
Identification of Fructose 3-Phos~hate in the
I 

Lens of Diabetic Rats 

Fructose 3-phosphate, a novel monosaccharide phosphate, has been identified in the 
lens of diabetic rats. This compound, which is not present in normal lenses, is a protein 
glycosylating agent and enzyme inactivator. In adddition, because of its structural 
features, this metabolite is relatively labile and undergoes hydrolysis to yield inorganic 
phosphate and the potent glycosylating agent, 3-deoxyglucosone. The increase in the 
concentration of fructose 3-phosphate in the lens of diabetic rats suggests that it and 
its hydrolysis product, 3-deoxyglucosone, may be responsible in part for the develop- 
ment of some diabetic complications in the lens. 

ALTHOUGH A CAUSAL CONNECTION 

between hyperglycemia and the 
pleiotropic complications of diabe- 

tes mellitus has been established, the de- 
tailed sequence of events resulting from this 
condition and leading to the observed func- 
tional deficits remains to be elucidated (1). 
Several mechanisms for the biochemical ba- 
sis of diabetic complications have been pro- 
posed: the osmotic stress hypothesis (Z), the 
myo-inositol depletion hypothesis (3), the 
Na+- and K+-dependent adenosine triphos- 
phatase (Na+,K+-ATPase) inactivation hy- 
pothesis (4) ,  the glycosylation hypothesis 
(5), and a recent proposal involving en-
hanced de novo synthesis of diacylglycerol 
and activation of protein kinase C (6).None 
of these proposed mechanisms has proven 
entirely satisfactory, and recent data sug- 
gests that osmotic stress and myo-inositol 
depletion may not be the primary mecha- 
nisms of diabetic complications in humans 
(7). The hypothesis most strongly supported 
by data from human subjects is the glycosy- 
lation hypothesis ( 4 ,  which states that dia- 
betic complications are caused, at least in 
part, by protein modification and cross-
linking by glucose and glucose-derived 
metabolites. This nonenzymatic process oc- 
curs in two stages (5). In stage one, glucose 
reacts with an m i n e  group of a protein to 
form a Schiff's base, which then rearranges 
to the more stable Amadori product (9) .  
These reactions are slow (equilibrium is 
reached after 4 to 6 weeks) and reversible, so 
that a reduction in the concentration of 
glucose will lead to a decrease in the amount 
of glycosylated protein. The reactions of the 
second stage are irreversible, however, lead- 
ing to the accumulation of fluorescent yel- 
low material (10) similar to that associated 
with aging and nonenzymatic browning of 
food proteins (11). In agreement with this 
mechanism, long-lived proteins such as col- 
lagen and lens crystallins from diabetic sub- 
jects are significantly more glycosylated than 
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those from age-matched normal controls 
(8).

We have now obtained evidence in sup- 
port of a variant of the glycosylation hy- 
pothesis that invokes a novel monosaccha- 
ride, fructose 3-phosphate (F3P), and its 
breakdown product, 3-deoxyglucosone 
(3dG), as glycosylating agents. The first 
evidence that new metabolites may be pres- 
ent in the lens of diabetic animals came from 
31P nuclear magnetic resonance (NMR) 
spectroscopic examination of rabbit lenses 
that had been incubated in medium with a 
high glucose concentration and of lenses 
from diabetic rats (12, 13). These experi- 
ments showed the presence in the 3  ' ~ 
spectra of two unidentified compounds res- 
onating at 6.5 and 5.8 ppm (Fig. 1A). In 
normal lenses these compounds were either 
totally absent (5.8 ppm) or present in much 
lower concentrations (6.5 ppm) (14). 

Recently, we purified one of these metab- 
olites (6.5 ppm) and identified it as sorbitol 
3-phosphate (S3P) (15). Although the sec- 
ond metabolite proved more difficult to 
isolate because 01its relative lability, the 
kinetics of its accumulation in the lens of 
diabetic rats and its response to the aldose 
reductase inhibitor Sorbinil(13) suggested a 
precursor-product relation with S3P. This 
possibility was supported by similarities in 
pK, between the two compounds (5.4 for 
S3P and 5.5 for the 5.8-ppm compound) 
and the fact that both compounds appear as 
doublets in the 'H-coupled 31P-NMR spec- 
trum. To test this relation, we synthesized 
the two likely precursors of S3P, glucose 3- 
phosphate and F3P and compared their 31P- 
NMR spectra with those of extracts of lenses 
from diabetic rats. Synthetic F3P was found 
to coresonate exactly with the 5.8-ppm peak 
(Fig. 1, A and B). This overlap in resonances 
was absolute and independent ofpH (Fig. 1, 
C and D). In addition, both the 5.8-ppm 
resonance in the extract and synthetic F3P 
were shown to be alkali labile and to pro- 
duce S3P and mannitol 3-phosphate after 
reduction with NaBH4. The chances for a 
random independent coincidence of such 

