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INTRODUCTTON

The field of carbohydrate chemistry is perhaps one of the most

thoroughly investigated of all disciplines of chemistry. Thousands of

investigators, from the time of Emil Fischer, have probed the structure,

function and reactivity of mono-, oligo-, and polysaccharides.

Nevertheless, carbohydrate chemistry and biologr are currently

undergoing a major renaissance. In addition to their well known roles as

enerS/ storage vehicles and structural components of cells, carbohydrates

are now recognized as vital components in biological reco$nition

phenomena.l-3 The involvement of carbohydrates has been implicated in

many biological processes, including cell-cell recognition in growth and

differentiation, clearance of aging cells from circulation, and cell sorting

and targeting. Cell-surface carbohydrates are specific attachment sites for

certain pathogenic viruses, bacteria, and parasites, and for several soluble

bacterial toxins.a-7 With the realization of these new roles has come a

renewed demand for improved synthetic routes to carbohydrates.

Synthetic methodologies for the preparation of monosaccharides,

oligosaccharides and polysaccharides have been pursued by legions of

chemists for over a century.8- I I Although impressive progress has been

made, carbohydrates continue to be an extremely challenging group of

compounds to prepare. Recently, enrymes have been applied to the field

of carbohydrate synthesis.l2 Enzymes have been utilized as catalysts in

other areas of organic synthesis for many years.l3-15 Many of the
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advantages of enzyrne-based s5mthesis are especially relevant to the
preparation of carbohydrates :

i) Compatibility with aqueous media. Carbohydrates are soluble
primarily in aqueous solution. Many of the reactions available to the
organic chemist, however, are incompatible with water. As a result,
carbohydrates must be modified to solublize them in organic media.
Enzymes operate in aqueous solution, at or near room temperature, and at
neutral pH. Complex protectionldeprotection schemes can therefore be
avoided.

ii) Specificity. The single most attractive feature of enzymes as
catalysts in s5mthesis is their specificity. This specificity is manifested in
three maJor ways. First. enrymes display absolute chemo-, or reaction,
specificity. Carbohydrates frequently possess a variety of sensitive
functionalities, which may be susceptible to undesirable modification
during manipulation \Mith conventional reagents. Second. enzymes in
many cases display high regioselectivity. Since carbohydrates are
composed of a number of functionalities of similar reactivity. the ability to
operate selectively on a single functional group is highly desirable. This
characteristic is an especially important issue in oligosaccharide
syntheses, where, for example, a branched-chain carbohydrate may
contain more than one identical monosaccharide unit. Finally, enzyrnes
display great stereoselectivity. carbohydrates contain much
stereochemical information in the form of multiple stereogenic centers.
This chirality must be correctly installed.

Probably no group of compounds is better suited to enzyme-based
synthesis than the carbohydrates. We have developed synthetic
methodologies for the synthesis of mono-, oligo- and polysaccharides.
This review presents some of the more recent work on the use of
aldolases and transketolase for monosaccharide synthesis, and of the
en4lmes of the Leloir pathway for oligosaccharide synthesis.

MONOSACCIIARIDE SYNTHESIS
1. Aldolases

A. FDP Aldolases. The "lnversion Strategy"

The aldolases (E.C. 4.1.2.x) are an ubiquitous group of en4rmes that
catalyze the interconversion of higher aldoses and ketoses and their
respective components. TWo groups of aldolases are found in Nature.l6
T11pe I aldolases, present in mammalian and higher plant systems, utilize
a lysine amino functionality to catalyze aldol condensation uia a Schiff base
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intermediate. Tlrpe 2 aldolases, isolated primarily from prokaryotic

sources, are Zn2+-dependent enzymes.

Since the early l95o's, aldolases have been utilZed as catalysts for

the synthesis of monosaccharides.12 The best studied of the aldolases is a

fructose- 1,6-diphosphate (FDP) aldolase from rabbit muscle (E.C. 4.L.2.13,

frequently referred to ss prryy1q.17 In utuo, this en4rme catalyzes the

interconversion of FDP and dihydroxyacetone phosphate (DFIAP) and D-

glyceraldehvde-3-phosphate (Scheme l).

