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Abstract

Humans have fewer protein-coding genes than expected for all the inherent complexities of development.
Supplementary factors include the post-translational modification of proteins by glycosylation. The latter term plus
transglycosylation, glycosyltransferases, and ‘to glycosylate’ are used in biochemistry as though they always existed.
Instead they have a history that can bring new insights in this science area to younger investigators. The present
account describes five decades of findings and ideas on enzymic saccharide synthesis leading, finally to a rational
theory that will surely continue to serve the biosciences well in the future. © 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

There exists today an astonishingly large
and cohesive body of information regarding
the enzymic synthesis of the complex sacchar-
ides of living matter. A multitude of investiga-
tors helped create this vital information dur-
ing the past half-century through their reports
of newly discovered syntheses from nucle-
otide-activated glycosyl donors. Invariably,
the responsible enzymes came to be recog-
nized as transglycosylases and named as gly-
cosyltransferases [EC 2.4], specifying the
glycosyl donor and reaction product. Re-
vealed thereby, was the commonality of the
underlying chemical change (glycosyl transfer)
effected in a vast range of saccharide synthe-
ses. The indication that only a few closely
related mechanisms may suffice to account for
these diverse syntheses represents one of the
major contributions of the glycosyl transfer
concept to biological chemistry. Nucleotide
diphospho-sugars, as direct precursors of most
natural complex saccharides, form a further
important common feature of these syntheses.
However, since other types of glycosyl donors
(dolichol-activated sugars, NAD+, phosphori-
bosyl pyrophosphate, ribosyl phosphate, su-
crose, or starch chains) are required for
certain natural saccharide syntheses, the pro-
cess based on glycosyl transfer activity is
wider in scope.

Carbohydrate biochemistry was for many
decades a field concerned solely with carbohy-
drate degradations. In recent decades it has
expanded tremendously to become most sig-
nificant and exciting; it now deals with the
specific functional roles of different complex

saccharides, often discovered following the
latters’ enzymic synthesis. The glycosyl trans-
fer reaction model, proposed in 1951, thus
contributed greatly to the enormous rise in
importance of this sector of biological
chemistry.

2. The course of development of the
transglycosylation (glycosyl transfer) concept

This account reviews the findings and ideas
reported by a succession of bioscientists dur-
ing the first half of the twentieth century,
attempting to define the process whereby par-
ticular enzymes bring about the synthesis of
saccharides. It includes comments by a num-
ber of biochemists regarding what was
achieved by one or another contributor. Of-
ten, the level of understanding existing at the
time of comment was assigned to an author
who clearly had proposed a different (often
less advanced) view. Only the rare appraisal
has been found to distort reported facts or
proposals.

A multitude of investigators have used gly-
cosyltransferase nomenclature for enzymes
catalyzing natural complex saccharide synthe-
sis — as students of carbohydrase mecha-
nisms have used glycosyl transfer
terminology — without mentioning the gly-
cosyl transfer concept’s origin. It did not
spring fully formed from the brow of Zeus; yet
no proper history of its development exists.
Encouraged by colleagues, the present author
has preprepared at career’s end (and century’s
end) this account which aims to do justice to
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the many scientists who had a part in the
idea’s evolution. The author’s own involve-
ment with saccharide synthesis began unex-
pectedly in 1939 as a new member of the
Cornell Medical College faculty. A training
project in immunochemistry† had quickly led
to the unanticipated finding that bacterial dex-
trans cross-react, even at minute concentra-
tions, with type 2 and 20 pneumococcus
antisera.4 This, and the fact that L. mesen-
teroides cultures in media containing sucrose
often produce dextran in abundance but none
when sucrose is replaced by other sugars,4–7

begged for a one-time diversionary attempt at
a cell-free synthesis by proteins extracted from
a dextran-laden culture. The use of dextran’s
newly found serological reactivity, allowing its
identification at a 1–2 �g/mL level, would be
critical to judging the outcome of synthesis
probes. Indeed, the very first trial of a sterile
extract from an L. mesenteroides sucrose broth
culture gave findings clearly indicative of cell-
free dextran synthesis.

This sudden entry into the polysaccharide
biosynthesis area came without awareness of

what others may have accomplished. In any
case, success with dextran synthesis led to a
lifetime of work in carbohydrate enzymology
and a clear view of how the glycosyl transfer
concept evolved.

In this account, the findings and views re-
ported by different investigators are presented
in chronological order. The earliest studies
were made with crude cellular extracts or
emulsins known to hydrolyze certain saccha-
rides. The hypothesis that hydrolysis-reversal
could account for the formation of saccha-
rides and glycosides was the first to be
examined.

2.1. Saccharide biosynthesis in an era when
carbohydrases were considered strictly limited
to hydrolyzing their substrates

2.1.1. 1898–1911: Saccharide syntheses from
hexoses by emulsins suggested that
hydrolysis-re�ersal might be responsible.

Between 1898 and 1911, Croft-Hill and oth-
ers reported disaccaride syntheses from
hexoses, using maltase-rich extracts of dried
yeast,8–12 while Fisher and Armstrong used
lactase from fermented milk (kefir).13 van’t
Hoff and others14–16 reacted almond emulsin
with glucose plus glycerol or alkyl alcohols to
form glucosides. Most of the observations
were consistent with the idea of enzymically
promoted synthesis by hydrolysis-reversal.
However, the results did not provide clear
evidence for the hypothesis, as the products
(formed in scant amounts) were not those
expected but rather their isomers. Also, the
high concentrations of the sugars and other
reactants used,8–16 were far removed from
those existing in living cells. Nevertheless, hy-
drolysis-reversal was reported to account for
several disaccharide and glycoside syntheses
and, in a strange way, for the formation of a
polysaccharide by a crude bacterial extract
studied at the end of this period.

2.1.2. 1910–1912: ‘Nascent’ le�ulose, formed
on sucrose hydrolysis, was assumed to pro�ide
for le�ulan synthesis by hydrolysis-re�ersal.

Studies by Smith and Steel on levan forma-
tion by Bacillus le�anformans17 and by

† The desire for a career involving research in bioscience
came from a remarkable book, ‘Chemistry in Medicine’,1 in
which pioneer researchers described the progress of their own
experiments on insulin, thyroid and adrenal hormones, vita-
mins, etc. On graduation from Cornell Medical College, the
author joined its science faculty. Teaching medical students
was a prime and heavy responsibility, leaving just enough
time to begin an exploratory project in immunochemistry —
to learn whether fungi might form polysaccharides similar to
those of the capsules of certain disease-producing bacteria.
However, the rigidly controlled very first trial led to a
serendipitous finding. The cleared fluid from a Mucor mold
grown in a sucrose-plus-salts ‘broth’ gave a faint precipitate
with alcohol. The recovered precipitate, tested vs. antisera to
different bacterial polysaccharides, reacted with the antiserum
to encapsulated type 2 pneumococcus. The reactive substance,
however, proved not to be a product of the mold but an
impurity of the sucrose in the medium. Nearly all reagent and
food-grade sucrose was found to carry traces of the type 2
reactive impurity.2,3 A bacterial origin was suspected when
samples of sugar-cane juice from a sugar mill reacted strongly
with type 2 antiserum and also yielded cultures of Leuconos-
toc mesenteroides, a species long known to produce much
dextran from sucrose. Dextrans isolated from two L. mesen-
teroides cultures4 were shown to be chemically like to those
dextrans studied by others.5–7 Both reacted strongly with type
2 and type 20 pneumococcus antisera. One (the serotype A
dextran prototype), in addition reacted strongly with type 12
pneumococcus antibody; the other (serotype B) showed little
or no type 12 reactivity.4 In later studies of many dextrans,
type 2 and type 20 reactivities were correlated with their
�-(1�6) linkage content; type 12 reactivity with their �-(1�
2) linkage content.



E.J. Hehre / Carbohydrate Research 331 (2001) 347–368350

Beijerinck‡ on laevulan formation by B.
mesentericus and B. megatherium19 established
that, whereas cultures of these bacteria grown
with sucrose or raffinose become opalescent
and gummy, those grown with other common
sugars (including fructose) gave no sign of
gum formation. Based on their findings, and
on the general belief that carbohydrases cleave
saccharides by hydrolysis only, Smith and
Steel17 proposed that, in cultures, sucrose un-
dergoes hydrolysis to yield an unknown
‘nascent’ form of fructose which is then imme-
diately condensed by repeated reversals of hy-
drolysis to form the levan. This view was later
put forward by Beijerinck19,20 who went be-
yond studies with live cultures to make a
number of qualitative findings which led him
to conclude that an enzyme is responsible for
the synthesis of laevulan from sucrose. This
enzyme, named viscosaccharase, was found in
a zone containing tiny slime droplets on and
in the sucrose-agar surrounding B. mesenteri-
cus colonies. Placing small samples of this
agar zone on a fresh agar plate containing
2–10% sucrose caused the development of
slimy droplets on and into the plate in the
absence of bacterial colonies. Steaming the
samples abolished the slime-forming ability.

