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1. INTRODUCTION.

Carbohydrates are one of the most important classes of compounds in biology.1-6 In
cells, for example, carbohydrates function as structural components, to regulate viscosity,
for energy storage, and as key components of cell surfaces. Their fundamental role in
molecular biology, coupl/ed with the synthetic challenges they pose, has made
carbohydrates a target for synthetic chemists since the work of Emil Fischer. Classical
techniques for the synthesis of carbohydrates are extensively developed.7-15 The
difficulties in these techniques center on selective protection and deprotection. These
difficulties, coupled with those of isolating and purifying carbohydrates and of analyzing
their structures, have made this area of chemistry a demanding one. This review examines
the potential of enzymes as catalysts for the synthesis of carbohydrates. The major
advantage of enzyme-catalyzed synthesis is the potential for effecting regioselective
reactions using unprotected carbohydrates under mild conditions in aqueous solutions.
Enzymatic methods certainly offer the most plausible routes for the modification of
oligosaccharides on proteins and on cell surfaces. The major uncertainty in the potential
of enzymes as catalysts in carbohydrate synthesis involves the availability of the range of
enzymes required to accomplish major tasks in this area, and the stability and breadth in
substrate acceptability characterizing these enzymes. The rapidly developing methodology
of genetic engineering holds great promise for making important enzymes readily
available, and may eventually make it possible to modify the selectivity of these enzymes.

Current interest in carbohydrate chemistry ranges from fundamental biology to
applied biotechnology. Glycoproteins and glycolipids play important roles in intra- and
intercellular communication.2-4.16 They serve as binding sites for antibodies, enzymes,
hormones, toxins, bacteria, drugs, and viruses.17-24 Cell-surface glycoconjugates function
as cellular labels during differentiation and development. Oligosaccharides are important
for sorting newly synthesized proteins between cellular compartments and influencing
growth through intercellular contact.25-31 The presence of modified glycoconjugates is
associated with several disease states, including a variety of malignancies.14.32-35
Glycosylation of proteins may increase solubility, alter uptake and residency time in
vivo,36.37 and decrease antigenicity.38 Modification of the carbohydrate groups on
therapeutic glycoproteins is also an area of interest as companies attempt to differentiate
products such as tissue plasminogen activator (tPA) from similar products of their
competitors. Other areas of practical interest concern biodegradable polymers, site-
specific and controlled drug delivery, agents for modifying viscosity, immunomodulation,
and non-nutritive fat substitutes and sweeteners.
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Problems of Classical Synthesis.

The synthesis and modification of carbohydrates is a difficult problem in classical
synthetic chemistry. In particular, four features of carbohydrate chemistry limit the
application of existing synthetic methods for the practical {ie. multi-gram) preparation of
this class of molecules:

1) Glycosyl activation. The development of good. general chemical methods for the
construction of glycosidic linkages is still an area of ongoing concern. Few general
techniques provide high yields of a single anomer. This issue has been discussed
elsewhere.7.12

2) Selectivity. High regio- and stereoselectivity are required for the construction of
mono- and oligosaccharides. The presence of multiple functional groups (such as hydroxyl
or amino groups) of similar reactivity makes this issue non-trivial. To ensure regio- and
stereoselectivity, classical organic synthesis uses sequential protection and deprotection
steps. Such an approach often results in complex synthetic schemes.

3) Complexity. The diversity in linkages in carbohydrates exceeds that found in other
areas of biological chemistry, including peptide chemistry. Even simple biologically
important structures often contain several distinct monosaccharide units joined by specific
linkages, and are frequently linked to proteins or lipids.

4) Aqueous media. Although many carbohydrates are only soluble in water, a large
fraction of the reactions in the armamentarium of organic chemists is incompatible with
aqueous systems. This incompatibility has posed problems for organic chemists who are
reluctant to manipulate compounds in aqueous media, and has tended to require
extensive, if reversible, modification of the carbohydrate groups simply to achieve solubility
in non-aqueous solvents.

The application of enzymes as catalysts in organic synthesis has succeeded in
solving synthetic problems of similar complexity, notably the production of chiral
synthons.39-42 The use of enzymatic synthesis is now being extended to the synthesis and
modification of carbohydrates.43-44 This review evaluates the current level of application of
enzymes to the synthesis of both monomeric and oligomeric carbohydrate structures, and
the potential for further developments in the field.

Structure and Scope of Review.

The first section of this review describes advances in the enzyme-catalyzed
construction of natural and unnatural monosaccharides. The primary emphasis in this
section is on the construction of carbon-carbon bonds by enzyme-catalyzed aldol reactions.
The following sections outline methods for enzyme-catalyzed formation of glycosyl bonds
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by Leloir and non-Leloir pathways. These sections include descriptions of methods for the
synthesis of oligosaccharides and, in less detail, of polysaccharides. The area of enzyme-
catalyzed formation of glycosyl linkages is developing rapidly; a number of successful
syntheses of oligosaccharides and polysaccharides have recently been reported. The final
section illustrates unsolved problems and targets in the enzyme-catalyzed synthesis of
carbohydrates. Although the success of enzymology in providing practical catalysts for the
synthesis of carbohydrates will build on advances in biochemistry, a discussion of the
fundamental biology of carbohydrates is beyond the scope of this review.

Enzymes as Catalysts; Auxiliary Technology.

A perception remains in the community of synthetic organic chemists that most
enzymes are highly specific for their natural substrates, and that this substrate specificity
precludes their general use in synthesis. The use of enzymes is further hampered by
concerns regarding their cost, stability, and requirements for expensive cofactors.
Previous developments in applied enzymology have successfully addressed many of these
problems.

Many enzymes accept a wide range of substrates. Although the rates of reaction of
unnatural substrates may be slower than that of the natural substrate, the substrate
specificity of many enzymes is broad enough to allow a wide range of compounds to be
utilized as substrates at an acceptable rate. Among enzymes showing broad substrate
specificity are the esterases and lipases,45 chymotrypsin,46 lactate dehydrogenase,47.48
acylase 1,49 and rabbit muscle fructose 1,6-diphosphate aldolase.50.51 Many enzymes are
sufficiently inexpensive that they can be used in large quantities, in order to achieve an
acceptable rate of reaction with even a slowly-reacting substrate. The development of
techniques such as enzyme immobilization,52-54 and containment in hollow fiber
reactors55 and with membranes (membrane enclosed enzymatic catalysis, MEEC)56 allows
the recovery and reuse of enzymes, thereby reducing their cost as catalysts.
Immobilization can also enhance the stability of enzymes.52 The deactivation of enzymes
on oxidation by O2 can often be avoided through the use of inert atmospheres and thiol-
containing reducing agents.57-59

Several groups of enzymes require added cofactors. In many cases, these cofactors
are too expensive to use stoichiometrically, and this limitation initially hampered the use
of enzymes in synthesis. This problem has now been solved for ATP, the nicotinamide
cofactors, and certain others, through the development of regenerating systems, which
allows the use of catalytic amounts of cofactor. This field has been reviewed.60.61
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2. MONOSACCHARIDES.

Two types of enzyme-catalyzed reactions have been used in preparing
monosaccharides: carbon-carbon bond forming reactions and reactions that alter
functional groups. Aldolases are a class of enzymes that catalyze the stereospecific
construction of carbon-carbon bonds in monosaccharides.62.63 The first part of this section
discusses the demonstrated use of aldolases (particularly the most well-explored aldolase,
fructose 1,6-diphosphate aldolase from rabbit muscle) in synthesis. The second part
describes other classes of enzymes that alter functional groups of monosaccharides.
Throughout this review, sugars are of the D-configuration unless otherwise noted.

Aldolases

Aldolases were first recognized near the beginning of this century as an ubiquitous
class of enzymes that catalyze the interconversion of hexoses and their three-carbon
components. Their activity was first described by Meyerhof and coworkers, and was
originally named zymohexase.64 It is now known that aldolases operate on a much wider
range of substrates than hexoses, and a variety of enzymes has been described that add a
one-, two- or three-carbon fragment stereospecifically to an aldehyde via an aldol
condensation.

All organisms possess aldolase enzymes, and two distinct groups have been
recognized.65 Type I aldolases, found predominantly in higher plants and animals, require
no metal cofactor, and catalyze the aldol condensation through a Schiff base intermediate.
These enzymes are inactivated by borohydride in the presence of substrate, and are
unaffected by EDTA. Class II aldolases are found primarily in bacteria and fungi, and are .
Zn2+ dependent enzymes. These enzymes are not affected by borohydride, but are
inactivated by EDTA.

To date, the aldolases have been the most useful enzymes for the formation of
monosaccharides, although only a small number of the known aldolases have been
exploited synthetically. The most useful of these enzymes are described below.

Fructose 1,6-diphosphate aldolase.