RAMA
------.->- -_

I
xo--ffo,

i a  o'rPx 
l l

"o{vH H H

Scheme 1. The RAMA-Catalvzed Aldol Condensation

The enzvrne displays absolute stereospecificity for the two new

stereogenic centers formed dur ing the react ion:  the r , . ic inal  d io l  formed

dr-rring the condensation is always D- threo. RAMA will accept- a wide range

of aldehydes as the electrophi l ic  component of  the react ion,  a l though the

enzyme appears to be absolute in its requirement for DFIAP as the

nucleophi le.  12'r7 A number of  useful  monosacchar ides have been

prepared using RAMA. More recently, a bacterial FDP-aldolase has been

cloned and overproduced. In init ial studies, the bacterial enz5rme is

reported to have similar substrate specificity to prrytu1ry.18

Although clearly useful as a catalyst in monosaccharide sltrthesis,

RAMA suffers a number of serious drawbacks. Most notably, RAMA

produces only ketoses, whi le a number of  important natural ly occurr ing

structures are aldose sugars. Furthermore, only a single diastereomeric

product is available. Much of the recent work on monosaccharide

synthesis in our group has focussed on strategies to overcome these

l im i ta t ions .

One potential route to aldose sugars is the so-called "inversion

strateliy" (Scheme 2).19 The idea behind this methodology is to uti l ize a

monoprotected dialdehyde as the electrophile in an enzyrne-catalyzed

aldol condensation. Monoprotected dialdehydes of this nature are

conveniently prepared using a vinyl group as a masked aldehyde

functionality. Ozonolysis is then used to release the desired carbonyl.
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Following aldolase-catalyzed condensation, the ketone functionality is

reduced stereospecifically, and the protected aldehyde is exposed to yield

a new aldose sugar. This methodolory accomplishes two goals: the

generation of aldose sugars, and the placement of the vicinal diol formed

during the en4rme-catalyzed aldol condensation in a position other than

C3/Cq. We have demonstrated the uti l i ty of this methodologr through the

synthesis of two monosaccharides, L-xylose (2, Scheme 3) and 2-deoxy-D-

arabino-hexose (5, Scheme 4). t9
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Scheme 2. The Inversion Strategg.

The stereospecific reduction of the ketone functionality generated

in the RAMA adduct is another ',.ital component of the inversion strategy.

We have found id i to l  dehydrogenase (E.C. l . l . l  . I4) ,  f rom Candida utrhs.

also known as sorbitol or polvol dehydrogenase) to be a useful catalyst for

this reduction. Together, Schemes 3 and 4 demonstrate the accessibil i tv

of either diastereomer using a single dehydrogenase. Iditol

dehydrogenase-catalyzed reduction of adduct I produces exclusively the

2R polyol I (Scheme 3). The 25 configuration is available using a two-step

procedure: the ketone is f irst reduced non-specificallg with a hydride

reducing agent, and the undesired 2R enantiomer is oxidized

enzSrmatically to the original ketone (Scheme 4). The ketone can then be

recycled, to produce a new diastereomeric mixture of polyols.
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B. Fuculose- I -Phosphate Aldolase
Another potential route to other stereochemistries at C3 and C4

relies on the availability of other aldolases. Approximately 25 aldolases
have been identified to date from various sources.l2 Of the four possible
diastereomeric products resulting from an aldolase-catalyzed
condensation of DFIAP with an aldehyde, enzymes have been identified
which generate three stereochemically distinct products (Scheme 5). We
have begun investigations on the uillity of bacterial aldolases that generate
products analogous to but stereochemically distinct from those generated
by FDP-aldolases. We have now begun an evaluation of a bacterial fuculose-
1-phosphate (fuc-1-P) aldolase as a catalyst for monosaccharide
synthesis.2o

Unlike FDP aldolases, which are symthesized by most organisms
under all growth conditions, fuc-1-P zrldolase is an inducible enzyme; it is
expressed only when cells are grown on fucose as a carbon source.

Product  Aldolase

OP
o Fructose-1,6-diphosphate- (E.C.4.1.2.7; RAMA)

OH

Scheme 5. Identtfied DHAP Aldolases.

