
and the resulting residue redissolved in EtOAc (400 mL), washed with saturated sodium
bicarbonate and water, then dried over MgSQO4. Pure 3-6 was obtained by recrystallization (2 X)
from PE/EtOAc (11.6 g, 23.8 mmol, 32%). The remaining pale yellow solid was a mixture of
anomers (21.5g, 44.2 mmol, 60%). Rf B-anomer (1:2 PE/EtOAc) = 0.78; Rf a-anomer (1:2
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PE/EtOAc) = 0.83; 'H NMR (400 MHz, CDCls): § 6.11 (ddd, 1 H, Ju;p = 10.4 Bz, Jyy pr20x = 4.6
Hz, Ju1 tizeq < 1 Hz, H-1), 5.22 (ddd, 1 H, Ju3 p2eq = 5.2 Hz, Juz 4 = 9.5 Hz, Ju3 moer = 11.6 Hz, H-
3),5.01(dd, 1 H, J = 9.8, 9.8 Hz, H-4), 4.32 (dd, 1 H, J = 4.9, 12.2 Hz, H-6a), 4.13 (m, 3 H, H-5,
RCH,OP), 4.03 (dd, 1 H, J = 2.4, 12.2 Hz, H-6b), 3.96 (m, 2 H, RCH,0P), 2.42 (ddd, 1 H,
Jiizeqrzax = 13.7 Bz, Juzegns = 5.0 Hz, Juzegrs < 1 Hz, H-2eq), 2.28 (dddd, Juzupr = 3.0 Hz,
Jrizaxii = 5.2 Hz, Jipaens = 11.6 Hz, Jyeq e = 13.7 Hz, H-2ax), 2.05, 2.03, 2.01 (3 x5, 9 H, 3 X
OAc), 1.24,0.93 (2 x s, 6 H, 2 x Me); >°C NMR (100 MHz, CDCls): § 170.5, 170.0, 169.5 (3 x
C=0), 84.3 (s, C-1), 78.09 (d, Jcp = 9.1 Hz, CH,0P), 77.2 (d, Jc.p = 9.2 Hz, CH,OP), 70.9, 69.1,
68.9 (C-3,4,5), 62.0 (C-6), 36.6 (d, Jcp = 8.1 Hz, C-2), 32.4 (d, Jep = 6.5 Hz, C(CH)y), 22.03,
20.87, 20.76, 20.62, 20.56 (5 x s, 5 x CHj); *'P NMR (121.5 MHz, CDCls, ref. to HsPOy): §
84.3; Anal. calcd. for C7Hy,09PS; (470.49): C, 43.40; H, 5.78. Found: C, 43.63; H, 5.94.

4-Nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy--D-arabino-hexopyranoside (3-7)'43
AcO
o .
SR G S

The dioxaphosphorinane (3-6) (2.24 g, 4.76 mmol) was suspended in 10:1 dry isopropanol /
benzene (55 mL) along with 4-nitrophenolate bound to Amberlyst A-26 resin (2.9 g, ~ 1.7 mmol
phenoxide/g resin).2%® The mixture was stirred under argon for 7 days wherupon a second
portion of phenoxide resin was added (2.7 g). The reaction was stirred for another 6 days when
TLC indicated completion. The reaction mixture was filtered through Celite and the solvent
evaporated. The concentrate was redissolved in DCM, washed with saturated sodium
bicarbonate and water, then dried over MgSQOy4. Evaporation of the solvent afforded a residue
that was recrystallized from PE/EtOAc to obtain white flakes of pure 3-7 (1.07 g, 2.60 mmol,
55%). A second crop of white crystals obtained from EtOH proved to be a mixture of anomers
(0.16 g, 0.39 mmol, 8%) Pure o-anomer could be obtained by further recrystallization. Data
for 3-7: Rf (2:1 toluene/EtOAc) = 0.58; '"H NMR for (400 MHz, CDCl;3): §8.18 (d,2 H,J=9.3
Hz, H-3,5 Ph), 7.05 (d, 2 H, J = 9.0 Hz, H-2,6 Ph), 5.30 (dd, 1 H, J = 2.3, 9.3 Hz, H-1), 5.11
(ddd, 1 H,J=5.2,9.2, 11.1 Hz, H-3),5.04 (dd, 1 H,J=9.2,9.2 Hz, H-4),4.28 (dd, 1 H, /= 5.8,
12.2 Hz, H-6,), 4.14 (dd, 1 H, J = 2.7, 12.2 Hz, H-6y), 3.82 (ddd, 1 H, J = 2.4, 5.8, 8.9 Hz, H-5),
2.54(ddd, 1 H, J =23, 5.0, 12.7 Hz, H-2,y), 2.06 (ddd, 1 H, J =9.4, 11.0, 12.8 Hz, H-24), 2.049,
2.044, 2.038 (all s, 9 H, 3 x OAc); °C NMR (100 MHz, CDCl3): & 170.4, 170.1, 169.6 (3 X
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CH;CO), 161.3 (C-4’), 143.0 (C-1"), 125.7 (C-3’,5’), 116.4 (C-2°,6’), 96.6 (C-1), 72.6, 69.8,
68.6 (C-3,4,5), 62.4 (C-6), 35.4 (C-2), 20.8, 20.6 (2 lines) (3 x CH3CO). Data for a-anomer:
Rf (2:1 toluene/EtOAc) = 0.64; '"H NMR (400 MHz, CDCl3): & 8.18 (d, 2 H, J = 9.2 Hz, H-3,5
Ph), 7.16 (d, 2 H, J = 9.1 Hz, H-2,6 Ph), 5.74 (app. d, 1 H,J =24 Hz, H-1),5.47 (ddd, 1 H, J =
5.3,9.4, 114 Hz, H-3), 5.08 (dd, 1 H, J = 9.8, 9.8 Hz, H-4), 4.25 (dd, 1 H, J = 5.0, 12.5 Hz, H-
6.), 3.97 (dd, 1 H, J =2.2, 12.1 Hz, H-6), 3.94 (ddd, 1 H, J = 2.1, 4.8, 10.1 Hz, H-5), 2.50 (ddd,
J = 13,53, 133 Hz, H-2.), 2.04 (m, 1 H, H-2,,), 2.03, 2.02, 1.99 (all 5, 9 H, 3 x OAc); °C
NMR (100 MHz, CDCl3): § 170.4, 170.1, 169.7 (3 x CH3CO), 160.9 (C-4’), 142.8 (C-1°), 125.7
(C-3°,5), 116.3 (C-2°,6’), 95.5 (C-1), 69.3, 68.8, 68.4 (C-3.4,5), 61.9 (C-6), 34.7 (C-2), 20.9,
20.6 (2 lines) (3 x CH5CO). Anal. calcd. for C;gH;;NO, (411.36): C, 52.56; H, 5.15; N, 3.40.
Found: C, 52.70; H, 5.20; N, 3.43.

4-Nitrophenyl 2-deoxy--D-arabino-hexopyranoside (3-8)
HO
o}

The per-O-acetylated 3-7 (1.01 g, 2.47 mmol) was dissolved in dry MeOH (50 mL). A catalytic
fragment of sodium was added at room temperature with stirring (basic litmus test observed).
After 35 min. TLC indicated completion of reaction. The reaction was neutralized with
Amberlite IR-120 resin (H" form). After filtration and evaporation white crystals of 3-8 formed
spontaneously. These were recrystallized from ethanol (0.490 g, 1.72 mmol, 70%). Rf (20:1
acetonitrile/water) = 0.2\30; 'H NMR (400 MHz, D,0O): 6 8.24 and 7.20(d, 4 H, J = 9.0 Hz, H-3,5
Ph and H-2,6 Ph), 5.55 (dd, 1 H, J = ~1, 9.5 Hz, H-1), 3.93 (dd, 1 H, J = 1.5, 12.3 Hz, H-6.),
3.84 (ddd, 1 H, J =4.9, 9.2, 12.0 Hz, H-3), 3.76 (dd, 1 H, J = 5.6, 12.3 Hz, H-6,), 3.60 (ddd, 1
H,J=14,58,9.2 Hz, H-5),3.40 (dd, 1 H, J =9.3,9.3 Hz, H-4), 248 (ddd, 1 H, J = 1.5, 44,
12.0 Hz, H-2.y), 1.85 (apparent quartet, 1 H, J ~ 11 Hz, H-2,); Anal. calcd. for C;H;sNO,
(285.25): C, 50.53; H, 5.30; N, 4.91. Found: C, 50.68; H, 5.29; N, 4.88.

Steady-State Kinetic Analyses of Man2A and Man2AE429A

Steady-state kinetics were performed on Unicam UV-4 or Unicam 8700 UV-Vis spectrometers
equipped with thermo-equilibrated cell blocks. All reactions were performed at 25°C, pH 7, in
acrylic cuvettes unless otherwise noted. A typical reaction cuvette contained substrate, 50 mM

NaPi (pH 7) and 1 mg/mL BSA in a total volume of 750 pL. After pre-equilibrating the cuvette
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at 25°C a small aliquot of appropriately diluted Man2A (5-10 pL in 1 mg/mL BSA) was added
and mixed briefly. Release of the phenol was monitored continuously at the appropriate
wavelength. Initial rates (Vo) were determined from linear fits of these plots in regions
corresponding to 5-15% consumption of the substrate. Substrate concentrations were varied
typically from 1/5 to 5 x the Ky value, whenever possible, for Michaelian kinetics. Higher
substrate concentrations were assayed when substrate inhibition was observed. Steady-state
kinetic parameters were derived by fits of the data to the Michaelis Menten equation or the
substrate inhibition equation 2-1 using GraFit.292

The wavelengths and extinction coefficients used for assays of aryl -mannosides and
calculation of k., are the same as those reported previously.33 The substrate 4-
methylumbelliferyl B-mannoside, was assayed at 365 nm (5136 M+ cm™).149 |

Assays with 4-chlorophenyl and phenyl 3-mannoside were performed in quartz cuvettes
(500 mL total volume). Stock solutions of 2.4-dinitrophenyl B-mannoside were prepared
immediately before use in an acidic buffer (pH 5-6) and concentrated aliquots (5-50 pL) of the
substrate were used to inititate reaction with Man2A in pH 7 buffer. In neutral solutions, 2,4-
dinitropheny B-mannoside slowly rearranges to a new species, presumably through a migration
of the phenol group to the 2-hydroxyl, which inhibits Man2A. This migration is virtually
instantaneous above pH 7. The rearranged species can be observed by TLC (UV and charring):
Rf 2,4ADNPMan (7:2:1 EtOAc/MeOH/H,0) = 0.65; Rf migration product (7:2:1) = 0.74.

Concentrations of Man2A and Man2A E429A stock solutions were determined by
absorbance at 280 nm using the extinction coefficient 2.2 mL- mg”- cm™ (calculated from the

amino acid sequence). A molecular weight of 95 000 Da was used in the determination of k.

pH-Rate Studies
The pH dependence of k../Ky for wild type Man2A was determined by the substrate depletion

method. Cuvettes were charged with the appropriate buffer, 1 mg/mL BSA and a concentration
of substrate that was 1/10 or less of the corresponding Ky value (9.3 uM PNPMan, 205 uM
PhMan). After equilibration at 25°C an aliquot of Man2A (10 pL) was added to afford a final
concentration of enzyme (0.12 uM Man2A for PNPMan, 2.1 uM Man2A for PhMan) sufficient
to generate a first order rate of phenol release within 10 to 20 min.. Phenol release was

monitored continuously on a Unicam UV-4 spectrometer (A = 400 nm for PNPMan, 280 nm for

PhMan) until a limiting absorbance was reached. Using GraFit, the curves generated at each pH
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were fit with a first order rate equation (Equation 3-3) to determine the rate constant k, which

corresponds to Vya/Ku.
A=A (1-e™)+offset (3-3)

The following buffers (50 mM) were used for the following pH ranges: citric acid, pH 6-6.8;
sodium phosphate, pH 6.8-8.4. Man2A retained at least 90% activity in these buffers at each pH
over a period of 30 minutes. Rates were obtained at overlapping buffer pH values and buffer
concentrations were varied to reveal buffer effects, none of which were observed. The k../Ku
values determined at each pH were fit with a function describing a single ionisation using GraFit
(Equation 3-4).

_ Limit, + Limit, 110"

/Ky 10PH-PKD 41

(3-4)

In the case of Man2A E429A the pH dependence of k../Ky for the reaction with 2,5-
dinitrophenyl B-mannoside could not be determined owing to the very low Ky value (< 1 uM)
with this substrate. Therefore k., was determined from initial rates at various pH values using a
single saturating concentration of 2,5DNPMan (2 mM). An extinction coefficient of 4288 M’
L em™ (A = 440 nm) for 2,5-dinitrophenol (pKa'® = 5.15) was used for pH values between 6 and
9, and a value of 2290 ML em™ for pH 5.5, in order to determine k., The following buffers
(50 mM) were used: MES, pH 5.5-6.9; sodium phosphate, pH 6.75-8.2; AMPSO, pH 8.85-9.1.
A dramatic buffer effect was observed for 50 mM citric acid between pH 5.5 and 7 that was also

dependent on the concentration of citrate. The k., values at each pH were fit with a function

describing a bell shaped pH profile (Equation 3-5) using GraFit.

it . 10(PH-PKa)
_ Limit -10 (3-5)

cat 10(2po—pKal—pKa2) +10(pH—-pKal) +1

Azide Rescue of Man2A E429A

A stock solution of sodium azide (0.5 M) in 50 mM sodium phosphate, pH 7, was prepared
within a day of use and stored at 0-4°C. Initially Man2A E429A was assayed in the usual way (1

mg/mL BSA, pH 7, 25°C) with a single saturating concentration of 2,5-dinitropheny1 B-
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mannoside (2 mM) while varying the concentration of azide (1.6 uM to 4 mM). Apparent k.,
and Ky values were obtained by fixing azide at 100 mM and varying the concentration of
2,5DNPMan from 1/5 to 5 x the Ky value. Spontaneous hydrolysis of 2,5DNPMan was

negligible at all concentrations.

Svynthesis of B-D-Mannopyranosyl Azide with Man2A E429A

2,5-Dinitrophenyl f-mannoside (10.5 mg) was dissolved in 150 mM ammonium bicarbonate (1
mL, pH 7.9) containing 64 mM sodium azide. Man2A was added to afford a final enzyme
concentration of 0.37 mg/mL (3.9 uM) and the reaction incubated at RT overnight. TLC
analysis indicated reasonably clean conversion to a new product that was not UV active. The
reaction mixture was concentrated in vacuo and purified by silica gel chromatography (17:2:1 to
7:2:1 EtOAc/MeOH/H;0). Evaporation of the solvent afforded a white film that was determined
to be B-mannosyl azide. Rf (7:2:1 EtOAc/MeOH/H,0) = 0.61; "H NMR (200 MHz, CD;0OD): &
4.58 (d,1H,J=1.0Hz, H-1),391 (dd, 1 H, J=2.3, 12.0, H-6a), 3.86 (dd, 1 H, /= 1.0, 3.1, H-
2),3.73 (dd, J = 6.0, 11.9 Hz, H-6b), 3.58 (dd, 1 H, J =9.3, 9.3 Hz, H-4), 3.45 (dd, 1 H, J = 3.0,
9.3 Hz, H-3), 3.32 (ddd, 1 H, J =2.3, 6.0, 9.3, H-5).

Kinetic Isotope Effects with Man2A E429A

o-DKIE’s were determined on k. for Man2A E429A using virtually identical and saturating
concentrations of 2,5-DNP f-mannoside and 2,5-DNP B-[1-2H]}-mannoside (2 mM). A stock
solution containing Man2A E429A (0.11 mg/mL, 1.1 pM), 1 mg/mL BSA, and 50 mM NaPi, pH
7 was prepared. 700 uL aliquots of the stock solution were then measured into quartz cuvettes
and individually weighed on an analytical balance. After pre-equilibration at 25°C, reaction was
initiated by the addition of substrate (50 uL of 30 mM), also pre-equilibrated at 25°C. The
reaction was monitored spectrophotometrically, as described above. A total of 6-8
measurements were made with each substrate, alternating between each to eliminate bias. All
initial rates (protio and deuterio) were corrected according to the corresponding masses of the
reaction solutions. Measurements with 100 mM sodium azide or 100 mM NaCl were performed

in the same fashion, with the corresponding stock solutions containing these salts.
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Chapter 5: Engineering Enhanced Glycosynthase Activity in Agrobacterium sp. p-
glucosidase

General

Mutagenesis and expression of Abg E358 mutants has been described elswhere.206244 The
mutageneses was performéd by Dr. Christoph Mayer and Dr. David Jakeman. The per-O-
acetylated oligosaccharide products were characterized by 'H NMR (400 MHz, Bruker) and "*C
NMR (100 MHz, Varian) spectroscopy as well as high resolution MS. Individual resonances
were assigned by "H-"H COSY and APT experiments. Glycosidic linkages were assigned on the
basis of the considerable upfield chemical shift experienced by sugar ring protons residing on
carbons bearing hydroxyl groups that form glycosidic bonds. Ring protons whose hydroxyl
groups are O-acetylated are typically shifted downfield due to the electron withdrawing effects
of the acetate. The anomeric configuration of the glycosidic linkages formed were assigned on

the basis of the corresponding Jy;.52 coupling constants.

Transglycosylation Kinetics

.Concentrations of mutant enzyme solutions were quantified directly by absorbance at 280 nm

(€247 = 2.20). All transglycosylation kinetic studies were conducted in a water bath manually

maintained at 25°C (£ 1°C). Assay solutions consisted of «-glycosyl fluoride donor (o-
galactosyl fluoride or o-glucosyl fluoride) and acceptor (PNP [-glucoside or PNP [3-
cellobioside) in 150 mM NaPi, 150 mM NaCl, pH 7. Assays with o-galactosyl fluoride were
supplemented with 1 mg/mL BSA, but not assays with a-glucosyl fluoride. BSA (or an «-
glucosidase contaminant within BSA) rapidly hydrolyzes a-glucosyl fluoride. The total reaction
volume was 400-420 puL. An Orion fluoride electrode (model 96-09BN), interfaced with
LoggerPro software,3% was used to monitor fluoride release following addition of a small aliquot
of Abg E358A, E358C, E358S or E358G (10-50 uL). A micro stir-bar (5 mm long), fashioned
from a plastic coated paper clip, was used to stir the solution during the course of the reaction.
All enzymatic rates were corrected for the spontaneous hydrolysis rate of the glycosyl fluoride
donor. Initially the concentration of a-glycosyl fluoride was fixed (57 mM o-galactosyl
fluoride) and the concentration of acceptor varied. Substrate inhibition behaviour was observed
with both acceptors and was fit with the appropriate equation (see Chapter 3, equation 3-1).

Next, the complementary experiment was carried out in which the acceptor was held at a
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constant concentration (22 mM PNP [-glucoside, 11 mM PNP -cellobioside) and the
concentration of a-glycosyl fluoride was varied. Standard saturation kinetics were obtained with
o-glucosyl fluoride. Very high concentrations of o-galactosyl fluoride (800-1000 mM) were
required to achieve saturation, and saturation may in fact be due to viscosity effects. Therefore
k.o/Ky, derived from data at low concentrations of donor, is a more reliable parameter for o-
galactosyl fluoride. Apparent values of k., Ky, and k../Kys for donor and acceptor were derived
from fits to the appropriate equations using GraFit.292

In studies of the dependence of reaction rate upon pH the following buffers were used:
pH 5-6, 100 mM sodium citrate; pH 7-8, 100 mM NaPi, pH 8-9, 100 mM AMPSO. Apparent
values of k../Kuy for a-galactosyl fluoride were determined from the linear dependence of rates
(Vo = kcaEo/Kpy) measured at 3 low concentrations of a-galactosyl fluoride (5, 10, and 15 mM) at
a fixed concentration of PNP B-glucoside (22 mM).