A crude synthesizing enzyme was prepared
by filtering sucrose-broth cultures of B.
mesentericus to remove most of the levulan
and bacteria so as to obtain a culture filtrate
poor in bacteria. Alcohol treatment of this
fluid gave a precipitate described as containing
much active enzyme, laevulan, and probably
some bacteria. This preparation induced the
formation of small droplets of gum on, and
into, sucrose-agar plates without observable

bacterial growth. Pieces of the slimy agar
showed strong reducing power which, when
the pieces were washed, emerged in the wash
water indicating that a diffusable sugar ac-
companies the nondiffusable and readily hy-
drolyzed laevulan. The presence of invertase
was doubted.

Beijerinck postulated that viscosaccharase
promotes laevulan synthesis by way of ‘laevu-
lose im status nascens’ which arises by sucrose
hydrolysis and is immediately used for synthe-
sis by hydrolysis-reversal.19,20 In hindsight, it is
clear that Beijerinck’s§ pioneering qualitative
findings strongly indicated, but did not suffice
to prove, that laevulan is synthesized by an
enzyme independently of bacterial cells. How-
ever, his findings are significant for yet an-
other reason. The synthesis was effective at
concentrations of sucrose no higher than re-
quired by live bacterial cultures,19,20 whereas
all prior saccharide syntheses8–16 were effective
only with high levels of sugar and/or organic
additive; that is, far from physiological
conditions.

2.1.3. 1912–1920: Glycoside and disaccharide
syntheses from hexoses �ia hydrolysis-re�ersal
established, but only at lowered water
concentration.

That carbohydrases can synthesize saccha-
rides and glycosides from sugars by the rever-
sal of hydrolysis was firmly established by
Emil Bourquelot, Marc Bridel and their asso-
ciates who demonstrated the formation of a
wide range of well-defined glycosidic products
from digests containing crude enzyme, a
hexose, and 18–90% by weight of an alcohol

§ Beijerinck’s findings, not cited for 20 years, were confi-
rmed in studies by Harrison et al.21 who found that enzyme
solutions, made as described by Beijerinck, do contain live
bacterial cells whose numbers, however, decline during the
synthesis. Dienes,22 in a report that does not refer to either of
the above works, erroneously attributed fructan synthesis
from sucrose by material surrounding colonies of spore-form-
ing bacilli to cell wall-less forms of the bacteria. Beijerinck
reported that his active extracts could contain some live
bacteria, but he was also well aware of the difference between
reactions of enzymes and filterable agents capable of propaga-
tion. He had not only reported key studies on nitrogen
fixation by numerous bacteria18 but also, by demonstrating
that the filterable agent of tobacco mosaic is basically differ-
ent from bacteria, and came to be recognized by some as the
father of virology.23

‡ Martinius Beijerinck (1851–1931) was a prestigious pio-
neer microbiologist. According to one account,18 he and J.H.
van’t Hoff were fellow students at Delft Polytechnical School
and did some experiments together in their rooming house
because of the school’s poor facilities. Beijerinck later at-
tended the University and received the doctorate in 1877. In
1885 he was appointed Professor (with newly built laborato-
ries) at the Delft Polytechnical School. He retired in 1921,
after much outstanding work on bacterial metabolism and
tobacco mosaic virus. Evidently he was not a pleasant person,
not sought out by students (Ref. 18 and other sources).
Intriguing questions include whether Beijerinck knew of van’t
Hoff’s works on enzymatic saccharide synthesis by hydrolysis-
reversal and, if so, why were these not cited.
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or glycol incubated together for weeks or
months. Some 40 glycosides were recovered in
crystalline form,24–30 as were gentiobiose (�-D-
glucopyranosyl-(1�6)-D-glucopyranose), cel-
lobiose (�-D-glucopyranosyl-(1�4)-D-gluco-
pyranose), and two galactobioses.31–36 Each
product was hydrolyzed by the enzyme used
for its synthesis. Crude almond �-glucosidase
and the �-galactosidase of kefir, gave rise to
products of � configuration; the maltase of
dried bottom yeast yielded �-glucosides. As
noted above, all of these many syntheses re-
quired reaction mixtures in which the water
concentration was significantly depressed by
the presence of organic solvents. No evidence
was presented to show that syntheses by hy-
drolysis-reversal occur to any significant de-
gree under conditions found in living cells.
Beijerinck’s reports19,20 of the effective synthe-
sis of laevulan from sucrose by B. mesentericus
extracts are not cited in any of the listed
papers24–36 from Bourquelot’s laboratory.

2.1.4. 1935: ‘Nascent glucose’, formed from
salicin by hydrolysis, considered to pro�ide
efficient glucoside syntheses by
hydrolysis-re�ersal.

In 1935, a seminal paper was published by
Jacques Rabate,37¶ an eleve (student) of
Bridel, on the hydrolysis of salicin (2-(hydroxy-
methyl)-phenyl �-glucoside) by nearly insolu-
ble enzyme preparations from leaves of the
willow, Salix purpurea. Rabate followed
changes in the optical rotation and reducing
power of a 4% solution of salicin incubated
with the Salix leaf powder. After 19 days, the
isolated digest components comprised (a)
residual substrate; (b) saligenol and glucose
(the presumed hydrolytic products); and (c) a
new compound clearly identified as salicyl �-
glucoside. The latter amounted to 29% of the
salicin used. In contrast, salicin incubated
with almond emulsin was completely hy-
drolyzed; no salicyl glucoside was found.

Moreover, a solution containing 0.05 M each
of the hydrolytic products (glucose and
saligenol) gave little or no salicyl glucoside
when incubated with Salix enzyme or almond
emulsin. At this point, Rabate concluded that
the usual direct reversal of hydrolysis cannot
explain the efficient synthesis of salicyl glu-
coside during salicin hydrolysis by the Salix
enzyme. Further experiments were made on
the actions of the Salix enzyme powder using
piceoside (4-acetylphenyl �-D-glucopyran-
oside) as substrate as it allowed more exact
determinations of the free glucose in digests.
Studies of incubated digests of 3% piceoside
plus 3% methanol showed that 57% of the
utilized piceoside was converted to methyl �-
D-glucoside by the Salix enzyme. It effected
essentially no synthesis of methyl �-D-glu-
coside from glucose plus methanol.

In the end, Rabate assumed that the glucose
liberated by the action of the Salix powder on
salicin or piceoside differs from ordinary glu-
cose. He reported that a nascent �-D-glucose
provides for effective synthesis in an aqueous
medium if a small amount of a primary or
secondary alcohol is present at the moment of
substrate hydrolysis; that ordinary glucose
plus saligenol or piceatol is not used for syn-
thesis. The idea of the release of ‘glucose
naissant’ on hydrolysis of salicoside or
piceoside was repeatedly stressed. No refer-
ence was made to Beijerinck’s19,20 parallel pro-
posal of ‘nascent laevulose’ for the efficient
synthesis of laevulan from sucrose (but not
fructose) made 25 years earlier.

In later (1937–1938) works, Rabate40,41 de-
scribed the actions of an essentially water-in-
soluble enzyme preparation from the leaves of
Gaultheria procumbens, an evergreen of the
heath family. The findings generally paralleled
those obtained with the Salix enzyme.
Monotropitoside (o-methylsalicyl �-
primeveroside) was completely hydrolyzed to
form primeverose [�-D-xylopyranosyl-(1�6)-
D-glucopyranose] plus methyl salicylate. After
hydrolysis was complete, the addition of etha-
nol did not yield ethyl primeveroside. How-
ever, when the enzyme was incubated with
monotropitoside in 10% ethanol, ethyl
primeveroside amounting to 60% of the sub-

¶ This paper is a verbatim publication of Rabate’s 1934
doctoral dissertation. Some personal facts about Rabate are
provided by two close associates38,39 who note that he was the
‘eleve’ (protege) of Bridel; also that Rabate was Courtois’
‘cadet’ (section chief). Rabate is said to have been killed in
1941 while serving with the French Liberation Forces.38,39
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strate was synthesized (and recovered in crys-
talline form). ‘Primeverose naissant’ liberated
on monotropitoside hydrolysis was repeatedly
postulated to be part of the process;
primeverose plus ethanol did not give the
synthesis.