Fructose 1,6-diphosphate aldolase from rabbit muscle (FDP aldolase, E.C. 4.1.2.13,
also commonly known as rabbit muscle aldolase, RAMA) catalyzes the equilibrium
condensation of dihydroxyacetone phosphate (DHAP) with D-glyceraldehyde-3-phosphate
{G-3-P) to form D-fructose 1,6-diphosphate (FDP).5C The equilibrium constant for this
reaction is K = 104 M-! in favor of the formation of FDP (Scheme 1, R = CHOHCH20P;).
The stereospecificity of the reaction is absolute; the configuration of the vicinal diols at C-3
and C-4 is always D-threo. There is significant discrimination (~20:1) between the
antipodes of the natural substrate, G-3-P; a few examples with unnatural
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substrates also demonstrate some limited diastereoselectivity.50 In the context of organic
synthesis, however, RAMA does not exhibit useful diasteroselectivity with respect to C-5.

Substrate Specificity.

RAMA accepts a wide range of aldehydes in place of its natural substrate, G-3-P,
allowing the synthesis of carbohydrates such as nitrogen-containing sugars,51
deoxysugars,66-68 fluorosugars,68 and eight- and nine-carbon sugars.69 More than 75
aldehydes have been identified as substrates based on enzymatic assay. Table 1 lists aldol
adducts which have been isolated and characterized.50.51.66-93 In general, unhindered
aliphatic, a-heteroatom-substituted, and differentially protected alkoxy aldehydes are
substrates; severely hindered aliphatic aldehydes such as pivaldehyde do not react with
RAMA, nor do a,B-unsaturated aldehydes or compounds that can eliminate to form a.,p-
unsaturated aldehydes. Aromatic aldehydes are either poor substrates or are unreactive. A
rate enhancement has been observed for substrates phosphorylated at the terminal
hydroxyl relative to the non-phosphorylated species.50 This effect has been noted for
trioses (glyceraldehyde), tetroses (erythrose), pentoses and hexoses, and the rate
enhancement on phosphorylation is on the order of 2- to 10-fold. The effect has been
attributed to an interaction of phosphate with some positively charged group at the active
site.

The requirement for the nucleophilic component (DHAP) is much more stringent
than for the electrophilic component. Several DHAP analogues have been tested as
substrates for RAMA (Table 2}; so far investigations have demonstrated that only 1,3-
dihydroxy-2-butanone-3-phosphate and 1,4-dihydroxy-3-butanone-1-phosphonate are
substrates.48

Preparation of DHAP,

DHAP itself may be generated by three procedures: (1) in situ from fructose 1,6-
diphosphate with the enzyme triosephosphate isomerase (E.C. 5.3.1.1),66 (2) from the
dimer of dihydroxyacetone by chemical phosphorylation with POCI13,83 (3) or from
dihydroxyacetone by enzymatic phosphorylation using ATP and glycerol kinase (E.C.
2.7.1.30), with in situ regeneration of the ATP using phosphoenolpyruvate (PEP) or acetyl
phophate as the ultimate phosphate donor.94 The in situ generation of DHAP from FDP is
the most convenient of the above methods, but in some instances, particularly when the
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reaction does not go to completion, the presence of excess FDP complicates the isolation

Table 2. Relative Rates of DHAP Analogues R1CORg with G-3-P
in RAMA-Catalyzed Aldol Condensations.@

Ry Rg Vrel
HOCH2 CHoOPy 100
HOCHg2 CH(CH3)OP; 10
HOCH2 CH2CHPO3H 10
HOCH9 CHg2SO3H <0.1
HOCH2 CHo0H <0.1
H3C CHoOPy <0.1
N3CHa CHoOPy <0.1
AcNHCH2g CHoOPy <0.1
HO{CH3)CH CHoOP§ <0.1
CICH9 CH90P; 0
BrCHg CH20P; 4]
ICHg CHgOPj 0

a Relative velocities were measured in 0.2 M triethanolamine
buffer (pH 7.0, 25 °C) containing 50 mM substrate.

of products. The use of pure preparations of DHAP (rather than an equilibrium mixture of
DHAP and G-3-P derived from FDP) also favors the formation of products. The synthetic
route based on chemical phosphorylation of the dihydroxyacetone dimer gives the highest
purity DHAP (95%), although the required eight steps give the lowest overall chemical
yield (34%). Enzymatic phosphorylation of dihydroxyacetone gives DHAP of slightly lower
purity {87%), but the procedure requires only one step, and gives a satisfactory chemical
yield (83%).

Both arsenate and vanadate form kinetically labile esters with a variety of alcohols in
aqueous solution. This phenomenon has been used to avoid the use of phosphates as
substrates for a variety of enzymes, including phosphoketolase,95 G-3-P dehydrogenase,96
glucose-6-phosphate dehydrogenase,97 and RAMA.98 A transient substrate-
arsenate/vanadate ester probably forms, followed by an enzyme-catalyzed reaction. This
methodology avoids the often difficult preparation of phosphate substrates. This strategy
has been used synthetically in a RAMA-catalyzed system, using a mixture of
dihydroxyacetone and inorganic arsenate.68 The toxicity of arsenate limits the
attractiveness of this method. Arsenate could not be replaced with inorganic vanadate.68

The phosphate group of aldol adducts facilitates their purification by jon-exchange
chromatography or by precipitation as the barium or silver salts. Either enzymatic (using
acid or alkaline phosphatase, E.C. 3.1.3.2 and 3.1.3.1 respectively) or chemical methods
allow cleavage of this group.50
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Enzyme characteristics.

Several characteristics of RAMA make this enzyme useful for forming carbon-carbon
bonds. Commercial preparations of the enzyme are inexpensive ($0.04/U) and have a
reasonable specific activity (60 U/mg of protein). RAMA requires no metal ions or
cofactors, is stable in the presence of oxygen and added organic cosolvents, and is not
inhibited to a significant extent by the natural product, FDP. The enzyme has been used
both in soluble and immobilized forms, as well as enclosed within a dialysis membrane.50

Examples of the Use of RAMA in Synthesis.

Many biologically-active monosaccharides contain vicinal diols having the
stereochemistry generated by RAMA. For example, 3-deoxy-D-arabino-heptulosonic acid 7-
phosphate (DAHP) is an important intermediate in the biosynthesis of aromatic amino
acids in plants (the shikimate pathway). This compound has been produced in a combined
chemical and enzymatic synthesis from racemic N-acetyl-aspartate B-semialdehyde and
dihydroxyacetone phosphate (Scheme 2).84 The four-step synthesis proceeds in an overall

OH
[} NHAc Mo

OH Mo RAMA po/\n/lYY‘m
.
+*
PO/\'H H Me 0 OH  NHac
o

OH OH
+ -
CO. 6N HCI CO,H
MeyN BH (OAc) , Po/\-)YY 2H P°/\=/'\|/Y 2
AcOH i 100 °C i
OH OH NHac OH OH  pygcr
1. Sodlum glyoxylate OP,
A3 0, COH
- OH
2. lon-Exchange
Chromatography HO
Scheme 2.

yield of 13% (37% for the enzymatic step). The key step generates the required,
enantiomerically pure, threo stereochemistry by using RAMA as a catalyst. In view of the
broad range of substrates tolerated by RAMA, this method should be applicable to the
production of analogues of DAHP.
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RAMA has been used to prepare other useful compounds on a preparative scale.
RAMA-catalyzed addition of DHAP to lactaldehyde generated 6-deoxyfructose. This
compound was then converted chemically to Furaneol,99 a caramel flavor component’
{Scheme 3).67 RAMA has also been utilized by two groups to prepare nitrogen-containing

H
0 l; RI H,IPd- HsC CH,
RAMA
OH

D-orL-

Scheme 3.

sugar analogues (Scheme 4).100,101 The products of the enzyme-catalyzed reaction were

converted to deoxynojirimycin and deoxymannojirimycin, both potent glyéosidase
inhibitors.102

{o]
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I
O
luuo
Xz

b
]
+

PO

T Y N X N:l

OH OH OH
1. Pase or H 1. Pase or A
2. H,/Pd 2. Hy/Pd
NH NH

OH OH Ol

HO HO
OH
Deoxynojirimycin Deoxymannojirimycin

Scheme 4.
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N-Acetylneuraminic acid aldolase.

N-Acetylneuraminic acid aldolase (NeuAc aldolase, E.C. 4.1.3. 3) catalyzes the
reversible aldol condensation of pyruvate and N-acetylmannosamine (ManNAc) to form N-
acetylneuraminic acid (NeuAc, N-acetyl-5-amino-3,5-dideoxy-D-glycero-D-galacto-2-
nonulopyranosonic acid).103-108 In vivo the enzyme has a catabolic function and the
equilibrium for this reaction is near unity (Scheme 5), although the presence of excess
pyruvate shifts this equilibrium to favor the aldol product. NeuAc and other derivatives of
neuraminic acid are termed sialic acids. These compounds, found at the termini of

OH
o NeuAc NHAc OH
O, )]\ Aldolase —_——
h ———————————
O H &wou + CHg cor — oﬂ)lco{
HO excess HOl on
L—OH

Scheme 5.

mammalian glycoconjugates, play an important role in biochemical recognition.109-112 The
production of analogues of NeuAc is of interest to synthetic and medicinal chemists. The
synthesis of NeuAc itself is only of moderate interest because, although many chemical
syntheses of NeuAc exist (see leading references in ref. 108), most commercial suppliers
isolate NeuAc from natural sources {eg. from cow's milk in the Snow Brand process). The
enzymatic approach has not been fuily explored but it may be a practical alternative to the
chemical synthesis of certain sialic acids, and a good route to isotopically labeled materials.