Chemical Rescue of Abg E358 Nucleophile Mutants

The reaction of Abg E358 nucleophile mutants with 2,4-dinitrophenyl B-glucoside and formate
(2 M or 5 M) or azide (2 M) was performed at 37°C or 25°C. Azide or formate stock solutions
were used within 2-3 days of preparation. Assays were buffered with 100 mM NaPi, pH 7 or
100 mM citrate, pH 6, supplemented with 1 mg/mL BSA. The total reaction volume was 750
uL. Reactions were initiated by the addition of a small aliquot of enzyme (10-20 pL) to pre-
equilibrated assay solution. The release of dintrophenol was monitored spectrophotometrically
at 400 nm (A€ = 10 900 M cm™). The 2,4-dinitrophenyl B-glucoside concentration was varied
from 1/5 the final Kj; value (when possible) to 3-6 mM. Enzymatic rates were corrected for
spontaneous hydrolysis of the substrate, which was negligible at 25°C, pH 6. The non-saturating
rate curves shown in Figures 5-4 and 5-5 have not been reported previously for chemical rescue
of other retaining glycosidase nucleophile mutants. This includes Abg E358A.30 The kinetic
parameters derived from the curves shown in Figures 5-4 and 5-5 require fits of the Michaelis
Menten equation to data points at low substrate concentrations (< 0.5 mM) where
transglycosylation is minimal. This does not appear to have been done in the past with E358A,
thus the Ky values reported here for azide and formate rescue (Tables 5-2 and 5-3) are

considerably lower than those reported previously.30
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The following buffers were used to determine a pH-rate profile for the reaction of Abg
E358G with azide (2 M) and 2,4-dinitrophenyl B-glucoside (1.1 mM): 100 mM citrate (pH 5.5-
6.5), 100 mM NaPi (pH 6.5-7.95), 100 mM AMPSO (pH 7.95-8.95).

The following wavelengths and extinction coefficients were used to assay of the reaction
of Abg E358G with formate and other aryl B-glucoside or aryl 2-deoxy-f3-glucoside substrates
(pH 6, 25°C): 2,5-dinitrophenyl (440 nm, 3780 Mt cm'l), 4-chloro, 2-nitrophenyl (425 nm,
1000 M cm™), 4-nitrophenyl (400 nm, 1220 M- cm™). These values were determined by
allowing the enzymatic reaction to run to completion (supplemented with additional mutant or
wild type enzyme) and ploting the final absorbance value of the solution (at the appropriate
wavelength) against the concentration of substrate. The slope from the resulting linear plot
afforded the extinction coefficient (A = ecL). This value was corrected by the slope obtained

from the same plot prior to addition of enzyme (typically this was negligible).

Modelling Chemical Rescue

The steady-state equation for the chemical rescue scheme shown in Figure 5-10 is readily
derived using the King-Altman method. The 4 steps in the scheme result in (4!1)/(3-1)!(5-4+1)!

= 6 basic patterns that represent all possible pathways between enzyme species.

Pathway 6 can be excluded because it is a closed loop. From these patterns the following rate

equations can be derived for the formation of each enzyme species.
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A[EV/dt = 0 + kok4[S] + k.1ke[S] + koks + k.1k3
d[ES)/dt = 0 + 0 + kiks[S]* + O + k;k3[S]
d[ES*)/dt = k;k[S]+0+0+0+0

The rate of dinitrophenol release is d[DNPJ/dt = k;[ES], thus the steady state equation becomes:

1% k,[ES]

E: [E]+[ES]+[ES*]

1% k,(kk,[S1* +kk,[S])

Et B Kok, [S1+ k_k,[S1+ k,ky +k_ky + kk,[S]* + Kk, [S]+ kK, [S]

Dividing the numerator and denominator by k; and simplification yields a final steady state

equation.214

ky (ks +k,ISD) | ¢y
14 ky +ky +k,[S]

Et (k_ +k, (ky +&,[S]) +[5]
k, k, +ky,+k,[S]

Generally the chemical step k; will be much slower than binding or dissociation steps k; and k.j,
thus the term (k.; + k»)/k; reduces to K, as shown in equation (5-1).148 Curves were generated

from equation (5-1) using Mathematica.30!

Synthesis of Glycosyl Fluorides

wGalaétosyl Jluoride

Galactose per-O-acetate (8.9 g, 22.7 mmol) was dissoved in 15 mL. DCM in a Nalgene bottle
(125 mL volume) and flushed with N,. Acetic anhydride (1.5 mL) was added, followed by 70%
HF-pyridine (25 g). The reaction was maintained at 4°C for 24 hrs. then RT for another 24 hrs.
whereupon TLC (2:1 PE/EtOAc) indicated completion. The reaction mixture was diluted with
DCM (100 mL) and poured into ice water. The organic layer was washed with saturated
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bicarbonate and water, dried over MgSQO,, then the solvent evaporated. The crude was purified
by silica gel chromatograpy (5:1 to 2:1 PE/EtOAc). Following evaporation of the solvent, o.-
galactosyl fluoride, per-O-acetate, was isolated as an oil (5.27g, 15.0 mmol, 66%). Rf (2:1
PE/EtOAc) = 0.34. '"H NMR (200 MHz, CDCl3: § 5.78 (dd, 1 H, J = 2.4, 53 Hz, H-1), 5.50 (dd,
1H,J=29,1Hz, H-4),5.34 (dd, 1 H, J=3.2, 10.7 Hz, H-3), 5.16 (ddd, 1 H, /= 2.9, 10.7, 23.2
Hz, H-2), 4.38 (m, 1 H, H-5), 4.11 (m, 2 H, 2 x H-6), ’F NMR (188 MHz, CDCls, referenced to
CF;CO,H): § -75.1 (dd, J = 53.4, 22.9 Hz).

The per-O-acetate (5.27 g, 15.0 mmol) was subsequently dissolved in dry MeOH (100
mL) and a catalytic amount of sodium methoxide added such that the solvent was strongly basic
(by litmus). After 45 min. TLC (5:2:1 EtOAc/MeOH/H,0) indicated completion of the reaction.
The methoxide was neutralized with Amberlite IR-120 (H") resin and the solvent evaporated.
Recrystallization of the crude from MeOH / acetone / hexanes afforded white crystals (2.35 g,
12.9 mmol, 86%). Selected data for o-galactosyl fluoride: Rf (5:2:1 EtOAc/MeOH/H,0) =
0.58; '"H NMR (200 MHz, CDs0OD): § 5.56 (dd, 1 H, J = 2.7, 54.3 Hz, H-1), 3.95 (m, 2 H), 3.81
(ddd, 1 H,J=2.9, 10.0, 22.9 Hz, H-2), 3.73 (m, 3 H).

o-Glucosyl fluoride

B-D-Glucose per-O-acetate (10.0 g, 25.6 mmol) was treated with 70% HF/pyridine as described
above. Reaction was complete overnight at 4°C. After work-up the crude product was
recrystallized from PE/EtOAc to afford white crystals of o-glucosyl fluoride per-O-acetate (7.56
g, 21.6 mmol, 84%). Rf (1:1 PE/EtOAc) = 0.58. Deprotection of the per-O-acetate (6.77 g, 19.3
mmol) with sodium methoxide in methanol followed by recrystallization from MeOH / acetone /
EtOAc afforded o-glucosyl fluoride as a white powder (3.17 g, 17.4 mmol, 90%). Rf (5:2:1
EtOAc/MeOH/H,0) = 0.54; '"H NMR (300 MHz, D,0): § 5.73 (dd, 1 H, J =2.2, 53.5 Hz, H-1),
3.94-3.82 (m, 3 H, H-6a,b and H-5), 3.78 (dd, 1 H, J = 9.4, 9.4 Hz, H-3), 3.65 (ddd, 1 H, J = 2.4,
9.9, 26.1 Hz, H-2), 3.55 (dd, 1 H, J = 9.4, 9.4 Hz, H-4); ’F NMR (188 MHz, D,0, ref. to
CF;CO,H): § -74.3 (dd, J = 25.1, 52.6 Hz).

Oligosaccharide Synthesis with AbgE358S

In a typical reaction the acceptor glycoside was dissolved in approximately 2.5 mL 150 mM
ammonium hydrogen carbonate (pH 7.9). An aliquot of a concentrated solution (~1 M)

containing o-glucosyl fluoride or a-galactosyl fluoride was then added (1-2 eq.) followed by
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Abg E358S. Final acceptor concentrations ranged from 20 to 40 mM, donor concentrations from
30 to 80 mM, and Abg E358S concentrations from 0.25 - 1 mg/mL (4.85 — 20 uM). Reaction
times ranged from 2 hrs to 7 days. Reactions were monitored by TLC (silica gel 60 Fsa,
aluminum backed, Merck) using 7:2:1 EtOAc/MeOH/water. Plates were visualized by exposure

to 10% sulphuric acid in methanol followed by charring.

Oligosaccharide Purification

Upon completion, reaction solutions were lyophilized, re-dissolved in 1 mL water, and the
mutant enzyme removed by ultrafiltration (Centricon-30, Amicon). Reaction products were
purified by prebarative HPLC on a TosoHaas Amide-80 column (21.5 mm X 30 cm, # 14460). A
BioSepra ProSys workstation (Beckman Coulter) was used to generate a linear gradient of 80:20
to 60:40 acetonitrile/water at a flow rate of 5 mL./min. Products were detected using a UV/Vis
detector. Product fractions were concentrated in vacuo then lyophilized. Reaction yields were
determined by integration of the peaks within the HPLC chromatograms using an analysis
program developed by BioSepra. Molecular weights of oligosaccharide products were confirmed
by ESI-MS (Perkin Elmer API 300, Sciex, Thornhill, Ontario, Canada). The oligosaccharide
products were then acetylated with acetic anhydride and pyridine (2:3) followed by purification

by silica gel chromatography.

Galf1,4Gluf1-OPNP (5-1)

PNP B-glucoside (34.6 mg, 115 umol), a-galactosyl fluoride (172 umol, 1.5 eq.) and Abg E358S
(0.75 mg) were combinéd in 3 mL buffer. After 48 hrs. the reaction mixture was worked up as
described above to yield PNP B-lactoside 5-1 (98% by HPLC, 44.5 mg, 96 umol, 84% isolated).
The 'H NMR spectrum (400 MHz, CDCl;) of the per-O-acetylated product matched that of an

authentic sample.

5.40 5.20 5.00 4.80 " 4.60  4.a0 4.20 4.00 3.80

Partial '"H NMR spectrum of per-O-acetylated 5-1 (400 MHz, CDCl»).
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GalPB1-4Gluf1-4Gluf1-OPNP (5-2) |

PNP B-cellobioside (34.3 mg, 74 umol), a-galactosyl fluoride (89 umol, 1.2 eq.) and Abg E358S
(0.75 mg) were combined in 3 mL buffer. The reaction was complete in 2 hrs. After the usual
work up, 33.8 mg (54 umol, 73%) of 5-2 was obtained (98% by HPLC). Data for the per-O-
acetate: 'H NMR (400 MHz, CDCls): & 8.17 (d, 2 H, J = 9.3 Hz, Ph H-3,5), 7.02 (d, 2 H, J =
9.3 Hz, Ph H-2,6), 532 (dd, 1 H, J = 3.4, 1.1 Hz, H-4%), 525 (dd, 1 H, J = 7.9, 7.9 Hz, H-3"),
5.20-5.10 (m, 3 H, H-1',2',3%,5.07 (dd, 1 H, J = 7.9, 10.5 Hz, H-2%), 4.92 (dd, 1 H, J = 3.3, 10.4
Hz, H-3’), 4.83 (dd, 1 H, J = 8.1, 9.2 Hz, H-2%), 4.51 (dd, 1 H, J = 2.0, 12.0 Hz, H-6), 4.50 (d, 1
H,J=8.1 Hz, H-1%), 443 (d, 1 H, J = 8.1 Hz, H-17), 4.39 (dd, 1 H, J = 2.0, 12.0 Hz, H-6), 4.13-
4.02 (m, 4 H, 4 x H-6), 3.88-3.80 (m, 3 H, H-4',5',5%),3.78 (dd, 1 H, J = 9.8, 9.8 Hz, H-4%),

3.59 (ddd, 1 H, J = 1.8, 4.9, 9.7 Hz, H-5%); 2.12-1.94 (lines, 30 H, 10 x Ac); *C NMR (100
MHz, CDCl3): § 170.3-169.1 (lines, 10 X CH3CO), 161.1 (Ph C-4), 143.2 (Ph C-1), 125.7 (Ph C-
3,5), 116.6 (Ph C-2,6), 101.1 (C-1), 100.4 (C-1), 97.8 (C-1), 76.0, 75.8, 73.2, 72.9, 72.8, 72.1,
71.8, 71.2, 70.9, 70.7, 69.0, 66.5, 62.1 (C-6), 61.7 (C-6), 60.7 (C-6), 20.8-20.5 (lines, 10 x
CH3;CO); HRMS (DCI+): m/z = 1063.3254; calcd. for Cs4Hs9O2sN, [M + NH4]": m/z =
1063.3254.

Partial 'H NMR spectrum of per-O-acetylated 5-2 (400 MHz, CDCl3).

Galfl,4Manf1-OPNP (5-3)

PNP B-mannoside (31.5 mg, 104 umol) was dissolved in 3 mL buffer. o-Galactosyl fluoride
(189 pmol, 1.8 eq.) and Abg E358S (1.51 mg)Awere added portion wise over 30 hrs.. After 56
hrs. at RT the reaction mixture was worked up in the usual way. HPLC and evaporation of the
solvent afforded 5-3 (31.3 mg, 67.5 pmol, 65%, 80.3% by HPLC). Selected data for per-O-
acetylated 5-3: 'H NMR (400 MHz, CDCly): § 5.64 (dd, 1 H, J = 1.1, 3.3 Hz, H-2"), 5.34 (dd, 1
H,J=10,3.3 Hz, H4%,529 (d, 1 H, J = 1.1 Hz, H-1"), 5.18 (dd, 1 H, J = 3.4, 9.0 Hz, H-3"),
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5.13(dd, 1 H, J = 7.9, 10.4 Hz, H-2%), 4.97 (dd, 1 H, J = 3.3, 10.5 Hz, H-3%),4.55 (d, 1 H, J = 7.9
Hz, H-1%),4.43 (dd, 1 H, J = 2.4, 11.8 Hz, H-6), 4.20 (dd, 1 H, J = 6.8, 11.8 Hz, H-6), 4.16 (dd, 1
H,J =6.2,11.2 Hz, H-6), 401 (dd, 1 H, J = 7.5, 11.1 Hz, H-6), 3.93 (dd, 1 H, ] = 9.2, 9.2 Hz, H-
4%, 3.88 (m, 1 H, H-5%, 3.83 (ddd, 1 H, J = 2.4, 6.9, 9.3 Hz, H-5"); *C NMR (100 MHz,
CDCls): § 167.2-166.1 (lines, 7 x CH3CO), 158.1 (Ph C-4), 140.9 (Ph C-1), 124.0 (Ph C-3,5),
115.1 (Ph C-2,6), 100.3 (C-1), 95.1 (C-1), 74.1, 73.4, 71.1, 71.0, 70.8, 69.3, 68.5, 66.9, 63.0 (C-
6), 61.3 (C-6), 22.6-22.4 (lines, 7 x CH3CO); HRMS (DCI+): m/z = 775.2412; calcd. for
C3Hq3020N; [M + NH,]*: m/z = 775.2409.

T T T

4.60 4.40 4.20 4.00

T T

T { T
3.80
Partial '"H NMR spectrum of per-O-acetylated 5-3 (400 MHz, CDCls). * Residual EtOAc.

Galf1,4GlcNAcPI-OPNP (5-4)

PNP N—acetyl—ﬁ-glucosaminide (10.3 mg, 30.1 umol) was dissolved in 2 mL buffer. Abg E358S
(1.8 mg total) and o-galactosyl fluoride (121 pmol total, 4 eq.) were added portion-wise over 48
hrs. After 72 hrs. at RT the reaction was worked up in the usual way. HPLC and evaporation of
the solvent afforded PNP B-lactosaminide (5-4) (8.2 mg, 16.2 umol, 54%, 63% by HPLC).
Selected data for per-O-acetylated 5-4: 'H NMR (400 MHz, CDCl3): 6 6.13(d, 1 H,J=9.2 Hz,
NHACc), 5.37 (dd, 1 H, J = 0.8, 3.4 Hz, H-4), 5.26 (4,  H,J = 5.9 Hz, H-1'), 5.18 (dd, 1 H, J =
7.0,7.0 Hz, H-3"), 5.13 (dd, 1 H, J = 8.0, 10.6 Hz, H-2%), 5.00 (dd, 1 H, J = 3.4, 103 Hz, H-39,
4.49 (d, 1 H, J = 7.8 Hz, H-1%), 4.45 (dd, 1 H, J = 4.0, 11.8 Hz, H-6), 4.37 (ddd, 1 H, J = 5.5, 7.3,
9.2 Hz, H-2"), 4.14 (m, 2 H, 2 x H-6), 4.08 (dd, 1 H, J = 7.3, 11.6 Hz, H-6), 3.90 (m, 2 H, 2 x H-
5), 3.86 (dd, 1 H, J = 6.4, 6.4, H-4"); ®C NMR (100 MHz, CDCl3): & 170.3-169.7 (lines, 7 x
CH;CO), 161.3 (Ph C-4), 142.8 (Ph C-1), 125.7 (Ph C-3,5), 116.4 (Ph C-2,6), 100.8 (C-1), 97.8
(C-1), 74.0, 73.0, 71.0, 70.5, 70.3, 69.0, 66.6, 62.5 (C-6), 60.8 (C-6), 51.1 (C-2"), 23.1 (CH5CO,
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amide), 20.9-20.5 (lines, 6 x CH3CO); HRMS (DCI+): m/z = 757.2314; calcd. for C3;,H4,019N;
M + H]": m/z = 757.2303.