properties are extremely small; we have 
therefore attributed the 5.8-ppm resonance 
to F3P. 

Synthetic F3P used in the identification 
was-prepared from fructose (16) and charac- 
terized by thin-layer chromatography 
(TLC), elemental analysis, and 3'P- and I3c- 
NMR spectroscopy (Fig. 2). From the rela- 
tive peak intensities in these spectra, we 
calciatkd the relative of the 
various anomeric forms of this ester in solu- 
tion (Table 1)and found them to be similar 
to those of fructose and other fructose phos- 
phomonoesters. The major difference be- 
tween F3P and these compounds was the 
high proportion of the open chain carbonyl, 
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Fig. 1. (A) The phosphate monoester region of a 
'H-coupled 3'P-NMR spectrum (31)of a perchlo- 
rate extract (pH 7.2) from five rat lenses 3 weeks 
after the induction of diabetes (32).Peak identi- 
ties are S3P, sorbitol 3-phosphate; F3P, fructose 
3-phosphate; aGP, a-glycerolphosphate; PE, 
phosphorylethanolamine; and PC, phosphoryl- 
choline. (B) Extract used in (A) after addition of 
85 pM synthetic F3P (pH 7.2). (C) Sample as in 
(B), except at pH 6.4. (D) Sample as in (B), 
except at pH 5.6. 
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Table 1. Relative proportions of anomeric forms 
of fructose and F3P in solution at 25°C. 

p-Pyranose 75 62.3 2 0.6 
a-Pyranose Trace 2.5 * 0.3 
p-Furanose 21 19.8 k 0.4 
a-Furanose 4 9.7 2 0.4 
Open chain 0.7 5.0 * 0.3 
Open-chain hydrate 0.7 k 0.2 

*From Angval and Bethell (17) .  tRelati1.e propor- 
tions of anomen (means 2 SEM, n = 3) were deter- 
mined from I3C- and "P-NMR spectra of synthetic F3P 
by the use of the PIQABLE automatic quantification 
p'ogram (30). 

which at 5.0% is higher than in fructose 
(0.7%) or the other fructose phosphomon- 
oesters (2.0%) (17). This result suggested 
that F3P may function as a glycosylating 
agent because the reactivity of reducing 
sugars as glycosylating agents is determined 
by the percentage of the open chain form 
( 1  8). 1; addition, phospha& esters of such 
compounds, with a phosphate group proxi- 
mal to the carbonyl, are quite labile, generat- 
ing a-dicarbonyl compokds on hydrolysis. 
For example, hydrolysis of dihydroxyace- 
tone phosphate (DHAP) or glyceraldehyde 
phosphate (GAP) leads to the formation of 
methylglyoxal (19), whereas the hydrolysis 
of F3P yields 3dG (20). Both these a- 
dicarbonyls are toxic to animals and to 
cultured cells (21), presumably, in part, be- 
cause of their glycosylating activity (22). 

As demonstrated by a number of groups, 
3dG can be produced from glucose and 
h o s e  upon incubation of these sugars 
with proteins. These studies also suggest 
that &is a-dicarbonvl mav be the L ive  
intermediate in the hctose- and glucose- 
mediated cross-linking of proteins (23). To 
compare the glycosyl~ting-potential of F3P 
with these previously studied saccharides, 
we incubated lysozyme with various concen- 
trations of these four compounds at 37°C 
for 28 days. The reaction mixtures were 
analyzed by SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) and by size-exclu- 
sion high-performance liquid chromatogra- 
phy (HPLC). In contrast to glucose and 
fructose, which show little or no reactivity in 
these assays, F3P appears to be a potent 
glycosylating and cross-linking agent, equal 
to or greater than 3dG in its reactivity (Fig. 
3). In fact, at the lowest concentration stud- 
ied (1 rnM), F3P was about twice as effec- 
tive as 3dG. 