Laboratory-scale reactions catalyzed by NeuAc aldolase routinely produce multi-gram
quantities of pure NeuAc.56,108.113-116 Although the specificity for pyruvate appears to be
absolute, enzymatic assays suggest that NeuAc aldolase accepts a range of substrates in
place of ManNAc.104.105,113-121,142  Several groups have taken advantage of this observation
to synthesize and isolate derivatives of NeuAc (Table 3). General observations from these
syntheses and from assay results suggest that NeuAc aldolase will be quite useful in
synthesis: substitution at C-2 and C-6 in ManNAc is readily tolerated, and the enzyme
exhibits only a slight preference for defined stereochemistry at other centers. One report
describes the isolation of a mixture of derivatives of KDO and 4-epi-KDO from NeuAc
aldolase-catalyzed condensation of Ara and pyruvate (see Scheme 6 for the structure of
KDO).142

In addition to its acceptance of unnatural substrates, several other characteristics
make NeuAc aldolase a useful catalyst for synthesis. The cloning of the enzyme23 has
reduced its cost. Techniques of genetic engineering offer the potential to produce in large
quantity new proteins with improved stability or with altered substrate specificity.
Although the optimal pH for activity of NeuAc aldolase is near pH 7.5 at 37 °C, the enzyme
is active between pH 7 and 9.198 The protein is stable in the presence of oxygen, and does
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not require added cofactors.108 One drawback is that an excess of pyruvate (the less
expensive reagent] must be used in synthetic reactions to shift the equilibrium towards
the formation of product; approximately seven equivalents of pyruvate are needed to attain
~90% conversion of ManNAc to NeuAc at equilibrium. It may be possible to avoid the need
for an excess of pyruvate by coupling the synthesis of NeuAc to a more thermodynamically
favored process. .

An advantage of the enzymatic route compared with chemical routes is that
purification of NeuAc or its derivatives may be avoided. For example, an unpurified solution
of NeuAc generated enzymatically from an unpurified solution of ManNAc was used in the
enzymatic synthesis of cytidine 5-monophospho-NeuAc (CMP-NeuAc, see Scheme 17).
The unpurlﬁed preparation of ManNAc was derived from base-catalyzed epimerization of

the much less expensive starting material, GlcNAc.108

Table 3. Sialic acids synthesized by condensation of pyruvate with analogues of ManNAc in the presence
of NeuAc aldolase. Other products have been reported based on enzymatic assay but not

characterized.
R, OH
(o)
Rs | |—R, cCoOOH
HOl on
R,
Ry Rg R3 Ry Reference
CH2N3 NHAc H OH 121
CH20CH3 NHAc H OH 119
CH20Ac NHAc H OH 115, 119, 120
CH20COCHOHCH3 NHAc H OH 119
CH20Ac NHCOCH20H H OH 119
CH20H H H OH 119, 122, 142
CHoOH OH H OH 119, 122, 142
CH20H N3 H OH 142
CH2OH NHCOCH20H H OH 119
CH20H NHCOCH20COCH3 H OH 119
H CH H OH 119, 122, 142
H H OH OH 142 @
CH20H H OH OH 142 @
CHoOH NHAc H OCH3 119
CH20H OH H H 142

a Characterized as the peracetylated methyl ester; diastereomeric purity not proven.
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KDO Synthetase.

KDO synthetase (E.C. 4.1.2.16) synthesizes KDO-8-P (3-deoxy-D-manno-2-
octulosonate-8-phosphate) from arabinose 5-phosphate {Ara-5-P) and PEP.124 KDO
synthetase is not commercially available but has been isolated from E. coli and used in the
synthesis of KDO-8-P (Scheme 6, 63% from Ara-5-P, 38 mmol).125 KDO-8-P and its
biologically activated form, CMP-KDO, are key intermediates in the synthesis of the
lipopolysaccharide (LPS) region of Gram-negative bacteria. Inhibitors of LPS biosynthesis
are targets in the design of antimicrobial pharmaceuticals, 126-128 Although the substrate
specificity of the enzyme has not been examined, enzyme-catalyzed syntheses may also
allow the preparation of analogues of KDO-8-P.

In the synthesis of KDO-8-P outlined in Scheme 6, arabinose 5-phosphate was
generated from arabinose by hexokinase-catalyzed phosphorylation of arabinose. The fact
that arabinose is not a natural substrate for hexokinase was not a limiting factor because
large quantities of inexpensive hexokinase could be used, confined within a dialysis
membrane (MEEC).56

OP

HO PO
oSH 1 o H 3 HO
HO o COs
OH K \ OH oH
ATP ADP

HO HO
OH

oP

A~ P
co,”

o opP
cu,/u\co; )\co;

Scheme 6. Synthesis of KDO-8-P. 1 = hexokinase; 2 = pyruvate kinase; 3 = KDO synthetase.

DAHP Synthetase.

DAHP synthetase (E.C. 4.1.2.15) produces DAHP (3-deoxy-D-arabino-heptulsonic acid
7-phosphate) from D-erythrose 4-phosphate. The enzyme was used by Frost to synthesize
DAHP (Scheme 7) as an intermediate in the chemical synthesis of its phosphonate
analogue, 3-deoxy-D-arabino-heptulosonic acid 7-phosphonate (DAH phosphonate), a
potential inhibitor of the shikimate pathway.129
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Wg«iﬁwqw\x M

D - Fructoss D - Fructoss - 6 - phosphate D - Erythross - 4 - phosphate DAHP
Scheme 7. 1= hexokinase; 2 = pyruvate kinase; 3 = transketolase; 4 = DAHP synthetase.

Alternative Stereochemical Configurations.

A potential limitation with the use of aldolases for the synthesis of monosaccharides
is that the stereochemistry at C-3 and C-4 is fixed. In the case of RAMA this
stereochemistry is always D-threo. There are, however, methods of installing this -
stereochemistry at other centers. One technique, referred to as inversion, makes use of a
mono-protected dialdehyde.130 This technique is shown in Scheme 8 for the synthesis of
L-xylose. After the RAMA-catalyzed aldol reaction, the resulting ketone is reduced
stereospecifically with polyol dehydrogenase (E.C. 1.1.1.14). The remaining aldehyde is
then deprotected, to yleld a new aldose. The stereochemistry at C-3 and C-4 is now
controlled by the stereochemistry of the aldehyde substrate.

CI, - vo Hon o C)\)Yk,

OH
O OH OH
1. Acid Phosphatase /k/'\|/'\/ OH
2. Polyol Dehydrogenue H H

2-Deoxy-L-ldose
Scheme 8.

A second strategy to control stereochemistry is to use an aldolase other than RAMA.
A large number of aldolases have been isolated and characterized.50.62.63,65,113,131-150
These enzymes and the reactions they catalyze are shown in Table 4. Several
stereochemical series are available through the use of the appropriate enzyme. Limited
explorations of substrate specificity have been made in certain cases, and their use in
synthetic organic chemistry has now been reported.151 Work in this fleld has been
hindered by an inavailability of the enzymes. Modern techniques in molecular biology
should, however, alleviate this problem during the next several years. A bacterial FDP-
aldolase has now been cloned and overexpressed in E. coll. 151 Many of the enzymes shown
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in Table 4 are from microbiological sources, which will facilitate straightforward cloning
and overexpression.

Transketolase/Transaldolase.

Transketolase (E.C. 2.2.1.1, D-sedoheptulose-7-phosphate:D-glyceraldehyde-3-
phosphate glycoaldehyde-transferase) has been used to extend stereospecifically the chain
of a varlety of aldoses by two carbon units.

