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I. INTRODUCTION 

At an earlier stage in the development of carbohydrate biochemistry 
when the nature of the multienzyme system of glycolysis was being eluci
dated, fluoride and iodoacetate proved to be valuable tools in the hands 

* Contribution N o . 510, from the Microbiology Research Institute, Research Branch, 
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of the enzymologist. Much information was made available by means of 
the judicious use of such inhibitors both from the point of view of inter
mediates accumulating in the presence of these substances and as a guide 
to an assessment of the involvement of this pathway in studies with bio
logical tissue preparations. As our knowledge has grown to include an 
understanding of alternate routes of carbohydrate oxidation, such multi-
enzyme systems as the hexosemonophosphate oxidation pathway with its 
associated pentose cycle, the 6-phosphogluconate splitting sequence, and 
the direct and in part nonphosphorylative oxidative system for glucose 
oxidation have held the attention of biochemists for many years. Along 
with this development came the realization that the above-named in
hibitors are not specific for glycolysis but act also at different stages of 
other pathways of carbohydrate oxidation. Thus, the need for more spec-
cific inhibitors has grown rather than diminished. The emergence of these 
new pathways has brought with it the inevitable quest for a better under
standing of the relative merits of these pathways, their individual and 
collective roles in over-all carbohydrate metabolism alongside biosyn
thetic pathways, and, ultimately, their roles in health and disease. 

In much of this work, the biochemist working with animal tissues has 
had a considerable advantage over, e.g., his counterpart working with 
bacterial preparations. Most animal tissues appear to have only two sig
nificant pathways of glucose oxidation: glycolysis and the hexosemono
phosphate oxidation system. Fortunately, during the dehydrogenation of 
6-phosphogluconate, a molecule of CO2 is released from the C-l carbon 
of 6-phosphogluconate. This fact is then used in the comparison of radio
active yields in the CO2 released from both C-l- and C-6-labeled glu-
cose-C

14
. Estimates of such ratios have yielded information which has 

been interpreted as representing the relative contributions of the two 
pathways to glucose metabolism. With our rapidly expanding knowledge 
of recycling taking place even within the pentose cycle, the need for 
greater caution in arriving at estimates of this type has recently been 
emphasized (1). Randomization of label has turned out to be much more 
extensive than had originally been suspected, and the results of many 
of the early studies based solely on C

14
 content of readily available products 

will probably undergo considerable rethinking and, ultimately, revision. 
In retrospect, this is not too surprising, especially in view of the realization 
of recent years that such enzymes as transketolase and transaldolase are 
capable of catalyzing enzymatic reactions with quite a variety of donors 
and acceptors. The dilemma is further compounded in many bacterial 
tissues, where at least one (the 6-phosphogluconate splitting pathway) 
and sometimes several (also the direct glucose oxidation via ketogluconate 
to 6-phosphogluconate, catalyzed by a TPNH-specific reductase) pathways 



3. HEXOSE AND PENTOSE ANALOGUES 133 

exist in addition to the above main pathways found in animal tissues. 
Many calculations of radioactive yield are based on the assumption that 
triose phosphates are formed only by glycolysis or by the operation of the 
pentose cycle. In many microorganisms this is not so, and such species as 
Pseudomonas, Xanthomonas, Agrobacterium, and Rhizobium yield large 
quantities of triose phosphate and pyruvate which arise following splitting 
of 2-keto-3-deoxy-6-phosphogluconate. In such cases, current methods of 
evaluation of the C

14
 distribution of radioactive products lead only to 

confusion. The need for the development of specific inhibitors of specific 
(and preferably rate-limiting) enzymes in a particular pathway is becoming 
increasingly pressing. 

While it is quite outside the scope of this chapter to give an account of 
the changes which occur during various disease states in the relative im
portance of one particular pathway as compared to another, it is necessary, 
however, to direct attention to the fact that shifts from one pathway to 
another do occur and that these may eventually be the clues to better 
methods of treatment. It may well be that specific inhibitors for a par
ticular pathway, provided they are freely permeable and not too readily 
metabolized themselves, will find a practical application in the control of 
particular diseases. Suffice it to recall that significant shifts have been 
observed from glucose metabolism via glycolysis in favor of the hexose-
monophosphate-pentose cycle pathway in such diverse conditions as 
diabetes (#), leukemia (3), and rust-infected cereal leaves (4), to mention 
only a few. 

Whereas structural analogues of many biologically active substances 
have been used effectively for many years now, the use of analogues of 
glucose or of its immediate metabolic products is a comparatively new 
field of study. The recognition of glucose as a universal source of energy for 
living cells, coupled with the fact that anaerobic glycolysis is perhaps one 
of the most vital processes in the metabolism of neoplastic tissues, has 
given great impetus to the development and use of glucose analogues in 
cancer research. It has been reasoned by a number of investigators that a 
hexose analogue which is inhibitory to anaerobic glycolysis should turn 
out to be inhibitory to the proliferation of neoplastic tissues. Development 
of this field began with the demonstration in 1949 (5) that extracts of 
brain bring about the phosphorylation of D-glucosamine at the expense of 
ATP. These authors showed further that glucose, fructose, and D-glu
cosamine all compete for the same phosphorylating enzyme (hexokinase) 
and that iV-acetylglucosamine, which is itself not phosphorylated, acts as 
a competitive inhibitor to all three substrates. A great deal of new informa
tion has been published in the last 10 years and forms the major part of 
the subject matter of this chapter. Glucose analogues have turned out to 
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have effects on such diverse biological phenomena as: specific enzyme 
reactions, A T P utilization (indirect), transport of sugars across mem
branes, and growth of tissues and organisms. 

Even though a considerable literature has developed around hexose 
analogues and despite the recognition of the key roles played by several 
pentose phosphates in glucose metabolism in most tissues studied so far, 
very little information is available on the use of pentoses as analogues in 
carbohydrate metabolism. The material available to date is presented in 
the hope that the obvious gaps which exist at present might stimulate 
the reader sufficiently to consider undertaking research along these lines. 

Emphasis will be placed here on the inhibitor rather than on the system 
which it affects. 