GalB1,4GlcNAcPI1-OBn (5-5)

Benzyl N-acetyl-B-glucosaminide (31.9 mg, 102.5 pmol) was dissolved in 2.5 mL buffer. o-
Galactosyl fluoride (160 wmol, 1.6 eq.) and Abg E358S (1.1 mg) were added portion-wise over 3
days. After 6 days at RT the reaction mixture was worked up in the usual way. HPLC of the
crude product and evaporation of the solvent afforded benzyl B-lactosaminide (5-5) (32 mg, 68
umol, 66%). Selected data for per-O-acetylated 5-5: 'H NMR (400 MHz, CDCls): & 7.34-7.24
(m, 5 H, Ph-H), 5.44 (d, 1 H, J = 9.4 Hz, NHAc), 5.33 (dd, 1 H, J = 0.9, 3.4 Hz, H-4%), 5.08 (dd,
1 H, J = 8.0, 10.5 Hz, H-2%), 4.98 (dd, 1 H, J = 8.4, 9.7 Hz, H-3"), 495 (dd, 1 H, J = 3.4, 10.7
Hz, H-3%), 4.84 (d, 1 H, J = 12.0 Hz, BnCH,), 4.54 (d, 1 H, J = 12.5 Hz, BnCH)), 4.51 (dd, 1 H,
J=12.6,12.0,H-6),4.47 (d, 1 H, J = 8.2 Hz, H-17%), 440 (d, 1 H, J = 7.3 Hz, H-1"), 4.15-4.06 (m,
4 H, H-2', 3 x H-6), 3.85 (m, 1 H, H-5%), 3.78 (dd, 1 H, J = 8.6, 8.6 H-4"), 3.57 (ddd, 1 H, J =
2.6, 5.0, 8.2 Hz, H-5"); °C NMR (100 MHz, CDCl3): § 170.7-169.3 (lines, 7 x CH;CO), 136.9
(Ph C-1), 128.5 (2 lines, 2 x Ph CH), 128.0 (Ph CH), 127.9 (2 lines, 2 x Ph CH), 100.9 (C-1),
99.4 (C-1), 75.6, 72.7, 72.3, 70.8, 70.7, 70.3 (CH; benzyl), 69.1, 66.6, 62.3 (C-6), 60.8 (C-6),
53.1 (C-2'), 23.2 (CH;CO amide), 20.9-20.5 (lines, 6 x CH3CO); HRMS (DCI+): m/z =
726.2617; calcd. for C33H44O19N [M + H]+: m/z = 726.2609.

e B T e e e M e L B e o N s e o e o S B i St A e R
5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6

Partial 'H NMR spectrum for per-O-acetylated 5-5 (400 MHz, CDCl;).
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PNP f-glucoside as acceptor, a-glucosyl fluoride as donor: PNP -glucoside (34.5 mg, 114.5
pmol) was combined with 0.38 mg Abg E358S in 2.7 mL buffer. «-Glucosyl fluoride (250
umol, 2.2 eq.) was added in 3 portions over 48 hrs. Following the usual work-up and HPLC of
the crude material, PNP B-cellotrioside (5-6a) was isolated as the major product (38.3 mg, 61.2
wmol, 53%). The total yield of tri- and tetrasaccharides was 96% by HPLC.

PNP B-cellobioside as acceptor, a-glucosyl fluoride as donor: PNP B-cellobioside (32.8 mg,
70.8 umol) was dissolved in 2.8 mL buffer. Abg E358S was added (0.75 mg) followed by an
aliquot of a-glucosyl fluoride (78 umol, 1.1 eq.). After 2 hrs. complete conversion of the
acceptor was observed by TLC. After the usual work-up and purification by HPLC, the
trisaccharide 5-6a (30.9 mg, 49.4 umol, 70%, 88.3% by HPLC) and tetrasaccharide 5-6b (2.1
mg, 2.66 umol, 3.7%, 7.0% by HPLC) were isolated as the major products.

Glu ﬁ1,4Glu BL,4Glup1-OPNP (5-6a)

Selected data for per-O-acetylated 5-6a: 'H NMR (400 MHz, CDCls): 8 5.25 (dd, 1 H, J = 8.0,
8.0 Hz, H-3"), 5.18 (dd, 1 H, J = 7.3, 8.5 Hz, H-2%), 5.14 (d, 1 H, J = 7.3 Hz, H-1), 5.11 and 5.10
(dd, 2 H, J = 9.2, 9.2 Hz, H-3%, H-4%), 5.03 (dd, 1 H, J = 9.6, 9.6 Hz, H-3"), 4.88 and 4.84 (dd, 2
H, J=8.1,9.2 Hz, H-2*%), 451 (dd, 1 H, J = 1.8, 11.8 Hz, H-6), 449 (d, 1 H, J = 7.7 Hz, H-1),
447 (d, 1 H,J=8.1Hz, H-1), 441 (dd, 1 H, J = 1.8, 12.1 Hz, H-6), 432 (dd, 1 H, J = 4.4, 12.5
Hz, H-6), 4.10 (m, 2 H, 2 x H-6), 4.02 (dd, 1 H, J = 2.2, 12.5 Hz, H-6), 3.84 (dd, 1 H, J = 9.9,
9.9 Hz, H-4"), 3.81 (m, 1 H, H-5"), 3.76 (dd, 1 H, J = 9.4, 9.4 Hz, H-4), 3.62 (ddd, 1 H, J = 2.2,
4.4,99 Hz, H-5), 3.58 (ddd, 1 H, J = 1.8, 4.8, 9.9 Hz, H-5); *C NMR (100 MHz, CDCL): &
170.5-169.0 (lines, 10 x CH3CO), 161.1 (Ph C-4), 143.2 (Ph C-1), 125.7 (Ph C-3,5), 116.6 (Ph
C-2,6), 100.7 (C-1), 100.5 (C-1), 97.8 (C-1), 76.1, 76.0, 73.2, 72.8 (2 lines), 72.5, 72.1, 72.0,
71.7,71.6, 71.2, 67.7, 62.0 (C-6), 61.7 (C-6), 61.5 (C-6), 20.8-20.4 (lines, 10 x CH;CO); HRMS
(DCI+): m/z = 1063.3206; calcd. for C44HsoO2sN, [M + NH4]*: m/z = 1063.3254.
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Partial 'H NMR spectrum of per-O-acetylated 5-6a (400 MHz, CDCl).

GluBl,4Glufl1,4Glufl1,4GlupI-OPNP (5-6b)

Selected data for per-O-acetylated 5-6b: '"H NMR (400 MHz, CDCl3): 8 5.25 (broad dd, 1 H, J
= 8.0, 8.0 Hz, H-3"), 5.17 (dd, 1 H, J = 8.5, 7.3 Hz, H-2"), 5.15-5.05 (m, 4 H, H-3*** H-1"), 5.02
(dd, 1 H, J =9.5, 9.5 Hz, H-4%), 4.87, 4.82, and 4.80 (all dd, 3 H, J = 7.9, 9.1 Hz, H-2***), 4.53-
4.36 (m, 6 H, H-1***, 3 x H-6), 4.32 (dd, 1 H, J = 4.6, 12.8 Hz, H-6), 4.12-4.04 (m, 3 H, 3 x H-
6), 4.01 (dd, 1 H, J = 2.1, 12.5 Hz, H-6), 3.82 (m, 2 H, H-4', H-5"), 3.74 (broad dd, 2 H, J = 9.8,
9.8 Hz, H-4*%), 3.63-3.51 (m, 3 H, H-5**); *C NMR (100 MHz, CDCls): § 170.4-169.0 (lines,
13 x CH3CO), 161.1 (C-4 Ph), 143.2 (C-1 Ph), 125.7 (C-3,5 Ph), 116.6 (C-2,6 Ph), 100.8 (C-1),
100.4 (2 lines, 2 x C-1), 97.8 (C-1), 76.1, 76.0 (2 lines), 73.2, 72.9 (2 lines), 72.8, 72.6, 72.4,
72.0 (2 lines), 71.9, 71.8, 71.6, 71.2, 67.8, 62.0 (2 lines, 2 x C-6), 61.7 (C-6), 61.5 (C-6), 20.8-
20.4 (lines, 13 x CH;CO); HRMS (DCI+): m/z = 1351.4097; calcd. for CsgH75036N, [M +
NH41": m/z = 1351.4099.

Partial '"H NMR spectrum of per-O-acetylated 5-6b (400 MHz, CDCl3).
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PNP B-mannoside as acceptor, a-glucosyl fluoride as donor: PNP B-mannoside (32.8 mg,
109 umol) was dissolved in 3 mL buffer. Abg E358S (3.77 mg) and o-glucosyl fluoride (224
mmol, 2.1 eq.) were added portion-wise over 72 hrs.. Following the usual work-up and HPLC of
the crude material, di-, tri, and tetrasaccharides were isolated as the major products. The total
oligosaccharide yield was 59% by HPLC. The total isolated yield of oligosaccharides was
42.5%.

Glupfl,4ManBI1-OPNP (5-7a)

5.9 mg (12.7 mmol, 11.7%) was isolated (17.2% by HPLC). Selected data for per-O-acetylated
5-7a: 'H NMR (400 MHz, CDCLs): §5.64 (dd, 1H,J=1.1,3.4 Hz, H-2"),5.28 (d, 1 H,J= 1.3
Hz, H-1'), 5.18 (dd, 1 H, J = 3.4, 9.1 Hz, H-3"), 5.16 (dd, 1 H, J = 9.5, 9.5 Hz, H-4%), 5.06 (dd, 1
H, J = 9.6, 9.6 Hz, H-3%), 4.93 (dd, 1 H, J = 7.9, 9.3 Hz, H-2%), 4.58 (d, 1 H, J = 7.8 Hz, H-1?),
445 (dd, 1 H, J = 2.6, 11.7 Hz, H-6), 4.31 (dd, 1 H, J = 4.6, 12.7 Hz, H-6), 420 (dd, 1 H, J =
6.9, 11.8 Hz, H-6), 4.05 (dd, 1 H, J = 2.5, 12.2 Hz, H-6),. 3.92 (dd, 1 H, J = 9.2, 9.2 Hz, H-4),
3.83 (ddd, 1 H, J = 2.5, 6.9, 9.4 Hz, H-5"), 3.67 (ddd, 1 H, J = 2.4, 4.4, 9.8 Hz, H-5%); >*C NMR
(100 MHz, CDCl3): § 170.5-169.1 (lines, 7 x CH;CO), 161.0 (Ph C-4), 143.2 (Ph C-1), 125.7

(Ph C-3,5), 116.4 (Ph C-2,6), 100.7 (C-1), 95.8 (C-1), 74.0, 73.4, 72.7, 71.9, 71.6, 70.6, 68.4,

67.9, 62.5 (C-6), 61.8 (C-6), 20.7-20.5 (lines, 7 x CH3CO); HRMS (DCI+): m/z = 775.2422;
calcd. for C3H43020N5 M + NH4]+I m/z = 775.2409.

Glupl,4Gluf1,4ManBI1-OPNP (5-7b)

11.9 mg (19 umol, 17.4%) was isolated (25% by HPLC). Selected data for per-O-acetylated 5-
7b: 'H NMR (400 MHz, CDCl3): § 5.62 (dd, 1 H, J = 1.2, 3.4 Hz, H-2"),529 (d, 1 H, J = 1.1
Hz, H-1"),5.18 (dd, 1 H, J = 3.4, 9.0 Hz, H-3"), 5.14 and 5.12 (dd, 2 H, J = 9.2, 9.2 Hz, H-3%4°),
5.04 (dd, 1 H, J = 9.2, 9.2 Hz, H-3%), 4.89 and 4.84 (dd, 2 H, J = 8.0, 9.2 Hz, H-2**), 4.55 and
4.49 (d,2 H, J = 7.7 Hz, H-1*%), 445 (dd, 1 H, J = 2.6, 11.8 Hz, H-6), 4.44 (dd, 1 H, J = 2.2,
12.1 Hz, H-6), 4.34 (dd, 1 H, J = 4.4, 12.5 Hz, H-6), 4.18 (dd, 1 H, J = 6.6, 11.8 Hz, H-6), 4.09
(dd, 1 H, J = 5.0, 12.0 Hz, H-6), 4.02 (dd, 1 H, J = 2.2, 12.5 Hz, H-6), 3.91 (dd, 1 H,J=9.2,9.2
Hz, H-4"), 3.83 (ddd, 1 H, J =22, 6.7, 9.2 Hz, H-5"), 3.76 (dd, 1 H, J = 9.4, 9.4 Hz, H-4%), 3.63
(ddd, 1 H, J = 2.2, 4.0, 9.6 Hz, H-5), 3.58 (ddd, 1 H, J = 2.2, 4.8, 9.9 Hz, H-5); '*C NMR (100
MHz, CDCl,): § 170.5-169.0 (lines, 10 x CH3CO), 161.0 (Ph C-4), 143.1 (Ph C-1), 125.7 (Ph C-
3,5), 116.4 (Ph C-2,6), 100.8 (C-1), 100.3 (C-1), 95.7 (C-1), 76.0, 73.9, 73.4, 72.8 (2 lines), 72.4,
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72.0, 71.8, 71.6, 70.3, 68.3, 67.7, 62.5 (C-6), 61.9 (C-6), 61.5 (C-6), 20.7-20.5 (lines, 10 X
CH;CO); HRSMS (DCI+): m/z = 1063.3229; calcd. for CsHsoO2N2 [M + NH4]": m/z =
1063.3254.

U
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Partial '"H NMR spectrum of per-O-acetylated 5-7b (400 MHz, CDCl3).

Gluf1,4Glupl,4Gluf1,4ManBI-OPNP (5-7c)

11.5 mg (14.6 pmol, 13.4%) was isolated (17% by HPLC). Selected data for per-O-acetylated S-
7c: 'H NMR (400 MHz, CDCl3): §5.61 (dd, 1 H, J = 1.1, 3.3 Hz, H-2"),5.29 (d, 1 H, J = 1.1
Hz, H-1"),5.18 (dd, 1 H, J = 3.3, 9.0 Hz, H-3"), 5.12, 5.10, and 5.09 (dd, 3 H, /= 9.2, 9.2 Hz, H-
3%3, H-4%,5.03 (dd, 1 H, J = 9.6, 9.6 Hz, H-3*), 4.88, 4.82, and 4.81 (dd, 3 H, J = 7.7, 9.2 Hz, H-
2**%,4.53 (d, 1 H, J = 7.7 Hz, H-1), 4.45 (m, 3 H, 2 x H-1, H-6), 4.39 (dd, 1 H, J = 1.8, 12.1
Hz, H-6), 4.32 (dd, 1 H, J = 4.2, 12.5 Hz, H-6), 4.17 (dd, 1 H, J = 6.8, 12.0 Hz, H-6), 4.08 (m, 2
H, 2 x H-6), 4.01 (dd, 1 H, J = 2.1, 12.3 Hz, H-6), 3.90 (dd, 1 H, J = 9.0, 9.0 Hz, H-4"), 3.83
(ddd, 1 H, J = 2.2, 6.6, 9.2 Hz, H-5"), 3.74 (dd, 2 H, J = 9.4, 9.4 Hz, H-4>%), 3.61 (ddd, 1 H, J =
2.2, 4.0, 9.9 Hz, H-5), 3.59-3.52 (m, 2 H, 2 x H-5); HRMS (DCI+): m/z = 1351.4068; calcd. for
Cs6H75036N; [M + NH41*: m/z = 1351.4099.

5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6

Partial "H NMR spectrum for per-O-acetylated 5-7¢ (400 MHz, CDCl3).
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Chapter 6: Development of a Mannosynthase from Cellulomonas fimi Man2A

General

The mutagenesis and expression of Man2A ES519A and E519S, performed by Dr. Oyekanmi
Nashiru, has been described elswhere.2’? 'H NMR (Bruker Avance, 400 MHz), F NMR
(Bruker, 188 MHz) and Bc NMR (Varian, 100 MHz) spectra of the per-O-acetylated
oligosaccharide products listed in Table 6-1 were acquired in CDCl3 at 300 K. 'H and “C
chemical shifts are internally referenced to the solvent. F chemical shifts are referenced to
CF;CO,H. Chemical shifts were assigned on the basis of 'H-'H COSY and APT experiments.
Glycosidic linkages were assigned on the basis of the considerable upfield shift experienced by
sugar ring protons residing on carbons bearing hydroxyl groups that form glycosidic bonds
(relative to ring protons whose hydroxyl groups are O-acetylated). For the branched
oligosaccharide products 6-6a and 6-6b, TOCSY analysis was used to assign proton resonances
to specific sugar rings and HMBC was performed to verify the position of the glycosidic
linkages. The anomeric configurations of the glycosidic linkages formed in products 6-1a and 6-
1b were established from Jic.;, .1y coupling constants measured from the corresponding proton
coupled °C NMR spectra (100 MHz, 0.76 Hz / point resolution). NOE intensities described for
product 6-4b were estimated (by peak integration) from the corresponding 1-dimensional NOE

difference spectrum (400 MHz).

Miscellaneous Syntheses

a-Mannosyl fluoride

D-Mannose per-O-acetate (7.64 g, 19.6 mmol) was dissolved in dry DCM (10 mL) in a 125 mL
Nalgene™ bottle and flushed with dry nitrogen. HF-pyridine (70%, approx. 15 mL) was added
and the vessel sealed. The reaction mixture was maintained at 4°C overnight then at RT for 5
hrs. whereupon TLC analysis (2:1 PE/EtOAc) indicated essentially complete consumption of
starting material. The reaction mixture was diluted in DCM (125 mL), poured into ice water,
and the organic layer washed with saturated sodium bicarbonate. After drying over MgSQO4 and

the solvent was evaporated to produce a gum. White needles of o-mannosyl fluoride per-O-

acetate were produced after prolonged storage of the gum at 4°C (5.43 g, 15.5 mmol, 79%). Rf
(2:1 PE/EtOAc) = 0.53; '"H NMR (200 MHz, CDCls: § 5.55 (dd, 1 H, J = 48.3, 1.7 Hz, H-1),
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5.40-5.30 (m, 3 H, H-2,3,4), 4.29 (dd, 1 H, J = 12.7, 5.4 Hz, H-6ax), 4.14 (m, 2 H, H-5, H-6eq);
"’F NMR (188 MHz, CDCls, referenced to CF3CO,H): 8 -62.5 (d, J = 49.2 Hz).

The per-O-acetate was quantitatively de-acetylated in 10 min. (RT) with sodium
methoxide in methanol. The reaction solution was neutralized with Amberlite IR-120 (H*) and
the solvent evaporated to obtain a gum. The crude material was purified by flash
chromatography on silica gel (30:2:1 EtOAc/MeOH/H,0) to obtain o-mannosyl fluoride as a
gum that would not crystallize. Rf (4:1 acetonitrile/H;0) = 0.55; 'H NMR (200 MHz, D,0): &
5.60 (dd, 1 H,J=1.9,49.3 Hz, H-1), 4.07 (ddd, 1 H, J=0.8, 1.9, 3.1 Hz, H-2), 3.91-3.6 (m, 5 H,
H-3,4,5,6a,6b); F NMR (188 MHz, D,0, referenced to CF3CO,H, H decoupled): 8 -62.6.