Even under these conditjons, the amount of enz5rme produced is small, on
the order of < I unit of en4rme per gram of wet cells (a unit of enzyme
catalyzes the conversion of I pmol of the substrate to products per
minute, under optimal conditions of temperature and pH).21 In order to

t : t  Rhamnutose-1-phosphate
| - I tr  C.4.1.2.19')
FOH

Ho-l
R
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produce the thousands of units of enzyme we required for carbohydrate
synthesis, overproduction of the enz5rme through recombinant technologr
seemed the only feasible route. We have overexpressed fuc-l-P aldolase
from E. colL using a tac promoter. Approximately 3OO units of fuc-l-p
aldolase are obtatned per gram of wet cells. The enz5rme has been purifted
to crystallinity Fable l), alttrough cnrde preparations can also be used
synthetically. Fuculose- I -phosphate aldolase is a Tlpe 2 aldolase, and is
zinc-dependent. In initial substrate specificity studies, the enzJrme shows
broad substrate specificity with regard to the aldehyde component [able
2 ) .

Table t. Cloned
Crude cell extracts:

E. coli JM105 (FDp-Atdotase)
E. coll A03 (No FDp-Atdotase)

Purif icat ion

Fuc- l-P Aldolase.

6.6 U/mg
1.7 U/mg

protein ac
yietd

9 .9

, r", 
(tn) (u) (wmg)

Cel l -F ree 1063  s .g  x  t o3 5 .5  100
E)dracts

(NHa)ZSO+ 755 S.a x  rO3
(40-60%)

DEAE- 393 g.g  X rO3
Sepharose

7 . 1

We have now extended the list of aldehydes examined for acuvity to
approximately 40' and the enzyme appears to be a useful catalyst for the
preparation of monosaccharides. Investigations on the specificity of the
en4lme for the nucleophilic component remain to be completed.
The enzyme has also been used to prepare D-ribulose, on a lO mmol scale
(Scheme 6). The product pentose was identical to authentic commercial
material.
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S]mthetic routes to monosaccharides utilizing all of the aldolases
discussed here require DHAP. DFIAP is commercially available, although at
$\2olmmol DFIAP clearly must be prepared for synthetic purposes.
There are three methods generally used for the preparation of DFIAP for
use in aldolase -catalyzed syntheses: from fructose- I ,6-diphosphate (FDp),
by chemical slmthesis from dihydroxyacetone, and by enzymatic synthesis
from dihydro>ryacetone using glycerol kinase (schemes 7 and g). The

Table 2. Substrate Specificity of Fuc-l-P Aldolase

Electrophlle Relatlve Rate Electrophlle Relatlve Rate
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FOH
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Acid Phosphatase
(E.C. 3.1.3.2)=...".."......-'-

D-Ribu lose

Scheme 6. Slmthesis of D-Ribulose.

relative merits of these three methodologies have been discussed
elsewhere.r2 Briefly, synthesis from fructose-1,6-diphosphate has the
advantages of low cost and simplicity. The major disadvantage is the
presence of large amounts of FDP during purification of products.
Furtherrnore, this method is obviously only applicable to syntheses using
FDP-aldolases. Chemical synthesis of DFIAP provides high purity material,
but the s5mthesis is technically a',vkward for amounts greater than lO
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mmol. This method originally publishedz2 has recently been improved.23

The major enhancements are the use of ion exchange resin as the acid in

the formation of dihydroxyacetone cyclic dimer ethyl ketal, and the use of

triethylorthoformate to drive this reaction (Scheme 7).

1 .  F r o m  F D P .

2. Chemical  Synthesis l rom Dihydroxyacelone.

i .  EtOH /  (ElO)3CH /  Dower H'
i i .  Poc t3

t - :n ; ; ;  ; . " ,  / 'oH /  H2o . ,o- lEt ,oP H' /  Hzo ^ t - : t
= O -Lo" - 

A"r 
#'-;,

Po oer"

SCHEME 7. Svnthesis of DHAP.
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Scheme 8. Enz}.'rnatic Synthesis of DHAP.