In a final (1940) article on heteroglycosi-
dases,42 Rabate reviews his work on �-glu-
coside synthesis by the Salix enzyme. With
salicin as the substrate, hydrolysis is said to
occur and the released glucose said to interact
with the alcohol group of the released
saligenol to form salicyl �-glucoside. In con-
trast, the salix enzyme hydrolyzes piceoside
completely. However, when the reaction is
carried out in water containing 4% vol
methanol, methyl �-glucoside is formed in
large amounts; on prolonged incubation the
methyl glucoside is hydrolyzed. Rabate names
the synthetic process ‘conjugated hetero-
sidification’ and restates the idea that, in the
course of phenolic glucoside hydrolysis, ‘glu-
cose naissant’ is formed which is highly reac-
tive — unlike ordinary glucose which fails to
support glucoside synthesis under comparable
conditions. The equations on pp. 574 and 597
of Rabate’s 1935 paper37 depict hydrolysis;
those on pp. 573 and 598, the hydrolysis-re-
versal. The latter is again illustrated on p.
1825 of his 1940 review:

C6H12O6
glucose naissant

+CH3OH

� C6H11O5−O−CH3
methyl glucoside

+H2O

Although his studies deal with alkyl-gly-
coside rather than fructan synthesis, with phe-
nolic glucosides rather than sucrose as
substrate, and with enzymes from plants
rather than bacteria, Rabate proposed the
same process as had Beijerinck to account for
the observed syntheses. The virtually water-in-
soluble plant glycosidase preparations proba-
bly contained cellular fragments; while
Beijerinck’s B. mesentericus preparations
doubtless contained bacterial cells. Each au-
thor’s findings indicate the occurrence of effi-
cient enzymic syntheses without significantly
lowered water concentration.

How Rabate accounted for his findings al-
lows his view of the process of saccharide
synthesis to be placed on the path of ideas

leading to the glycosyl transfer concept. Sev-
eral authors43–45 have stated that he named
the process transglycosidation or transglycosy-
lation, but that is not so. These terms were
coined much later for saccharide syntheses not
involving water as a reactant. Other
authors38,39,46–54 have reported that the trans-
ferase activity of hydrolases was first demon-
strated by Rabate. They are correct in the
sense that his findings are important first
demonstrations of the ability of some plant
�-glucosidases to catalyze what today would
be called transfer reactions. However, the at-
tribution of ‘transferase activity’38,39,46–54 im-
plies that Rabate held that Salix and
Gaultheria enzymes transfer sugar directly
from the substrate in forming product; but his
stated view37,41,42 differs. Nowhere does he use
such terms as transfer, exchange, donor, or
acceptor.

2.2. Efficient saccharide syntheses without
water as a reactant realized in independent
studies between 1938 and 1943.

Relatively soon after Rabate’s first papers,
several authors reported the occurrence of dif-
ferent effective enzymic saccharide syntheses
by more direct processes. Kiessling, the Coris,
Freudenberg, Hehre, Hestrin and Miwa all
independently judged that the particular reac-
tion studied by each occurs without mediation
by water as a reactant. Together, these inter-
pretations represented a major departure from
the decades-long paradigm that all saccharide
and glycoside biosyntheses involve hydrolysis-
reversal. Except for initial reports55,56 that a
starch-branching enzyme from potatoes con-
verts amylose to amylopectin via hydrolytic
cleavage to form a pseudoamylose intermedi-
ate ca. 20 units long, no later authors would
assume that effective saccharide synthesis in
water can occur by a process requiring
hydrolysis-reversal.

2.2.1. 1938–1940: In �itro syntheses of amy-
lopolysaccharides from glucose 1-phosphate
represented as re�ersals of phosphorolysis.

The first and most widely promulgated of
the new views arose from multiple indepen-
dent demonstrations of efficient in vitro �-glu-
can syntheses from glucose 1-phosphate (Cori
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ester) by phosphorylase. Synthesis by this pro-
cess was in keeping with the phosphorolytic
(rather than hydrolytic) mode of glycogen
degradation effected in cellular extracts.

The stage was set for defining the latter
process by Parnas’s 1935 discovery that mus-
cle extracts degrade glycogen to a stable glu-
cose 6-phosphate product, with phosphate
taking the place of water57,58. Cori and Cori,
using a frog muscle extract activated with
adenylic acid, found59 that the glycogen phos-
phorolytic product is not glucose 6-phosphate
but an acid-labile ‘new ester’, the 1-phosphate,
that is converted to the 6-phosphate by a
separate enzyme. Glucose 1-phosphate, identi-
cal with the chemically synthesized com-
pound, was isolated from digests with frog
and rabbit muscle phosphorylase; the latter
enzyme was further shown to require activa-
tion by adenylic acid.60,61

With this as background, the years 1939–
1940 saw the publication of a spate of studies
that brought a sense of excitement to biologi-
cal chemists on learning that in vitro enzymic
syntheses of a vital class of �-glucans had
been achieved. Reports from laboratories in
Heidelberg, Prague, St. Louis and Cambridge
described the formation of glycogen- or
starch-type polysaccharides from Cori ester by
the action of soluble phosphorylase prepara-
tions from yeast (Kiessling et al.), mammalian
muscle and liver (Cori et al., Cori and Cori,
Ostern and Holmes); peas and potatoes
(Hanes).62–71

An unusual feature was soon noted about
the synthesis catalyzed by adenylate-activated
rabbit muscle and brain phosphorylase. That
is, signs of a lag in initial glucan formation
were observed, followed by the rapid produc-
tion of polysaccharide and attainment of equi-
librium.65–67 The lag could be abolished by
adding minute amounts of glycogen to the test
mixture. Charles Hanes,70 likewise found a
pronounced induction period in the synthesis
by potato phosphorylase. The delay was abol-
ished by addition of a little starch. Maltose
was also reported to be active,70 but the possi-
bility was not excluded that maltotriose, com-
monly present in maltose preparations, might
be responsible.

Early evidence that the synthetic and phos-
phorolytic reactions are reversals of each
other, leading to the same equilibrium state,
was obtained for muscle and potato phospho-
rylase.65–67,70 With the latter enzyme, the syn-
thesis-favoring equilibrium at pH 6.4, showed
84% of the phosphate to be free.70. In addi-
tion, a puzzling characteristic of the glucan
synthesized by muscle phosphorylase was its
blue staining with iodine whereas muscle
glycogen stains brown65–67. In contrast, the
glucan formed by liver and heart extract gave
the brown color typical of glycogen. Likewise,
the product synthesized by potato phosphory-
lase stained blue, as does starch.70 Kiessling62

reported the synthesis of a glycogen-type
product (staining brown with iodine) by yeast
phosphorylase. This reaction reached the same
equilibrium state from the synthetic and
degradative directions, with 85% of the Cori
ester converted to glucan. It is to be noted
that none of these many 1939–1940 papers62–

71 made reference to the earlier
reports19,20,37,40–42 of effective in vitro saccha-
ride syntheses; or to the then contemporane-
ous description of a nonhydrolytic reaction in
which starch is the substrate.

2.2.2. 1939: Cyclodextrin formation from
starch by B. macerans amylase reported to
occur by ‘Umglucosidierung’.

A second nonhydrolytic mode of saccharide
formation was proposed by Karl Freudenberg
et al.72 in 1939 for the enzymic formation of
cyclodextrins from starch. The study was pri-
marily aimed at clarifying the spatial relations
between the structures of starch and cyclodex-
trins. Unreported observations in Freuden-
berg’s laboratory, and the recently published
findings by Tilden and Hudson73, showed that
nonreducing Schardinger dextrins (cyclic
oligosaccharides, the smallest now known to
contain six (1�4)-linked �-D-glucopyranose
units) are formed in very high yields from
starch by the action of a cell-free enzyme from
B. macerans. Using space-filling models,
Freudenberg compared the structures of 5-
and 6-membered cyclodextrins with the spatial
arrangement of starch chains, and found what
he considered to be the cyclodextrin precur-
sors. This conclusion was based on Hanes’74
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model of the screw or helical arrangement of
starch chains, comprising an array of closely
spaced turns or loops made up of some five to
eight glucose units. This helical arrangement
was envisioned as able to account for the sizes
of the dextrins formed on starch hydrolysis by
malt �-amylase; also for those of the nonre-
ducing cyclodextrins formed by the B. macer-
ans enzyme.

Freudenberg72 gave few details about the
synthesis process but proposed that, instead of
the hydrolysis effected by �-amylase, the B.
macerans enzyme promotes ‘Umglucosi-
dierung’, a reaction in which a glucosidic link-
age in a starch helical turn is cleaved and a
new glucosidic linkage is formed to the nearby
free end of the loop, unstitching a starch chain
by forming closed rings. The terms donor,
acceptor, exchange or transfer were not used
but are implied in ‘Umglucosidierung’.
Freudenberg et al. were the first to use this
term for an enzymic reaction, but R. Kuhn75

had recently used it for a reaction in which a
mixture of p-toluidin-glucoside and nitrox-
ylidin refluxed in absolute ethanol led directly
to nitroxylidin-glucoside and p-toluidin.
Freudenberg72 did not cite this report or those
of amylopolysaccharide synthesis by
phosphorylase.62–71

Freudenberg’s proposal of ‘Umglucosi-
dierung’ long remained uncited by students of
cyclodextrin formation.76–88 The Chemical
Abstracts’ summary72 noted that the structural
findings support Hanes’ helical model of
starch with the coils as cyclodextrin precur-
sors, and also explain both hydrolysis by �-
amylases and cyclodextrin formation by the B.
macerans enzyme. However, the abstract
failed to note that a new type of process
(‘Umglucosidierung’) was put forth to account
for the latter reaction.