2,4-Dinitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-3-D-mannopyranoside 302,303_

02N
AcO

3,4,6-Tri-O-acetyl-D-glucal (5.62 g, 20.6 mmol) was dissolved in 3:1 DMF / H,O (200 mL)
followed by Selectfluor™ (10.5 g, 29.7 mmol, 1.4 eq.) and the whole mixture stirred overnight at
50°C. TLC analysis (1:1 PE/EtOAc) indicated complete conversion of the D-glucal to 2-deoxy-
2-fluoro hexopyranoses at this time. The solvent was evaporated and the residue redissolved in
EtOAc (300 mL), washed with brine and water, then dried over MgSOy4. The solvent was
evaporated and the crude, without further purification, redissolved in DMF (200 mL). DABCO
(7.0 g, 62.4 mmol, ~ 3 eq.) was added and dissolved, followed by 2,4-dinitrofluorobenzene (6.0
g, 32.2 mmol, ~ 1.5 eq.). The vessel was purged with argon and stirred in the dark overnight at
room temperature, whereupon TLC analysis (3:4 EtOAc / PE) indicated complete conversion to
2,4-dinitrophenyl 2-deoxy-2-fluoro-glycosides. The solvent was evaporated and the residue
redissolved in EtOAc (300 mL). The organic was washed with 0.2 M H,SQ,, saturated sodium
bicarbonate and water, then dried over MgSQO4. A dark, brown oil was obtained upon
evaporation of the solvent. Chromatography on silica gel (4:3 to 1:1 EtOAc / PE) and
evaporation of the solvent afforded o- (1.49 g, 3.13 mmol, 15.1%) and B- (1.55 g, 3.26 mmol,
15.7%, P/a. = 1:1) anomers of 2,4-dinitrophenyl 2-fluoro-mannosides, and a /o mixture of 2,4-
dinitrophenyl 2-fluoro-glucosides (2.58 g, 5.43 mmol, 26%, P/a. = 3.7:1 by '°F NMR) as pale

yellow crystalline solids. 'H and ""F NMR spectral data matched that reported previously.302
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Data for 2,4-Dinitrophenyl 2-deoxy-2-fluoro-f-D-mannopyranoside: Rf (3:4 EtOAc / PE) =
0.20; M.p. = 189.5-190.5°C; 'H NMR (400 MHz, CDCl3): § 8.74 (d, 1 H, J = 2.5 Hz, H-3 Ph),
8.42 (dd, 1 H, J=2.5,9.2 Hz, H-5 Ph), 748 (d, 1 H, J = 9.5 Hz, H-6 Ph), 5.38 (dd, 1 H, J = 14.6,
< 1Hz, H-1),537(dd, 1 H,J =9.5, 9.5 Hz, H-4), 5.14 (ddd, 1 H, J = 24.3, 9.1, 2.6 Hz, H-3),
5.12(ddd, 1 H, J =514, 2.5, < 1 Hz, H-2), 4.27 (apparent d, 2 H, J = 4.4 Hz, H-6,;), 3.87 (ddd,
1 H, J = 44, 4.4, 8.8 Hz, H-5), 2.14, 2.07, 2.06 (all 5, 9 H, 3 x OAc); '°F NMR (188.3 MHz,
CDCls, referenced to CF3CO,H): & -142.4 (ddd, Jrx = 50.3, 24.4, 15.2 Hz); °C NMR (100
MHz, CDCl3): 8 170.4, 170.0, 169.2 (3 x CH3CO), 153.5, 142.6, 140.7 (3 x C-Ph), 128.5, 121.6,
119.9 (3 x CH-Ph), 97.2 (d, Jcr = 16.7 Hz, C-1), 85.7 (d, Jcr = 194.7 Hz, C-2), 73.3 (C-5), 70.2
(d, Jer = 17.2 Hz, C-3), 65.5 (C-4), 61.9 (C-6), 20.6 (3 lines, 3 x CH3CO); HRMS (DCI+): m/z
= 492.1269; calcd. for CisH23sFN3O12 [M + NH4]": m/z = 492.1266; Anal. caled. for
CisH1oFN2O12 (474.35): C, 45.58; H, 4.04; N, 5.91; Found: C, 45.68; H, 4.15; N, 6.03. Data
for 2,4-Dinitrophenyl 2-deoxy-2-fluoro-o-D-mannopyranoside: Rf (3:4 EtOAc / PE) = 0.70;
M.p. = 217-219°C; 'H NMR (200 MHz, CDCl5): & 8.80 (d, 1 H, J = 2.7 Hz, H-3 Ph), 8.45 (dd, 1
H, J=2.7,9.3 Hz, H-5 Ph), 7.54 (d, 1 H, J = 9.3 Hz, H-6 Ph), 5.92 (dd, 1 H, J = 1.9, 6.1 Hz, H-
1),5.47 (dd, 1 H, J = 10.0, 10.0 Hz, H-4), 5.41 (ddd, J = 2.2, 10.0, 29.5 Hz, H-3), 5.08 (ddd, 1 H,
J=2.1,2.1,48.8 Hz, H-2),4.25 (dd, 1 H, J = 5.1, 12.7 Hz, H-6,), 4.07 (m, 2 H, H-5, H-6y), 2.11,
2.05, 2.03 (all s, 9 H, 3 x OAc); YF NMR (188.3 MHz, CDCl;, referenced to CF3COH): 6 -
129.5 (ddd, Jry = 48.8, 29.0, 6.1 Hz); HRMS (DCI+): m/z = 492.1262; ; calcd. for
C1sH23FN3Op; [M + NH,]™: m/z = 492.1266. Data for 2,4-Dinitrophenyl 2-deoxy-2-fluoro-D-
glucopyranosides: Rf (3:4 EtOAc / PE) = 0.44; F NMR (188.3 MHz, CDCl;, referenced to
CF;CO,H): 6 -122.5 (B-anomer), -125.6 (ci-anomer).

' 2,4-Dinitrophenyl 2-deoxy-2-fluoro--D-mannopyranoside
O.N .
HOH o O NO»>
The per-O-acetate (1.69 g, 3.57 mmol) was suspended in dry MeOH (50 mL) and cooled to 0°C

under argon. Acetyl chloride (2 mL) was added dropwise to afford a 4% solution of HCl. The

mixture was stirred for 2 days at 4°C. The solvent was evaporated followed by repeated

evaporation of dry diethyl ether from the residue to remove excess HCl. The crude was
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columned on silica gel (95:5 EtOAc/MeOH). Subsequent evaporation of the solvent and
recrystallization of the residue from acetone / PE to afforded white needles (1.08 g, 3.10 mmol,
87%). Rf (30:2:1 EtOAc/MeOH/H,0 = 0.50; 'H NMR (400 MHz, D,0): §8.95(d, 1H,J =28
Hz, H-3 Ph), 8.59 (dd, 1 H, J = 2.8, 9.4 Hz, H-5 Ph), 7.67 (d, 1 H, J = 9.6 Hz, H-6 Ph), 5.82 (dd,
1H,J=184,<1Hz, H-1)5.19(ddd, 1 H, J =515, 2.2, < 1 Hz, H-2), 4.05 (dd, 1 H, J = 2.2,
12.5 Hz, H-6a), 3.96 (ddd, 1 H, J = 30.1, 9.4, 2.4 Hz, H-3), 3.87 (dd, 1 H, J = 5.9, 12.5 Hz, H-
6b), 3.84 (ddd, J = 1.1, 9.7, 9.7 Hz, H-4), 3.78 (m, 1 H, H-5); °F NMR (188 MHz, D;0, ref. to
CF3;CO.H): § —144.8 (ddd, J = 48.8, 29.2, 18.4 Hz); '>*C NMR (100 MHz, D,0): § 154.1, 142.0,
139.1 (C-1’,2’,4°), 130.1, 122.5, 118.1 (C-3°,5’,6°), 96.9 (d, Jcr = 14.9 Hz, C-1),90.2 (d, JcF =
183.9 Hz, C-2), 77.1 (C-5), 71.7 (d, J¢r = 17.5 Hz, C-3), 66.6 (C-4), 60.7 (C-6). Anal. calcd.
for CoH13FN>O9 (348.24) + 0.4 mol acetone: C, 42.92; H, 4.87; N, 7.59. Found: C, 42.92; H,
4.27; N, 7.26.

_
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Partial 'H NMR spectrum (400 MHz, D,O) of 2,4-dinitrophenyl 2-deoxy-2-fluoro [B-D-
mannopyranoside.

Oligosaccharide Synthesis with Man2A E519S

The following describes synthetic and selected physical data for the per-O-acetylated
oligosaccharide products listed in Table 6-1. Yields quoted are for purified, per-O-acetylated
products and based on the acceptor. HPLC purification of oligosaccharide products was

performed as described in the experimental for Chapter 5.

p-Nitrophenyl B-D-mannopyranoside as an acceptor: PNP-f-mannoside (30.3 mg, 100.6
umol) was dissolved in 2 mL 150 mM sodium citrate, pH 6. Man2a E519S was added to a final

concentration of 1 mg/mL followed by 2 eq. of o--mannosyl fluoride added in portions over time.
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The reaction was maintained at room temperature. After 48 hrs. TLC (7:2:1 EtOAc/MeOH/H,0)
indicated no further consumption of acceptor. Products were separated by HPLC, acetylated,

then further purified by chromatography on silica gel.

Manf1-4Man31-OPNP, per-O-acetate (6-1a)

Aco— PAC aco— QAc
AcO AcO

(6-1a)

10.2 mg (13.5 pmol, 13.4 %); "H NMR (400 MHz, CDCl3): 8 5.62 (dd, 1 H, J = 0.8, 3.5 Hz, H-
2'),5.41 (dd, 1 H, J = 0.8, 3.4 Hz, H-2%, 5.29 (d, 1 H, J = 0.8 Hz, H-1"), 5.24 (dd, 1 H, J = 3.4,
9.4 Hz, H-3"), 5.20 (dd, 1 H, J = 9.8, 9.8 Hz, H-4%), 5.02 (dd, 1 H, J = 3.6, 9.9 Hz, H-3?), 4.73 (d,
1 H,J < 1.0 Hz, H-1%, 4.38 (dd, 1 H, J = 2.4, 12.0 Hz, H-6), 4.30-4.26 (m, 2 H, 2 x H-6), 4.13
(dd, 1 H, J = 2.5, 12.1 Hz, H-6), 4.03 (dd, 1 H, J = 9.5, 9.5 Hz, H-4"), 3.84 (ddd, 1 H, J = 2.7,
6.1, 9.1 Hz, H-5"), 3.63 (ddd, 1 H, J = 2.7, 5.3, 9.4 Hz, H-5%); >*C NMR (100 MHz, CDCl5):
897.78 (Jen = 161.3 Hz, C-1?), 95.89 (Jou = 159.8 Hz,C-1%), 73.29 (C-5Y), 72.70 (C-4Y), 72.66
(C-5%), 70.56 (C-3%), 70.23 (C-3"), 68.60 (C-2"), 68.30 (C-2?), 65.78 (C-4), 62.64 (C-6), 62.40
(C-6); HRMS (DCI+): m/z: 775.2414, calcd. for Cs,Hg30x0N, [M+NH,]*: 775.2409.
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Partial 'H NMR spectrum of 6-1a (400 MHz, CDCls).
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Manp1-4Manfl1-4Man31-OPNP, per-O-acetate (6-1b) and Manf1-4ManfI1-3Manf31-OPNP,

per-O-acetate (6-1c), an inseparable 5:2 mixture
AcO °A° A AcO
AcO AcO ACO OhAc
AcO
o) A°°§KA oo o~ nes
AcO &/
AcO

AcO
(6-1¢c)

16.1 mg (15.4 pmol, 15.3%); Data for 6-1b: 'H NMR (400 MHz, CDCls): 8 5.61 (dd, 1 H, J =
1.4, 3.4 Hz, H-2"), 5.39 (dd, 1 H, J = 3.4, = 1 Hz, H-2%), 5.35 (dd, 1 H, J = 3.4, = 1 Hz, H-2?),
5.29(d, 1 H,J=1Hz, H-1"),5.21 (dd, 1 H, J = 3.4, 9.5 Hz, H-3"), 5.19 (dd, 1 H, J = 9.5, 9.5 Hz,
H-4%, 5.09 (dd, 1 H, J = 3.4, 9.5 Hz, H-3%),4.99 (dd, 1 H, J = 3.4, 9.5 Hz, H-3%),4.71 (d, 1 H, J
= 1.4 Hz, H-1%), 469 (d, 1 H, J = 1.4 Hz, H-1%), 4.37 (m, 2 H, 2 x H-6), 4.32-4.17 (m, 3 H, 3 x
H-6), 4.06 (dd, 1 H, J = 12.3, 2.7 Hz, H-6), 4.00 (dd, 1 H, J = 9.5, 9.5 Hz, H-4"), 3.92 (dd, 1 H, J
= 9.5, 9.5 Hz, H-4%, 3.84 (m, 1 H, H-5"), 3.63-3.53 (m, 2H, H-5*); °*C NMR (100 MHz,
CDCls): & 97.95, 97.66, 95.78, 73.22, 72.98, 72.75, 72.65, 72.55, 70.65, 70.46, 70.14, 68.68,
68.52, 68.30, 65.72, 62.61, 62.53, 62.45. Data for 6-1c: 'H NMR (400 MHz, CDCl;): § 5.58
(dd, 1 H, J = 1.4,3.4 Hz, H-2"),5.38 (dd, 1 H, J = 1, 3.5 Hz, H-2%), 5.29 (d, 1 H, J = 1 Hz, H-1"),
5.25(dd, 1 H,J =1, 3.5 Hz, H-2%),5.18 (dd, 1 H, J = 9.5, 9.5 Hz, H-4°), 5.13 (dd, 1 H, J = 3.4,
9.5 Hz, H-3%), 5.11 (dd, 1 H, J = 9.5, 9.5 Hz, H-4"), 4.98 (dd, 1 H, J = 3.4, 9.5 Hz, H-3%), 4.66 (2
x d, 2 H, J = 1 Hz each, H-1>%), 4.35-4.15 (m, 6 H, 6 x H-6), 4.00 (dd, 1 H, J = 3.4, 9.5 Hz, H-
3",3.91 (dd, 1 H, J = 9.5, 9.5 Hz, H-4%), 3.86 (m, 1 H, H-5"), 3.63-3.50 (m, 2 H, H-5**); 1*C
NMR (100 MHz, CDCl3): § 97.85, 74.72, 72.88, 72.62, 72.46, 70.70, 69.97, 68.57, 68.27, 66.87,
66.32, 65.80, 62.68; HRMS (DCI+) on mixture: m/z: 1063.3215, calcd. for Cs4HsoO25N>
[M+NH,]*: 1063.3254.
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Partial '"H NMR spectrum of the mixture of 6-1b and 6-1¢ (400 MHz, CDCl3).

ManpIl-4Manf1-4Manf1-4ManB1-OPNP, per-O-acetate (6-1d) and ManfI-4ManpflI-
4Manf1-3Manf1-OPNP, per-O-acetate (6-1e), an inseparable 5:1 mixture

OAc

AcO— QA aco— PAC a0 AcO— QAC
AcO AcO AcO AcO
OAc
6-1d AcO
©1d) Ac0— DA aco— PAC aco— PAC Aco’gg/O‘Q*Noz
soxHo_ oo oo "o

O
AcO AcO AcO
(6-1e)

5.6 mg (4.2 mmol, 4.2%); Data for 6-1d: 'H NMR (400 MHz, CDCls): §5.61 (dd, 1 H, J = 3.3,
1.1 Hz, H-2"), 5.39 (dd, 1 H, J = 3.3, < 1 Hz, H-2), 5.34 (m, 2 H, 2 x H-2), 529 (d, 1 H, J = 1.1
Hz, H-1"), 5.22 (dd, 1 H, J = 9.6, 3.7 Hz, H-3"), 5.18 (dd, 1 H, J = 9.8, 9.8 Hz, H-4%), 5.07 (m, 2
H, 2 x H-3), 4.99 (dd, 1 H, J = 3.3, 9.9 Hz, H-3%), 4.69, 4.67, 4.66 (3 x d, 3 H, J < 1 Hz each, 3 X
H-1), 439 (2 x dd, 2 H, J = 2, 12 Hz, H-6, H-6"), 4.34-4.15 (m, 5 H, 5 x H-6), 4.07 (dd, 1 H, J =
2.7, 12.2 Hz, H-6), 4.00 (dd, 1 H, J = 9.4, 9.4 Hz, H-4"), 3.90 (dd, 1 H, J = 9.4, 9.4 Hz, H-4),
3.89 (dd, 1 H, J = 9.4, 9.4 Hz, H-4), 3.85 (m, 1 H, H-5"), 3.60 (ddd, 1 H, J = 2.6, 5.5, 9.6 Hz, H-
5), 3.55 (m, 2 H, 2 x H-5); *C NMR (100 MHz, CDCL3): § 97.99, 97.95, 97.59 (3 x C-1), 95.80
(C-1'), 73.24, 73.01, 72.92, 72.78, 72.72 (2 lines), 72.57 (3 x C-4, 4 x C-5), 70.66 (2 lines),
70.47, 70.08 (4 x C-3), 68.73, 68.61, 68.55, 68.30 (4 X C-2), 65.74 (C-4*), 62.73 (C-6), 62.65 (C-
6), 62.50 (2 lines, 2 x C-6 ). Data for 6-1e: 'H NMR (400 MHz, CDCLy): §5.57 (dd, 1 H, J =
3.3, 1.5 Hz, H-2Y, 532 (dd, 1 H, J = 3.3, < 1 Hz, H-2), 5.29 (d, 1 H, J < 1 Hz, H-1'), 5.25 (dd, 1
H,J=3.3,<1Hz H-2),5.12(dd, 1 H, J=9.5,9.5 Hz, H-4'), 5.10 (dd, 1 H, J = 3.3, 9.5 Hz, H-
3),4.65 (d, 1 H, J < 1 Hz, H-1), 4.62 (d, 1 H, J < 1 Hz, H-1), 4.00 (dd, 1 H, J = 3.7, 9.5 Hz, H-
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31); HRMS (DCI+) on mixture: m/z: 1351.4072, calcd. for Cs¢H7503¢N, [M+NH4]™:
1351.4099.
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Partial 'H NMR spectrum of the mixture of 6-1d and 6-1e (400 MHz, CDCl;).

2,4-Dinitrophenyl 2-deoxy-2-fluoro-f-D-mannopyranoside as an acceptor: 23 mg (66 pmol)
of acceptor was dissolved in 3 mL 150 mM sodium citrate, pH 6, and Man2a E519S was added
to a final concentration of 2 mg/mL. «-Mannosyl fluoride was added in portions over time (3
eq. total) with the reaction mixture maintained at room temperature. At 120 hrs. TLC analysis
(7:2:1 EtOAc/MeOH/H,0) indicated no further consumption of acceptor. Products were isolated

and acetylated as described above.

Manf(1-4)Manp(1-4)-2FManS1-ODNP, per-O-acetate (6-2a)
o:N

AcO OAc AcO OAc AcO F
AcO AcO AcO

(6-2a)

6.8 mg (6.5 pmol, 9.8%); Rf (2:1 EtOAC/PE) = 0.37; 'H NMR (400 MHz, CDCl3): § 8.72 (d, 1
H, J = 2.7 Hz, H-3 Ph), 8.41 (dd, 1 H, J = 2.7, 9.2 Hz, H-5 Ph), 7.46 (d, 1 H, J = 9.1 Hz, H-6 Ph),
539 (dd, 1 H, J = 3.1, < 1 Hz, H-2*), 5.37 (m, 1 H, H-2%), 5.35 (dd, 1 H, J = 14.6, < 1 Hz, H-1"),
5.21(ddd, 1 H,J=25,9.1,25.2 Hz, H-3"), 5.19 (dd, 1 H, J = 9.8, 9.8 Hz, H-4), 5.10 (dd, 1 H, J
= 3.4, 9.4 Hz, H-3%, 5.03 (ddd, 1 H, J = 50.3, 2.3, < 1 Hz, H-2"), 5.00 (dd, 1 H, J = 3.3, 9.9 Hz,
H-3%,4.70 (d, 1 H, J < 1 Hz, H-1%), 4.68 (d, 1 H, J < 1 Hz, H-1%, 4.48 (dd, 1 H, J = 2.9, 12.2
Hz, H-6a'), 430 (m, 3 H, 3 x H-6), 4.20 (dd, 1 H, J = 5.5, 12.4 Hz, H-6b"), 4.12 (dd, 1 H, J =
8.7, 8.7 Hz, H-4"), 4.08 (dd, 1 H, J = 2.5, 12.6 Hz, H-6), 3.90 (dd, 1 H, J = 9.5, 9.5 Hz, H-4%),
3.80 (ddd, 1 H, J = 3.1, 5.0, 8.3 Hz, H-5", 3.60 (m, 2 H, H-5%, H-5%; >*C NMR (100 MHz,
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CDCLy): 8 97.89, 97.86 (C-12%), 97.00 (d, Jc = 16.9 Hz, C-1'), 86.15 (d, Jcr= 193.5 Hz, C-2"),
73.67, 73.02, 72.79, 72.57, 72.18 (d, Jo r= 2 Hz, C-4"), 70.63, 70.55, 69.70 (d, Jor= 17.2 Hz, C-
31, 68.72, 68.30, 65.73 (C-4%), 62.52 (C-6), 62.46 (C-6), 61.90 (C-6); ’F NMR (188 MHz,
CDCls, 'H decoupled): 8 —141.61; HRMS (DCI+): m/z: 1068.2920, calcd. for CsrHssO2sN3F
[M+NH,]*: 1068.2956.