The enzymailc synthesis of DFIAP, on the other hand, is capable of
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dihydro>rqyacetone. ATP must be regenerated, and regeneration schemes

for ATP in slmtheses of DHAP ha'u'e been reported using both acetyl

phosphate with acetyl kinase, and phosphoenolpyruvate (PEP) with

pyruvate kinase.24 These schemes sUll require synthesis of the ultimate

phosphate donors, acetyl phosphate or PEP. More recently, we have

developed a method for the generation of PEP in sifu from commercially

available D-3-phosphoglycerate.25 This synthesis of PEP can be used to

regenerate ATP in slmtheses of DFIAP (Scheme 8). The net result is a

one-pot synthesis of DFIAP using only commercially available starting

materials. The quantity of each of the four en4lrnes used represents

approximately $lO per enzyrne, u'hile D-3-PGA is commercially available

for $4OO/mole. This methodology represents an extremely attractive

synthetic approach to large quantities of DHAP.

2. Transketolase

In addition to aldolases, the other maJor group of enzymes used [n

uiuo to generate and degrade monosaccharides are the transaldolases and

transketolases.26 One of these enz\rrnes, transketolase (E.C. 2.2.1.1), is a

potentially useful catalyst for the synthesis of carbohydrates. The en4lrne

catalyzes the transfer of a hvo-carbon unit from hydrox5rpyn:vate to a

variety of aldehydes (Scheme 9).

coo'
to
I
r-oH

FO
l-ot
R

Transke to lase ,  Mg2*

Thyamine  py rophospha te

OH

o

OH

SCHEME 9. Transketolase.

Transketolase is a thyamine pyrophosphate dependant enzyme, and also

requires divalent zinc as a cofactor. Transketolase from baker's yeast is

commercially available for $1.S/unit. Transketolase can also be readily

isolated from spinach; approximately 150 units per kilogram of spinach

can be recovere d.28

Transketolase has received scant attention in the past.29.3o We are

now investigating the enzyme in more detail. Although transketolase

generates a vicinal diol \Mith the same configuration as those produced by

FDP-aldolases, there are two significant advantages to transketolase-

catalyzed syntheses: the enzyme does not require DFIAP, and the

products are not phosphorylated. Substrate specificity studies to date

have shown the enzyme will accept a wide range of aldehydes as

substrates (Table 3).31
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TABLE 3. Substrate Specificity of Transketolase.

OH

tffo"
o H o

Aldehyde Substrates:

 H
xo-  Y '

t l
o

O H
IHovvH

t l
o

OH
l  . .

"*,4/t t l
o

O H O H O

OH
I

cH3v&.H
tl
o

OH
t

cx.*H

o

o,!Y"
o H o

OH
I

z\/\/H
I  r l
o H o

o o H
i l |

" * "
O B n  O

OH OH

F O
t-oH

lot
I\

[-o*
-o"*o --1

l-o,
l-ot
\

Transketo lase,  Mg2'

Thi  amine pyropho3phate ld i to l  Dehydrogenase
l-ot
l-otro -1

l-oH

io'
\

IoH
Fo

Ho-j

iot
ro"
\

oH 
Fo

oH to-1
= HO- l

I
oH rotoH to--l
o r--oH

L-Gulose

Hydroxypyruvic Acid N A D H

0 3 t z n

SCHDMD 10. Transketolase-Based Svnthesis of L-Gulose.

The enzlrme seems to be absolute in its requirement for a 2R hydroxyl
group in the aldehyde: mixtures of aldehydes epimeric at C2 can be
resolved using transketolase. The en4rme appears to have no preference
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for configuration beyond C2. To date,
is accepted by the enzyme in place of
been used for a slmthesis of L-gulose

transketolase will be a useful enzvme

monosaccharides.

no keto acid has been found which
hydroqrpyruvate. Transketolase has
(Scheme lO).32 It seems certain that
for the s5mthesis of

GLYCOSIDTC BOND FORITIATTON. THE PREPARATTON OF
ACTIVATED MONO SACCHARTDES

1. lntroductlon

Another area of carbohydrate chemistry where enzTlrnes are now
finding extensive use is in the formation of glycosidic linkages. Although
great progress has been made in the development of chemical
methodologies for glycosidic bond formation, few general methods exist
to generate high yields of a single anomeric produgl.lo'32 Furthermore
the exquisite specificity required in the synthesis of many important
glycoconjugates makes chemical synthesis formidable.