In 1945, Freudenberg’s proposal of this di-
rect process of cyclodextrin formation was
adopted by Cori83 who termed the reaction an
exchange of one glycosidic bond for another
without mentioning the equivalent earlier pro-
posal of ‘Umglucosidierung’.72 French et al.87

credited Cori with interpreting the reaction,
and also ignored Freudenberg’s72 ‘Umglucosi-
dierung’ idea until many years later.89 Hassid90

held that, while Freudenberg’s ‘is perhaps the

simplest hypothesis for the mechanism of
Schardinger dextrin formation, there is no evi-
dence for the mechanism.’ The original failure
to fully describe the basis of the proposed
process72 may have delayed the proposal’s ac-
ceptance. Yet, the proximity of one end of a
cleaved starch loop to its other (free) and
offers a credible reason for envisioning a loop-
opening and ring-closure occurring together at
a catalytic site. Further, since starch–B. mac-
erans enzyme mixtures produce no significant
change in reducing power,73 hydrolysis need
not be considered a factor in the large conver-
sion to nonreducing cyclodextrins. A later
review91 states that Freudenberg in 1939 inter-
preted cyclodextrin formation by B. macerans
amylase as a transglycosylation. However, the
latter term was first proposed for the enzyme’s
reactions only in 1951;92 and received experi-
mental verification much later.93

2.2.3. 1942: Glucoside synthesis by plant
extracts that hydrolyze �-glucosides reported
to occur by ‘Umglucosidierung’.

In 1942, Tomoh Miwa et al.** in a paper
published in Japanese94 expanded Rabate’s37,40

observations by showing that soluble �-glu-
cosidase extracts from Salix leaves promote
substantial methyl �-glucoside synthesis as
well as the hydrolysis of phenyl �-glucoside in
digests containing 6% methanol. In contrast to
Rabate,37 Miwa et al. considered that the syn-
thesis occurs by ‘Umglucosidierung’, a term
adopted to parallel German usage of
‘Umaminierung’ and ‘Umphosphorylierung’
for similar types of transformations. This pa-
per, with its new findings and independent
proposal of a nonhydrolytic process for �-glu-

** Tomoh Miwa (1899–1979) was the first to describe effi-
cient methyl glucoside synthesis by soluble �-glucosidases as
nonhydrolytic reactions, and to use the terms donator and
acceptor for the reactants. His suggestion that �-glucoside-hy-
drolyzing enzymes from different plants catalyze
‘Umglucosidierung’94 was made before the equivalent ‘ex-
change of one glycosidic bond for another’ had been ad-
vanced.83 Close friendship began in 1964–1965 during the
author’s sabbatical at the Tokyo University of Education
(Professor Miwa, then its President) to continue work on
dextransucrase with one of his young associates, Dr Hiroshi
Suzuki who had recently served for 2 years as a research
associate in the author’s laboratory. A memorial of Professor
Miwa has been recorded by one of his students, Professor K.
Nisizawa.94
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coside synthesis by soluble (purifiable) plant
extracts, was long lost to the West because of
the War and use of the Japanese language and
characters and thus had no impact on Western
views about the process of saccharide
biosynthesis.

Determination of both the free phenol and
glucose formed in enzyme–phenyl glucoside–
methanol test mixtures allowed Miwa et al.94

to calculate substrate utilized (from liberated
phenol), and methyl glucoside synthesized (the
difference between glucose expected if the uti-
lized substrate were fully hydrolyzed, and the
free glucose found). Miwa et al. were appar-
ently unaware of the prior use of ‘Umglucosi-
dierung’ for cyclodextrin synthesis from
starch;72 their concern was with glycoside syn-
theses by plant �-glucosidases. They employed
the terms donator, acceptor and ‘ten-i’ (equiv-
alent in 1942 to ‘change’ or ‘exchange’); these
terms had not yet been introduced in Western
papers on saccharide biosynthesis.

2.2.4. 1941–1943: Dextran and le�an synthesis
from sucrose by bacterial enzymes shown to
be direct and not mediated by water or
phosphate.

In 1941–1942, the present author reported
findings demonstrating the enzymic synthesis
of dextran from sucrose.95,96 The first positive
experimental results were obtained without
awareness of the various recent demonstra-
tions of in vitro syntheses of glycogen- and
starch-type �-glucans from glucose 1-phos-
phate.62–71 The latter studies were being inten-
sively pursued in several laboratories since this
synthesis reaction appeared to represent the
enzymic process responsible for forming the
�-glucans present in eukaryotic cells. Demon-
stration of the cell-free synthesis of a related
�-glucan (dextran) from sucrose indicated the
existence of a synthesis process other than that
promoted by phosphorylase.

The enzyme preparations used in the au-
thor’s first studies95,96 were derived from su-
crose-broth cultures of a strain of L.
mesenteroides of serotype B† that produced
much water-soluble dextran. Almost all dex-
tran-free extracts (assayed serologically) were
prepared by shaking the dextran-laden cul-
tures with chloroform, then recovering the

emulsion of chloroform droplets trapped be-
tween solvent phases (a procedure used to
remove traces of protein in polysaccharide
purification). The collected chloroform
droplets were repeatedly washed by suspen-
sion in water, sedimented for treatment with
ethanol to remove chloroform. Solutions of
the scant residue in water were rendered sterile
and free of cells by Berkfeld filtration. Reac-
tion mixtures were prepared using sterile
buffered solutions of enzyme plus a sample of
crystalline sucrose nearly free of the usual
dextran impurity,2,3† then incubated under
aseptic conditions and shown to remain sterile
by sensitive cultural tests.

The findings reported in 1941–194295,96

demonstrated that incubated mixtures of en-
zyme with sucrose (but not glucose or other
common sugars) became increasingly opales-
cent; increasingly turbid when treated with 1.5
volumes of alcohol; and progressively more
reactive with anti-dextran antibodies as well as
those against type 2 pneumococcus capsular
polysaccharide (but not with various control
sera). Successive samples of the mixture also
contained increasing concentrations of a re-
ducing sugar reacting as fructose. Its mea-
sured levels corresponded closely to those
found for acid hydrolyzates of the alcohol
precipitated dextran from the same samples.
The correspondence indicated that the ob-
served reaction corresponds to the conversion
of X molecules of sucrose into X molecules of
fructose plus high polymer dextran having an
average of X anhydroglucose units per
molecule. The polysaccharide recovered from
two large enzyme–sucrose test mixtures
amounted to 0.5 and 0.7 g; each had the
physicochemical and serological properties
characteristic of the dextran recovered from a
culture of the Leuconostoc strain from which
the enzyme was obtained.96 Dextran forma-
tion from sucrose by the cell-free extracts was
more rapid in the range of pH 4.0–6.0 than at
pH 7.0 or above. Activity was lost on brief
heating at 55–60° at pH 5.6 or 7.0.

The demonstration of in vitro synthesis of
dextran from sucrose was confirmed by
Stacey97 who compared its significance to that
of Hanes’ discovery of starch synthesis by
phosphorylase. It was also well cited during
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the next few years54,98–101 and recalled long
thereafter.102–104 An immediate need was to
learn if dextran synthesis by L. mesenteroides
extracts might be mediated by glucose 1-phos-
phate which reportedly is required for the
synthesis of related starch-type �-glucans by
phosphorylase preparations.62–71 A report by
Russian scientists105 had recently indicated
that L. mesenteroides elaborates a phosphory-
lase that catalyzes the formation of glucose
1-phosphate from sucrose.

A direct comparison was therefore made
between the actions of a Leuconostoc enzyme
(prepared as detailed above) and crude potato
phosphorylase on 0.1 M sucrose and 0.1 M
glucose 1-phosphate. Concurrently, incubated
sterile test mixtures and controls were ana-
lyzed together. At 96 h, the leuconostoc en-
zyme–sucrose mixture produced abundant
dextran (assayed serologically) and 6.2 mg/mL
of fructose; no phosphate was detected using
tests of high sensitivity. The potato phospho-
rylase acted on glucose 1-phosphate to form
abundant starch-like polysaccharide (staining
blue–black with iodine) and 6.4 mg/mL of
inorganic phosphate; it did not use sucrose to
form any detectable polysaccharide. The Leu-
conostoc extract’s inaction on glucose 1-phos-
phate shows that the latter compound does
not mediate dextran synthesis which, instead,
occurs directly from sucrose.95,96,106 Further-
more, although each substrate was used by
one enzyme but not the other, it was pointed
out that both substrates have a structural
feature in common; i.e., ‘an unusually acid-
labile glucosido’ moiety that supplies the re-
peating unit of the polysaccharide in each
case.106

The 1943–1944 studies of Shlomo Hestrin††

and his associates98,108–110 clearly established
the cell-free conversion of sucrose to levan
and glucose by sterile levansucrase prepara-
tions from autolyzates of Aerobacter

le�anicum. The findings indicated that the
levan-forming reaction parallels that reported
for dextran formation.95,96 The product, recov-
ered in gram quantities from enzyme–sucrose
mixtures, had overall properties similar to
those reported for bacterial levans. It was
nondialyzable and nonreducing, gave turbid
and viscous solutions in water and was readily
hydrolyzed to fructose by dilute acid. Galac-
tose was not liberated during levan formation
from raffinose, showing that polymer synthe-
sis from this fructose-ended trisaccharide is
not mediated by sucrose.110

The reactions with sucrose and raffinose
were exceptional in releasing more reducing
sugar than expected from a direct formation
of levan plus glucose (or melibiose). The ex-
cess reducing sugar included fructose and this
was first assumed to be the result of some
substrate hydrolysis, allowing the possibility
that levan synthesis might somehow depend
on sucrose or raffinose hydrolysis. However,
although it is accompanied by excess reducing
sugar, levan synthesis was shown not to be
associated with any reduction of total carbo-
hydrate, or inhibited by poisons of glycolysis
or respiration. That is, the synthesis appeared
to be independent of any energy-yielding
sugar dismutation. These indications that
levan synthesis is not energetically coupled to
substrate hydrolysis98 were supported by the
analogy with dextran formation in which no
association with hydrolysis had been ob-
served.95,96 Evidence that the direct precursor
of levan is not fructofuranose or fructopyra-
nose indicated98,110 that reversal of hydrolysis
cannot describe levan formation.