II. HEXOSES 

A. D-Glucosamine 

Reference has already been made to the initial discovery by Harpur and 
Quastel (5) of the phosphorylation of D-glucosamine and of its ability to 
act as a competitive substrate to D-glucose and D-fructose in brain ex
tracts. In keeping with their relative affinities for brain hexokinase (KM 
for glucose, 1 X 10~

4
 M; for fructose, 7 Χ ΙΟ

-4
 M; and for glucosamine, 

6 X 10~
4
 M), competition between fructose and glucosamine was most 

apparent. These authors (6) also showed that glucosamine (1 X 10~
3
 M) 

like glucose (2 X 10~
3
 M) or fructose (1 X 10~

3
 M) caused an inhibition of 

acetylcholine synthesis in an extract of acetone-dried brain powder, as a 
result of its own phosphorylation. The resultant decrease in the available 
A T P thus led to a corresponding decrease in the capacity of this experi
mental system to form acetylcholine (yield in Mg/gm of powder per 120 
min dropped from about 160 μg to 45 μg). 

In 1953, Quastel and Cantero (7) observed that with concentrations of 
D-glucosamine which produce no adverse effects on normal mice and 
which do not give rise to any signs of shock or toxicity in such animals a 
marked inhibitive effect was produced on the growth of transplanted 
sarcoma 37. All untreated animals were shown to die between 30 and 40 
days following tumor implantation, while glucosamine-treated mice 
(2.5-5.0 mg D-glucosamine«HC1 per day injected intraperitoneally as 
an aqueous neutral solution) survived this period well and usually did not 
die until after 70-80 days (some even survived for 100 days). Some cyto
toxic effects were observed on the tumor itself, with no effect on the host, 
and the work further showed that the inhibition of tumor growth could 
not be ascribed to, e.g., ammonia liberation by a hypothetically possible 
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decomposition of glucosamine. Needless to say, this observation stimulated 
considerable research activity in many laboratories in attempts to inhibit 
tumor growth in a great variety of tissues. The many inconclusive and 
negative results which were subsequently reported by a number of labora
tories were critically examined several years later by Ball, Wick, and 
Sanders (8). These authors observed that almost all previous workers 
injected single daily doses of inhibitor (both D-glucosamine and 2-deoxy-D-
glucose), that such compounds are very quickly excreted by the kidney, 
and that, therefore, effective levels of these antimetabolites had been 
present for relatively short time-periods. They repeated previous studies 
using rats bearing Walker tumor 256 but used repeated intraperitoneal 
injections (4-6 times/24-hr period). Definite regression of tumor growth 
was obtained with both D-glucosamine (2-3000 mg/kg/day) and with 
2-deoxy-D-glucose (1000 mg/kg/day), although the latter compound 
caused the more pronounced effect. Neither compound seriously affected 
the well-being of the host. It was speculated that glucosamine exerts its 
effect by interference with the utilization of glucose through the glycolytic 
cycle. 

Inhibition of anaerobic glycolysis by added D-glucosamine was observed 
in slices of fresh Walker 256 carcinoma by Woodward and Cramer (9). 
In a series of extensive studies on the effects of glucose analogues on 
carbohydrate metabolism in yeast (10, 11), D-glucosamine, when used in 
a glucose/glucosamine ratio of 1,* was found to inhibit anaerobic fermenta
tion by 40% and the growth of yeast (in 2% glucose) by 50%. It had no 
effect on aerobic fermentation or on respiration. When compared to the 
effect of 2-deoxy-D-glucose, D-glucosamine was only about one-quarter as 
effective against anaerobic fermentation as the deoxy compound. These 
papers are particularly useful because they provide a great deal of informa
tion on a whole series of substances which had no effects at all and thus 
were helpful in identifying the number-2 carbon of the hexose as the 
position at which structural alteration is likely to have the most pro
nounced effect. It should also be noted that D-glucosamine (and also 
2-deoxy-D-glucose) inhibited the anaerobic fermentation of fructose more 
strongly than that of glucose. 

Some interesting observations have been reported in the tissue culture 
field. Ely, Tull, and Schanen (12) have stated that glucosamine is an in
hibitor of growth of chicken-heart cells. Rubin, Springer, and Hogue (13) 
have described D-glucosamine «HC1 as decidedly toxic to sarcoma 37 cells 
grown in tissue culture (pH just above 7.0) and have ascribed this strong 
toxicity to chloride and ammonium ions known to be liberated under their 

* All inhibitor/substrate ratios are given on the basis of their respective molar con
centrations. 
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experimental conditions. Fjelde, Sorkin, and Rhodes (14), in describing 
the toxic effect of D-glucosamine on human epidermoid carcinoma cells in 
tissue culture, suggest that chemical changes are taking place, leading to 
the formation of a substance with an absorption maximum of 272 ταμ 
speculatively suggested as arising by dimerization of glucosamine to 
yield a possible dihydropyrazine derivative. 

In the field of inhibition of transport mechanisms, Wick et al. (16) have 
shown that if an eviscerated, nephrectomized rabbit, maintained by glu
cose feeding, was injected with glucosamine, the latter was soon found in 
the blood plasma. Insulin administration resulted in the disappearance of 
glucosamine from plasma, an effect which was greatly reduced in magni
tude when glucosamine was present as well. Nakada et al. (16) have re
ported similar results with rat diaphragm, where insulin accelerated 
glucosamine disappearance from the medium but where glucosamine 
inhibited glucose uptake by diaphragm tissue. 

Thus, D-glucosamine, which behaves as a glucose antagonist and in
hibits anaerobic glycolysis, has some inhibitive effect on the proliferation 
of malignant cells. This effect does not, however, seem to alter such cells 
permanently (8) (see also Section I I , E ) . 

B. D-Glucosamine-6-Phosphate (GM-6-P) 

The enzymatic phosphorylation of D-glucosamine, first observed with 
brain extracts (δ), was confirmed later with crystalline yeast hexokinase 
(17), partially purified yeast hexokinase (18), and brain hexokinase (19). 
Positive identification of the product as D-glucosamine-6-phosphate was 
made by Brown (17). 