Partial '"H NMR spectrum of 6-2a (400 MHz, CDCls).

Manp(1-4)Manf(1-3)-2F Man1-ODNP, per-O-acetate (6-2b)

O.N
OA

. ‘ v
c OAc AcO
AcO AcO /%&/

AcO AcO
(6-2b)

5.1 mg (4.9 umol, 7.4%); Rf (2:1 EtOAC/PE) = 0.18; '"H NMR (400 MHz, CDCl3): & 8.73 (d, 1
H, J = 2.6 Hz, H-3 Ph), 8.39 (dd, 1 H, J = 2.6, 9.2 Hz, H-5 Ph), 7.51 (d, 1 H, J = 9.2 Hz, H-6 Ph),
543 (dd, 1 H,J =29, < I Hz, H-2%, 5.39 (dd, 1 H, J = 3.3, < 1 Hz, H-2%), 536 (dd, 1 H, J =
12.1, 1.3 Hz, H-1"), 5.29 (ddd, 1 H, J = 1.5, 8.3, 8.3 Hz, H-4"), 5.18 (dd, 1 H, J = 9.9, 9.9 Hz, H-
4%,5.16 (dd, 1 H, J = 3.5,9.7 Hz, H-3%, 5.10 (ddd, 1 H, J = 48.2, = 2, < 1 Hz, H-2"), 5.00 (dd, 1
H,J=3.3,9.9 Hz, H-3%),4.88 (d, 1 H, J < 1 Hz, H-1%),4.71 (d, 1 H, J < 1 Hz, H-1%), 4.40 (dd, 1
H, J = 2.6, 12.1 Hz, H-6), 4.25 (m, 4 H, 4 x H-6), 4.10 (ddd, 1 H, J = 2.2, 8.1, 21.7 Hz, H-3"),
4.09 (dd, 1 H, J = 2.6, 12.1 Hz, H-6), 3.98 (dd, 1 H, J = 9.6, 9.6 Hz, H-4%), 3.86 (m, 1 H, H-5"),
3.62 (m, 2 H, H-5*%); °C NMR (100 MHz, CDCl5): & 97.80 (C-1), 97.62 (d, Jcr= 17.8 Hz, C-
1'), 95.89 (C-1), 85.35 (d, Jcr= 195.7 Hz, C-2"), 73.40, 73.37 (d, Jer = 17.0 Hz, C-3%), 73.13,
72.83, 72.60, 70.71, 70.46, 68.85, 68.37, 66.27 (d, Jor =~ 2 Hz, H-4"), 65.83 (C-4*), 62.50 (2
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lines, 2 x C-6), 62.23 (C-6); '°F NMR (188 MHz, CDCl3, 'H decoupled): § —139.92; HRMS
(DCI+)Z m/z: 1068.2909, calcd. for C42H55028N3F [M+NH4]+Z 1068.2956.
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Partial "H NMR spectrum of 6-2b (400 MHz, CDCls).

2,4-Dinitrophenyl 2-deoxy-2-fluoro--mannotrioside

Ho 0 Ho— PH Ho— F o0
FEIESI ST g B

2,4-Dinitrophenyl 2-deoxy-2-fluoro-f3-mannoside (403 mg, 1.16 mmol) was dissolved in 47 mL
100 mM citrate (pH 6). An aliquot of o--mannosyl fluoride was then added (181 mg, 0.99 mmol,
0.86 eq., in 2 mL citrate buffer) followed by 51 mg of Man2A E519S (4.5 mL of 11.4 mg/mL).
The reaction was maintained at room temperature for 20 hrs., whereupon a further 38 mg of
Man2A E519S was added. After 24 hrs. at room temperature complete consumption of o-
mannosyl fluoride was observed by TLC (30:2:1 EtOAc/MeOH/H,0). The reaction mixture was
clarified by centrifugation and the Man2A E519S removed by ultrafiltration (30 kDa NMW
membrane). After evaporating the water in vacuo and drying the resulting residue over P>Os the
crude oligosaccharide mixture was acetylated with 100 mL 2:1 Ac,O/pyridine over 24 hrs.. The
solvent was then evaporated in vacuo and the crude mixture purified by flash chromatography on
silica gel (3:2 to 3:1 EtOAc/PE on a 5 cm X 20 cm column). The per-O-acetylated trisaccharides
6-2a (105 mg, 0.1 mmol, 10.1% based on o.-ManF)and 6-2b (84 mg, 0.08 mmol, 8.1%) were

obtained as the major products. 6-2a (64 mg, 0.061 mmol) was then deprotected in acidic

methanol (25 mL, 2% HCI) over 2 days at 4°C. After evaporation of the solvent the crude
product was purified by HPLC (TosoHaas Amide 80, 21.5 X 30 c¢m, 4:1 to 3:2 acetonitrile/H,0,
5 mL/min) then lypholized to obtain a white solid (28.4 mg, 0.042 mmol, 69%). Rf (7:2:1
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EtOAc/MeOH/H20) = 0.40; 'H NMR (400 MHz, D,0): & 8.94 (d, 1 H, J = 2.9 Hz, H-3 Ph),
8.58 (dd, 1 H,J=2.9, 9.3 Hz, H-5 Ph), 7.66 (d, 1 H, J =9.3 Hz, H-6 Ph), 5.83 (dd, 1 H, J = 18.1,
< 1Hz, H-1"),522(ddd, 1 H, J = 51.6, 2.1, < 1 Hz, H-2"), 4.85 (d, 1 H, J < 1 Hz, H-1), ~ 4.78
(d, 1 H, J < 1 Hz, H-1, observed by 'H/'H COSY), 4.19 (dd, 1 H, J = 2.6, < 1 Hz, H-2), 4.11
(ddd, 1 H, J = 31.5,9.2, 2.6 Hz, H-3"), 4.10 (dd, 1 H, J = 3.3, < 1 Hz, H-2), 4.07 (m, 1 H, H-4"),
4.00 (dd, 1 H, J =10.0, 10.0 Hz, H-4), 3.98 (dd, 1 H, J = 12.1, 2.4 Hz, H-6),3.97 (dd, 1 H, J =
12.5, 2.6 Hz, H-6), 3.91-3.84 (m, 3 H, H-5', H-3, H-6), 3.81 (dd, 1 H, J = 12.3, 6.2 Hz, H-6),
3.77 (dd, 1 H, J = 12.3, 6.8 Hz, H-6), 3.69 (dd, 1 H, J = 9.5, 3.3 Hz, H-3), 3.68 (dd, 1 H, J =
11.5, 4.3 Hz, H-6), 3.61 (dd, 1 H, J = 9.6, 9.6 Hz, H-4), 3.59 (m, 1 H, H-5), 3.48 (ddd, 1 H, J =
9.2, 6.9, 2.0 Hz, H-5); BC NMR (75.5 MHz, D;0, ref. to CD3OH at 8 49.00, selected data only):
d 154.05, 142.04, 139.14, 130.11, 122.49 and 118.08 (6 x C Ph), 100.46 (2 lines, 2 x C-1), 96.84
(d, Jer = 14.1 Hz, C-1"), 76.67, 75.70, 75.32, 73.00, 71.71, 70.72, 70.18, 66.93, 62.72, 61.25,
60.73, 60.14; ’F NMR (188 MHz, D,0, ref. to CF;CO,H): & —144.7 (ddd, J = 50.3, 32.0, 18.3
Hz); HRMS (ESI+): m/z = 695.1567; calcd. for C24H33N,016F [M + Nal*: m/z = 695.1559.
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Partial 'H NMR spectrum (400 MHz, D,0) of 2,4-dinitrophenyl 2-deoxy-2-fluoro-§-
mannotrioside.

p-Nitrophenyl B-D-glucopyranoside as an acceptor: 48 mg (159 umol) acceptor was
dissolved in 2 mL 150 mM sodium citrate buffer, pH 6. Man2a E519S was added to a final
concentration of 2 mg/mL, followed by 3 eq. a-mannosyl fluoride added in portions over time.
The reaction was maintained at room temperature. At 70 hrs. TLC (7:2:1 EtOAc/MeOH/H,0)
indicated no further consumption of acceptor. The products were isolated and acetylated in the

usual manner.
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Manp1-3GluB1-OPNP, per-O-acetate (6-3a)

' OAc AcO
AcO o)
AcO OAc
(6-3a)

10.3 mg (13.6 umol, 8.6%); Rf (1:1 EtOAc/PE) = 0.24; '"H NMR (400 MHz, CDCl3): § 5.35
(dd, 1 H, J = 0.9, 3.3 Hz, H-2%), 5.23 (dd, 1 H, J = 7.2, 8.6 Hz, H-2"), 5.21 (dd, 1 H, J = 9.9, 9.9
Hz, H-4%), 5.12 (dd, 1 H, J = 9.0, 9.0 Hz, H-4"), 5.10 (d, 1 H, J = 7.2 Hz, H-1"), 498 (dd, 1 H, J
=34, 10.1 Hz, H-3%,4.72 (d, 1 H, J = 1.0 Hz, H-1%), 4.32 (dd, 1 H, J = 4.9, 12.3 Hz, H-6), 4.21
(dd, 1 H, J = 5.5, 12.2 Hz, H-6), 4.16 (dd, 1 H, J = 2.8, 12.1 Hz, H-6), 4.10 (dd, 1 H, J = 2.8,
12.3 Hz, H-6), 4.01 (dd, 1 H, J = 8.8, 8.8 Hz, H-3"), 3.85 (ddd, 1 H, J = 3.0, 5.5, 9.5 Hz, H-5"),
3.61 (ddd, 1 H, J = 2.7, 4.8, 9.8 Hz, H-5%); '*C NMR (100 MHz, CDCl;): 98.37 (Jcu = 158.8
Hz, C-1), 98.02 (Jcu = 163.8 Hz, C-1), 78.16, 72.59, 72.49, 71.89, 70.84, 68.25, 67.74, 65.72,
62.27 (C-6), 62.09 (C-6); HRMS (DCI+): m/z: 775.2408, calcd. for CiHi300N, [M+NH4]*:
775.2409.

y
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Partial 'H NMR spectrum of 6-3a (400 MHz, CDCls).

Manf1-4Manf1-4GluB1-OPNP, per-O-acetate (6-3b)

AcO OAc AcO
ACO&/ ’&L\/ ’%ﬂ/ < >
AcO AcO

(6-3b)

3.6 mg (3.4 pmol, 2.2%); Rf (2:1 EtOAC/PE) = 0.85; "H NMR (400 MHz, CDCls): § 5.39 (dd, 1
H, J = <1.0, 3.0 Hz, H-2%), 5.33 (dd, 1 H, J = <1.0, 3.1 Hz, H-2%), 5.28 (dd, 1 H, J = 8.7, 8.7 Hz,
H-3"), 5.21-5.13 (m, 3 H, H-1', H-2', H-4), 5.09 (dd, 1 H, J = 3.3, 9.5 Hz, H-3%), 5.00 (dd, 1 H,
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J=3.4,10.0 Hz, H-3), 4.69 (d, 1 H, J < 1.0 Hz, H-1°), 4.65 (d, 1 H, J < 1.0 Hz, H-1%), 4.39 (dd,
1H,J=2.3,12.1 Hz, H-6), 4.36 (dd, 1 H, J = 2.5, 12.2 Hz, H-6), 4.27 (dd, 1 H, J = 5.4, 12.3 Hz,
H-6), 4.25 (dd, 1 H, J = 4.7, 12.2 Hz, H-6), 4.19 (dd, 1 H, J = 4.8, 12.5 Hz, H-6"), 4.09 (dd, 1 H,
J=2.7,12.3 Hz, H-6), 3.91 (m, 2 H, J = 9.5, 9.5 Hz, H-4!, H-4%, 3.84 (ddd, 1 H, J = 2.2, 4.6, 9.8
Hz, H-5"), 3.59 (m, 2 H, H-5%, H-5%); *C NMR (100 MHz, CDCl3): 8 97.92 (2 lines, 2 x C-1),
97.30 (C-1), 74.57, 73.04, 73.02, 72.77,72.61, 71.67, 71.15, 70.69, 70.50, 68.64, 68.34, 65.80,
62.48 (2 lines, 2 x C-6), 62.07 (C-6); HRMS (DCI+): m/z: 1063.323, calcd. for CssHs560,8N,
[M+NH,]*: 1063.325.
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Partial 'H NMR spectrum of 6-3b (400 MHz, CDCly).

Manpi1-4Manf1-3GluBl-OPNP, per-O-acetate (6-3c)

OAc OAc AcO
AcO AcO (o]
AcO AcO OAC

(6-3c)

66.4 mg (63.5 wmol, 40%); Rf (2:1 EtOAC/PE) = 0.73; 'H NMR (400 MHz, CDCly): & 5.39 (dd,
1H,J=24,<1.0Hz, H-2%,5.30(dd, 1 H, J=2.7, < 1.0 Hz, H-2%), 5.21 (dd, 1 H, J = 7.3, 8.6
Hz, H-2"),5.17 (dd, 1 H, J = 9.8, 9.8 Hz, H-4%), 5.09 (d, 1 H, J = 7.3 Hz, H-1"), 5.09 (dd, 1 H, J
=9.1,9.1 Hz, H-4"), 5.03 (dd, 1 H, J = 3.4, 9.9 Hz, H-3%), 499 (dd, 1 H, J = 3.1, 9.8 Hz, H-3),
4.69 (d, 1 H,J < 1.0 Hz, H-1%), 4.67 (d, 1 H, J < 1.0 Hz, H-1%), 4.33-4.23 (m, 3 H, 3 X H-6), 4.20
(dd, 1 H, J = 5.4, 12.1 Hz, H-6), 4.14 (dd, 1 H, J = 2.8, 12.3 Hz, H-6), 4.06 (dd, 1 H, J = 2.7,
12.5 Hz, H-6), 3.96 (dd, 1 H, J = 9.0, 9.0 Hz, H-3"), 3.92 (dd, 1 H, J = 9.4, 9.4 Hz, H-4%), 3.83
(ddd, 1 H, J=2.7, 5.6, 8.9 Hz, H-5"), 3.59 (ddd, 1 H, /= 2.7, 5.5, 9.6 Hz, H-5"), 3.53 (ddd, 1 H,
J=29,3.8,9.5 Hz, H-5%; °C NMR (100 MHz, CDCls): § 98.42 (C-1), 98.08 (C-1), 97.97 (C-
1), 78.23, 72.84, 72.76, 72.54, 72.51, 71.84, 70.96, 70.67, 68.62, 68.35, 67.76, 65.75, 62.60 (C-
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6), 62.50 (C-6), 62.08 (C-6); HRMS (DCI+): m/z: 1063.323, calcd. for C44sHs9O23N> [M;i-NH4]+:
1063.325.
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Partial 'H NMR spectrum of 6-3¢ (400 MHz, CDCl,).

Manp1-4ManBI-4ManB1-3Gluf1-OPNP, per-O-acetate (6-3d)

OAc OAc OAc AcO
AcO AcO AcO 0
A°°£&/°’ﬁivo -°A°°5§ﬂ/° <:> NOz
AcO AcO AcO OAc

(6-3d)

5.7 mg (4.3 umol, 2.7%) Rf (2:1 EtOACc/PE) = 0.24; "H NMR (400 MHz, CDCL3): § 5.38, 5.33,
5.29 (3 xdd, 3H, J=3.3, < 1.0 Hz, H-2>*%), 521 (dd, 1 H, J = 7.2, 8.6 Hz, H-2"), 5.18 (dd, 1 H,
J=9.8,9.8 Hz, H-4%, 5.09 (d, 1 H, J = 7.3 Hz, H-1"), 5.09 (dd, 1 H, J = 9.1, 9.1 Hz, H-4"), 5.06,
5.01 (2xdd, 2 H,J=3.4,9.4 Hz, H-3%), 498 (dd, 1 H, J = 3.4, 9.8 Hz, H-3%), 4.69, 4.65, 4.64
(3 xs,3H,J< 1.0 Hz, H-1>*%), 4.34-4.17 (m, 6 H, 6 x H-6), 4.14 (dd, 1 H, J = 2.8, 12.4 Hz, H-
6), 4.07 (dd, 1 H, J = 2.6, 12.3 Hz, H-6), 3.96 (dd, 1 H, J = 8.7, 8.7 Hz, H-3"), 3.89 (2 x dd, 2 H,
J=9.6,9.6 Hz, H-4>%, 383 (ddd, 1 H, J = 2.9, 5.4, 9.3 Hz, H-5"), 3.60 (ddd, 1 H, J = 2.7, 5.5,
9.6 Hz, H-5%), 3.53 (m, 2 H, H-5**); °*C NMR (100 MHz, CDCl3): § 98.41 (C-1), 98.00 (3 lines,
3 x C-1), 78.19, 72.89 (2 lines), 72.84, 72.74, 72.57 (2 lines), 71.88, 70.90, 70.67 (2 lines),
68.80, 68.59, 68.31, 67.77, 65.75, 62.76 (C-6), 62.59 (C-6), 62.51 (C-6), 62.10 (C-6); HRMS
(DCI+): m/z: 1351.410, caled. for CsgHy5036N; [M+NH4]*: 1351.410.
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Partial '"H NMR spectrum of 6-3d (400 MHz, CDCls).

p-Nitrophenyl B-D-xylopyranoside as an acceptor: 32 mg (118 pumol) acceptor was dissolved
in 4 mL 150 mM sodium citrate, pH 6. Man2a E519S added to a final concentration of 1
mg/mL. o-Mannosyl fluoride (4 eq.) was added portion-wise over time while maintaining the
reaction at room temperature. At 70 hrs. TLC analysis (7:2:1 EtOAc/MeOH/H,0) indicated no

further consumption of acceptor. The products were isolated and acetylated in the usual manner.