The failure of levan synthesis to occur with
several known phosphate esters of sugars fur-
ther suggested that phosphate participation is
highly improbable.98 Its nonpartcipation in
the comparable synthesis of dextran had re-
cently been demonstrated.106 Moreover, the
finding that dialyzed levan-forming enzyme
was free from both detectable inorganic phos-
phate and levan-hydrolyzing activity also op-
posed a role for phosphorus or water
involvement in the synthesis. Among the gen-
eral conclusions, reached by Hestrin and
Avineri-Shapiro in 1944,98 was that there is a
striking analogy between levan formation

†† Shlomo Hestrin (1914–1962) was a good friend and
colleague. His early death was a great loss to science. A brief
biography has been reported by M. Schramm,107 along with a
list of Professor Hestrin’s works. He proposed the names
dextransucrase and levansucrase108 to conform with the term
viscosaccharase coined by Beijerinck for the enzyme reported
to form laevulan from sucrose; noted early that dextran and
levan syntheses fit ill with any recognized class of reactions
involving carbohydrates.
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from sucrose and glycogen formation from
glucose 1-phosphate. Among the similarities
noted was that each synthesis proceeds with-
out the desmolysis of sugar at relatively low
concentrations of substrate;98 that levan for-
mation does not occur from a simple sugar
but from a glycosidic derivative having a
higher ‘polymerative energy’ (as also recog-
nized in dextran synthesis from sucrose95,106).

Prominent biochemists111–113,107‡‡ judged
these demonstrations of the cell-free enzymic
syntheses of dextran and levan to be among
the important recent advances in carbohydrate
chemistry and enzymology. They were specifi-
cally cited in one case107 for establishing the
occurrence of polysaccharide synthesis from
an immediate precursor that is not a phos-
phate ester. These syntheses showed unequivo-
cally that, contrary to widespread belief,
phosphorolysis-reversal is not the sole process
where-by polysaccharides may be formed in
nature.

2.2.5. 1943–1944: Enzyme-catalyzed
polysaccharide syntheses require substrates
with an ‘unusually labile (reacti�e) glycosido
residue’.

The demonstrations that the in vitro synthe-
ses of dextran and levan arise directly from
sucrose, while those of amylopolysaccharides
require glucose 1-phosphate, provided an al-
ternative to the prevailing belief that the latter
type of substrate is the key to efficient synthe-
sis. The new focus is on those feature(s) of
substrates that enables them to be effecient
precursors of natural homopolysaccharides.
Since sucrose (but not glucose and/or fruc-
tose) supports dextran and levan synthesis
with no need of an external source of en-
ergy,95,96,98 Hestrin and Avineri-Shapiro em-
phasized that sucrose has a higher ‘energy’ for
polymerization than a free sugar.98 The find-
ing that sucrose but not glucose 1-phosphate
is used by dextransucrase (and the reverse for
phosphorylase) indicates that, in polysaccha-
ride syntheses by these enzymes, and by levan-

sucrase, the effective substrate in each case
contains an ‘unusually acid-labile glycosido
group’ which furnishes the repeating unit of
the polysaccharide.106

2.3. Proposed processes of saccharide
biosythesis: transglycosylation (glycosyl
transfer) adopted as the chemically
appropriate model

2.3.1. 1941–1944: New findings on saccharide
syntheses from glucose 1-phosphate emphasize
the need of phosphorylases for synthesis.

In 1941, the starch-type glucan synthesized
in vitro by potato phosphorylase, shown ear-
lier to stain blue with iodine and to be hy-
drolyzed by �-amylase,70 was investigated
structurally. Hydrolysis of the permethylated
compound yielded 2,3,6-tri-O-methyl glucose
plus 1.5% 1,2,3,6-tetra-O-methyl glucose,
showing the synthesized glucan to be a linear
(1�4)-linked chain of at least 90 glucose units
long — similar to one component of potato
starch.114 In 1942–1943 Green et al.115 crystal-
lized rabbit muscle phosphorylase as an
adenylic acid complex and found the purified
enzyme to be active in the synthetic direction
only after addition of a trace of glycogen. This
so-called ‘primer’ was considered to serve as a
cosubstrate in the synthetic direction of the
reaction catalyzed by the enzyme.116 Further,
the glucan formed by crystalline muscle phos-
phorylase was shown to be structurally similar
to that formed by potato phosphorylase; that
is, to amylose rather than glycogen. On hy-
drolysis, the permethylated glucan yielded pre-
dominantly 2,3,6-tri-O-methylglucose plus
0.6% of tetra-O-methylglucose, indicative of a
linear chain of some 200 (1�4)-linked glucose
units.117 Indications were found118 that the
muscle phosphorylase, when supplemented
with a liver or heart extract lacking phospho-
rylase activity but containing a possibly dias-
tase-like enzyme, synthesizes a product
resembling glycogen.

In 1943, Michael Doudoroff et al.119,120 re-
ported that dry preparations of the bacterium
Pseudomonas saccharophila bring about the
phosphorolysis of sucrose to form glucose 1-
phosphate plus fructose. This phosphorolyz-
ing ability of P. saccharophila was discovered

‡‡ In 1947 Sumner and Somers111 noted that four notable
advances in enzymology had been made since 1931; the
second of these was, ‘The reversible enzymatic synthesis of
polysaccharides, such as starch and glycogen, and the synthe-
sis of bacterial levan and dextran.’
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independently of a reported finding that L.
mesenteroides has that ability.105 The P. sac-
charophila cell preparations were, in addition,
found to act on glucose 1-phosphate plus fruc-
tose to form a product judged to be
sucrose119,120 Preparations of the responsible
enzyme, sucrose phosphorylase, were obtained
relatively free of invertase and phosphatase.
They appeared to be specific for sucrose and
not to require a coenzyme for the reversible
phosphorolytic process. The equilibrium con-
stant for phosphorolysis was found to be
about 0.05 at pH 6.6; 0.09 at pH 5.8.120

As the data indicating that the synthesized
sugar is sucrose were not sufficient to fully
establish that point, the product formed by
purified sucrose phosphorylase acting on glu-
cose 1-phosphate plus fructose was subse-
quently isolated and identified as sucrose by
X-ray diffraction and rate of hydrolysis by
acid — each in comparison with authentic
sucrose.121 The synthesized product’s sucrose
structure was confirmed by the identity of its
peracetylated derivative with sucrose octaac-
etate. Finally, sucrose phosphorlyase was as-
sumed to act on �-D-glucose 1-phosphate with
retention of configuration, based on analogy
with the known behavior of muscle and
potato phosphorylase. This assumed behavior
was said to establish that the glucose moiety
of sucrose is of � anomeric configuration.121

However, it appears simply to confirm what
prior enzymic studies had indicated.122–124

The successful enzymatic synthesis of su-
crose following the failed attempts of others to
achieve a reproducible synthesis of this sugar
by enzymic or chemical means, gave this
work121 well deserved special appeal, and
thereby bolstered the idea of the requirement
of phosphorylases for saccharide synthesis. A
further 1944 report125 on sucrose phosphory-
lase showed that it also acts on glucose 1-
phosphate in the presence of L-sorbose or
D-xylulose to form two new analogs of
sucrose.

2.3.2. 1945–1946: Syntheses �iewed as
exchange of a phosphate ester bond for a
glycosidic bond, or the exchange of one
glycosidic bond for another.