Glaser and Brown (20) found that GM-6-P competitively inhibited 
glucose-6-phosphate dehydrogenase purified extensively from an autoly
sate of dried brewers' yeast. Inhibition was competitive with glucose-6-
phosphate and exhibited a Ki of 7.2 Χ 10~

4
 M. Neither mannose-6-phos-

phate nor iV-acetylglucosamine-6-phosphate had any inhibitory effects. 
When a crude extract of the organism Agrobacterium tumefaciens (the 
organism which causes crown gall disease in plants) was used, GM-6-P 
produced 35% inhibition of glucose-6-phosphate dehydrogenase when 
used in an inhibitor/substrate ratio of 10 (21). Presumably, a more clear-
cut result could be obtained if the enzyme were first purified. 

Phosphoglucomutase was reported by Maley and Lardy (22) to be 50% 
inhibited when the ratio of GM-6-P/G-1-P was approximately 2. In 
Escherichia coli extracts GM-6-P has been shown to compete with D-glu-
cose-6-phosphate for phosphohexose isomerase (23). The presence of an 
inhibitor/substrate ratio of approximately 6 leads to a diminution of 
D-fructose-6-phosphate disappearance of 70%. 
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It would appear that, while it is likely that the effects described for 
D-glucosamine (Section I I , A ) are probably caused by the phosphorylated 
form of this hexose, conclusive proof is lacking at present. 

C. N-Acetyl-D-Glucosamine (NAGM) 

Even though N A G M is itself not phosphorylated, it acts as an effective 
competitive inhibitor of the phosphorylation of D-glucose, D-fructose, and 
D-glucosamine in brain extracts (5). Almost complete inhibition of phos
phorylation was obtained at an equimolar concentration (0.002 M) of 
N A G M and of D-fructose or D-glucosamine. Its inhibitory effect on glucose 
phosphorylation was noticeable only at relatively high concentrations. The 
observation (6) that D-glucose, D-fructose, and D-glucosamine cause in
hibition of acetylcholine synthesis in brain extracts due to their own ready 
phosphorylation has already been referred to (Section I I , A ) . Predictably 
then, N A G M might be considered capable of relieving the inhibition of 
acetylcholine synthesis by these sugars. Indeed, experimental verification 
of this idea was obtained by Harpur and Quastel (6). The relieving action 
of N A G M was most effective when D-fructose or D-glucosamine were the 
inhibitors. This was predicted from the fact that the affinities of D-fructose 
and D-glucosamine for hexokinase are of the same order. 

N A G M has been listed by Crane and Sols (24) as a competitive inhibitor 
of brain hexokinase (Ki = 8 X 10~

5
 M) as has iV-methyl-D-glucosamine 

(Ki = 2 X 10~
4
 M). Maley and Lardy (25) have demonstrated that a 

series of iV-substituted glucosamines, which they synthesized chemically, 
are all powerful competitive inhibitors of beef brain hexokinase (ranging 
in Ki values from 10~

4
 to 10~

6
 M) but are not phosphorylated. Meta-

substituted nitrobenzoyl derivatives of glucosamine were found to be 
bound more effectively than the p-nitrobenzoyl or benzoyl derivatives. 
The failure of i\T-acetyl derivatives to inhibit tumor growth was suggested 
to be due to the presence of various cathepsins in animal tissues. The 
suggestion that less easily hydrolyzable derivatives be prepared is one 
which still deserves consideration. 

Faulkner and Quastel (26) have described the inhibitory effect of N A G M 
on the enzymic dephosphorylation of hexosemonophosphates in Escherichia 
coli extracts. At concentrations of between 1 Χ 10~

3
 M and 2 Χ 10~

3
 Μ, 

N A G M will secure inhibitions of 50% or more at a substrate concentra
tion of 1 Χ 10~

2
 M (glucose-l-phosphate, glucose-6-phosphate, fructose-

6-phosphate). 
In contrast to free glucosamine, N A G M was reported to have no effect 

at all on aerobic or anaerobic fermentation, respiration, or growth of 
yeast (11). 
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D. D-Glucosone 

This substance, possessing a CHO—CO— grouping in carbons-1 and 
-2 of glucose, is highly reactive chemically, and its structural relationship 
to both glucose and fructose suggests it to be a most suitable structural 
analogue of these sugars. In a way it is quite surprising that it has not 
been used previously, especially since it has been known chemically since 
1888 (27). At that time, Fischer mentioned that glucosone was not fer
mented by yeast. Hynd (28) reported in 1927 that parenteral administra
tion of glucosone to mice caused symptoms resembling in many respects 
those of insulin hypoglycemia. Mitchell and Bayne (29) later showed 
that when bakers' yeast (in the presence of cyanide to inhibit respiration) 
was incubated with 2.5 Χ 10~

2
 M glucose and 2 Χ Ι Ο

-1
 M D-glucosone, 

complete inhibition of fermentation took place. The effect was described, 
on a preliminary basis, as competitive. Negative results were obtained at 
a glucosone concentration of 5 X 10~

2
 M. L-Glucosone showed no in

hibitory effects when tested under the same conditions. 
In a study in which a great many carbohydrates were tested as possible 

inhibitors of yeast metabolism, Woodward, Cramer, and Hudson (11) 
found that under conditions where the molar D-glucose and D-glucosone 
concentrations were equal, D-glucosone inhibited anaerobic fermentation 
56%, aerobic fermentation 79-84%, and respiration 64-83%, and caused 
a 50% inhibition of yeast growth at an inhibitor/glucose ratio of 2. 
D-Glucosone and D-glucononitrile were claimed to be the only effective 
inhibitors of respiration among about 20 potentially useful inhibitors 
tested. From a subsequent publication, however, it appears that Hudson 
and Woodward (80) were unable to repeat their former claim of the effect 
of glucosone on respiration. 

Becker (81) later reported that glucosone did not inhibit aerobic respira
tion but that it inhibited both aerobic and anaerobic fermentation of 
glucose by about 96% when the glucosone/glucose ratio was 5 but that 
it was without effect at 2. Becker also claimed that, whereas glucosone 
was not fermented by intact yeast cells (28), it was readily fermented by 
yeast extracts fortified with A T P and DPN. The latter fermentation was 
reported to be inhibited by glucose. Thus, it is tempting to speculate that 
glucosone is unable to enter the yeast cell and that it may prevent other 
potential substrates from freely reaching entry sites into the intact cell. 
In the light of current interest in the entry and exit phenomena associated 
with living tissues, glucosone may provide considerable experimental 
opportunity for workers in this field. 