ManB1-4Xyl(*C;) B1-OPNP, per-O-acetate (6-4a)
OAc

AcO
. 0
AcO Aco/m/ 2
OAc
(6-4a)

1.0 mg (1.5 umol, 1.3%); Rf (1:1 EtOAC/PE) = 0.51; "H NMR (400 MHz, CDCls): & 5.42 (dd, 1
H, J = 3.2, < 1.0 Hz, H-2%), 522 (dd, 1 H, J = 7.7, 7.7 Hz, H-3"), 5.21 (dd, 1 H, J = 10.0, 10.0
Hz, H-4%),5.19 (dd, 1 H, J= 6.1 Hz, H-1"), 5.12 (dd, 1 H, J = 6.1, 7.9 Hz, H-2"), 5.00 (dd, 1 H, J
= 3.3, 10.1 Hz, H-3%),4.72 (d, 1 H, J = < 1.0 Hz, H-1%, 4.29 (dd, 1 H, J = 5.6, 12.2 Hz, H-6%),
4.11 (dd, 1 H, J = 2.5, 12.2 Hz, H-6%), 4.08 (dd, 1 H, J = 4.6, 12.1 Hz, H-5"), 3.96 (ddd, 1 H, J =
4.6,7.9, 7.9 Hz, H-4"), 3.65 (ddd, 1 H, J = 2.5, 5.5, 9.8 Hz, H-5), 3.56 (dd, 1 H, J = 8.2, 12.1
Hz, H-5"); HRMS (DCI+): m/z: 703.2189, calcd. for CooH3g015N, [M+NH,]*: 703.2198.
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Manp1-3Xyl(C,) B1-OPNP, per-O-acetate (6-4b)

AcO OAc
AcO
K¢
OAc OAc
(6-4b)

1.0 mg (1.5 umol, 1.3%); Rf (1:1 EtOAC/PE) = 0.25; '"H NMR (400 MHz, CDCl3): § 5.55 (dd, 1
H,J =33, < 1.0 Hz, H-2%, 543 (d, 1 H, J=2.8 Hz, H-1'), 5.25 (dd, 1 H, J = 10.0, 10.0 Hz, H-
4%),5.06 (dd, 1 H, J = 10.1, 3.3 Hz, H-3%), 5.02 (m, 1 H, H-2"), 4.98 (m, 1 H, H-4"), 4.89 (d, 1 H,
J < 1.0 Hz, H-1%, 4.32 (dd, 1 H, J = 5.4, 12.3 Hz, H-6%), 4.12 (dd, 1 H, J = 2.7, 12.3 Hz, H-6?),
411 (dd, 1 H, J = 2.7, 12.8 Hz, H-5"), 4.04 (dd, 1 H, J = 4.5, 4.5 Hz, H-3"), 3.68 (ddd, 1 H, J =
2.6,5.3,9.8 Hz, H-52), 3.63 (dd, 1 H, J = 3.2, 13.0 Hz, H-51); NOE’s observed upon irradiation
of 8 5.43 (H-1"): § 7.10 (15%, Ph H-2,6), 5.02 (5%, H-2"), 4.04 (2%, H-3"), 3.63 (1%, H-5");
HRMS (DCI+): m/z: 703.2192, calcd. for CagH30015N, [M+NH,]*: 703.2198.

ManpI1-4Manf1-4Xyl(*C;) BI-OPNP, per-O-acetate (6-4c)

AcO Ogc AcO Ogc o
ACO ACO oA\
OAc
(6-4¢)

10 mg (10.3 pmol, 8.7%); Rf (2:1 EtOAc/PE) = 0.48; 'H NMR (400 MHz, CDCl3): & 5.39 (dd,
1H,7=09,3.3 Hz, H-2%), 5.36 (dd, 1 H, J = 0.9, 3.3 Hz, H-2%), 5.17 (m, 3 H, H-1', H-3!, H-4%),
5.10 (dd, 1 H, J = 6.2, 7.9 Hz, H-2"), 5.08 (dd, 1 H, J = 3.4, 9.6 Hz, H-3), 5.00 (dd, 1 H, J = 3.2,
9.9 Hz, H-3%), 4.70 (d, 1 H, J = 1.2 Hz, H-1%), 4.67 (d, 1 H, J = 0.9 Hz, H-1%), 4.31 (dd, 1 H, J =
2.7,12.2 Hz, H-6), 4.28 (dd, 1 H, J = 5.6, 12.5 Hz, H-6), 4.24 (dd, 1 H, J = 5.0, 12.2 Hz, H-6),
4.08 (dd, 1 H, J = 2.3, 12.2 Hz, H-6), 4.07 (dd, 1 H, J = 4.1, 12.2 Hz, H-5a' ), 3.94 (ddd, 1 H, J =
4.6,7.9,7.9 Hz, H-4'), 3.91 (dd, 1 H, J = 9.5, 9.5 Hz, H-4%), 3.60 (m, 2 H, H-5>%), 3.53 (dd, 1 H,
J = 8.3, 12.0 Hz, H-5b"); >°C NMR (100 MHz, CDCl3): § 98.03 (C-1), 97.95 (C-1), 96.56 (C-1),
72.98, 72.85 (2 lines), 72.55, 70.80, 70.70, 70.64, 69.79, 68.96, 68.33, 65.83, 62.65 (C-6), 62.51
(C-6), 62.27 (C-5"); HRMS (DCI+): m/z: 991.3081 , calcd. for CqHssOnN, [M+NH,]':
991.3043.
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Partial 'H NMR spectrum of 6-4¢ (400 MHz, CDCls).

ManpI-4ManpI-3Xyl(*C,) BI-OPNP, per-O-acetate (6-4d)

Aco— OAC aco— OAC
AcO AcO
0
64 G b

22 mg (22.6 umol, 19.1%); Rf (2:1 EtOAc/PE) = 0.37; 'H NMR (400 MHz, CDCls): & 5.47 (dd,
1H,J=33,<1Hz H-2%,5.39 (m, 2 H, H-1', H-2*), 5.18 (dd, 1 H, J = 9.7, 9.7 Hz, H-4%), 5.11
(dd, 1 H, J = 3.3, 9.5 Hz, H-3%, 5.01 (m, 1 H, H-2"), 4.99 (dd, 1 H, J = 3.0, 9.7 Hz, H-3%), 4.95
(m, 1 H, H-4"),4.83 (d, 1 H,J < 1 Hz, H-1%,4.71 (d, 1 H, J < 1 Hz, H-1%), 433 (dd, 1 H, J =
2.7, 12.2 Hz, H-6), 4.28 (dd, 1 H, J = 5.5, 12.2 Hz, H-6), 4.23 (dd, 1 H, J = 4.9, 12.2 Hz, H-6),
4.08 (m, 2 H, H-6, H-5a"), 3.99 (dd, 1 H, J = 4.7, 4.7 Hz, H-3"), 3.95 (dd, 1 H, J = 9.7, 9.7 Hz,
H-4%), 3.60 (m, 3 H, H-5*°, H-5b"); ®C NMR (100 MHz, CDCl;): § 98.12 (C-1), 97.98 (C-1),
96.23 (C-1"), 73.55, 72.98, 72.87, 72.54, 70.76, 70.67, 68.95, 68.33, 68.30, 68.14, 65.82, 62.63
(C-6), 62.54 (C-6), 59.98 (C-5"); HRMS (DCI+): m/z: 991.3033 , calcd. for Ca;HssOxN,
[M+NH,]*: 991.3043.
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Partial 'H NMR spectrum of 6-4d (400 MHz, CDCls5).

Man f1-4ManBI-4ManB1-4Xyl(*C;) BI-OPNP, per-O-acetate (6-4e)

AcO ogc AcO ogc AcO ogc o
AcO - o&/o&/o o—©—N02
AcO AcO AcO Aco/m/
OAc
(6-4e)

1.5 mg (1.2 pmol, 1%); Rf (5:2 EtOAc/PE) = 0.52; 'H NMR (400 MHz, CDCls): & 5.39 (dd, 1
H, J =3.3, <1 Hz, H-2%, 5.36 and 5.34 (2 xdd, 2 H, J = 3.3, < 1 Hz, H-2*?), 5.18 (m, 3 H, H-1',
H-3', H-4%), 5.11 (dd, 1 H, J = 6.4, 7.9 Hz, H-2"), 5.08 and 5.05 (2 X dd, 2 H, J= 3.3, 9.4 Hz and
3.3, 9.7 Hz, respectively, H-3>?), 4.99 (dd, 1 H, J = 3.3, 9.7 Hz, H-3%, 4.69 (d, 1 H, J < 1 Hz, H-
1), 4.66 2 x d, 2 H, J < 1 Hz, H-12%), 4.35-4.25 (m, 3 H, 3 x H-6), 421 (2 x dd, 2 H, J = 4.9,
12.2 Hz, 2 x H-6), 4.07 (dd, 1 H, J = 2.7, 12.2 Hz, H-6), 4.07 (dd, 1 H, J = 4.6, 12.2 Hz, H-5a"),
3.94 (ddd, 1 H, J = 4.6,7.9, 7.9 Hz, H-4"), 3.90 and 3.88 (2 x dd, 2H, J = 9.4, 9.4 Hz and 9.7, 9.7
Hz, respectively, H-4>%), 3.57 (m, 4H, H-5***, H-5b'); HRMS (APCI+): m/z: 1279.3885, calcd.
for Cs3H7,034N, [M+NH,]*: 1279.3888.

Partial "H NMR spectrum of 6-4e (400 MHz, CDCL).
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Man B1-4Manf1-4ManB1-3Xyl('C,) 1-OPNP, per-O-acetate (6-4f)

AcO OAc AcO OAc AcO OAc
AcO AcO AcO
‘O
(6-4f)

OAc OAc

1.5 mg (1.2 umol, 1%); Rf (5:2 EtOAC/PE) = 0.31; 'H NMR: §5.47 (dd, 1 H, J = 3.3, < 1 Hz,
H-2™"), 5.39 (m, 2 H, H-1', H-2™"), 533 (dd, 1 H, J = 3.3, < 1 Hz, H-2™"), 5.18 (dd, 1 H, J =
9.9, 9.9 Hz, H-4%), 5.09 (dd, 1 H, J = 3.3, 9.4 Hz, H-3™"), 5.08 (dd, 1 H, J = 3.6, 9.4 Hz, H-3™"),
5.01 (m, 1 H, H-2"), 4.99 (dd, 1 H, J = 3.0, 10.0 Hz, H-3™"), 4.95 (m, 1 H, H-4"), 4.83, 4.69,
4.67 (3xd,3H,J<1Hz H-1**, 435 (dd, 1 H, J =2.7, 12.2 Hz, H-6), 4.32-4.17 (m, 4 H, 4 x
H-6), 4.08 (m, 2 H, H-6, H-5a"), 4.00 (dd, 1 H, J = 4.9, 4.9 Hz, H-3"), 3.92,3.90 2 xdd, 2 H, J =
9.4, 9.4 Hz and 9.1, 9.1 Hz, respectively, H-4>*), 3.64-3.53 (m, 4 H, H-5**, H-5b"); HRMS
(APCI+): m/z: 1279.3892, calcd. for Cs3Hy O34N, [M+NH,]: 1279.3888.

Partial 'H NMR spectrum of 6-4f (400 MHz, CDCls).

p-Nitrophenyl B-cellobioside as an acceptor: 41.7 mg (90 umol) acceptor was dissolved in 4
mL 150 mM sodium citrate, pH 6. o-Mannosyl fluoride (2 eq.) was added, followed by Man2a
E519S to a final concentration of 1 mg/mL. The reaction was maintained at room temperature

for 24 hrs. whereupon TLC analysis (7:2:1 EtOAc/MeOH/H,0) indicated essentially complete

consumption of acceptor. Products were isolated and acetylated in the usual manner.
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Manp1-3Gluf1-4GluB1-OPNP, per-O-acetate (6-5a)

OAc AcO AcO
AcO 0 (0]
A o NO
AcO OAc OAc
(6-5a)

7.3 mg (7 pmol, 7.8%); Rf (3:1 EtOAc/PE) = 0.64; "H NMR (400 MHz, CDCls): & 5.28 (dd, 1
H, J = 3.3, < 1.0 Hz, H-2%), 5.26-5.14 (m, 4 H, H-1', H-2', H-3', H-4%), 5.01 (dd, 1 H, J = 9.5,
9.5 Hz, H-4%), 4.95 (dd, 1 H, J = 3.3, 9.6 Hz, H-3%), 4.90 (dd, 1 H, J = 8.1, 9.1 Hz, H-2%), 4.61 (d,

1 H, J < 1.0 Hz, H-1%), 4.43 (broad d, 1 H, J = 12 Hz, H-6), 4.39 (d, 1 H, J = 7.7 Hz, H-1%), 4.32
(dd, 1 H, J = 4.6, 12.4 Hz, H-6), 4.28 (dd, 1 H, J = 4.6, 12.5 Hz, H-6), 4.15 (dd, 1 H, J = 3.7,
12.1 Hz, H-6), 4.08 (dd, 1 H, J = 2.7, 12.4 Hz, H-6), 4.05 (dd, 1 H, J = 2.2, 12.3 Hz, H-6), 3.84
(dd, 1 H, J = 9.4, 9.4 Hz, H-3%), 3.80 (m, 2 H, H-5", H-4"), 3.59 (m, 2 H, H-5% H-5°); >C NMR
(100 MHz, CDCl3): § 100.73 (C-1), 98.31 (C-1), 97.87 (C-1), 78.63, 75.79, 73.31, 72.61, 72.43, -
72.23, 72.18, 71.06, 70.86, 68.25, 67.59, 65.70, 62.23 (C-6), 61.98 (C-6), 61.83 (C-6); HRMS
(DCI+): m/z: 1063.322, caled. for C44HsoOsN, [M+NH,]*: 1063.325.

Partial 'H NMR spectrum for 6-5a (400 MHz, CDCls). .

Manf1-4Gluf1-4Glu81- OPNP, per-0-acetate (6-5b)
OAc

AcO cO AcO
Acoﬁ/oﬁ/oﬂ/OO—N%
AcO AcO AcO
OAc OAc

(6-5b)
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2.3 mg (2.2 pmol, 2.4%); Rf (2:1 EtOACc/PE) = 0.50; 'H NMR (400 MHz, CDCl3): & 5.36 (dd, 1
H, J =< 1.0, 3.2 Hz, H-2%), 5.26 (dd, 1 H, J = 8.6, 8.6 Hz, H-3"), 5.20-5.13 (m, 3 H, H-1, H-2',
H-4%),5.12 (dd, 1 H, J = 9.4, 9.4 Hz, H-3%, 4.97 (dd, 1 H, J = 3.1,9.7 Hz, H-3%), 4.84 (dd, 1 H, J
=7.9,9.4 Hz, H-2%),4.61 (d, 1 H, J = < 1.0 Hz, H-1%), 4.52 (dd, 1 H, J = 2.0, 12.1 Hz, H-6), 4.49
(d, 1 H,J=7.9 Hz, H-1%), 4.30 (dd, 1 H, J = 5.2, 12.4 Hz, H-6), 4.27 (m, 2 H, 2 x H-6), 4.09 (dd,
1 H,J=25,12.3 Hz, H-6), 408 (dd, 1 H, J = 5.5, 12.1 Hz, H-6), 3.85 (dd, 1 H, J = 9.6, 9.6 Hz,
H-4"), 3.81 (dd, 1 H, J = 9.5, 9.5 Hz, H-4%), 3.80 (m, 1 H, H-5"), 3.58 (m, 2 H, H-5% H-5%; *C
NMR (100 MHz, CDCl3): 8 100.65 (C-1), 97.91 (C-1), 97.56 (C-1), 76.12, 74.47, 73.30, 72.75,
72.72, 72.32, 72.25, 71.74, 71.33, 70.76, 68.25, 65.87, & 62.26 (2 lines, 2 x C-6), 61.77 (C-6);
HRMS (DCI+): m/z: 1063.3261, calcd. for C44Hs9025N, [M+NH4]*: 1063.3254.

Partial '"H NMR spectrum for 6-5b (400 MHz, CDCls).

Manf1-4Manf1-4Gluf1-4Gluf1-OPNP, per-O-acetate (6-5¢)

Aco— DA Aco— 9AC aco AcO
A"O’&J&/O/&/Oﬂo/&/o < > NO2
AcO AcO AcO AcO

OAc OAc

(6-5¢)

41.3 mg (31 pmol, 34.4%); Rf (2:1 EtOAc/PE) = 0.42; '"H NMR (400 MHz, CDCL): 8 5.38 (dd,
1H,J=3.3,09 Hz, H-2%, 5.30 (dd, 1 H, J = 3.3, < 1 Hz, H-2%, 5.25 (dd, 1 H, J = 8.5, 8.5 Hz,
H-3"), 5.16 (m, 3 H, H-1', H-2', H-4%, 5.11 (dd, 1 H, J = 9.3, 9.3 Hz, H-3%), 5.05 (dd, 1 H, J =
3.3, 9.5 Hz, H-3%), 4.98 (dd, 1 H, J = 3.3, 10.1 Hz, H-3%), 4.82 (dd, 1 H, J = 7.9, 9.5 Hz, H-2%),
4.68 (d, 1 H, J < 1 Hz, H-1%), 4.58 (d, 1 H, J < 1 Hz, H-1%), 4.51 (dd, 1 H, J = 2.1, 12.2 Hz, H-
6a'), 4.48 (d, 1 H, J = 7.9 Hz, H-1%), 4.33-4.19 (m, 5 H, 5 x H-6), 4.07 (m, 2 H, H-6, H-6b"),
3.88 (dd, 1 H, J=9.6, 9.6 Hz, H-4%), 3.84 (dd, 1 H, J = 8.5, 9.8 Hz, H-4'), 3.80 (dd, 1 H, J = 9.5,
9.5 Hz, H-4%), 3.80 (m, 1 H, H-5"), 3.58 (m, 2 H, H-5**), 3.52 (ddd, 1 H, J = 2.7, 4.6, 9.6 Hz, H-
5%); *C NMR (100 MHz, CDCls): § 100.60 (C-1), 97.89 (C-1), 97.81 (C-1), 97.39 (C-1), 76.05,
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74.44, 73.23, 72.97, 72,71, 72.58 (2 lines), 72.19 (2 lines), 71.74, 71.19, 70.67, 70.63, 68.64,
68.31, 65.77, 62.54 (C-6), 62.47 (C-6), 62.19 (C-6), 61.70 (C-6); HRMS (DCI+): m/z:
1351.4101, calcd. for CseH75036N, [M+NH4]": 1351.4099.
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Partial '"H NMR spectrum for 6-5¢ (400 MHz, CDCl,).

ManfI-4Manf1-3Glu1-4GluS1-OPNP, per-O-acetate (6-5d)

0 OAc Ac
AcO (0]
AcO A°°4&A/ &/O‘Q_

AcO
(6-5d)

5.5 mg (4.1 umol, 4.6%); Rf (2:1 EtOAc/PE) = 0.37; 'H NMR (400 MHz, CDCl3): & 5.39 (dd, 1
H, J=3.3, <1 Hz, H-2%, 5.27-5.13 (m, 5 H, H-1', H-2', H-3', H-2%, H-4%), 4.99 (m, 3 H, H-4%,
H-3*%), 4.89 (dd, 1 H, J = 7.6, 8.8 Hz, H-2%), 4.69 (d, 1 H, J < 1 Hz, H-1%), 457 (d, 1 H, J < 1
Hz, H-1°),4.43 (dd, 1 H, J = 2, 12 Hz, H-6a"), 4.39 (d, 1 H, J = 7.6 Hz, H-1%), 4.32-4.22 (m, 4 H,
4 x H-6), 4.14 (dd, 1 H, J = 5, 12 Hz, H-6b"), 4.06 (dd, 1 H, J = 2.7, 12.2 Hz, H-6), 4.04 (dd, 1
H, J = 2.2, 12.2 Hz, H-6), 3.90 (dd, 1 H, J = 9.7, 9.7 Hz, H-4%), 3.80 (m, 3 H, H-4!, H-5', H-3?),
3.58 (m, 2 H, H-5%%), 3.51 (ddd, 1 H, J = 2.8, 3.8, 9.8 Hz, H-5%); 3C NMR (100 MHz, CDCl,):
8 100.69 (C-1), 98.39 (C-1), 98.14 (C-1), 97.94 (C-1), 78.79, 75.79, 73.38, 72.87 (2 lines), 72.68,
72.60, 72.28 (2 lines), 71.19, 71.03, 70.75, 68.70, 68.43, 67.80, 65.91, 62.69 (C-6), 62.59 (C-6),
61.96 (2 lines, 2 x C-6); HRMS (APCI+): m/z: 1351.4072, calcd. for CsH7s036N; [M+NH,]*:
1351.4099.
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Partial 'H NMR spectrum for 6-5d (400 MHz, CDCls).