The year 1945 marked the first time that
investigators of the syntheses catalyzed by

phosphorylases acknowledged that enzymi-
cally catalyzed saccharide syntheses not in-
volving phosphorus had been demonstrated.
At a Symposium on ‘The Formation of Disac-
charides, Polysaccharides and Nucleosides’,
Carl Cori83 in a brief overall introduction
presented bimolecular equations for the reac-
tions of polysaccharide phosphorylase, su-
crose phosphorylase and a recently reported
nucleoside phosphorylase 126; also for the the-
oretically reversible reactions of dextransu-
crase and levan-sucrase. The original reports
of findings and interpretations were not cited
in any case. Phosphorylases were viewed as
catalyzing the exchange of an ester bond on
carbon atom 1 for a glycosidic bond at this
carbon atom; dextransucrase and levansucrase
as promoting the exchange of one glycosidic
bond for another. Cyclodextrin formation
from starch was accepted as a special example
of the exchange of one glycosidic bond for
another without noting that Freudenberg had
proposed the equivalent process of
‘Umglucosidierung’72 or providing any addi-
tional evidence. Hassid90 contended in his
Symposium presentation that Freudenberg
had no evidence for this mechanism, as noted
earlier.

Carl Cori considered that dextran and levan
synthesis occur by a mechanism analogous to
that of starch–glycogen synthesis,83 but did
not mention the telling point that high acid-
lability (or ‘polymerization energy’) character-
izes the substrates of all three syntheses.
Glucose 1-phosphate was, instead, confidently
set apart as a glycan precursor in a wide range
of living forms: ‘A sufficient number of cases
has been tested to expect that wherever
polysaccharides belonging to the starch and
glycogen class are found, glucose 1-phosphate
will be the substrate from which they are
formed’.83

In another of the 1945 symposium reports,
Michael Doudoroff128 reviewed recent
findings129 on the synthesis of sucrose and two
analogous disaccharides by sucrose phospho-
rylase. The latter compounds, called ‘�-D-glu-
cosido-�-L-sorboside’ and ‘�-D-glucosido-�-
D-ketoxyloside’, were nonreducing, easily hy-
drolyzed by acid and gave the Raybin color
reaction for sucrose.130,131 Doudoroff128 com-
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mented favorably on the earlier demonstrated
enzymic syntheses of dextran96,106 and levan98

from sucrose without involvement of phos-
phate or phosphate esters. He concurred with
Cori’s83 view that these two syntheses appear
to represent the exchange of an already exist-
ing glycosidic linkage for a new glycosidic
linkage; noted that a polysaccharide and a
reducing sugar by-product in equivalent
amounts characterizes dextran formation, and
suggested that the residues of some saccha-
rides may serve a function similar to that of
the phosphate ester group of glucose 1-phos-
phate in forming polysaccharides. Beyond the
two polysaccharide syntheses known to occur
without phosphate,106,98,132 a new reaction hav-
ing special relevance to Cori’s view of the need
for glucose 1-phosphate in starch–glycogen
synthesis83 was found by Hehre and Hamil-
ton.133 Washed cells of a species of Neisseria
bacteria were shown to form large amounts of
amylopectin- or glycogen-type polysaccharide
from sucrose; trace amounts from glucose 1-
phosphate (suppressed in the presence of high
phosphate concentrations without lessening
the synthesis from sucrose); and none from
glucose, fructose, maltose or other sugars.133

The polysaccharide stains red–purple with
iodine, is readily hydrolyzed by �-amylase and
partly degraded by �-amylase and potato
phosphorylase. It is hydrolyzed by HCl to
form glucose at the same rate as amylopectin
and four to five times faster than dextran. The
washed bacteria convert sucrose to glucan
plus fructose in equimolar proportions, as
found96,132 in the synthesis of dextran from
sucrose. A different enzyme, extracted from
potatoes, was reported in Britain to produce
amylopectin from amylose,55,56 apparently
without phosphate mediation; it is known as
the Q or branching enzyme.

2.3.3. 1947–1950: Sucrose phosphorylase
reported to seemingly belong to the same
(transglycosidase) class as dextransucrase and
le�ansucrase.

In 1947, Doudoroff et al.134 reported con-
vincing evidence that sucrose phosphorylase
exhibits a type of catalytic activity not previ-
ously known for any phosphorylase. Nearly
phosphate-free preparations of the enzyme

were shown to interconvert sucrose and an
analog, glucosido-sorboside; also, to catalyze
the synthesis of sucrose directly from glucosi-
doketoxyloside plus fructose. Because of the
ability to synthesize saccharides from sucrose-
type substrates as well as from glucose 1-phos-
phate, a new view of the enzyme’s catalytic
scope and mechanism was put forth. Sucrose
phosphorylase was described as a versatile
transglucosidase, apparently of the same class
of enzymes as dextransucrase and levansu-
crase. The authors proposed that enzymes of
the general type that catalyze the exchange of
glycosidic bonds be called ‘transglycosi-
dases’.134 The reversible phosphorolysis of su-
crose was assumed to consist of the following
reactions:

glucose-1-fructoside
sucrose

+enzyme

� glucose-enzyme+ fructose

glucose-enzyme+phosphate

� glucose-1-phosphate+enzyme

Direct disaccharide interconversion was sim-
ilarly accounted for, e.g.,

‘glucose-1-ketoxyloside’+enzyme

� glucose-enzyme+ ’ketoxylose’

glucose-enzyme+ fructose

�glucose-1-fructoside+enzyme

The assumption that sucrose phosphorylase
acts on sucrose, sucrose analogs, or glucose
1-phosphate to form a glucose-enzyme inter-
mediate that reacts with fructose, ‘ketoxylose’
or phosphate134 is an attractive but vaguely
defined idea compared to Koshland’s
later135,136 association of nucleophilic displace-
ment(s) with transfer reactions. Of greater
present interest is the place of the study by
Doudoroff et al.134 on the path leading to the
concept of glycosyl transfer.

The present author felt slight disappoint-
ment on reading this excellent experimental
demonstration of the broad catalytic scope of
sucrose phosphorylase. This enzyme, origi-
nally believed to require glucose 1-phosphate
or inorganic phosphate in order to act,119 is
now reported134 to apparently belong to the
same class as dextransucrase and levansucrase.
Yet, the prior relevant articles were not cited



E.J. Hehre / Carbohydrate Research 331 (2001) 347–368360

except by way of other references.128,137 Bell138

called attention to the precedent syntheses of
dextran and levan without need for phos-
phate, citing the first of these.96

In 1948 and 1949 three insightful reviews
concerning saccharide synthesis appeared,139–

141 as well as several reports of significant
new experimental findings. Each review makes
use of brief notations, such as ‘glucose trans-
fer’ and ‘transfer reaction’, for syntheses other
than by hydrolysis-reversal. That of Hassid
and Doudoroff139 notes that sucrose phospho-
rylase ‘acts to transfer glucose to suitable ac-
ceptors’ in accord with their recently revised
name for the enzyme.134 A brief discussion of
dextran and levan synthesis from sucrose ob-
serves that, since the energy of the glycosidic
bond in sucrose is similar to that of the
C1�O�P bond in glucose 1-phosphate, sucrose
can be used for polysaccharide production.
Not stated is that it had already been pointed
out that the precursor of each of the known
enzymically produced glycans contains the
polymer’s repeating unit as a very labile, high
‘energy’ glycosido residue.

Hassid and Doudoroff139 indicated their
support for Cori’s view83 that glycogen and
starch in nature are formed by phosphorylase
acting on glucose 1-phosphate. However, two
experimental observations raised doubt about
this projection. New studies by Hehre and
Hamilton142,143 brought further evidence that
Neisseria perfla�a elaborates an enzyme (amy-
losucrase) that acts specifically on sucrose
without phosphate mediation to form an amy-
lopectin-like �-glucan plus fructose. Soon
thereafter, Monod and Torriani144,145 and, in-
dependently, Doudoroff et al.,146 reported that
certain strains of Escherichia coli produce
amylomaltase, an enzyme that converts malt-
ose to a mixture of linear dextrins plus glu-
cose in a reaction without phosphate interven-
tion.

In a 1948 review, Hestrin140 illustrates
starch phosphorolysis with a figure adapted
from Parnas58 — (also used without citation
by Cori et al.60 and Hassid et al.147) — that
assumes cleavage of the reactive glucose unit
of the substrate at the C1�O bond. Hestrin140

states that the reactions of dextransucrase,
levansucrase, sucrose phosphoryase and

polysaccharide phosphorylase represent trans-
fers of glycosyl groups; but no reason or
evidence is given for assuming that cleavage
by these enzymes occurs at one rather than the
other of the two bonds, C�1�O�C, that make
up a glycosidic linkage.