Nature uses two basic motifs to activate monosaccharides for
transfer to nascent chains.l In several systems, glycosyl phosphates are
used as activated sugars to form glycosidic linkages. Sucrose
phosphorylase and trehalose phosphorylase are examples of enzymes of
this type: both have been used synthetically.33's+ More commonly,
monosaccharides are activated as nucleoside phosphate sugars. In
mammalian biochemistry, eight activated monosaccharides are commonly
encountered: uridine-5'-diphosphoglucose (UDPGlc), uridine-5'-

diphosphoglucuronic acid (UDPGIcUA), uridine-5'-diphosphogalactose
(UDPGal), uridine- 5'-diphospho -N- acetylglucoamine (UDPGIcNAc),

uridine-5'-diphospho-N-acetylgalactosamine (UDPGaINAc), guanidine- 5'-
diphosphomannose (GDPMan), guanidine-5'-diphosphofucose (GDPFuc),

and cyt idine-5'-monophospho-N-acetylneuraminic acid (CMPNeuAc).

Monosaccharides are transferred from these activated sugars to nascent

oligosaccharide chains by the glycosyl transferases. Collectively, the

enz1rmes that form the nucleoside phosphate sugars and transfer them to
growing carbohydrate chains are referred to as the enzymes of the Leloir
pathway (named for the Argentinean biochemist who first elucidated this

biosynthetic route). We have been active for several years in the study of
glycosidic bond formation using Leloir pathway enzyrnes. Most recently,

we have been engaged in elucidating practical routes to large quantities
(>lg) of the important nucleoside phosphate sugars.

2, Synthesls of Nucleoslde Trlphosphates

The synthesis of most of the nucleoside diphosphate sugars is

accomplished in uiuo by coupling a sugar-1-phosphate with a nucleoside
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triphosphate (Scheme I l). An exception
acetylneuraminic acid is coupled directly

is CMPNeuAc, in which case N-
with CTP (Scheme L2).

Sugar-l-p + XTp _+ XDp_Sugar

scheme 11. Biosynthesrs of Nucleostde Diphosphate sugars.

NeuAc + CTP -) CMp-NeuAc

Scheme 12. Btosynthesis of CMpNeuAc.

Clearly, a source of nucleoside triphosphates (XTp's) is vital for enz5rmatic
syntheses of nucleoside phosphate sugars. We have compared chemical
and en4rmatic methodologies for the preparation of XTp's.3S Although
numerous chemical methodologies are available in the l iterature, we have

x D P ^ " '

ATP A D P

Pyruvate

ii) Pyruvate Kinase
(E.C.2.7 .1 . rm)

i i i )  Adenylate Kinase

Pyruvate

i )  Adenylate Kinase
(E .C .2 .7 .4 .3 ,  X  =  A ,  C ,  U)

Guanylate Kinase
(E.C.2.7.4.8,  X = G)

Nucleoside Monophosphate Kinase
(E .C .2 .7 .4 .4 ,  X  =  U)

Scheme 13. En4rmatic S1'nthesis of Nucleoside Triphosphates.

found that enzymatic methods for the preparation of XTp,s are
operationally much simpler, especially for large scale production. scheme
l3 outlines the most effective enrymatic route to each of the nucleoside
triphosphates from the corresponding monophosphate.
All of the nucleoside monophosphates are available from yeast RNA digests
at low cost. Adenylate kinase (E.C. 2.7.4.3), which catalvzes the
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equilibrium between adenosine mono-, di- and triphosphate, has been
used extensively for the production 616ap.24'36 Although adenylate
kinase will accept all of the nucleoside diphosphates as substrates, its

substrate specificity for monophosphates is much more restrictive.

Nonetheless, cytidine monophosphate can be phosphorylated at a

synthetically useful rate using adenylate kinase.37 The monophosphates of
both uridine and guanosine are not accepted by adenylate kinase. GTP is

best prepared using guanylate kinase, while UTP can be prepared by
chemical deamination of CTP.35 In all cases, the ulUmate phosphate

donor is PEP, which can be prepared from 3-PGA.