Glucosone has been found to be a potent inhibitor of ox-brain hexo
kinase (82). These workers have stated that it is itself not phosphorylated 
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but that it will cause 50% inhibition at a concentration of 3.5 Χ 10~
4
 M 

and 100% inhibition at 2.4 X 10~
3
 M. D-Galactosone was found to be in

effective. The authors expressed the thought that the hypoglycemic symp
toms produced by parenteral administration of D-glucosone may be ex
plained by hexokinase inhibition. Further evidence was obtained by 
Hudson and Woodward (SO). They confirmed the ability of glucosone to 
act as a hexokinase inhibitor and found also that tissue glycolysis was a 
great deal more susceptible to glucosone inhibition than was yeast fer
mentation; for example, it required a glucosone/glucose ratio of 3 to 
obtain 100% inhibition of anaerobic fermentation, but only a ratio of 
0.0067 for complete inhibition of glycolysis of brain slices. Approximately 
50% inhibition of yeast hexokinase activity was obtained with a molar 
ratio of glucosone/glucose or of glucosone/fructose of 0.5. Inhibition of 
phosphorylation of fructose and of glucose was stated to be competitive 
(Ki = 6 X 10~

5
 M). Hers (88), on the other hand, has described an aldose 

and a ketose reductase in slices of sheep seminal vesicles (conversion of 
glucose to fructose via sorbitol) the activity of which was inhibited 95% 
by D-glucosone and by D-glucuronolactone when these were present at a 
concentration of inhibitor/glucose-l-C

14
 of 16. No radioactivity entered the 

inhibitor molecules in these experiments. 

E. 2-Deoxy-D-Glucose (2-DG) 

Cramer and Woodward (84), in observing that the fermentation of 
glucose by intact yeast cells was inhibited by 2-DG (while cell-free extract 
fermentation in the presence of M g

+ +
 and A T P was relatively insensitive 

to this inhibitor), suggested that 2-DG may affect the transport mech
anism of glucose into the yeast cell. I t was established later by Wick et al. 
(85) that 2-DG rapidly enters the cells of the extrahepatic tissues, a 
process which is accelerated considerably by insulin. These workers also 
found that intracellular transfer of 2-DG inhibited the transfer and oxida
tion rates of glucose, thus producing, in effect, a block for glucose utiliza
tion. In these respects 2-DG resembles D-glucosamine (15) and, like 
D-glucosamine, it reduces the rate of glucose disappearance from blood 
plasma upon injection of insulin (86, 87). Nakada and Wick (86) have 
shown further that 2-DG uptake in the isolated rat diaphragm is under 
the influence of insulin. 2-DG retarded glucose and fructose uptake (but 
not that of galactose), while glucose depressed the uptake of 2-DG. More 
recent evidence (88) shows that in rat diaphragm equimolar quantities of 
glucose or mannose in the medium inhibit the intracellular penetration of 
2-DG, while the same concentrations of galactose and fructose have no 
effect. 
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That 2-DG is not an inhibitor of yeast hexokinase when glucose is the 
substrate was shown by Woodward and Hudson (39). On the other hand, 
the fact that 2-DG is itself phosphorylated by hexokinase (see Section I I , 
F) has led to some interesting observations with respect to its use as a 
trap for A T P and as a means of metabolically isolating the hexokinase 
reaction. 6-Deoxy-D-glucose, however, is listed as a competitive inhibitor 
of brain hexokinase (24) with a Ki value of 2 X 10~

3
 M. 

A series of studies by Woodward et al. (11, 34, 40) with intact yeast has 
shown that 2-DG, when used in equimolar concentration with glucose, 
inhibited anaerobic fermentation 76-80% and aerobic fermentation 75-
82%. 2-DG added to actively fermenting yeast inhibited almost at once. 
Yeast growth was inhibited 50% at a 2-DG/glucose ratio of 0.02 and 
100% at a ratio of 0.09. Respiration was not affected at all by 2-DG. 
When anaerobic glycolysis of fresh Walker 256 carcinoma slices was 
studied (9), added 2-DG (equimolar to glucose) caused a strong inhibition 
(60%) whether the inhibitor was added at the beginning of the experiment 
or during active glycolysis. On the other hand, anaerobic glycolysis of 
brain slices was found to be far more sensitive to the inhibitory action of 
2-DG than was tumor tissue (41). Aerobic glycolysis of glucose by rat 
tumor slices (Flexner-Jobling, Walker 256) was also strongly inhibited by 
2-DG. These inhibitory effects were reported to be competitive and could 
be reversed by the addition of excess glucose. It is interesting to note 
that anaerobic glycolysis with fructose as substrate was 50 times more 
sensitive to 2-DG (and oxidation by brain slices 100 times) than when 
glucose was used. These results fit in with other published data (42, 4$) 
which show that the affinity of glucose for brain and yeast hexokinases is 
greater than the affinities of fructose or 2-DG for this enzyme. These 
workers (41) reasoned that since most normal tissues depend mainly upon 
respiration for their energy while tumors depend to a large extent on 
glycolysis and since respiration is not inhibited by 2-DG (at concentra
tions at which glycolysis is affected strongly), the possible selective in
hibition of tumor metabolism might be achieved by administration of 
2-DG. Some beneficial effects were, indeed, reported subsequently (44)· 
More recently, it was shown that 2-DG inhibits anaerobic glycolysis of 
Ehrlich ascites tumor cells 28% when glucose is the substrate but 100% 
when fructose is used (45). The very much greater effect of 2-DG on fruc
tose phosphorylation (as compared to glucose) was also reported in keeping 
with their respective Michaelis-Menten constants. 

Laszlo et al. (46) have demonstrated that 2-DG and 2-deoxy-D-galactose 
both act as potent glycolytic inhibitors of human leucocytes, of human 
leukemic cells of different types, and of a variety of animal tumor cells. 
In recent studies on the inhibitory effect of 2-DG on glycolysis of cat 
cerebral cortex slices in vitro. Tower (47) has found that it required five 
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times as much 2-DG to obtain the same degree of inhibition aerobically 
as is obtained under anaerobic conditions. There was no evidence for any 
effect by 2-DG on the degree to which the hexose monophosphate oxida
tion pathway functions in carbohydrate oxidation. He expressed the 
opinion that the primary effect of 2-DG is an indirect one—a failure of 
the hexokinase system due to depletion of the available A T P (relief of 
inhibition of anaerobic glycolysis was achieved by addition of extra A T P 
or of G-6-P to slices already inhibited by 2-DG). 