In the pentose pathway, the enzyme catalyzes the reversible transfer of a
hydroxyketo group from a ketose phosphate to an aldose phosphate.152.153 The cofactor
thiamin pyrophosphate (TPP) is associated with the enzyme and activates the ketone
{Scheme 9). Most donors of the -COCH20H group {(xylulose 5-phosphate, sedoheptulose 7-
phosphate, fructose 6-phosphate, L-erythrose) have a threo arrangement of hydroxyl

OH OH
0 =0 ase =0 0
HO + OH : OH + HO
OH R Thiamin R OH
A .
Scheme 9.

groups at C-3 and C-4; hydroxypyruvate is an exception.154 A range of aldehydes (such as
D-glyceraldehyde 3-phosphate, D-ribose 5-phosphate, D-erythrose 4-phosphate,
glycoaldehyde) are known as acceptors. Transketolase has been used in synthesis with its
natural substrates (see leading references in ref. 155) and has been used to prepare 14C-
labeled intermediates of the pentose pathway.156

Although the substrate specificity of transketolase has not been thoroughly explored,
it appears to be a promising catalyst for use in synthesis. Hydroxypyruvate can replace the
ketose, providing a reactive hydroxyketo group after spontaneous decarboxylation of
hydroxypyruvate; TPP is not required. The hydroxyketo group is transferred to the
acceptor aldehyde in an irreversible reaction (Scheme 10). This method has allowed the
synthesis of the synthesis of a number of monosaccharides on scales of ~ 2 - 5 mmol with
yields ranging from 24 - 85% (Table 5).155.157 Transketolase is commercially available and
has been immobilized.158

OH
= 0
Fg“ l:gﬂ Transketolase Ho
+ —_—
coy” R - CO, OH
R

Scheme 10.
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Table 5. Products synthesized using transketolase according to Scheme 10.

Substrate Product Reference
0
H H HO/T“\,OH 155
g H
H OH O
OH
H OH O
H
Hy Hsc/l\(lk/OH 155
o OH
H OH ©
P H PO\)\(U\/OH 157
0 OH
OH OH OH OH O
P - Y H POWOH 156
OH OH O 6H OH OH
OH OH CH OH O
HMH HO™ OH 156
OH OH O OH OH OH

Enzymes Useful in the Synthetic Manipulation of Monosaccharides that are not Aldolases.

Other enzymes in addition to aldolases are useful catalysts for the construction and
manipulation of monosaccharides.

Kinases. Phosphorylated sugars are important as chemically-activated intermediates in
many bjochemical pathways. As such, these compounds are often intermediates or targets
in synthetic procedures. In biochemical systems, the kinases catalyze the transfer of
phosphate groups to and from nucleoside triphosphates and sugars. The following
examples illustrate the use of kinases in the synthesis of phosphorylated monosaccharides.

Much of the utility of the kinases in organic synthesis is based on the observation
that these enzymes often accept unnatural substrates. Hexokinase (E.C. 2.7.1.1), for
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example, accepts other sugars in place of glucose.159 This breadth of specificity allows the
multi-gram synthesis of Ara-5-P, the precursor to KDO-8-P (Scheme 6 above).125 Acetate
kinase (E.C. 2.7.2.1) and pyruvate kinase (E.C. 2.7.1.40) are key components of cofactor
recycling systems.6! Pyruvate kinase also accepts other nucleoside diphosphates in
addition to adenosine 5 -diphosphate (ADP) at synthetically useful rates, allowing, for
example, the generation of cytidine 5’ -triphosphate (CTP) (Scheme 13),160.161 yridine 5'-
triphosphate (UTP),161 and ribavirin 5/ -triphosphatel62 from the corresponding
monophosphate and PEP, using adenylate kinase (E.C. 2.7.4.3). The nucleoside
monophosphate kinases (E.C. 2.7.4.4) and nucleoside diphosphate kinases (E.C. 2.7.4.6),
although expensive and relatively unstable,62 have been used to generate nucleoside
triphosphates.161,163,164 Glycerol kinase (E.C. 2.7.1.30) is useful for the production of
DHAP for use in reactions catalyzed by aldolase as well as for the synthesis of a number of
unnatural phosphorylated analogues of glycerol.94.165

Oxidoreductases. The class of oxidoreductase enzymes is generally less important in the
synthesis of carbohydrates than for the installation of critical stereocenters in the
production of chiral building blocks, such as R- or S-butene oxide.166 The utility of only a
few enzymes in this class has been explored in the context of carbohydrate synthesis.
Polyol dehydrogenase (E.C. 1.1.1.14) is relatively non-specific and may be widely useful in
synthesis for the stereospecifc oxidation and reduction of ketones.167-169 Galactose oxidase
(E.C. 1.1.3.9) suffers from severe product inhibition and has not yet proved to be a useful
catalyst for synthesis.170 There are, however, several strategies to overcome inhibition of
enzyme-catalyzed reactions.1?! Oxidoreductases have also been used to install required
stereochemistries in monosaccharide precursors.178

Isomerases/Epimerases. Glucose isomerase is used to produce millions of killograms of
high fructose corn syrup (HFCS) annually, 173 but has been used only to a limited extent in
organic synthesis. The enzyme has been used to catalyze the isomerization of products
from condensations catalyzed by aldolase,”0 and to produce analogues of fructose from
analogues of glucose in the synthesis of disaccharides.!74.175 UDP-Galactose epimerase
catalyzes the epimerization of UDP-glucose to UDP-galactose, and is of use in the synthesis
of N-acetyllactosamine (see Scheme 16).176

Hydrolytic enzymes. The enzymatic synthesis of carbohydrates generally avoids the need
for protection and deprotection chemistry. Nevertheless, enzyme-catalyzed methods for
the selective hydrolysis and transesterification of carbohydrates exist.177.179-181
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3. Oligosaccharides.

Introduction.

Oligosaccharides and polysaccharides are important classes of biologically occurring
structures.1-5 Oligosaccharides containing fewer than ~20 sugars are the subject of this
section, and polysaccharides of the following section.

In mammalian systems, eight monosaccharides activated in the form of nucleoside
mono- and diphosphate sugars are the building blocks for most oligosaccharides: UDP-Glc,
UDP-GIcUA, UDP-GIcNAc, UDP-Gal, UDP-GalNAc, GDP-Man, GDP-Fuc, and CMP-
NeuAc.2.184 These are the intermediates of the Leloir pathway. A much larger number of
sugars (eg. xylose, arabinose) and oligosaccharides are present in microorganisms, plants
and insects: we will not discuss these substances, although biosyntheses involving them
usually follow the same principles as those in mammalian biochemistry. Other
monosaccharides are found in mammalian systems but these sugars (for example iduronic
acid and N- and O-sulfated or acylated sugars), found mainly in polymers, do not occur as
nucleoside phosphates, but result from postpolymerization modification of other sugars.5
In vivo, oligosaccharides are usually covalently attached to lipids or proteins during and
after biosynthesis.

The three major classes of glycolipids are glycosphingolipids, glycoglycerolipids, and
the dolichol-bound intermediates formed during the synthesis of N-linked glycoproteins.
Of these, glycosphingolipids predominate in mammalian systems.1

There are two important classes of glycoproteins, differing from each other in their
attachment to the peptide chain: O-linked glycoproteins usually contain an O-glycosidic
linkage between GalNAc and serine (Ser) or threonine (Thr); N-linked glycoproteins
contain N-glycosidic linkages between GlcNAc and the amide moiety of asparagine (Asn).

The basic biosynthetic routes to these two classes of glycoproteins differ, although
the initial formation of the bond between protein and sugar is cotranslational in each. The
synthesis of O-linked glycoproteins involves the stepwise addition of activated sugars
(usually starting with GalNAc) directly to a protein, to a serine or threonine residue
(Scheme 11). The synthesis of N-linked glycoproteins is more involved.183.184

Protein-Ser/Thr — Protein-Ser/Thr-GalNAc — — O-linked glycoproteins

Scheme 11.

First, an oligosaccharide of composition DolPP(GlcNAc)2MangGlc3 is built in a stepwise
manner onto dolichol phosphate {DolP), a polyisoprenoid lipid. This entire
oligosaccharide is transferred to Asn, at a site characterized by the sequence Asn-X-
Ser(Thr), where X is not Pro or Asp. Removal (trimming) of the glucose residues and most
of the mannose by several glycosidases leaves the inner core exposed (peptide-Asn-
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GlcNAc-GlcNAc-(Man)g). Elaboration of this core by transfer of sugars from nucleoside
mono- and diphosphate sugars provides mature glycoproteins (Scheme 12).185 A similar
synthetic strategy involving the assembly of a lipid-bound intermediate is also important in
the biosynthesis of bacterial cell walls.2

Dol-P — DolPP-GlcNAc — DolPP-GlcNAcGlcNAc(Man)g(Gle)s —

Protein-Asn-GlcNAcGlcNAc(Man)g(Glc)3 — Protein-Asn-GlcNAcGlecNAc(Man)3

— — N-linked glycoproteins
Scheme 12.

There are two groups of enzymes used for synthesizing oligosaccharides in vivo, and
both use prior activation of the sugar monomer by phosphorylation. The largest group, the
enzymes of the Leloir pathway, transfer sugars activated as sugar nucleoside phosphates to
the growing oligosaccharide chain.2.186 Non-Leloir pathway enzymes transfer
carbohydrate units activated as sugar phosphates, but not as sugar nucleoside phosphates.2

There are two strategies available for enzyme-catalyzed in vitro synthesis of
oligosaccharides. The first uses the glycosyl transferases (EC 2.4.), which are used in vivo
to elaborate oligo- and polysaccharides. The second strategy uses the glycosidases, or
glycosyl hydrolases (EC 3.2.). In vivo, these enzymes have a catabolic function, and cleave
glycosidic linkages to form mono- or oligosaccharides. They can be used synthetically to
form glycosidic linkages, however, in the presence of a suitable nucleophile other than
water.