Manf1-4Manf1-4Man B1-4GluBl1-4GluB1-OPNP, per-O-acetate (6-5e)

AcO— PAC Aco— QAC Aco— PAC aco AcO
reox o oo oo ola oo o-{ Ho,
AcO AcO AcO AcO AcO

OAc OAc

(6-5¢)

2 mg (1.2 pmol, 1.8%); Rf (3:1 EtOAC/PE) = 0.39; 'H NMR (400 MHz, CDCls): § 5.38 (dd, 1
H, J = 3.3, < 1 Hz, H-2%), 5.33, 530 (2 x dd, 2 H, J = 3.3, < 1 Hz each, 2 x H-2™"), 5.25 (dd, 1
H, J=8.7,8.7 Hz, H-3"), 5.21-5.12 (m, 3 H, H-1', H-2!, H-4%), 5.11 (dd, 1 H, J = 9.5, 9.5 Hz, H-
3%),5.06, 5.02 (2 x dd, 2 H, J = 3.3, 9.8 Hz each, 2 x H-3™"), 4.99 (dd, 1 H, J = 3.3, 10.1 Hz, H-
3%),4.83 (dd, 1 H,J =79, 9.5 Hz, H-2%),4.69 (d, 1 H, J < 1 Hz, H-1%), 4.63,4.57 2 xd,2 H, J <
1 Hz each, 2 x H-1™"), 4.51 (dd, 1 H, J = 1.8, 11.9 Hz, H-6a"), 4.48 (d, 1 H, J = 7.9 Hz, H-1%),
4.34-4.17 (m, 7 H, 7 x H-6), 4.08 (m, 2 H, H-6, H-6b"), 3.89 (dd, 1 H, J = 9.5, 9.5 Hz, H-4™"),
3.86 (dd, 1 H, J = 9.7, 9.7 Hz, H-4™"), 3.85 (dd, 1 H, J = 8.8, 8.8 Hz, H-4!),3.79 (dd, 1 H, J =
9.5, 9.5 Hz, H-4%), 3.79 (m, 1 H, H-5"), 3.62-3.48 (m, 4 H, H-5**%); *C NMR (100 MHz,
CDCl): §100.61,97.99, 97.91, 97.84, 97.36 (5 x C-1), 76.06, 74.43, 73.25, 73.04, 72.98, 72.84,
72.72, 72.60 (2 lines), 72.22, 72.15, 71.77, 71.21, 70.68 (3 lines), 68.75, 68.58, 68.32, 65.77,
62.73 (C-6), 62.52 (2 lines, 2 x C-6)), 62.23 (C-6), 61.72 (C-6); MS (DCI+): m/z: 1639, calcd.
for CgsHo OaN, [M+NH,]*: 1639.5. - |
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Partial 'H NMR spectrum for 6-5e (400 MHz, CDCl5).

p-Nitrophenyl 3-gentiobioside as an acceptor: 20 mg (43.1 umol) acceptor was dissolved in 2
mL 150 mM sodium citrate buffer, pH 6. -Mannosyl fluoride (2 eq.) was added, followed by
Man2a E519S (1 mg/mL final concentration). The reaction was maintained at room temperature
for 24 hrs. whereupon TLC analysis (7:2:1 EtOAc/MeOH/H,0) indicated complete consumption

of the acceptor. Products were isolated and acetylated in the usual manner.

Manf(1,3)[Gluf(1,6)]GluBI-OPNP, per-O-acetate (6-6a)
AcO
AcO O fo)
Acg%\: %g/
OAc AcO O__opNP
AC&/O

7.7 mg (7.4 umol, 17.2%); Rf (2:1 EtOAc/PE) = 0.42; 'H NMR (400 MHz, CDCl3): § 5.33 (dd,
1 H,J=32,09 Hz, H-2?), 5.20 (dd, 1 H, J = 9.4, 9.4 Hz, H-4%, 5.20 (dd, 1 H, J = 7.9, 9.1 Hz,
H-2"),5.12 (dd, 1 H, J=9.5, 9.5 Hz, H-3%), 5.04 (dd, 1 H, J = 9.7, 9.7 Hz, H-4%), 499 (d, 1 H, J
=17.6 Hz, H-1%), 4.97 (dd, 1 H, J = 3.3, 10.0 Hz, H-3%), 4.95 (dd, 1 H, J = 7.9, 9.5 Hz, H-2%), 4.90
(dd, 1 H, J = 9.1, 9.8 Hz, H-4"), 4.69 (d, 1 H, J = 0.9 Hz, H-1%), 448 (d, 1 H, J = 7.9 Hz, H-1?),
432 (dd, 1 H, J = 4.9, 12.2 Hz, H-6), 4.23 (dd, 1 H, J = 4.9, 12.2 Hz, H-6), 4.10 (dd, 1 H, J =
2.4, 12.2 Hz, H-6), 4.09 (dd, 1 H, J = 2.7, 12.2 Hz, H-6), 3.98 (dd, 1 H, J = 9.1, 9.1 Hz, H-3"),
3.89 (dd, 1 H, J = 1.7, 10.8 Hz, H-6a"), 3.82 (ddd, 1 H, J = 1.8, 7.9, 9.9 Hz, H-5"), 3.61 (m, 2 H,

H-5*%),3.57 (dd, 1 H, J = 7.9, 10.7 Hz, H-6b"); *C NMR (100 MHz, CDCl3): & 100.49 (C-1),
98.45 (C-1), 98.36 (C-1), 78.56 (C-3"), 74.02, 72.58, 72.54, 72.04, 71.98, 71.06, 70.84, 68.40,
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68.30, 68.25, 68.07 (C-6), 65.70, 62.30 (C-6), 61.74 (C-6); HRMS (DCI+): m/z: 1063.323,
calcd. for C4sHso025Ns [M+NH,]™: 1063.325. The HMBC spectrum indicated that c-3! coupled
with H-1° (mannoside ring) as well as H-2', and H-4' (PNP glucoside ring); Coupling was also
observed between C-1° and H-3'. The HMBC data thus supports the B-(I,S) branch linkage
proposed.

Partial "H NMR spectrum for 6-6a (400 MHz, CDCls).

Manf(1,4)Manf(1,3)[Gluf}1,6)]Gluf1-OPNP, per-O-acetate (6-6b)

AcO o
AcO
Aca&/ o
OAc
(0]
AcO OAc AcO OAc AcO 0 OPNP
ACO%O’&/ OAc

AcO AcO

(6-6b)

24.6 mg (18.5 umol, 43%); Rf (2:1 EtOAC/PE) = 0.24; "H NMR (400 MHz, CDCls): & 5.38 (dd,
1H,J=33,09 Hz, H-2%, 527 (dd, 1 H, J = 3.3, 0.9 Hz, H-2%, 5.18 (dd, 1 H, J = 7.9, 9.5 Hz,
H-2"),5.17 (dd, 1 H, J = 9.9, 9.9 Hz, H-4%), 5.11 (dd, 1 H, J = 9.5, 9.5 Hz, H-3%), 5.03 (dd, 1 H, J
= 10.0, 10.0, H-4%, 5.02 (dd, 1 H, J = 3.3, 9.8 Hz, H-3%), 498 (d, 1 H, J = 7.9 Hz, H-1"), 4.98
(dd, 1 H, J=3.2,9.9 Hz, H-3%, 494 (dd, 1 H, J = 7.9, 9.5 Hz, H-2%), 4.87 (dd, 1 H, J = 9.1, 9.8
Hz, H-4"), 469 (d, 1 H, J = 0.9 Hz, H-1*), 4.64 (d, 1 H, J = 0.9 Hz, H-1%), 447 d, 1 H,J =79
Hz, H-1%), 4.27 (m, 3 H, 3 x H-6), 4.22 (dd, 1 H, J = 4.9, 12.2 Hz, H-6), 4.09 (dd, 1 H, J = 2.4,
12.2 Hz, H-6), 4.05 (dd, 1 H, J = 2.4, 12.2 Hz, H-6), 3.94 (dd, 1 H, J = 9.1, 9.1 Hz, H-3"), 3.90
(dd, 1 H, J = 9.7, 9.7 Hz, H-4%), 3.86 (dd, 1 H, J = 1.5, 10.4 Hz, H-6a"), 3.80 (ddd, 1 H, J = 1.8,
7.9, 9.8 Hz, H-5%), 3.61-3.50 (m, 4H, H-5***, H-6b"); °C NMR (100 MHz, CDCls): § 100.47
(C-1), 98.49 (C-1), 98.31 (C-1), 98.05 (C-1), 78.67, 73.99, 72.88, 72.71, 72.57, 72.53, 72.00,




197

71.91, 71.03, 70.95, 70.67, 68.66, 68.48, 68.35, 68.22, 68.03 (C-6), 65.77, 62.65 (C-6), 62.50 (C-
6), 61.70 (C-6); HRMS (DCI+): m/z: 1351.412, caled. for C44Hs9O23N, [M+NH4]": 1351.410.
The HMBC spectrum indicated coupling between C-3' and H-1°, as well as between H-3' and C-
1%, thus confirming the presence of a -(1,3) branch linkage. Coupling was also observed
between C-4> and H-14, as well as between C-1* and H-4>. This further confirms that the

terminal mannose residue is $-(1,4) linked.

Partial 'H NMR spectrum for 6-6b (400 MHz, CDCls).

Mailtol B-D-mannopyranoside, per-O-acetate (6-7)

OAc

AcO o 02.
ACO&/O 1 . 6-7
P
6 5°Q

Maltol (20.6 mg, 0.18 mmol) was dissolved in 3 mL citrate buffer (100 mM, pH 6). An aliquot
of a-ManF was added (356 pL of 0.509 M, 0.18 mmol, 1 eq.) followed by 6 mg of Man2A
E519S. The reaction was maintained at room temperature for 20 hrs. whereupon a second
aliquot of a-ManF was added (0.113 mmol, 0.6 eq.). After 44 hrs. complete conversion of
maltol to a new UV active product was noted by TLC (Rf (7:2:1 EtOAc/MeOH/H,0) = 0.30).
The product was purified by HPLC, per-O-acetylated, then further purified by silica gel
chromatography to obtain an off white solid (38 mg, 0.085 mmol, 47%). 'H NMR (400 MHz,
CDCL): 87.61(d,1H,J=5.5Hz,H-4"),6.32(d, 1 H,J=5.8 Hz, H-3"),5.72 (dd, 1 H, /= 0.9,
3.3 Hz, H-2),5.67 (d, 1 H, J=0.9 Hz, H-1), 5.22 (dd, 1 H, J=9.9, 9.9 Hz, H-4), 5.10 (dd, 1 H,J
= 10.0, 3.0 Hz, H-3), 4.23 (dd, 1 H, J = 12.2, 5.5 Hz, H-6a), 4.06 (dd, 1 H, J = 12.2, 2.7 Hz, H-

6b), 3.59 (ddd, 1 H,J =2.7, 5.5, 9.9 Hz, H-5), 2.27, 2.18, 2.01, 1.99, 1.98 (all s, 15 H, 5 x CH3);
>C NMR (100 MHz, CDCls): § 173.87 (C-2"), 170.37, 169.92, 169.73, 169.69 (4 x CH;CO),
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160.78 (C-1°), 153.69 (C-4°), 140.75 (C-5’), 117.18 (C-3’), 96.12 (C-1), 72.51, 70.84, 68.57,
66.20 (C-2,3,4,5), 62.21 (C-6), 20.76-20.53 (lines, 4 x CH3CO), 14.82 (C-6’).

Transglycosylation kinetics

Transglycosylation kinetic analysis of Man2A ES519A and E519S was performed in a manner
similar to the protocol described in the Chapter 5 experimental. -Mannosyl fluoride was used
as donor and PNP (3-cellobioside as acceptor. All kinetics were performed at 25°C in 100 mM
citrate, 150 mM NaCl, 1 mg/ml. BSA, pH 6. Final enzyme concentrations of 5 uM E519S and
70 uM E519A were used. Because o-mannosyl fluoride could only be prepared as a gum,
solution concentrations were determined by boiling appropriately diluted samples (~ 50 mM) for

30 min. and measuring the total fluoride released with the fluoride electrode.

Azide rescue of Man2A E519A and ES519S

Kinetic analysis of the chemical rescue of Man2A E519A and E519S mutants was performed in
a manner similar to the rescue protocol described in the Chapter 5 experimental. Solutions of
2,4-dinitrophenyl B-mannoside and azide, buffered at pH 6, were prepared fresh prior to use.
Reactions were performed at 25°C in 1 M azide, 100 mM citrate, 1 mg/mL BSA, pH 6. Final
enzyme concentrations of 184 nM ES519A and 71 nM E519S were used. Man2A E519S
displayed transglycosylation behaviour, therefore kinetic parameters were derived from a fit of
the data at low substrate concentrations to the Mi\chaelis Menten equation using GraFit. Man2A

E519A displayed substrate inhibition, thus the whole data set was fit to the substrate inhibition -

equation.
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Chapter 7: Development of a ‘Cellulosynthase’ from Streptomyces lividans endoglucanase
CelB

General

The syntheses of DNPC and 2FDNPC have been described previously.3%4 The expression and
purification of CelB has also been published elsewhere.#® This is a truncated form of the
enzyme, lacking a signal peptide and cellulose binding domain, corresponding to D41 through
G274 of the sequence listed in the National Center for Biotechnology Information (NCBI)
database (accession number 2462718). CelB nucleophile mutants were constructed, expressed
and purified by the lab of Professor Claude Dupont (Centre de recherche en microbiologie
appliquée, Institut Armand-Frappier, Universit¢é du Québec). Enzyme concentrations were

determined using the extinction coefficient €50 = 54.6 mM.cm™ (€2% =22), which was

calculated from the content of tyrosine and tryptophan residues.305

Steadv-State Kinetics

Steady state kinetic studies were performed on a Unicam 8700 UV-Vis spectrometer equipped
with a circulating water bath. Appropriate concentrations of DNPC were diluted in 50 mM
sodium citrate, 0.1% BSA, pH 6.5 (200 pul) and equilibrated at 37°C in micro quartz cuvettes.
An aliquot of CelB (10 ul, 8.1 X 10* mg/ml, diluted in 50 mM sodium citrate, 0.1% BSA, pH
6.5) was added to initiate hydrolysis whereupon the release of 2,4-dinitrophenol was monitored
continously at A = 400 nm (A&400 - 10 910 M .cm™).33 Enzymatic hydrolysis rates were
measured for DNPC concentrations ranging from 1/5 to 40 times the estimated K, value. These
enzymatic hydrolysis rates were corrected for the significant spontaneous hydrolysis rate of
DNPC (measured prior to the addition of CelB). The resulting velocity curve was fit according

to substrate inhibition (Chapter 3, equation 3-1) using GraFit.292

Inactivation Kinetics
CelB (100 pl, 0.02 mg/ml 50 mM sodium citrate, 0.1% BSA, pH 6.5) was incubated at 37°C in
the presence of various concentrations of 2FDNPC (0.057-11.38 mM). Aliquots (10 ul) were

removed from the inactivation mix at appropriate intervals and added to cuvettes pre-equilibrated

at 37°C with 0.5 mM solutions of DNPC (900 ul, 50 mM sodium citrate, 0.1% BSA, pH 6.5),

whereupon the hydrolysis rates were measured as described above. Each inactivation reaction
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was monitored for a minimum of 3 half lives and the resulting curve of fractional activity (V/Vo)
over time was fit according to single exponential kinetics (V/Vo = exp(-kops(inacty - t) + C) using
GraFit. The resulting values of Kopsinacry Were subsequently plotted against the corresponding
concentrations of 2FDNPC and fit with the substrate inhibition equation (Chapter 3, equation 3-
1) using GraFit. In this case k., becomes ki, and Ky becomes Kj,.. A control reaction (no
inactivator) indicated that the spontaneous loss of enzyme activity was negligible within the time
range considered.

Protection against inactivation was demonstrated by reacting CelB with 2FDNPC (2.84
mM) in the presence and absence of 47 mM cellobiose, a competitive inhibitor. When the
concentration of 2FDNPC is sufficiently low to neglect uncompetitive inhibition, the ratio of
observed rate constants with and without a competitive inhibitor present is given by equation 6-1
where P is the competitive inhibitor with a dissociation constant K.
Kty _ Ky *11)

k.
obs(inact) K,-mm(l + [Kﬂ] + [I]

(6-1)

d

Reactivation kinetics

. CelB was diluted to 0.1 mg/ml in 50 mM sodium citrate, pH 6.5 (without BSA) to a total volume
of 120 uL and incubated for 60 minutes at 37°C with 0.5 mM 2FDNPC. This resulted in >95%
inactivation of the enzyme, as determined by the residual activity assay described above. Excess
inactivator was removed by dilution with BSA free buffer (to 400 pL) and subsequent
ultrafiltration (to a final volume of ~100 pL) using a Millipore Ultrafree-MC centrifugal
concentrator (10 kDa nominal molecular weight cut-off). This was performed at 4°C to
minimize premature reactivation. After 3 such cycles, the final retentate was diluted to ~0.025
mg/ml inactivated CelB with buffer containing 0.1% BSA (650 uL total volume). The
inactivated enzyme was then incubated at 37°C in the presence of various concentrations of
cellobiose (0 to 43 mM) and assayed for activity as described above. To compensate for loss of
activity through denaturation of the enzyme a control reaction involving incubation of CelB in
the absence of 2FDNPC was carried through the same steps. The increase in fractional activity
(V/Vo) was monitored over 20 hours. and the resulting time courses fit according to single

exponential kinetics (V/Vo = A(1 - exp(kobs(react) - t)) + C) using GraFit. The rate éonstants

(Kobs(reacy) 8O derived were corrected for reactivation in the absence of cellobiose (kw20) then
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plotted against the corresponding concentrations of cellobiose and fit according to standard

saturation kinetics to derive kyeqer and Kieger.

Labeling of CelB with 2FDNPC and proteolysis
CelB (120 pl, 3.7 mg/ml in 50 mM sodium citrate without BSA) was incubated with 0.5 mM
2FDNPC for 60 minutes at 37°C. Residual activity was reduced to 5% by this time. The sample

was then used immediately for proteolysis or for ESI-MS analysis of the intact protein.
Alternatively the samples were stored over dry ice until required.

The labeled CelB was highly resistant to proteolysis as judged by HPLC profiles of
peptic digests over time, thus it was necessary to denature the enzyme (by boiling) prior to
digestion. Immediately following incubation with 2FDNPC, CelB (100 pl, 3.7 mg/ml labeled or
native) was mixed with 200 mM sodium phosphate, pH 2 (200 ul) and boiled for 3 minutes. The
resulting enzyme precipitates were rapidly clarified upon the addition of pepsin (2 pl, 5.6 mg/mi,
200 mM sodium phosphate, pH 2). Labeled and native digests were incubated overnight at room

temperature and immediately analyzed by ESI-MS or frozen until required.

ESI-MS/MS analysis of labelled CelB
All mass spectra (intact LC/MS, MS/MS neutral loss, and MS/MS daughter ion spectra) were

recorded using a PE-Sciex API 300 triple quadrupole mass spectrometer (Sciex, Thornhill,
Ontario, Canada) equipped with an electrospray ionization source. For the intact mass spectra,
CelB (4 pg, 2F-cellobiosyl labeled or unlabeled) was introduced into the mass spectrometer
through a microbore PLRP-5 column (1 X 50 mm) on a Michrom HPLC system. The quadrupole
mass analyzer was scanned over a m/z range of 600 to 2400 Da, with a step size of 0.5 Da and a
dwell time of 1 ms/step. The ion source voltage was set at 5 kV, and the orifice energy was 50
V. The molecular weights of the CelB species were determined using the deconvolution
software, Multiview 1.1, supplied by Sciex.