The present author’s 1948 review of
polysaccharide synthesis141 illustrates how
closely the serological activity of dextrans
formed enzymically matches that of the
serotype A and B dextrans† from cultures of
the various strains that yielded the enzymes.
The review also questioned the validity of the
terms, ‘1-ester’, ‘ester-bond’, or ‘phosphate-es-
ter’, commonly used in referring to glucose
1-phosphate, noting that the latter resembles a
glycoside or mixed acetal more closely than a
true ester as it is more readily hydrolyzed by
acid than alkali. Its susceptibility to acid rela-
tive to the ester, glucose 6-phosphate, had
long been known.60

The idea that enzymic saccharide syntheses
occur by transfer reactions raises the question
of exactly what is transferred. To state that a
transglucosidase134 catalyzes glucose transfer
does not suffice to define the transferred moi-
ety. Findings of fundamental importance
bearing on this problem were reported by
Cohn148 who determined the point of cleavage
of glucose 1-phosphate in the reversible phos-
phorolysis of glycogen by muscle phosphory-
lase and KH2PO4 containing 18O; also in the
phosphate exchange reaction catalyzed by su-
crose phosphorylase acting on glucose 1-phos-
phate and KH2PO4 containing 18O. When
equilibrium was reached in each case, the
atom% excess 18O was determined for the
inorganic phosphate and also for the inor-
ganic phosphate obtained by hydrolyzing the
glucose 1-phosphate component with acid (in
which the inorganic phosphate retains the
oxygen).

The results establish that C1�O bond cleav-
age occurs in both phosphorylase reactions. A
diagram of the sucrose phosphorylase ex-
change reaction depicts an �-D-glucopyranosyl
unit linked to an enzyme via an atom of
undetermined nature. However, Cohn148 does
not name the unit or use the term glucosyl in
the functional sense. She notes148 that glucose
1-phosphate, as already suggested,141 is by no
means a typical ester.
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Soon after Doudoroff et al.134 redefined su-
crose phosphorylase as a transglucosidase, the
term transglucosidation was applied to the
action on starch of the cyclodextrin-forming
enzyme of B. macerans149 and to the glyco-
gen–starch branching enzymes.150–152 In addi-
tion, newly observed ‘transfer reactions’
catalyzed by various glycosidases were gener-
ally reported as transglycosidations153–171 —
at least until 1955.§§ Ironically, the initial

spread of this terminology arose from work
with glycosidases though these were excluded
from the class of transglycosidases.134 Thus,
the acceptance of transglycosidation owed
much to Rabate’s37,40–42 findings that insoluble
glucoside-hydrolyzing preparations from wil-
low leaves promote efficient glucoside synthe-
ses, and to Miwa et al.,94 who reported such
syntheses by soluble �-glucoside-hydrolyzing
enzymes from many plants94 and later called
the responsible enzyme glucotransferase.171

Reports of transfer reactions by various gly-
cosidases became commonplace as the use of
paper and column chromatography widened.

The early acceptance of the transglycosida-
tion model134 was also helped by two 1950
reviews by Hassid and Doudoroff,183,184

mainly on their work on disaccharide synthe-
sis, and by another in 1951 by Hassid et al.185

on phosphorylases. The latter review included
a discussion of Kalckar’s studies on inosine
and guanosine phosphorolysis126,127 but did
not state (nor had Kalckar126,127) that the ex-
change between the C1�N bond of a nu-
cleoside and the C1�O bond of ribose
1-phosphate shows the transferred moiety to
be a ribosyl group. Again, Hassid et al.185 did
not mention (nor had Cohn148) that the cleav-
age of the C1�O bond of glucose 1-phosphate
by muscle and sucrose phosphorylases shows
the glucosyl group to be transferred. Neither
used the term ‘glucosyl’.148,185,186

2.3.4. 1951: Transglycosylation, with glycosyl
as the functional group, proposed as the
chemically appropriate model for saccharide
biosynthesis.

The present author, aware of the glycosyl

moiety as a well-defined structural unit used in
naming carbohydrates,187,188 saw it also as a
functional group in enzyme-catalyzed saccha-
ride synthesis. To express the synthesis process
as one of transglycosylation appeared chemi-
cally sound. The reasoning included recogni-
tion that a glycosyl group is transferred in the
reactions described by Kalckar126 and by
Cohn148; and that glycosyloxy transfer, im-
plied by the term transglycosidation,134,185 had
not been demonstrated. The idea to replace
the latter by transglycosylation was informally
presented¶¶ to a few colleagues, then proposed
in a 1951 review of polysaccharide biosynthe-
sis.92

Early comments about the reported pro-
posal differed widely. Several authors191,192,47

would continue to use glycoside exchange or
transglycosidation. Bourne193 noted that ‘it re-
mains to be seen which term is the more
accurate in portraying the functions of other
enzymes of this class’. Bacon’s response194 was
more positive, stating that, ‘despite present
uncertainty, it seems reasonable to follow
Hehre and to refer to the transfer of fructose
residues as ‘transfructosylation’’. Another
positive early reaction was that of Hoffmann-
Ostenhof who, in assembling a new classifica-
tion of enzymes,195 accepted the term
transglycosidases92 as probably better than
transglycosidases134 or transcarbohydrases as
he had earlier proposed. Class III enzymes in

¶¶ One of the author’s first opportunities to meet with other
carbohydrate chemists and enzymologists came when he at-
tended the 1949 Starch Round Table, an annual 4-day infor-
mal meeting of some 40–60 invited scientists from the US and
Canada. At this and subsequent Round Tables he met and
was able to discuss in a casual way matters of mutual interest
with Drs Carl and Gerty Cori, W.Z. (Zev) Hassid, C.S.
Hudson, Karl Link, Fred Smith, Mel Wolfrom and many
others. At the 1950 meeting, for example, he met together
with Carl Cori and ‘Huddy’ (Hudson) and presented the idea
of replacing ‘transglycosidation’ by ‘transglycosylation’. Both
said simply that the idea was novel. Also, in 1949–1950 the
author was invited to lecture at The Enzyme Club (Columbia
University) and the Department of Chemistry (Fordham Uni-
versity) whose chairman, F.F. Nord, then offered an invita-
tion to prepare a review of enzymic polysaccharide syntheses
for Ad�ances in Enzymology of which he was editor. At a later
meeting of The Enzyme Club, with Michael Doudoroff as
speaker, the opportunity arose to meet him and Mildred
Cohn and to present the idea of transglycosylation. Both
encouraged its formal proposal, but Michael Doudoroff indi-
cated that Dr Hassid would continue using transglycosida-
tion. Brief memoirs of Carl and Gerty Cori189 and of
Professor Hassid190 exist.

§§ After 1955, most of the many new transfer reactions
catalyzed by glycosidase preparations would be recorded as
transglycosylations.172–182
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the overall projected system195 were designated
‘Transglycosylases’ (Ref. 92).

Koshland’s articles on the stereochemistry
and mechanism of enzymatic reactions135,136

did not use ‘transfer’, ‘transglucosidation’ or
‘transglycosylation’ to keep from disturbing
current nomenclature.*** Reactions were pre-
sented as substitutions or displacements at the
carbon ether oxygen bond. He did not refer to
the suggestion92 that transglycosylase and
transglycosylation would be the chemically
appropriate terms.

Herman Kalckar’s 1954 review of the mech-
anism of transglycosidation47 retained this
term for the reaction process but used ‘glyco-
syl’ terms for reaction components and at-
tributed this usage to authors126,127,144,148 who
did not employ glycosyl terminology in the
reports cited. Hassid’s 1954 review192 also re-
ferred to the process as transglycosidation but
now the term ‘glucosyl’ (as in ‘glucosyl–en-
zyme’) in the static sense. Neither review men-
tioned the present author’s proposal92 to
replace transglycosidation with transglyco-
sylation.

An early use of glycosyl transfer terminol-
ogy came in the course of describing an un-
usual synthesis of dextran, promoted by the
enzyme dextrandextrinase from Acetobacter
capsulatum.196 This enzyme was considered to
act by successively transferring glucosyl units
from �-(1�4)-linked dextrins to form highly
polymerized serotype B dextran. The enzyme
product was predominantly �-(1�6)-linked as
shown by optical rotation and periodate oxi-
dation findings. Hestrin197 later verified that
levansucrase and dextransucrase act by trans-
glycosylation. He showed, by using 18O, that
the former enzyme cleaves the glucopyranosyl
C1�O bond; levansucrase, the fructofuranosyl
C-2�O bond of sucrose.