Glycosyl Transferases.

Leloir Pathway Glycosyl Transferases.
Biochemical Synthesis.

Three fundamental steps constitute the Leloir pathway: activation, transfer, and
modification.2-4.187 These steps represent biological solutions to the problems also faced
by chemists: chemical activation of sugars, stereospecific and regioselective formation of
glycosidic linkages, and elaboration of products.

In the first steps of the Leloir pathway for all sugars except NeuAc and its
derivatives, a sugar (glucose, galactose or mannose) is transformed into a sugar-1-
phosphate (sugar-1-P) by a kinase (E.C. 2.7.). This sugar-1-P reacts with a nucleoside
triphosphate .(NTP) in an enzyme-catalyzed reaction (scheme 13) and forms a chemically
activated nucleoside diphosphate sugar, UDP-Glc, UDP-GlcNAc, UDP-Gal, or GDP-Man
(Scheme 14, from ref. 2, p. 129). These enzymes are known as pyrophosphorylases, or
nucleoside transferases (E.C. 2.7.)
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sugar-1-P + NTP — NDP~sugar + PPy
Scheme 13.
Subsequent transformations of these key nucleoside diphosphate sugars lead to the
remaining activated sugars {Scheme 14). In some cases, more than one route may lead to

the same sugar nucleotide. For example, UDP-Glc epimerase {E.C. 5.1.3.2) converts UDP-
Glc into UDP-Gal. UDP-Gal is also synthesized directly from galactose.

Gal - Gal-1-P - UDP-Gal

1
Gle — Glc-6-P — Glc-1-P — UDP-Glec — UDP-GIcUA — UDP-Xyl
l ‘
Fru-6-P -» Man-6-P - Man-1-P - GDP-Man —» GDP-Fuc
d T
GlcN-6-P Man
{
GlcNAc-6-P ManNAc— ManNAc-6-P— NeuAc-9-P — NeuAc —» CMP-NeuAc
{ T

GlcNAc-1-P — UDP-GlcNAc — UDP-GalNAc

Scheme 14. Biosynthesis of nucleoside phosphate sugars used in the Leloir pathway in mammalian
systems. Underlined nucleoside phosphate sugars have been prepared on a greater than 1-g scale in cell-free
enzyme-catalyzed reactions.

The activation of sialic acid (NeuAc} is an exception: a nucleoside monophosphate sugar
forms directly from NeuAc (Scheme 15).

NeuAc + CTP — CMP~NeuAc + PPj
Scheme 15.

A second class of enzymes (the glycosyltransferses) catalyze the addition of the
activated sugars in a stepwise fashion to a protein or lipid, or to the non-reducing end of a
growing oligosaccharide. For glycoproteins, these steps occur in the rough endoplasmic
reticulum and in the Golgi apparatus. A large number of glycosyl transferases appear to be
necessary: each NDP~sugar requires a distinct class of glycosyltransferases and each of the
more than 100 glycosyltransferases identified to date appears to catalyze the formation of a
unique glycosidic linkage. Exact details concerning the specificity of the
glycosyltransferases are not known. It is not clear, for example, what sequence of
carbohydrates is recognized by most of these enzymes. 188



Modification of N-linked glycoproteins occurs in two steps: specific glycosidases
catalyze the trimming of sugar residues, then the residual oligosaccharide is elaborated by
several glycosyl transferases. The synthesis of inhibitors (eg. nojirimycin,
castanospermine, swainsonine) of these glycosidases is a goal of several synthetic
programs; tunicamycin represents a useful example of an inhibitor of glycosylation.189

Chemists have b;gun to apply the enzymes of the Leloir pathway to the synthesis of
oligosaccharides. Two requirements are essential to the success of this approach: the
availability of the sugar nucleoside phosphates at practical costs and the availability of the
glycosyltransferases. The first issue is being resolved for the most common NDP~sugars
(including those important in mammalian biosynthesis). Only a small number of
glycosyltransferases are, however, presently available, and access to these enzymes is the
limiting factor in this type of synthesis.

NDP~Sugars. Availability and Preparation.

The fact that only a small number of the known NDP~sugars190 are used in
mammalian biochemistry simplifies the problems faced by the organic chemist. Methods
based on chemical synthesis!91 or on fermentation192 exist for the preparation of most of
these compounds, although a chemical preparation of CMP-NeuAc remains to be
reported.44 All of the common NDP~sugars are available from commercial sources, but
most are expensive. This high cost has made large scale syntheses of oligosaccharides
using glycosyl transferases impractical.

Enzymatic methods of preparing the NDP~sugars can have several advantages
relative to chemical methods. For example, the NDP~sugar can be generated in situ,
making it possible to drive thermodynamically unfavorable equilibria (such as the
epimerization of UDP-Glc to UDP-Gal).193 Purification steps may be eliminated altogether
because the byproducts of enzyme-catalyzed methods often do not interfere with further
enzymatic steps. Enzyme-catalyzed syntheses have produced UDP-Glc,193 UDP-Gal,193 and
CMP-NeuAcl08 on > 1-g scale. All of the other important NDP~sugars have been made
enzymatically on an analytical scale.190

Characteristics of Glycosyltransferases.

Availability and Stability. Most glycosyl transferases are difficult to isolate, especially
from mammalian sources, because the proteins are present in low concentrations, and are
membrane-bound.188.194 From the perspective of synthesis, rigorously purified
preparations of enzymes are not necessary, although the activity of certain enzymes, such
as the phosphatases, must be avoided.

Glycosyltransferases are reported to be unstable,193 although a few enzymes have
been immobilized.195.196 Only a small number of glycosyltransferases are available from
commercial sources at this time, and these preparations are expensive, although many
others have been isolated and characterized.188.194 Genetic engineering (ie. cloning or
modification of enzymes) will have a large impact in this area. Already several glycosyl



Enzyme-catalyzed synthesis of carbohydrates 5391

transferases have been cloned, including glucosyl-, fucosyl-, and sialyltransferases.197-202
Recent advances in cloning techniques should speed the cloning of other glycosyl
transferases.201,202

Specificity. Glycosyltransferases form regio- and stereospecific linkages between
the activated donor (a nucleoside diphosphate sugar) and an acceptor (a mono- or
oligosaccharide). The point of interest to synthetic chemists is the range of acceptors
and donors that can be used in synthesis. Research in the biochemical community in
understanding how the fidelity of oligosaccharide construction is maintained72 and in
designing inhibitors of glycoprotein synthesis203 has shown that the specificity of the
glycosyltransferases is not absolute.

UDP-Gal transferase (lactose synthetase) is the best-studied glycosyl transferase in
terms of specificity for the acceptor sugar. Several groups have demonstrated that this
enzyme transfers UDP-Gal to a wide range of acceptor substrates.204-208,.217  The broad
substrate specificity of the enzyme has allowed the preparation and isolation of well-
characterized oligosaccharides (see Table 6) Other glycosyltransferases, although less
well-studied than UDP-Gal transferase, also appear to accept a range of acceptor
substrates,209.210

Although the glycosyltransferases are considered to be specific for the NDP~sugars,
recent observations suggest that this specificity is not absolute. Several groups, for
example, have transferred analogues of UDP-Gal, 211 GDP-ManZ212.213 gnd CMP-NeuAc164.214
to acceptor sugars. It is important to realize, however, that not all of the enzymes have
been purified to homogeneity, so it is unclear whether this apparently loose specificity for
donor and acceptor is real, or whether it represents activity of a mixture of several
enzymes.194 As more enzymes become available, it should be possible to evaluate better
the substrate specificity of the glycosyl transferases and their potential use in the synthesis
of natural and unnatural oligosaccharides.

Examples And Potential Uses.

Enzyme-catalyzed syntheses, particularly using the galactosyl- and sialyltransferases,
have produced a number of oligosaccharides (Table 6).18.114,204,215-226 Techniques of
detecting, isolating, and characterizing reaction products exist, but the amount of product
that can be formed is limited by the availability of the glycosyltransferases. For example,
enzyme-catalyzed preparations of ~10 g of N-acetyl lactosaminel93 (Scheme 16) and ~3 g
of CMP-NeuAcl08 (Scheme 17) were both straightforward. The addition of NeuAc to N-
acetyllactosamine, however, produced only mg quantities of the trisaccharide, sialyl N-
acetyllactosamine (Scheme 18), because of limited availability of the required
sialyltransferase, 18,108,195 The techniques of solid phase synthesis, well demonstrated in
the field of peptide synthesis, have been used in the synthesis of carbohydrates.218-220
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Scheme 16. Synthesis of N-acetyllactosamine. The six-enzyme systemn generates UDP-Glc and UDP-Gal in
situ. 1 = galactosyl transferase; 2 = pyruvate kinase; 3 = UDP-glucose pyrophosphorylase; 4 =
phosphoglucomutase; 5 = inorganic pyrophosphatase; 6 = UDP-galactose epimerase.