Following proteolysis of the labelled enzyme, peptides were separated by reverse phase
HPLC on an Ultra-fast Microprotein Analyzer (Michrom BioResources Inc., Pleasanton, CA,
USA) directly interfaced with the mass spectrometer. In each of the MS experiments, the
proteolytic digest was loaded onto a C18 column (Reliasil, 1 X 150 mm), then eluted with a
gradient of 0-60% solvent B over 60 min, followed by 100% B over 2 min. at a flow rate of 50

ul/min. (solvent A: 0.05% trifluoroacetic acid, 2% acetonitrile in water: solvent B: 0.045%




202

trifluoroacetic acid, 80% acetonitrile in-water). A post-column splitter sent 80% of the sample
into a fraction collector and 20% into the mass spectrometer. The total ion current (TIC) was
initially detected in single-quadrubole scan mode (LC-MS) to produce an HPLC chromatogram
for the whole digest. A mass range of m/z = 300-2200 Da was scanned using mass spectrometer
settings identical to those used for the intact protein. The TIC for a second HPLC run was
subsequently collected in neutral loss mode, scanning for the loss of the 2-fluorocellobiosyl label
(327 Da) from a singly charged peptide. The collision gas consisted of 90% argon and 10% N,.
HPLC fractions corresponding to the labeled peptide were saved for sequencing.

The MS/MS daughter ion spectrum of the labeled peptide isolated above was obtained in
the triple-quadrupole scan mode by selectively introducing the m/z 947.5 Da peptide from the
first quadrupole (Q1) into the collision cell (Q2) and observing the daughter ions in the third
quadrupole (Q3). The following settings were used: Q1 was locked on m/z = 947.5 Da; Q3 scan
range: m/z = 50-970 Da; step size: 0.5 Da; dwell time: 1 ms/step; ion source voltage: 5.5 kV,
orifice voltage: 50 V; RNG =400 V; Q0 = -10; R02 = -55 V; collision gas = Nj.

Transglycosylation kinetics with CelB nucleophile mutants

The polymerization of o.-cellobiosyl fluoride by CelB nucleophile mutants was monitored with a
fluoride electrode. The apparatus and software used were the same as that described in the
experimental for Chapter 5. Reaction cuvettes were charged with o-cellobiosyl! fluoride in 150
mM NaPi, 150 mM NaCl, 1 mg/mL BSA, pH 7 (500 pL total volume) and equilibrated at 25°C.
The reaction was initiated by addition of an aliquot of CelB nucleophile mutant (20-150 uL) and
subsequently monitored over 7-10 min.. Final enzyme concentrations were as follows: CelB
E120S, 0.57 mg/mL (23.3 uM); E120A, 0.62 mg/mL (25.4 uM); E120G, 4.5 mg/mL (183 uM).
Enzymatic rates were corrected for spontaneous hydrolysis of ¢-cellobiosyl fluoride. Plots of
reaction velocity vs substrate concentration were fit according to standard Michaelis Menton

kinetics using GraFit.

Synthesis

a-Cellobiosyl fluoride, per-O-acetate

o-Cellobiosyl fluoride, per-O-acetate was synthesized according to a published procedure.306

Cellobiose per-O-acetate (8.02 g, 11.8 mmol) was dissolved in dry DCM (25 mL) in a 125 mL
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Nalgene™ bottle. The flask was flushed with dry argon and then 70% HF/pyridine (25 g) and
acetic anhydride (1 mL) added. The container was sealed and the reaction maintained at room
temperatufe for 36 hrs. at which time TLC analysis (1:1 .EtOAc/PE) indicated complete
conversion to o-cellobiosyl fluoride per-O-acetate. The reaction was diluted with DCM (125
mL) and poured into ice-water (200 mL). The organic layer was washed with saturated sodium
bicarbonate and water then dried over MgSO,4. After evaporation of the solvent o-cellobiosyl
fluoride per-O-acetate was obtained as white crystals (7.12 g, 11.1 mmol, 94%). 'H NMR data
was in agreement with that reported previously.306 Rf (1:1 EtOAc/PE) = 0.38; 'H NMR (400
MHz, CDCl3): & 5.65 (dd, 1 H, J = 2.6, 53.1 Hz, H-1%), 545 (dd, 1 H, J = 9.8, 9.8 Hz, H-3"),
5.13(dd, 1 H, J=9.3,9.3 Hz, H-3), 5.05 (dd, 1 H, J = 9.6, 9.6 Hz, H-4%), 491 (dd, 1 H, J = 7.8,
9.4 Hz, H-2%), 4.87 (ddd, 1 H, J = 2.8, 10.1, 24.4 Hz, H-2"), 4.53 (dd, 1 H, J = 2.1, 12.5 Hz, H-6),
4.52 (d, 1 H,J =78 Hz, H-1%),4.34 (dd, 1 H, J = 4.6, 12.5 Hz, H-6), 4.12 (dd, 1 H, J = 4.1, 12.3
Hz, H-6), 4.09 (m, 1 H, H-5"), 4.03 (dd, 1 H, J = 2.1, 12.5 Hz, H-6), 3.81(dd, 1 H,J=9.7,9.7
Hz, H-4"), 3.65 (ddd, 1 H, J = 2.1, 4.3, 9.8 Hz, H-5%); F NMR (188 MHz, CDCls, ref. to
CF;CO.H): 6 -73.4 (dd, J = 24.4, 53.4 Hz).

a-Cellobiosyl fluoride

o-Cellobiosyl fluoride was obtained by treatment of the per-O-acetate (7.06 g, 11 mmol) with
catalytic sodium methoxide in dry methanol for 45 min.. Neutralization of the reaction with
Amberlite IR-120(H") resin caused the product to crystallize spontaneously (3.02 g, 8.77 mmol,
80%). Rf (5:2:1 EtOAc/MeOH/H,0 = 0.46); 'H NMR (400 MHz, D,0): & 5.68 (dd, 1 H, J =
2.7,53.4 Hz, H-1'), 4.51 (d, 1 H, J = 8.0 Hz, H-1%, 3.95 (m, 1 H, H-5"), 3.94-3.87 (m, 3 H, H-
6'a,b and H-6"a), 3.85 (dd, 1 H, J=9.4,9.4 Hz, H-3"), 3.75 (dd, 1 H, J = 9.5, 9.5 Hz, H-4"), 3.71
(dd, 1 H,J =5.9, 12.6 Hz, H-6°b), 3.65 (ddd, 1 H, J = 2.7, 9.7, 26.3 Hz, H-2"),3.50 (dd, 1 H, J =
9.1,9.1 Hz, H-3%), 3.47 (m, 1 H, H-5%), 3.40 (dd, 1 H, J = 9.2, 9.2 Hz, H-4%, 3.31 (dd, 1 H, J =
8.0, 9.0 Hz, H-2%), ’F NMR (188 MHz, D,0, ref. to CF;CO,H): & —74.6 (dd, J = 25.9, 53.4 Hz).

Synthesis of cellulose with CelB E120S

o-Cellobiosyl fluoride (49 mg, 142 pmol) was dissolved in 1 mL 500 mM ammonium
bicarbonate, pH 7.9. CelB E120S (0.75 mg) was added and the reaction maintained at room
temperature. In 1 hr. a white precipitate formed. After 24 hrs. a second portion of E120S was

added (0.35 mg). TLC analysis (5:2:1 EtOAc/MeOH/H,0) indicated complete consumption of
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o-cellobiosyl fluoride after 36 hrs.. The white preciptitate was collected by centrifugation then
washed repeatedly with water. Upon drying in vacuo over P,Os a white powder was obtained
(40.5 mg, 85%).

The polysaccharide product was per-O-acetylated in a fashion similar to the Miles’
method for the synthesis of triacetyl cellulose.253 The product (38 mg) was suspended in 0.5 mL
acetic anhydride / acetic acid / H,SO4 (1:1: 0.025) and the mixture maintained at 35°C for 24 hrs.
whereupon a clear, pale brown solution was obtained. This solution was poured into cold water
(4 mL) to obtain a white precipitate which was subsequently stirred vigourously for 24 hrs.. The
precipitate was collected by centrifugation, washed repeatedly with water, then dried over P,Os
in vacuo to obtain a white powder (36 mg). TLC analysis (2:1 EA/PE) and ESI-MS indicated an
entire series of per-O-acetylated oligosaccharides had been formed, with degrees of
polymerization ranging from 3 to at least 8 monosaccharide units in length. The method of
acetylation described above will result in glycosidic bond cleavage, producing the odd numbered
polymeric products, but produces a form of cellulose tri-O-acetate that is soluble in chloroform.
'H NMR (400 MHz, CDCl;, chemical shifts assigned by 'H-'H COSY analysis): 8 6.21 (d, J =
4.1 Hz, H-1! o-anomer), 5.61 (d, J = 8.9 Hz, H-1! B-anomer, o/f = 10:2), 5.37 (broad dd, J =
9.6, 9.6 Hz, H-3"), 5.04 (m, H-3), 4.95 (dd, J = 4.1, 10.2 Hz, H-2! o-anomer), 4.90-4.73 (m, H-
2), 4.38 (m, H-1, H-6a), 4.10-3.91 (m, H-6b), 3.69 (m, H-4), 3.62-3.47 (m, H-5); °C NMR (100
MHz, CDCls, resonances assigned from ref. 254), major resonances: 8 170.16, 169.69 and 169.24
(3 x CH3CO), 100.45 (C-1), 76.03 (C-4), 72.79 (C-5), 72.48 (C-3), 71.81 (C-2), 61.99 (C-6),
20.74, 20.52 and 20.43 (3 x CH;3CO); minor resonances: & 100.75 and 88.91 (C-1), 70.72 (C-5),
69.34 and 69.31 (C-2, C-3), 67.73 (C-4), 61.49 and 61.23 (C-6); ESI-MS: observed m/z = 331.3
(glucosyl) 619.7 (cellobiosyl), 907.8 (cellotriaosyl), 1195.9 (cellotetraosyl), 1484.5

(cellopentaosyl), 1772.0 (cellohexaosyl), 2060.4 (celloheptaosyl), and 2349.1 (cellooctaose, per-
O-acetate [M — CH5CO + H]).
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Chapter 8: Enzymatic Synthesis of Carbon-Fluorine Bonds

Kinetic analysis of enzymatic halogenation reactions

All halogenation reactions by Man2A and Abg nucleophile mutants (as well as wild type
enzymes) were performed with 2 M halide, 1 mg/mL BSA, 100 mM citrate at pH 6, 25°C.
Because concentrated fluoride solutions destroy pH electrodes, the pH values of fluoride
solutions were determined with precision litmus paper. 2,4-Dinitrophenyl -glucoside or 2,4-
dinitrophenyl P-mannoside served as substrates for Abg and Man2A nucleophile mutant
halogenation reactions. The B-mannoside was prepared fresh in pH 6 buffer prior to use. The
release of 2,4-dinitrophenol was monitored spectrophotometrically (A 400 nm, Ae = 10 900 M
L em?) and corrected for spontaneous hydrolysis of the substrate, which was generally
negligible at the concentrations of substrate used. Data points prior to the onset of
transglycosylation in plots of reaction velocity vesus substrate concentration were fit with the
Michaelis Menten equation to derive k., and Ky, values.

The fluorination of 2,5-dinitrophenyl B-mannoside with Man2A E429A was perfofmed
with 1 M KF, 1 mg/mL BSA, 100 mM sodium phosphate at pH 7, 25°C. Reactions with chloride

or bromide were performed under the same conditions. The release of 2,5-dinitrophenol was

monitored spectrophotometrically at 440 nm (A€ = 4288 M’ cm™).

Kinetic isotope effects

The o-deuterium kinetic isotope effect was measured on k../Ky for the Abg E358A, E358S and
E358G fluorination reactions (2 M KF, 1 mg/mL BSA, pH 6, 25°C) using the substrate depletion
method (see Chapter 3 experimental). The following concentrations of 2,4-dinitrophenyl B-
glucoside (protio and 1-deuterio labelled) and mutant were used to generate a first order rate of
2,4-dinitrophenol release over a period of 10 to 30 minutes: E358S (Eo = 0.45 uM, [S] = 4.3
uM); E358A (Eo = 0.86 uM, [S] = 13.3 uM); E358G (Eo = 0.18 uM, [S] = 13.3 uM). The Abg

mutants retained complete activity under these assay conditions for over 8 hrs. The aDKIE value

was derived from an average of 8 measurements with each protio and deuterio substrate.
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TLC and ESI-MS characterization of transglycosylation products

2,4-Dinitrophenyl B-glucoside (5 mg) was dissolved in 2 M anion (fluoride, chloride, or
bromide), 100 mM citrate, pH 6. Abg nucleophile mutant was added to afford a final enzyme
concentration of 0.5-1 mg/mL. The total reaction volume was 0.5 mL (yielding 29 mM 2.4-
DNPGlu). After 5-7 hrs. at room temperature an aliquot of the reaction mixture (50 pL) was
diluted 3 fold with acetonitrile, applied to a plug of silica gel (2.5 cm) in a Pasteur pipette and
eluted with 1 column volume of acetonitrile. The desalted sample was then concentrated in
vacuo and analyzed by TLC (7:2:1 EtOAc/MeOH/H,0). Di- and trisaccharide products were
observed for the fluorination reaction. Interestingly, the chlorination and bromination reactions
afforded only dissaccharide products. The samples were then dissolved in 80% acetonitrile/H,O
and analyzed by direct infusion into a Perkin Elmer API-300 ESI-MS/MS instrument operating
in positive ion mode. Masses corresponding to 2,4-dinitrophenyl B-cellobioside (m/z = 531.1,
[M + Na]*) and 2,4-dinitrophenyl B-cellotrioside (m/z = 693.2 [M + Na]*) were observed for the
fluorination reaction; only 2,4-dinitrophenyl (-cellobioside was observed for the chlorination or

bromination reactions.

Synthesis of f-Mannosyl Fluoride Standard

B-Mannosyl fluoride was obtained by deacetylation of B-mannosyl fluoride per-O-acetate with
sodium methoxide in methanol. The crude sample was used as a '’F NMR standard without
further purification. Selected data for B-mannosyl fluoride, per-O-acetate: 'H NMR (200 MHz,
CDCl3): §5.53(dd, 1 H, J=1.9,49.3 Hz, H-1), 5.43 (ddd, 1 H, J = 1.9, 3.2, 10.7 Hz, H-2), 5.22
(dd, 1 H,J =728, 7.8 Hz, H-4), 5.16 (dd, 1 H, J = 7.8, 3.0 Hz, H-3), 4.33 (m, 2 H, 2 x H-6), 3.90
(m, 1 H, H-5); ’F NMR (188 MHz, CDCl;, ref. to CF3CO,H): § 66.1 (dd, J = 10.7, 50.3 Hz).
Data for B-mannosyl fluoride: F NMR (282 MHz, referenced to CFCl;):  -146.7 (d, J = 49
Hz).

Enzymatic synthesis of glycosyl halides

o-D-Mannopyranosyl fluoride
Man2A E519S or E519A (1 mg/mL) was reacted with 2,4-dinitrophenyl B-D-mannoside (19
mM) and 2 M KF in 100 mM citrate, pH 6 in a total volume of 1.5 mL. After 6 hrs. the samples

were desalted on silica gel (as described above). TLC analysis of each reaction mixture
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indicated the formation of o-D-mannosyl fluoride as the major product; Rf (7:2:1
EtOAc/MeOH/H,0) = 0.58. The samples were dried in vacuo, acetylated with 3:2 pyridine /
acetic anhydride and purified by silica gel chromatography (3:1 PE / EtOAc). 'H and "’F NMR
spectra of the isolated, per-O-acetylated product agreed with those of an authentic sample of -
mannosyl fluoride per-O-acetate (see Chapter 6 experimental for data). An analogous reaction
with wild type Man2A (0.12 mg/mL) monitored by 'F NMR did not show any signals

corresponding to the formation of a- or $-mannosyl fluoride.

o-D-Glucopyranosyl fluoride

Abg E358G (0.18 mg/mL) was reacted with 2,4-dinitrophenyl B-glucoside (22 mM) and 2 M KF
in 100 mM citrate, 10% D0, pH 6 (total reaction volume of 0.56 mL) at 300 K. The reaction
was monitored directly by F NMR (282 MHz, referenced to CF;COH). After 10 min. a
resonance corresponding to o-glucosyl fluoride was observed: d -74.3 (dd, J = 55.4, 24.9 Hz,).
An analogous reaction with wild type Abg (0.11 mg/mL) monitored by "’F NMR did not show

any signals corresponding to the formation of o~ or f3-glucosyl fluoride.

a-D-Galactopyranosyl fluoride

Abg E358G (1 mg/mL) was reacted with 2,4-dinitrophenyl 3-galactoside (23 mM) and 2 M KF
in 100 mM citrate, pH 6. After 8 hrs. the sample was desalted on silica gel. TLC analysis
indicated the formation of «-galactosyl fluoride as the major product; Rf (7:2:1
EtOAc/MeOH/H,;0) = 0.46. The sample was dried in vacuo, acetylated with 3:2 pyridine /
acetic anhydride, and purified on silica gel. "H and ’F NMR spectra of the isolated, per-O-

acetylated product agreed with those of an authentic sample (see Chapter 5 experimental).

a-D-Galactopyranosyl chloride .
Abg E358G (1 mg/mL) was reacted with 2,4-dinitrophenyl B-galactoside (7.5 mM) and 1.7 M
NaCl in 100 mM citrate (99.8% D,0), pD 5.65. After 145 min. at room temperature the sample
was analyzed by 'H NMR (300 MHz, referenced to HDO). A small doublet was observed (&
5.45, J = 3.1 Hz) which may correspond to the anomeric proton of «-galactosyl chloride. A

control reaction (no E358G) did not show appreciable formation of this signal.
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B-D-Mannopyranosyl fluoride

Man2A E429A (0.38 mg/mL, 4 pM) was reacted with 2,5-dinitrophenyl B-D-mannoside (23
mM) in 1 M KF, 100 mM sodium phosphate, 10% D,0, pH 7 (total reaction volume of 0.6 mL),
at 300K. After 20 min. an apparent doublet was observed by '’F NMR (282 MHz, referenced to
CFCl3): 6 -146.7 (d, J = 49 Hz). This agreed with an authentic sample of 3-D-mannosyl fluoride
prepared by deprotection of f -mannosyl fluoride per-O-acetate with sodium methoxide in

methanol.3%7 For o-D-mannosyl fluoride: § -139.0 (d, J = 49 Hz, referenced to CFCly).
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Appendix A

Plots of reaction rate vs substrate concentration for the reaction of wild type Man2A and Man2A
E429A with aryl B-mannosides (pH 7, 25°C, unless indicated otherwise).
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Plots of reaction rate vs substrate concentration for the reaction of Abg nucleophile mutants with
2,4-DNP B-glucoside and formate or azide. Overall plots and corresponding expansions are
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AbgE358A + 5 M formate pH 7, 37°C
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Abg E358S, 5 M formate, pH 7, 37°C
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Appendix C

Plots of reaction rate vs substrate concentration for the reaction of CelB nucleophile mutants
with a-cellobiosyl fluoride.
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Plots of reaction rate vs substrate concentration for the reaction of Abg nucleophile mutants with
2,4-DNP B-glucoside and halides. Overall plots and corresponding expansions are shown.
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