3. Synthesls of UDPGIcUA

Glucuronic acid is used in uiuo in mammalian systems as a conjugate
for xenobiotic removal.3S The uronic acids (glucuronic and iduronic acid)
are also components of the glycosamineglycans (referred to as
mucopolysaccharides in older texts), including heparin, chondroitin, and
hyaluronic acid. Iduronic acid (the C5 epimer of glucuronic acid) is
generated in vivo from glucuronic acid afre, transfer by a glycosyl

transferase.

UDPGIcUA is produced from UDPGIc by a nicotinamide-dependent

dehydrogenase. UDPGIc dehydrogenase from bovine liver is commercially

available. The enajrme is expensive ($10/U), and in our hands was

extremely unstable: we found commercial enzyme preparations unsuitable

for gram-scale production of UDPGIcUA. UDPGIcUA can also be isolated

in straightforward fashion from bo',.ine liver according to literature

methods.39 This preparation furnishes approximately 2OOU of enz5rme
per kilograrn of liver. We have used crude enzyme (ammonium sulfate

fractionation from crude liver homogenate) to prepare UDPGIcUA on a

one gram scale (Scheme l4),40 UDPGIcUA was purified from the crude

product mixture by both gel filtration and ion exchange chromatography.

The overall yield from UDPGIc u'as 760lo (9lo/o mass recovery, 84o/o pure

by enzymatic analysis) .

We have also prepared UDPGIcUA from UDPGIc uia a platinum

catalyzed air oxidation (Scheme 15). This technique suffers two major

drawbacks: the catalyst is rapidly deactivated under the reaction

conditions, and the rate of oxidation is very slow at pH values <8. This

latter concern is significant since UDPGIc is unstable in basic media. It

was recognized in previous studies on the oxidation of glucose-l-

phosphate to glucuronic acid- 1-phosphate that catalyst deactivation was

also a serious problem3L,42 Literature methods exist to prepare catalysts

on carbon supports which are resistant to deactivation,4r'42 and this

method might be usefr,rl under different conditions.
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We were unable to generate synthetically useful
a platinum-catalyzed oxidation, and at this time
crude UDPGIc dehydrogenase from bovine liver
gram-scale quantities of UDPGIcUA.

amounts of UDPGIcUA uia

oxidaUon of UDPGIc using
is the most useful route to

4, CMPNeuAc

One of the most important sugars in mammalian biochemistry is N-
acetylneuraminic acid, which commonly terminates glycoconjugate
oligosaccharides. N-Acetylneuraminic acid is synthesized in vivo by an

roH coo-

,Lot, UDPGTcDH ,hot,

,5€lr4rorffir$€1/ro,
oH 2 NAD z i lox oH

o H o
z : z l l

^coo- icoo-
SCHEMT 14. Enzymatic Synthesis of UDpGlcUA.

[o" coo'
.h.o.. PVc, 02 lo.

,N?,o, ->,#),*
oH oH

SCHEME 15. Plattnum-Catalyzed Oxidation of UDpGlc.

ald ola s e - c ata|yzed condensation between N- acetylm annos amin e an d
pymvate (Scheme 16). CMpNeuAc is synthesized by CMpNeuAc
synthetase (E.c. 2.7.7.4.3), from N-acetylneuraminic acid and cTp.
Although preparations of cMpNeuAc have been reported, all are
inconvenient for large scale (>25O m$ preparations. A total synthesis of
CMPNeuAc from the inexpensive reagents N-acetylglucosamine, CMp, and
pyruvate is outlined in Scheme 16.43
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SCHEME 16. Enzr,rmatic Synthesis of CMPNeuAc.

N-acetylneurarninic lyase (E.C . 4.1.3.3) is commercially available. The

enzyrne has been cloned and overexpressed. N-Acetylneuraminic lyase

accepts several analogues of N-acetylmannosamine as the electrophile,

and has been used in the synthesis of unnatural sialic acids. The final

enzyme required for the preparation of CMPNeuAc, CMPNeuAc slmthetase
(E.C. 2.7.7.43), is isolable from calf brain.

CONCLUSIONS

En4lme-based carbohydrate synthesis is now clearly established as a

useful technology. Its importance will continue to grow, as the demand

for unnatural synthetic carbohydrates grows. Although enzyme-based

oligosaccharide synthesis is currently limited by the availability of the

glyosyl transferases, modern molecular biology will soon provide the

necessary enz]rmes.
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