As early as 1952, Ely et al. (48) reported the strong inhibition of tissue 
culture growth (embryonic chicken-heart fibroblasts) by 0.04% 2-DG. 
The effect was shown to be reversible upon substitution of glucose for 
2-DG even after the cells had been exposed to 2-DG for 41 or 137 hours. 
Suppression of growth of Neurospora crassa in a basal medium has also 
been described for 2-DG (49), results which were quite similar to those in 
yeast (11). The effect was more pronounced when fructose (in place of 
glucose) was used as chief carbon source. This mold grows slowly when 
2-DG is given as the only carbon source. The growth of human cells in 
tissue culture was also markedly inhibited by 2-DG (60). Almost complete 
growth inhibition was obtained with glucose or mannose as substrates, 
but the effect was easily reversed with excess carbohydrate. Cells grown 
on fructose were much more sensitive to the inhibitory effect of 2-DG. 

Reports dealing with the effects of 2-DG on tumor growth [see also 
(9, 41)] were carefully re-examined by Ball, Wick, and Sanders (8). Details 
of much of this work have already been described in Section I I , A . Many 
of the findings which obtain for D-glucosamine also hold for 2-DG. Suffice 
it to say here that the effects of 2-DG as an antitumor agent were found 
to be greater and more consistent than those of glucosamine. These work
ers also showed that the tumor growth rate, which had been suppressed 
by 2-DG, rapidly reverted back to the rate of the control after cessation 
of 2-DG administration. They concluded that malignant cells themselves 
do not seem to be permanently altered by 2-DG administration but undergo, 
during 2-DG treatment, some alteration in their carbohydrate metabolism. 
The administration of 2-DG and of 2-deoxy-D-galactose to solid, ascitic, 
and systemic transplantable tumors in mice resulted also in a modest 
prolongation of survival time (51), and it has been reported (62) that 
2-DG added to a meat ration given to rats 3 days before transplantation 
of Crocker carcinoma led to the production of tumors the size of which 
was greatly reduced when compared to the controls given a 2-DG free diet. 

F. 2-Deoxy-D-Glucose-6-Phosphate (2-DG-6-P) 

Cramer and Woodward (84) first showed that 2-DG is phosphorylated 
by yeast hexokinase. This was later confirmed for brain (53) and for tumor 
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tissues (41). The product of this phosphorylation has been suggested to 
be the 6-phosphate (88, 58-55). Investigators in this field agree that 
2-DG-6-P is not metabolized further (88, 56) once it has been formed. 

That 2-DG-6-P does not inhibit hexokinase itself has been established 
(50, 58), nor does it have a direct effect on 6-phosphogluconate dehy
drogenase (50), although at a concentration of 2 X 10~

3
 M it has been 

reported to inhibit glucose-6-phosphate dehydrogenase 50% in sonic 
extracts of cultured mammalian cells (50). 

The first successful attempts to localize the precise metabolic block of 
2-DG or of its phosphorylated derivative were made by Wick et al. (57) 
using eviscerated rabbits. They showed that the extrahepatic tissues 
oxidized only trace quantities of C

14
-labeled 2-DG, indicating that there 

exists a true metabolic block in its metabolism. Furthermore, 2-DG did 
not influence the oxidation of injected C

14
-labeled acetate, suggesting the 

block to be, rather, between glucose and acetate. Studies in vitro clearly 
showed, however, that 2-DG-6-P competitively inhibited formation of 
ketose from glucose-6-phosphate using purified rat kidney phosphogluco-
seisomerase. They indicated this to be the primary metabolic block, al
though alternative secondary possibilities were also considered. The 
glucose-6-phosphate which accumulates under these conditions may then 
inhibit the hexokinase reaction (see Section I I , H ) , or it might be respon
sible for a total metabolic shift away from glycolysis to the hexosemono-
phosphate oxidation pathway. Evidence against the latter suggestion is 
contained in the work of Tower (4-7), which has already been discussed 
(see Section I I , E ) . In his view, the competitive inhibition by 2-DG-6-P 
of phosphoglucoseisomerase does not completely explain all the data, and 
he considers A T P depletion (by 2-DG) of considerable importance, es
pecially since he was able to show that incubation of cerebral cortex slices 
with 2-DG resulted in marked depletion in such slices of creatine phos
phate and of adenosine polyphosphates with the concomitant formation 
of a considerable concentration of 2-DG-6-P. 

Inhibition of phosphoglucoseisomerase by 2-DG-6-P in vitro was also 
reported by Nirenberg and Hogg (45) in extracts of Ehrlich ascites tumor 
cells. Complete inhibition was reported at a molar ratio of 2-DG-6-P/ 
F-6-P of approximately 8 using the spectrophotometric reduction method 
of T P N with F-6-P as substrate. Unfortunately, these authors did not 
report whether or not 2-DG-6-P also had an effect on glucose-6-phosphate 
dehydrogenase. Evidence of this kind is necessary in order to permit an 
unequivocal interpretation of the data. It is of interest here that an eight
fold increase in F-6-P concentration reversed the inhibition by 2-DG-6-P. 
Additional evidence was also obtained for the fact that 2-DG-6-P causes 
a further inhibitory effect in tumor homogenates in the anaerobic gly
colysis of F-6-P and of fructose-1,6-diphosphate. Thus, a further site of 
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inhibition taking place after the action of phosphofructokinase is also 
indicated. Further developments along these lines should be awaited with 
interest. These authors point out the limitations that exist in the use of 
2-DG for the study of hexose transport because of its ready conversion to 
a most effective inhibitor of glycolytic enzymes. 

Work from our own laboratory (58) has shown that 2-DG-6-P is an 
effective inhibitor of phosphoglucoseisomerase in extracts of the crown 
gall tumor-inducing organism Agrobacterium tumefaciens. When the 
isomerase was measured in the direction of ketose formation with glucose-
6-phosphate as substrate, a 2-DG-6-P/G-6-P ratio of 10 produced complete 
inhibition. When the system was measured in reverse, i.e., T P N H forma
tion with fructose-6-phosphate as substrate, strong inhibitions were ob
tained which varied considerably between 50-94%. This work has not, 
however, been done on an extensively purified preparation. Glucose-6-
phosphate dehydrogenase was not affected at all by the same concentra
tions of 2-DG-6-P. 