From 1956 on, the transglycosylation con-
cept would gain general acceptance among

biochemists.172–182,198–203,207††† Most important,
this concept was in place at the onset of the
explosive growth of newly discovered enzymic
syntheses of naturally occurring complex sac-
charides. A 1960 review by Leloir201 illustrates
how the glycosyl transfer model efficiently ar-
ticulates saccharide syntheses from nucleotide
diphospho sugars with earlier syntheses re-
quiring other substrates. Biochemists felt ex-
citement when the syntheses of trehalose
phosphate,208,209 sucrose and sucrose phos-
phate,210–212 and �-(1�3)-glucan (callose)213

were reported. An intriguing finding was that
glucosyltransferases, induced in T-even phages
by growth in E. coli, use host UDPG to
glucosylate the hydroxymethylcytosine groups
in newly assembled phage DNA, protecting
the latter from degradation by the bacterial
host’s nucleases.214,215 Also the 1995 synthesis
of orotidine phosphate from phosphoribosyl
diphosphate plus orotate216 was soon seen to
be a glycosyl transfer. By 1957 Kornberg217

adopted the transglycosylation concept, with-
out citing its origin. That concept92 con-

††† Leloir et al.201 state: ‘In all the cases which have been
studied, the bond broken during the transfer reactions is that
between the carbon atom, and oxygen. That is, a glycosyl
group is transferred and hence the name transglycosylase and
not transglycosidase which would imply the breaking of the
bond beyond the oxygen.92,136 Miwa states199 ‘Dr Hehre
proposed that these reactions should be designated as trans-
glucosylation and transfrucosylation, respectively, … because
a glucosyl or fructosyl residue is transferred. Now the term,
transglycosylation is widely accepted.’ Hassid and Neufeld202

note that: ‘Hehre92 pointed out that, since it is the glycosyl
group (which does not include the hemiacetal oxygen) rather
than the glycosido group which is transferred in such reac-
tions, the terms ‘transglycosylase’ for the enzyme and ‘transg-
lycosylation’ for the reaction mechanism would be more
appropriate. These terms have been accepted by investigators
in the field of carbohydrate chemistry.’ In two reviews,
Hassid204,205 made statements leaving the impression that the
transglycosylation concept was proposed in Ref. 134, the sole
citation in each statement. Florkin,206 misguided by this im-
pression gathered from Ref. 204, stated that ‘Doudoroff et
al.134 introduced the terms transglyosylase and transglycosyla-
tion instead of transglycosidase and transglycosidation.’ He
must not have read Ref. 134. Pazur203 writes: ‘The develop-
ment of the concept of glycosyl transfer (Ref. 92) has been an
important factor contributing to our modern views on path-
ways of biosynthesis of polysaccharides.’ Dedonder207 states:
‘the concept of transglycosylation is linked to the discovery by
Hehre92… The terms ‘transglycosylases’ and ‘transglycosyla-
tion’ have been adopted instead of ‘transglycosidases’ and
‘transglycosidation’ suggested by Doudoroff et al.,134 since it
is the glycosyl group (which does not include the hemiacetal
oxygen) rather than the glycoside group which is transferred
in such reactions as has been pointed out by Hehre (Ref. 92).’

*** Having heard that Dr Koshland would publish a review
on enzymic reaction mechanisms, the author wrote to ask for
a reprint and also commented that a review on polysaccharide
synthesis was in press and would recommend a change in
terminology from transglycosidation to transglycosylation.
Koshland replied that he had just begun to prepare his review
and that the suggested change in nomenclature would be an
improvement.
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tributed to his recognition218,219 of the synthe-
sis from 2-deoxynucleotide triphosphates (plus
a DNA chain) of a complementary DNA
chain by an enzyme that transfers nucleotidyl
rather than glycosyl groups.

3. The expanded glycosyl transfer concept:
glycosylation proposed and used as the
paradigm of all carbohydrase actions

Evident from the foregoing is the critical
role filled during the past five decades by the
glycosyl transfer concept92 through its articu-
lation of the syntheses of a vast range of
complex saccharides (e.g., glycoproteins and
glycolipids) that serve a wide range of newly
recognized metabolic functions. Further great
contributions to carbohydrate biochemistry
have come in the last two decades through the
use of a widened form of the glycosyl transfer
concept. Koshland135,136,220 had discussed to-
gether the mechanisms of transfer enzymes
(esterases, glycosidases, phosphatases, transg-
lycosidases, peptidases) since their reactions
whether hydrolytic or synthetic are, in chemi-
cal terms, displacement reactions. A more spe-
cific model for use in carbohydrate
enzymology, suggested by Hehre in 1960,221

and elaborated on in 1971–1973,222,223 pro-
posed that transglycosylases+glycosidases
could be called catalysts of glycosylation. The
chemical change assumed to be effected by
these enzymes was illustrated by a compact
equation222 and defined as glycosylation :223

glycosyl–X+H–X� � glycosyl–X�+H–X

This expression, which emphasizes the func-
tionality of the glycosyl group, indicated for
the first time that a compound need have only
the ability to bind appropriately at an active
site, and to furnish a glycosyl moiety in ex-
change for a proton, to serve as a substrate. It
embraces Bourquelot’s and later evidence for
the synthetic, as well as, hydrolytic reactions
of glycosidases; also all complex saccharide
syntheses catalyzed by transglycosylases of
[EC 2.4].

The expanded glycosyl transfer model and
its simple precise nomenclature has been a
major factor underlying the phenomenal

growth of carbohydrate biochemistry. It called
early attention to and helped resolve a sines-
tral relationship that existed between the views
of carbohydrate biochemists and chemists re-
garding the process of saccharide and gly-
coside synthesis.‡‡‡ Moreover, for more than
two decades this model222,224 and its equivalent
used by Sinnott227 proved to be a highly pro-
ductive paradigm-allowing the rapid growth
of mechanistic information among glycosi-
dases and transglycosylases through the gen-
eral use of such chemically precise terms as ‘to
glycosylate’ or ‘deglycosylate’ a compound.
Important findings which were facilitated in-
clude Withers’ identifications of the catalytic
nucleophile (and strong indications of a glyco-
syl–enzyme intermediate) in reactions pro-
moted by various ‘retaining’ enzymes.
Glycosyl fluorides, including those of the
‘wrong’ configuration (and also certain
prochiral (glycal-type) compounds), have pro-
vided alternative views of the mechanism of
certain ‘retaining’ enzymes (e.g., glycogen
phosphorylase), or inferred from the near-
identity of the transition state structure of
some ‘retaining’ and ‘inverting’ glycosidases.
Reviews dealing at least in part with these
nonglycosidic substrates and their use as
probes of the catalytic scope, stereochemistry
and mechanisms have appeared at intervals
since 1973.224,228–234 Recently it was shown235

for the first time that glycosyl fluorides are
substrates for glycosyltransferases which, until
now, were believed to require nucleotide-

‡‡‡ By 1973, it was clear that glycosylation is the likely basis
of all carbohydrase-catalyzed reactions.224 Yet a contrary
process of glycoside formation had repeatedly been put forth
in reports on Rules of Carbohydrate Nomenclature, first in
1948 by an American Chemical Society Committee188; again,
20 years later, by an IUPAC Commission.225 These reports
defined glycosides as mixed acetals resulting from replacement
of the hydrogen atom of the anomeric hydroxyl group of a
sugar by a group. X, from an alcohol or phenol (X�OH). Yet,
in 1969, methyl �- and �-D-glucopyranoside had been shown
to undergo hydrolysis by acid or the appropriate glycosidase
with C1�O bond cleavage221 so that the reverse (glycoside
synthesis) would necessarily also involve cleavage of the
C1�O bond of glucose in reaction with methanol. Also, by
1969, abundant evidence had shown that the process underly-
ing various enzymic synthesis and hydrolysis reactions is one
of nucleophilic displacement (glycosylation). Hehre et al.224

expressed doubt that any glycoside in Nature had arisen via
reactions of the type proposed by the above Committees. The
current (revised) IUPAC Commission report226 no longer
includes the earlier erroneous proposal.
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diphospho-sugar substrates. The importance
of this new finding is that it provides a well-
tested and much needed probe into the mecha-
nisms of the multitude of biologically
important syntheses catalyzed by these
enzymes.

The concise terminology of the extended
glycosyl transfer model224 continues to allow
information gained with glycosidases to help
advance understanding of the biologically sig-
nificant nucleotide-diphospho-glycosyltrans-
ferases. Five such enzymes (one a member of a
very large family that is responsible for glyco-
sylating diverse proteins and lipids) were re-
cently described in terms of their crystal
structures. These structures were solved236–241

by employing crystallographic techniques al-
ready used for many glucosidases. As the
structures of many more NDP-type enzymes
become available, comparison with the re-
ported structures of various glycosidases and
long-known glycosyltransferases will bring
new insights into their catalytic mechanisms
and allow the rational design of potentially
therapeutic or agriculturally useful enzyme in-
hibitors. Several fundamental questions also
may be resolved by such comparisons. Are the
paired catalytic groups, typically positioned in
glycosidases so that the distance between them
is smaller in ‘retaining’ than in ‘inverting’
enzymes, also found in the NDP-type glyco-
syltransferases? Do the latter enzymes possess
structural features that govern the orientation
of acceptors to the catalytic center and hence
the enzyme’s stereospecific behavior, as they
evidently do for various ligand-complexed gly-
cosidases and long familiar glycosyltrans-
ferases?242

In summation, the concept of enzymically
catalyzed glycosyl transfer has served bio-
chemistry extremely well during the last half-
century. It has integrated, in a chemically
meaningful way, an enormous range of syn-
theses of complex saccharides that have so-
phisticated functional roles in living matter.
Additional great contributions have been
made via the widened glucosyl transfer con-
cept which has greatly facilitated the transfer
of information obtained with glycosidases to
help advance knowledge of the mechanisms
and of the factors underlying the stereochemi-

cal behavior of glycosylases. In view of its
major contributions to the rise of modern
carbohydrate biochemistry, the glycosyl trans-
fer concept surely deserves to have the history
of its development recorded as the century
ends.
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