OH
Hol 1 HOI AcNH 2 AcNH H

0,
HO HO .
AcNH E: COy

OoH

cMP cpp —————= CTP 5
>?<
cTP cop

Scheme 17. Synthests of CMP-NeuAc from GlcNAc, CMP. PEP, and pyruvate. 1) NaOH; 2) NeuAc aldolase,
pyruvate; 3) adenylate kinase; 4) pyruvate kinase; 5) CMP-NeuAc synthetase.
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Scheme 18. Synthesis of sialyl N-acetyllactosamine using 2,6-stalyltransferase.

The synthesis of fluorinated carbohydrate analogues is an area of interest in both
chemistry and biochemistry.227 Card and Hitz have used sucrose synthetase to transfer
glucose from UDP-glucose to 1-deoxy-1-fluorofructose, to generate 1’-deoxy-1°-
fluorosucrose (Scheme 19).174.175

OH
O,
OH OH
gluoou isomerase oSH UOP-Glucose HO
oH Sucrose synthetase R o
e “;"1'917
OH
HO

Scheme 19. Synthesis of 1’-deoxy-1‘-flucrosucrose using sucrose synthetase.

Non-Leloir Glycosyltransferases.

Oligosaccharides have also been prepared by non-Leloir routes. Two particularly
Important examples are sucrose and trehalose (a major storage carbohydrate in plants,
fungi and insectsl). Both compounds have been successfully synthesized in cell-free
enzymatic systems using routes that reverse the routes followed for their catabolism in vivo
(Schemes 20a and 20b).228 Other examples of this class are dextran sucrase and sucrose
phosphorylase. In vivo, these forms of synthesis are primarily used for the preparation of
carbohydrate polymers, such as the mierobial levans and dextrans.229.230 Several enzymes
of this type have been used synthetically.

OH OH OH ~ OH
0 o Trehalose Phosphorylase O T\
OH + oH H == oH HO
HO op HO HO o OH
OH OH OH

Scheme 20a. Synthesis of trehalose.
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Ho 0.
Sucrose Phosphorylase oM HO + P
+ HO — "o
HO OH : O
H OH oH

Scheme 20b. Synthesis of sucrose.

Fo

Glycosidases

The glycosidases cleave glycosidic bonds in nature {Scheme 21). Two groups of
glycosidases exist; the exoglycosidases, which cleave terminal glycosidic units, and the
endoglycosidases, which cleave both terminal and non-terminal glycosidic linkages in

oligo- or polysaccharide chains.
H,0
7

Sugar - OR,

;& Sugar-OR, + R,-OH

Scheme 21.

Sugar-OH + R,-OH

In general, the glycosidases show high specificity for both the glycosyl moiety and the
glycosidic linkage. but little if any specificity for the aglycon component. For example
disaccharides, alkyl-, aryl-, thioalkyl-, azido- and fluoroglycosides have all been used as
substrates for B-galactosidase from E. coli.231

The mechanism of hydrolysis is presumed to proceed in the same fashion as the
acid-catalyzed cleavage of a glycosidic bond, via a carbocation intermediate. Hydrolysis of
glycosidic linkages leads to net retention of configuration at the anomeric center. This
observation suggests one of two possible mechanisms: i) a double displacement
mechanism, with an enzyme-glycoside covalent intermediate, or ii) the binding and
stabilization of a carbocation intermediate in such a fashion that only one face is accessible
to an attacking nucleophile. The existence and nature of a covalent intermediate is still
the subject of debate.232.233

It has long been recognized that the intermediate in the hydrolytic pathway shown
in Scheme 21 can be intercepted by a second nucleophile. Thus, reaction of a
carbohydrate in the presence of a nucleophile other than water can result in the formation
of a new glycosidic bond: the glycohydrolase can serve as a transglycosidase. Huber and
coworkers demonstrated that during the hydrolysis of lactose (B-Gal-(1—4)-Glc) by B-
galactosidase, approximately 50% of the lactose molecules were converted to allolactose
(B—Gal-(1—6)-Glc), either by trapping of the intermediate by the newly formed glucose, or



5398 E. J. TOONE et al.

by an internal transfer reaction of undefined nature.234 Bourquelot’s group has reported
the preparation of over 40 crystalline glycosides by reactions of this type.235.236

Glycosidases can be used synthetically in two modes. The first utilizes a glycosidase,
the corresponding free monosaccharide, and a nucleophile. This procedure has been
referred to as “direct glycosylation”, or “reverse hydrolysis” (Scheme 21).237 Since the
equilibrium constant for this reaction lies strongly in favor of hydrolysis, however, high
concentrations of both the monosaccharide and alcohol must be used. Yields in these
reactions are generally low. R

The second route utilizes a preformed glycoside, which is hydrolyzed by an
appropriate glycosidase. The intermediate is then trapped by a second nucleophile (other
than water) to yield a new glycoside (Scheme 21). Several species have been used as the
donor glycoside, including substituted aryl glycosides, glycosylfluorides and disaccharides.
This method has been referred to as “transglycosylation.” In early works the
transglycosylation ability of a glycosidase was sometimes referred to as a separate activity.
Transglycosylation gives higher yields, and is generally the method of choice.

The primary advantage of these modes of synthesis compared with the use of the
glycosyl transferases discussed above is that activated sugar nucleosides are not required.
Several examples of synthesis using glycosidases have now been reported (Table 7).238-260
The major drawbacks of these syntheses are low ylelds, and the formation of mixtures of
products.

In the formation of oligosaccharides, the regiospecificity of the transfer is clearly of
great importance. Nilsson has demonstrated that the nature of the glycosyl acceptor
affects the regiospecificity of the transfer.247 Thus, the addition of a-Gal-O-p-NO2Ph to a-
Gal-O-Me gives predominantly the 1-6 linked product, while the same addition to p-Gal-
O-Me gives predominantly the 1-3 linked product.

More recently, several groups have begun to investigate the diastereoselectivity of
glycosidase-catalyzed transfers. This effort has included the addition of sugars to racemic
and prochiral substrates (refs 255-259, Table 7). The addition of a-Gal-O-p-NO2Ph to both
racemic glycidol and isopropylidene glycerol catalyzed by the B-galactosidase from E. coli
is reported to proceed in ~40% diastereomeric excess.257 The transfer of an «-Gle unit
from maltose to a racemic mixture of trans-1,2-cyclohexanediol was reported to give
100% diastereomeric excess, using a crude enzyme preparation from Aspergillus oryzae.
Enzymes from other sources gave lower selectivities.258 Gais and coworkers found
diastereomeric excesses of 50-96% resulting from the transfer of B-Gal from either lactose
or B-Gal-O-Ph to a series of meso diols, catalyzed by B-galactosidase from both E. coli and
Aspergillus oryzae.255 These investigators also noted a dependence of diastereomeric
excess on enzyme source, reaction conditions (addition of acetone cosolvent) and the
nature of the donating species. Much work remains to be done on the stereospecificity of
glycosidase-catalyzed glycosyl transfer. A dependence of diastereomeric excess on the
nature of the donating glycoside could have important mechanistic implications.
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4. Polysaccharides.

Polysaccharides play important roles as storage, structural, and protective
components in biological systems.1.2.3 From a commercial standpoint, polysaccharides are
the most widely used group of carbohydrates. Polysaccharides are important both as
commodity chemicals in the food,261.262 textile,263 and petroleum263 industries, and as
specialty chemicals, primarily in the medical field.264 Some of the more important
polysaccharides from the point of view of human health are heparin, hyaluronic acid, and
chondroitin sulfate (Figure 1). Modification of these and other carbohydrate polymers may
lead to important new materials.

Qe | L]

heparin hyaluronic acid

NHAc

chondroitin sulfate

Figure 1. Representative repeating units of important glycosylaminoglycan polysaccharides. The full
structures are heterogeneous. For heparin , R = -S032" or -H and R’ = -Ac or -H; for chondroitin sulfate,

R=-5032 or -H

Synthesis. .
Biosynthesis and Isolation. The biosynthesis of polysaccharides is achieved in one of two
ways. The first uses the Leloir pathway, described above for oligosaccharides. Extensive
post-polymerization modification can, however, strongly influence the structure and
properties of carbohydrate biopolymers, particularly in eukaryotic systems. Modifications
include acetylation, deacetylation, sulfation, epimerization, oxidation, reduction, and
methylation. The system of enzymes and cofactors needed to accomplish many of these
transformations are now developed for synthetic applications: one important exception is
the system, based on 3’'-phosphoadenosine 5°-phosphosulfate (PAPS), that is involved in
essentially all sulfation reactions. Although in vitro sulfation of polymeric systems with cell-
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free enzymes has been accomplished on an analytical scale,265 preparative-scale polymer
sulfation remains an important unsolved problem.61 The second route utilizes non-Leloir
pathways, and is used in the biosynthesis of several important classes of polymers, including
the dextrans and levans.266 In this synthetic route, sugar monomers are activated as the
sugar- 1-phosphates before incorporation into the growing chain.1.2.5.267

Common methods for the production of polysaccharides by isolation from biological
sources or by fermentation suffer several drawbacks. Isolation does not allow control of
either polymer molecular weight or the extent of branching. Isolation of polysaccharides
also creates an inconvenient dependence on natural sources. Separation of the desired
polymer from a variety of extra- and intracellular (when cells must be lysed) products is
difficult. Shear degradation of the polymer may also occur during lysis.