Van Eys and Warnock (56) have suggested the use of the "2-DG + 
A T P + hexokinase system" as a useful alternative to the use of the "glu
cose + A T P + hexokinase system" as a trap for A T P (e.g., in oxidative 
phosphorylation studies). Its chief advantage is the fact that the product 
of the phosphorylation, 2-DG-6-P, is not metabolized further and does 
not contribute to O2 uptake values while the acceptor ADP is continuously 
formed as required in such studies. 

Studies on penetration and phosphorylation of 2-DG were reported by 
Kipnis and Cori (88) for rat diaphragm. It was shown that these processes 
increased several fold with rising external sugar concentration from 0.01-
0.08 M and was further increased by addition of insulin. Free 2-DG could 
not be demonstrated inside the muscle cell. Thus, the maximal capacity 
of muscle to phosphorylate 2-DG was shown to be greater than the rate 
of its penetration. Phosphorylation and penetration ceased at any of the 
external sugar concentrations when the internal 2-DG-6-P concentration 
reached 0.02 M (or 0.05 M in the presence of insulin). These effects were 
shown to be the result of noncompetitive inhibition of penetration of 
2-DG by 2-DG-6-P. Internal 2-DG-6-P also inhibited the penetration of 
glucose. In a footnote to the same paper these authors also refer to un
published observations of Dr. R. K. Crane, stating that phosphogluco-
mutase is inhibited by very high concentrations of 2-DG-6-P (molar ratio 
to substrate 15). 

G. 6-Deoxy-6-Fluro-D-Glucose (6-DFG) 

Blackley and Boyer (59) first observed that 6-DFG, at molar concen
trations comparable to those of glucose or fructose used, produced a 
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marked inhibition of the rate of fermentation by intact yeast. The effect 
on yeast extract fermentation was very small, nor was it significant on 
hexokinase per se. The inhibition by 6-DFG of intact yeast fermentation 
was competitive with glucose or fructose and was overcome by increasing 
the concentrations of these sugars. They postulated that 6-DFG was in 
some way able to influence a specific process, not limited by hexokinase 
activity, which controls the rate of entry of glucose and of fructose into 
the yeast cell. Subsequently, Serif and Wick (60) reported the competitive 
inhibition of glucose oxidation by 6-DFG in rat kidney slices. They ob
served inhibition of the oxidation of uniformly labeled glucose-C

14
 and 

fructose-C
14
 to CO2 whereas there was no effect at all on the oxidation of 

lactate-l-C
14
 or acetate-l-C

14
. Using specifically labeled glucoses, they also 

supplied evidence to show that inhibition takes place before the formation 
of glucose-6-phosphate. They have attempted to distinguish between a 
possible new pathway of glucose oxidation to C 0 2 and other alternate, 
unaffected pathways. Similar observations were also made in rat epi-
didymal adipose tissue and rat diaphragm muscle (61). 

More recently, preliminary evidence has been presented (62) in further 
support of the hypothesis that 6-DFG inhibits a glucose cell entry mech
anism in those tissues in which cell entry is rate-limiting. There was no 
effect in the case of Ehrlich ascites cells in which the entry rate is not 
rate-limiting (68). 

H. D-Glucose-6-Phosphate (G-6-P), D-Fructose-6-Phosphate 
(F-6-P), D-Fructose-l,6-Diphosphate (FDP) 

It was established some time ago (64) that yeast hexokinase is not 
affected by the product of its reaction, though it is inhibited by adenylic 
acid. This was later confirmed by a study with a crystalline preparation 
(66). These results differ, however, from the data available for the hexo
kinase of a number of animal tissues, of which brain is perhaps the best 
example. Thus, Weil-Malherbe and Bone (66) showed that rat brain 
hexokinase is strongly inhibited by hexosemonophosphates, G-6-P being 
about three times more effective than F-6-P. An equilibrium mixture of 
the two gave an intermediate inhibition value. The inhibition was stated 
to be noncompetitive with respect to either glucose or ATP . These results 
were later confirmed and extended to a variety of other animal tissues by 
Crane and Sols (65). These authors also pointed out that glucose utiliza
tion can be decreased progressively as G-6-P accumulates and that at least 
100-fold excess of phosphofructokinase is required to prevent a detectable 
accumulation. Crane and Sols (67) have shown that brain hexokinase con
tains, in addition to the binding sites for substrates and ATP, a third 
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specific binding site for the product of its action. A Ki value of 4 Χ 10~
4
 M 

is given for G-6-P (24)- The suggestion was made (65) that the coexistence 
of hexokinase and phosphofructokinase in tissues and in tissue preparations 
may in practice form a steady-state system. It was even suggested (68) 
that the high concentration of G-6-P found in some tissues (69) may 
regulate the actual activity of hexokinase in these tissues. It should be 
noted here that little or no information is available on the possible effects 
of G-6-P on bacterial hexokinases. This would be most desirable in view of 
the fact that in certain species (58> 70, 71) phosphofructokinase is either 
absent or present only in trace amounts. 

Glucose dehydrogenase of liver has been reported to be strongly in
hibited in a competitive manner by G-6-P (Ki = 2.5 Χ Ι Ο

-6
 M) and by 

FDP (Ki = 6.2 X 10~
5
 M) (72). F-6-P and ribose-5-phosphate are also 

stated to be inhibitory. Skeletal muscle aldolase appears to be inhibited 
by high concentrations of F-6-P (73). 

I. 6-Phospho-D-Gluconic Acid (6-PG), L-Sorbose-1 -Phosphate (So-l-P), 
Sorbitol-6-Phosphate (SL-6-P), D-Galactose-1 -Phosphate (Gal-l-P) 

Phosphoglucoseisomerase of mammalian blood, liver, and muscle has 
been shown by Parr (74, 75) to be strongly inhibited by 6-PG. With 
G-6-P as substrate an equimolar concentration of 6-PG inhibited the 
enzyme 95%. The corresponding isomerases of potato and Escherichia coli 
were also inhibited in a competitive manner. The work was later confirmed 
(76) in rabbit brain, skeletal muscle, and in human red blood cells where 
F-6-P was used as the substrate (K% value given, 5 X 10~

6
 M). Detailed 

kinetic analysis adequately confirmed the competitive nature of the effect. 
In liver mitochondria, 6-PG has been shown to inhibit strongly the up

take of glucose, the production of lactic acid, and the uptake of inorganic 
phosphate (77). The experimental data also show that in brain extracts 
the presence of T P N can change the rate of glycolysis in an indirect manner. 
The relative reaction rates between G-6-P dehydrogenase and 6-PG de
hydrogenase favor the accumulation of 6-PG. By the latter's inhibition of 
phosphohexoseisomerase, excess G-6-P is produced which would inhibit 
hexokinase. A "feedback" mechanism is thus possible for the control of 
glycolysis at the early and critical stages of this metabolic sequence. 

In the introduction to this chapter the need for specific inhibitors of the 
hexosemonophosphate oxidation pathway and the pentose cycle has 
already been outlined. The only work in this direction with carbohydrate 
analogues has come from the laboratory of Sahasrabudhe (78). Convincing 
arguments were put forward in support of the contention that structural 
analogues of 6-PG would be most useful in this respect, particularly as an 
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approach to cancer chemotherapy. In subsequent papers (79, 80), non-
carbohydrate analogues were shown to have antitumor effects. As yet, no 
experiments on record show that such compounds actually inhibit a com
ponent enzyme system of the hexosemonophosphate pathway, and the 
experiments with radioactive tracers are of doubtful value since labeled 
C02 was measured only after four hours of incubation at which time 
randomization through the pentose cycle had probably been most extensive. 

Lardy et al. (81), in a now classic paper on L-glyceraldehyde inhibition, 
showed that at a concentration of 5 Χ 10~~

4
 Μ, So-l-P almost completely 

inhibited brain and tumor hexokinase when glucose was the substrate 
(5 X 10~

3
 M). There was no effect on phosphohexokinase, and L-sorbose-

6-phosphate was unable to evoke a similar result. Parr (75) has reported 
strong competitive inhibition of phosphoglucoseisomerase by SL-6-P in 
enzymes obtained from potato and liver. The details have, unfortunately, 
not been made available as yet. 

A preliminary statement has been published (82) to the effect that 
Gal-l-P inhibits the conversion of G-l-P to G-6-P by rabbit muscle phos-
phoglucomutase, an effect which was overcome by the addition of glucose-
1,6-diphosphate. 

J. Miscellaneous Hexoses 

l,5-Anhydro-D-glucitol-6-phosphate has been found to be a powerful 
noncompetitive inhibitor of animal tissue hexokinases (24) with a Ki of 
6 X 10~

4
 M. £-Glucose-l,6-diphosphate and allose-6-phosphate are active 

at similar concentrations. 1,5-Anhydro-D-glucitol-6-phosphate has some 
effect also on phosphoglucomutase (83) and inhibits phosphohexose-
isomerase at high concentrations. In heart muscle homogenates it causes 
complete inhibition of glucose oxidation but is without effect on G-6-P 
oxidation. Its chief effect has therefore been attributed to hexokinase 
inhibition. 

Levvy (84a) has described the very strong competitive inhibition of 
β-glucuronidase by saccharo-1,4-lactone in mouse liver. This inhibitor was 
shown to have an affinity for the enzyme which was 240 times greater than 
that of phenolphthalein glucuronide, the substrate with the highest previ
ously known affinity. It was established that the configuration of the 
secondary alcohol group is of the utmost importance, since the 3,6-lactone 
was not an inhibitor. Galactono- and fucono-1,5-lactone have recently 
been reported to be much more powerful inhibitors of the ox liver enzyme 
than the corresponding 1,4-lactones (84b). 

Retardation of the growth of certain carcinomatas has been claimed also 
for D-glucoascorbic acid (85). Continuous feeding of a ration containing 1 
or 2% D-glucoascorbic acid for 4 weeks considerably retarded the Crocker 
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carcinoma and adenocarcinoma Ε 0771 in rats and in mice. It also retarded 
the growth of liposarcoma in scorbutic guinea pigs. This work raises the 
question of a possible role of this ascorbic acid analogue in the biosynthesis 
of ascorbate and is of further interest in view of the as yet unconfirmed 
claim that ascorbic acid takes part in D N A formation of the cell nucleus 
(86). In a later paper (87), it was shown that glucoascorbate administra
tion resulted in lowered ascorbate concentrations of rat tissues and that 
it was capable of decreasing the total nuclear D N A content of Crocker 
rat carcinoma. 

Several notable additional effects of D-glucose itself as an enzyme in
hibitor must also be mentioned. In view of the competition existing with 
D-glucosamine for the same hexokinase (88), the effect of D-glucose in 
completely inhibiting the phosphorylation of the latter is not surprising. 
D-Glucose also inhibits rat hepatic microsomal glucose-6-phosphatase at a 
glucose/G-6-P ratio of 7 (89). Furthermore, it inhibits the sucrose phos-
phorylase of Pseudomonas saccharophila (90) by competing with glucose-
1-phosphate for combination with the enzyme. 

III. PENTOSES 

A. D-Arabinose, D-Arabonic Acid 

Inhibition of brain hexokinase by arabinose was reported by Crane and 
Sols (67), who calculated the Ki to be 4 X 10~

4
 M. Whereas the glucose 

dehydrogenase purified from Aspergillus oryzae did not oxidize D-arabinose 
(91), the latter was found to inhibit competitively the oxidation of other 
readily oxidizable substrates (e.g.,D-glucose, D-galactose, D-mannose, etc.). 
α-Hydroxy carboxylic acids have been shown to inhibit human prostatic 
acid phosphatase (92). Thus, L( —)-arabonic acid exhibited 50% inhibition 
of this enzyme at a concentration of 8.8 X 10~

2
 M, while tartaric acid, the 

most effective inhibitor, accomplished the same effect at 1.6 Χ 10
-3
 M. 

D(+)-arabonic acid had no effect at all. (Positive effects were demon
strated also with several hexonolactones but only at very high concen
trations.) 

Escherichia coli cells adapted to D-xylose or L-arabinose were stated to 
produce phosphoglyceric acid under aerobic conditions from maltose and 
glucose and from the pentose to which they had been adapted (93). The 
addition of D-xylose or D-arabinose decreased the quantity of endogenous 
phosphoglyceric acid formed by cells grown on D-glucose and L-arabinose, 
while for D-xylose-grown cells only D-arabinose showed a similar effect. 