Cell-free Enzymatic Synthesis. The synthesis of modified carbohydrate polymers might
provide materials with more desirable physical and biological properties than their natural
counterparts. One approach to controlling the characteristics of polymers is to control the
genes encoding the enzymes responsible for their production, to regulate the activity of
these enzymes, or to influence in vivo synthesis in some other way.268.269 Another
approach is to use cell-free systems of enzymes. Potato phosphorylase, which uses Glc-1-P
to synthesize amylose, has been used synthetically in vitro. Pfannemiiller and co-workers
have used this enzyme to prepare maltose oligomers.270 Whitesides and co-workers
extended this method by preparing Glc-1-P in situ from sucrose, using sucrose
phosphorylase (E.C. 2.4.1.7) (Scheme 22).271 Pfannemiiller and colleagues have also
produced an extensive family of linear, star- and comb- shaped polymers carrying amylose
chains using potato phosphorylase (E.C. 2.4.1.1) {(Scheme 23).272.273 Other important cell-
free enzymatic systems include those used in the commercial preparation of cyclodextrins
from starch.274

In spite of the progress that has been made, several difficulties limit the use of cell-
free enzymes for the synthesis of polysaccharides. The major problem is the complexity of
many polysaccharide-synthesizing systems. The large number of enzymes involved in
synthesis (and in post-polymerization modification, when it occurs), the need for primers,
and, in the case of glycoproteins, the involvement of protein- or dolichol-bound
intermediates all contribute to this problem. Isolation, purification, and stabilization of the
required enzymes is often difficult. Many enzymes lose activity when they are no longer
membrane-associated. Like the glycosyl transferases, the concentration of many of these
enzymes in cells is low. This problem is especially significant with enzymes isolated from
eukaryotic sources. It is unlikely that cell-free enzymatic synthesis will provide better
routes to most natural polysaccharides than do fermentation and isolation. The use of
genetic engineering, both using classical genetics and recombinant DNA technology, is now
being used to prepare modified carbohydrate polymers.275
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Several Leloir-pathway systems have been isolated, and hyaluronic acid,276-278
chitin,279 and chitosan280 have all been synthesized on small (umol) scale using cell-free
enzyme preparations. To date, the focus of this work has been the elucidation of
biochemical pathways, and only natural polymers have been synthesized. The use of these
systems to generate novel polymers is an area of current interest.
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5. Prospects, Targets, and Unsolved Problems

Assessment. Enzymes will be a useful class of catalysts in the synthesis of
monosaccharides, activated monosaccharides, oligosaccharides and polysaccharides. The
aldolases presently appear to be the most useful group of catalysts for the preparation of
monosaccharides; other enzymes (kinases, lipases, oxidoreductases) catalyze specific
functional group transformations of monosaccharides but are less general in applicability
than the aldolases.

Enzymes of the Leloir pathway have already been used successfully to prepare certain
oligosaccharides by formation of glycosidic linkages. The eight nucleoside phosphate sugars
required to synthesize the large majority of mammalian oligosaccharides will soon be
available by practical synthetic routes. Difficulties in obtaining the required glycosyl
transferases currently limit the scope and scale of syntheses in this area.

The use of cell-free enzymes for the synthesis of polysaccharides is just beginning to
be explored. The lack of the necessary glycosyl transferases, and the requirement, in some
systems, for enzymes for post-polymerization modification, are both unresolved problems.
Methods for producing or modifying selected polysaccharides having high value may prove
practical; these methods will draw upon results in the area of oligosaccharide synthesis.

This section sketches a few of the specific areas in which enzyme-based carbohydrate
synthesis has potential. While this list of potential targets for synthesis is by no means
complete, it illustrates the range of targets to which this synthetic methodology might be
applied.

Research Chemicals and Biochemicals; Synthetic Intermediates.

Biochemicals. Compounds such as nucleoside phosphate sugars, glycoproteins, glycolipids
(eg. gangliosides) are important as materials for studies of biochemical systems and as
intermediates for the synthesis of other biochemicals. Modified, fluorescent-labelled, or
radioactively-tagged biochemical intermediates are also useful as inhibitors or tracers. The
stereochemical demands posed by the synthesis of these water-soluble materials challenge
the methods of organic synthesis. Enzyme-catalyzed reactions provide routes to many
simple biochemical intermediates and may be the method of choice for the synthesis of
more complex structures. These reactions are particularly useful in syntheses requiring a
high degree of stereoselectivity.

Chemicals. Naturally-occurring sugars are already widely used in organic synthesis,
primarily as sources of chiral centers. The capacity of aldolases to generate large numbers
of rare and unnatural sugars and of sugar-like molecules offers a route to many new chiral
5ynthons_281.282
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Immunomodulators.

Glycolipids and Glycoproteins. The identification and preparation cf compounds that
enhance the response of the immune system is a key target of biomedical
research,149,283,284 Bacterial sources have provided a large number of glycoconjugates that
function as immunomodulators.285 Two of the most interesting classes of such compounds
are muramyl dipeptide (MDP} and trehalose diesters, or cord factor (Figure 2).

Immunomodulators are of great value as adjuvants in vaccine therapy. ‘Muramyl
dipeptide has been used in this capacity since the beginning of the century. Originally used
as a whole cell preparation (Freund’s adjuvant), MDP was shown in 1974 to be the
minimum active structure from mycobacterial cells.286 Certain vaccine and anti-viral
therapies use MDP to activate macrophages, increase levels of antibodies against specific
antigens, and induce a delayed hypersensitivity reaction.287 MDP also stimulates non-
specific resistance to bacterial infection288 and to oncogenic animal viruses.289
Unfortunately, native MDP displays a variety of deleterious effects in vivo, including
pyrogenieity, thrombocytolysis, and sensitization to endotoxin.290 . As a result, the synthesis
of analogues of MDP is of interest in efforts to maximize the value of this class of biologically
active compounds. To date, these studies have focussed primarily on the modification of the
peptide moiety.290 Improved methods for the synthesis of both unnatural monosaccharides
and glycoproteins may allow the preparation of a variety of new compounds with variation in
the sugar moiety.

Trehalose diesters show immunostimulant, antibacterial, antiparasitic, and antitumor
activity (Figure 2).290 The preparation of modified trehalose derivatives has concentrated
on alterations of the acyl side chains, in part due to the synthetic difficulty in modifying the
trehalose moiety.290 The development of techniques based on enzymes for the formation of
the unusual glycosidic bond of trehalose should allow for the preparation of new analogues
of trehalose, based on the preparation of novel disaccharide cores.

CHy CH;
CHy  CHs (c ‘z).. (CIHz).. OH
(CH)y (CHo)n “‘f—c{' (L°
He—ch co OH 0 OH
w' L S J
| OH OH NHAc
O | OH o CONH,
OH \)l\ J\/\
OH © u COH
0 CH,
HO
Trehalose Diester Muramyl Dipeptide
n=30-90

Figure 2.
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Bacterial Endotoxin/Lipid A.292.293 The outer membrane of Gram-negative organisms
contains significant amounts of an amphiphilic lipopolysaccharide (LPS, or bacterial
endotoxin). This biopolymer is responsible for many of the toxic effects due to Gram-
negative bacteria infection, including fever, hypotension, coagulation abnormalities and
death in laboratory animals.294 LPS consists of three segments: lipid A, an acylated
disaccharide of B-GlcN-(1—6)-GlcN; a core polysaccharide region: and an antigenic outer
polysaccharide (Figures 3 and 4). These components show considerable species

Antigenic Chain Core Polysaccharide Lipid A

Cy4 - C4 Acyl Chain O Monosaccharide

Figure 3.

variation. Lipid A alone causes many of the physiological effects of bacterial endotoxin.295 It
is a potent stimulator of tumor necrosis factor,296 and also stimulates the formation of
antibodies, which cross-react with a wide range of other Gram-negative bacteria.297 Lipid
A stimulates the immune system, causing the differentiation of B-lymphocytes and the
release of secondary mediators by macrophages, such as prostaglandins.294 The synthesis
of modified endotoxin structures is clearly an area of great interest in the search for non-
protein immunomodulators and adjuvants. To date, the study of modified bacterial LPS has
relied on the isolation of incomplete endotoxin structures, often from mutant strains,298 or
by total chemical synthesis.292 Enzymes should prove useful in the synthesis of components
and analogues of LPS.

Polysaccharides. A number of polysaccharides (for example dextran, heparin, hyaluronic
acid, Figure 1, Section 4) have well defined places in medicinal chemistry, and a number of
others have shown biological activity.300.301 Heparin is a highly heterogeneous structure,
with a number of apparently distinct biological activities due to different sequences. The
pentasaccharide shown in Figure 5 has been shown to be a minimum sequence required for
binding to antithrombin III. 153,302 '



While cell-free synthesis of polysaccharides is not presently feasible on a large scale,
the preparation of useful quantities of oligosaccharides may well be possible. These
oligosaccharide sequences would be valuable in defining relationships between biological
activity and structure, and might constitute useful drug candidates by themselves.
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Figure 4. Representative units of bacterial endotoxin. 1 = Lipid A from Salmonella minnesota. 2 = Core
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Drug delivery.

Carbohydrates have already proved useful in three areas of drug delivery: in
solubilization of hydrophobic drugs, as biodegradable polymers for controlled drug release,
and for specific organ targeting.291.303 Improved enzymatic methods for synthesis of
carbohydrates and derivatives will provide more flexible methods for preparing drug-
carbohydrate conjugates, and for generating new carbohydrates.

Solubilization of large, hydrophobic molecules, such as steroids, through glycosylation
has long been recognized as one mechanism of detoxification in vivo.38 This same principle
is used to solubilize drugs that might otherwise have to be used as suspensions. In vivo,
glycosidases remove the glycosyl unit, unmasking the drug. Increased availability of glycosyl
transferases should, in combination with techniques for preparing nucleoside mono- and
diphosphate sugars, be especially helpful in synthesizing drug-sugar conjugates.

Polymeric drug delivery systems have been used clinically.304 The primary advantage
of polysaccharides as delivery vehicles is the biocompatibility of both the initial polymer and
its degradation products. Furthermore, an effective mechanism for decomposition, the
glycosidase enzyme system, exists in vivo. The hydrophilic surfaces presented to serum by
polysaccharides may be less thrombogenic than synthetic polymers.

It may be possible to exploit the fact that carbohydrates are often important in
biological recognition to design strategies for specific organ targeting. For example, the use
of mannosylated proteins in conjunction with muramyl dipeptide (vide supra) allows
specific delivery of MDP to macrophages. The glycoprotein conjugate binds to the mannose
receptors on the surface of macrophage cells, and is subsequently endocytosed.

Glycosidase and Glycosyl Transferase Inhibitors.

A range of analogues and derivatives of carbohydrates are proving interesting in
studying the biosynthesis and modification of oligosaccharides: deoxynojirimycin,
swainsonine, and castanospermine inhibit trimming of the N-linked oligosaccharides of
glycoproteins; tunicamycin and streptovirudin also inhibit glycosylation in the Leloir
pathway;305,306 acarbose inhibits amylase.307 These inhibitor systems have attracted
substantial interest for two reasons. First, they provide a way of exploring cell-surface
oligosaccharide chemistry, a topic of central interest in differentiation and development, as
well as other areas. Second, most are relatively easily understood as transition state
analogues, and there is a good chance that the design of other, new sugar analogues to
inhibit other glycosidase and glycosyl transferases can be accomplished.

The syntheses of these types of structures are not straightforward using classical
synthetic methods. Enzymatic methods have already proved very useful in syntheses of
deoxynojirimycin and related materials, and will probably prove widely applicable to other
preparations in this series.
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Glycoprotein Remodeling.

A number of the proteins of interest as human pharmaceuticals (tissue plasminogen
activator, juvenile human growth hormone, CD4) are glycoproteins. There is substantial
interest in developing synthetic methods that will permit modification of oligosaccharide
structures on these glycoproteins by removing and adding sugar units (“remodeling”) and
in making new types of protein-oligosaccharide conjugates.308.309 The motivation for these
efforts is the hope that modification of the sugar components of naturally-occurring or
unnatural glycoproteins might increase serum lifetime, increase solubility, decrease
antigenicity, and promote uptake by target cells and tissues.

Enzymes are plausible catalysts for manipulating the oligosaccharide content and
structure of glycoproteins. The delicacy and polyfunctional character of proteins, and the
requirement for high selectivity in their modification, indicate that classical synthetic
methods will be of limited use. The major problems in the widespread use of enzymes in
glycoprotein remodeling and generation are that many of the glycosyl transferases that are
plausible candidates for this area are not available, and the uncertainty in whether glycosyl
transferases that act during synthesis in vivo (probably on unfolded or partially folded
protein) will be active at the surface of a completely folded protein.

Biocompatible Materials.

The carbohydrate portions of glycoproteins and glycolipids are a major constituent of
the exterior surface of mammalian cells. A number of functions have been suggested for
these oligosaccharide moieties, ranging from highly structure-specific roles in cellular
recognition to rather general roles in cellular protection. At least two general mechanisms
have been suggested for the hypothesized activities in the latter category, both based on
analogy with phenomena known to be important in colloid chemistry. First, the presence
of NeuAc as the terminal constituent of many cell-surface oligosaccharides gives the cell
some aspect of a negatively charged particle, and may thus prevent too-intimate cell-cell
contact. Second, the presence of highly solvated, conformationally mobile oligosaccharide
chains on the cell surface may provide steric protection for the cell surfaces.

The recognition that oligosaccharides on cell surfaces play an important role in their
interaction with cells and other constituents of biological systems has lead to the suggestion
that the ability to prepare surface-immobilized sugars and oligosaccharides might lead to
new strategies for controlling biocompatibility. A variety of mono- and oligosaccharides,
from glucose to heparin, have been attached to surfaces using classical chemical coupling
methods. The enzyme-based synthetic methods discussed here should also be applicable to
certain types of synthetic reactions at interfaces (using of course, soluble enzymes}. There
is, however, an important uncertainty concerning the character of steric interactions
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between the enzyme and the surface: is a potential substrate for an enzyme-catalyzed
transformation accessible to the enzyme if it is immobilized close to a surface? .

Other Opportunities.

The pace of development of carbohydrate-derived pharmaceutical agents has, in
general, been slower than that of more conventional classes of materials. The difficulties in
synthesis and analysis of carbohydrates have undoubtedly contributed to this slow pace, but
at least three areas of biology and medicinal chemistry have redirected attention to
carbohydrates. First, interfering with the assembly of bacterial cell walls remains one of the
most successful strategies for the development of antimicrobials. As bacterial resistance to
penams and cephams becomes more widespread, there is increasing interest in interfering
with the biosynthesis of the characteristic carbohydrate components of the cell wall,
especially KDO, heptulose, lipid A and related materials. Interest in cell-wall constituents
is also heightened by their relevance to vaccines and as leads toward non-protein
immunomodulating compounds. Second, cell-surface carbohydrates are central to
differentiation and development, and may be relevant to abnormal states of differentiation,
such as those characterizing some malignancies. Third, the broad interest in diagnostics
has finally begun to generate interest in carbohydrates as markers of human health. In
addition, there are a number of other possible applications of carbohydrates, for example as
dietary constituents, in antivirals, as components of liposomes, which warrant attention.
Enzymatic methods of synthesis, by rendering carbohydrates more accessible, will
contribute to investigations of all of these areas.
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Abbreviations

acetyl phesphate
adenosine 5'-monophosphate
adenosine 5'-diphosphate
arabinose 5°-phosphate
asparagine
adenosine 5°'-triphosphate
cytidine 5°-monophosphate
cytidine 5'-monophospho-N-acetylneuraminic acid
cytidine 5°-diphosphate
5'-triphosphate
3-deoxy-D-arabino-heptulosonic acid 7-phosphate
dihy phosphate
dolichol

fructose 1, 6-diphosphate

ctose )
N-acetylgalactosamine
glucose
N-acetylglucosamine
glyceraldehyde-3-phosphate
guanosine 5’-monophosphate
guanosine 5°-diphosphate
guanosine 5°-diphosphofucose
guanosine 5°'-diphosphomannosamine
guanosine 5°-triphosphate
heptulose
3-deoxy-D-manno-2-octulosonic acid 8-phosphate
lipopolysaccharide
mannose
N-acetylmannosamine
muramyl dipeptide
membrane-enclosed catalysis
N-acetylneuraminic acid
nucleoside diphosphate
nucleoside triphosphate
phosphate
inorganic phosphate
phosphoenolpyruvate
inorganic pyrophosphate
proline
rabbit muscle FDP aldolase
serine
threonine
uridine 5’-monophosphate
uridine 5°-diphosphate
uridine 5’-diphosphogalactose
uridine 5°’-diphospho-N-acetylgalactosamine
uridine 5°-diphosphoglucose
uridine 5’-diphospho-N-acetylglucosamine
uridine 5'-diphosphoglucuronic acid
uridine 5°-diphosphoxylose
uridine 5°-triphosphate
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