B. D-Xylose, D-Xylonic Acid, D-Xylonolactone 

Reference has already been made in the foregoing section to the in
hibitory role of some pentoses in endogenous phosphoglyceric acid forma-
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tion by E. coli (93) and to the competitive interaction of sugars with re
spect to the glucose dehydrogenase in Aspergillus oryzae (91). D-Glucose-
D-xylose and D-galactose-D-xylose represent additional competitive pairs. 
Inhibition of prostatic acid phosphatase was also achieved with D ( + ) -
xylonic acid (92), although a concentration of 1.3 Χ ΙΟ

-1
 M was necessary 

to obtain 50% inhibition. 
The Ki given for D-xylose in the inhibition of brain hexokinase (24) is 

2 Χ ΙΟ"
3
 Μ (Κ{ for D-lyxose is 1.3 Χ 10"

3
 M). Morita (94) has shown that 

Taka β-xylosidase (an enzyme which specifically hydrolyzes p-nitrophenyl-
0-xyloside) is strongly inhibited by xylose, by phenyl-/?-xyloside, and by 
xylonolactone, but not by many other sugars tested. Considerable inhibition 
(40-50%) was also obtained with 0.9 μΜ D-xylonolactone on rumen liquor 
and limpet glycosidase (95). 

In a detailed study on the configurational specificity exhibited by the 
Ehrlich ascites tumor cell membrane toward the penetration of many 
different sugars, Crane, Field, and Cori (63) demonstrated competitive 
inhibition between pairs of sugars. As an example among the pentoses it 
was found that D-xylose inhibited L-sorbose penetration (equal concentra
tions of both) 40%, while an even higher concentration of D-ribose had no 
effect at all. 

Inhibition of photosynthesis in Chlorella pyrenoidosa has been reported 
with D-xylose (96). While D-xylose could not be used as substrate for 
chemosynthesis, it differed from all other sugars tested (including also 
D-ribose) in arresting cell division when added (0.5%) to flasks in which 
algae were assimilating CO2. When another chemosynthetic energy source 
was available to the system (e.g. glucose) xylose was not toxic. The author 
also states that this pentose does not cause permanent injury to the algal 
cells. They recover both their green color and their ability to multiply 
even four days after they had suffered complete growth inhibition by 0.5 
and 1.5% xylose. Possible competition for one or more members of the 
photosynthetic carbon cycle (97) is offered as a probable explanation. It 
should be possible to test this idea experimentally, since one or more 
members of the pentose cycle would probably pile up if xylose is, indeed, 
capable of providing such a metabolic block. In this connection it is also 
of interest to note that L-xylose had no effect at all (98). 

C. D-Ribose, D-Ribose-5-Phosphate, D-Ribonic Acid, D-Ribonic Acid-5-Phosphate, 
2-Deoxy-D-Ribose 

D-Ribose has been reported to inhibit the formation of α-amylase by 
Aspergillus oryzae (99), and D-ribose-5-phosphate is listed as an inhibitor 
of liver glucose dehydrogenase (72). 
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Preincubation of purified rabbit phosphoglucomutase with D-ribose-5-
phosphate (0.5 Mmoles) prior to their addition to 0.14 μτηοΐββ of D-glucose-
1-phosphate and the Zwischenferment-TPN assay system resulted in a 
strong inhibition of the initial rate of T P N H formation (100). Since there 
was no effect when D-ribose-5-phosphate was added without prior pre
incubation, the effect cannot be due to inhibition of the Zwischenferment 
assay system but is attributed to a direct effect on the mutase. It has been 
suggested (68) that D-ribose-5-phosphate, a normal intermediate of carbo
hydrate metabolism, may thus modify glycogen synthesis. 

Significant inhibition of human prostatic acid phosphatase (92) was 
achieved also with D(+)-ribonic acid but only at very high concentrations 
of inhibitor (3 Χ 10""

1
 M). Axelrod and Jang (101) have shown that puri

fied phosphoriboisomerase obtained from alfalfa juice is strongly inhibited 
by ribonic acid-5-phosphate. A 50% inhibition was obtained with an 
inhibitor concentration of 1.3 Χ 10~

δ
 M. In this system free ribose had 

no effect at all, while glucose-6-phosphate inhibited 32% at a concentration 
of 1.1 Χ 10-

2
 M. 

Complete cessation of growth of the phytopathogenic organism Xantho-
monas phaseoli (agent of common bean blight) has been observed when 
attempts were made to grow the organism in a yeast extract medium con
taining 6 X 10~

2
 M 2-deoxy-D-ribose (102). This was quite surprising, 

especially since strong growth was obtained with a variety of other sugars 
and with yeast extract alone. The full biological implications of this 
result are not clear at present and warrant further investigation. It is 
possible that such an effect may be due to nonspecific blocking of all entry 
sites to potential substrates. 

IV. CONCLUSIONS 

In this chapter an attempt has been made to cover the field of hexose 
and pentose analogues as completely as possible. The literature which has 
developed is still not very extensive, and whatever information is available 
is spread widely in fields ranging from medicine to agriculture. Relatively 
few really deep and searching studies are available, particularly from the 
point of view of enzyme mechanism. Considerable activity existed for a 
while in the use of deoxyhexoses in cancer research; but even though 
certain substances were capable of causing enzyme inhibition in vitro, 
their application to the whole animal has often resulted in effects which 
were judged not sufficiently dramatic to render these substances as useful 
in practice as had been hoped. It is felt, however, that greater efforts 
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should be made to synthesize chemically, structural analogues of sugars as 
potential specific inhibitors of specific enzymes in order to provide what 
may turn out to be more potent tools. 

One cannot escape the feeling, however, that many of the intermediates 
of carbohydrate metabolism may themselves act in a regulatory fashion 
[see (103,104)], controlling metabolic pathways by virtue of their inhibitory 
capacities with respect to specific enzymes. Such "feedback" mechanisms 
may play vital roles in metabolism in general; and when it is considered 
that carbohydrates are perhaps the most useful starting materials for the 
life of all living cells, a continued search for better and more specific 
inhibitors should be encouraged. 
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