Glycosylation and cross-linking of protein 
in cells, in addition to producing structural 
alterations, should lead to enzyme inactiva- 
tion, especially in tissues with low protein 
turnover such as the lens. As such inactiva- 
tion has been demonstrated with a number 

Fig. 2. (A) 'H-decoupled, natural abundance 13C-NMR spectrum of F3P. Peak identities are based on 
the anomeric assignments of fructose (33); af  and pf, a -  and p-furanose; a p  + pp, a- and p-pyranose. 
The anomeric distribution is most clearly seen in the C2 resonances, which include the peaks at 95 to 
105 ppm and the keto peak at 214 ppm. The C3 peaks identified in the specmun are those that have 
shifted downfield from their position in the "C-NMR spectrum of fructose. The purity of the 
preparation was confirmed by the fact that when the integral of the C2 peaks is set to 1, the remaining 
peaks integrate to a value of 5, as expected for a six-carbon compound. (B) 'H-decoupled 31P-NMR 
specuum of synthetic F3P. Peaks were identified by their relative intensity, expected relative chemical 
shift position, and secondary peak splitting (34). 

of a-dicarbonyls (22), we examined the ef- 
fect of 3dG and F3P on enzymatic activity 
by incubating these sugars with the enzymes 
lactate dehydrogenase and fructose 1,6-bis- 
phosphate aldolase. After 24 hours of incu- 
bation, 3dG produced an almost total inacti- 
vation of both enzymes whereas F3P was 
more selective, producing a partial inactiva- 
tion of aldolase (Table 2). In contrast to 
3dG and F3P, both glucose and fructose 
had no effect on activity of the two enzymes. 
The enzyme-inactivating capacities of F3P 
and its hydrolysis product 3dG suggest that 
these metabolites may be responsible, in 

part, for the losses of enzymatic activity 
reported in the lens of diabetic rats (24). 

The only compounds structurally similar 
to F3P, which have been previously de- 
scribed in living tissues, are DHAP and 
GAP, which arise in the course of normal 
glycolysis. Control of the potential toxicity 
of these compounds is accomplished by 
their rapid conversion to more stable metab- 
olites by relevant enzymes such as GAP 
dehydrogenase [found in the human liver at 
a concentration of -5 pM (25)] as well as by 
conversion of their reactive breakdown 
product, methylglyoxal (19), to lactate by 

1 2 3 4 5  6 7 8 9  10 11 12 13 Fig. 3. SDS-PAGE of 
lysozyme after incuba- 
tion at 37°C at a concen- 
tration of 25 m g h l  in 
physiological buffer for 
4 weeks in the absence of 
substrate (lane 1) or 
with F3P (lanes 2,6, and 
lo), fructose (lanes 3, 7, 
and l l ) ,  glucose (lanes 
4, 8, and 12), or 3dG 
(lanes 5. 9. and 13) at 
ioncentrations of 1 ;nM 
(lanes 2 to 5), 10 mM 
(lanes 6 to 9), or 100 
mM (lanes 10 to 13). 

Percentage of lysozyme cross-linked The mean percentages of 
cross-linked protein, as 
estimated by densitome- 

try and HPLC analysis are indicated below each lane (SEM values were 5 5 %  of means, n = 4). The 
incubation buffer consisted of 120 mM KCI, 20 mM NaCI, 1 mM MgC12, and 20 mM inorganic 
phosphate (pH 7.25). Samples were fractionated on a 10% slab gel and stained with Coomassie blue. 
The lysozyme monomer is at the dye front of the gel, and the positions of multimers are shown. The 
glycosylated monomer migrates behind the unmodified monomer. 
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Table 2. Effect of F3P and 3dG on enzyme activities. Enzymes were incubated with 100 mM substrate 
at 37°C for 24 hours. The incubation buffer consisted of 120 mMKCI, 20 mM NaCI, 1 mMMgCI2, 20 
mt4 inorganic phosphate (pH 7.25), 0.1 mM phenylrnethylsulfonyl fluoride, 1mMdithiothreitol, and 
0.1% NaN3. Three incubations were performed, and enzyme assays were done in duplicate. Results 
shown represent a mean of the remaining activity as a percentage of the maximal velocity and SEM 
values were 55% of the means. 

Enzyme 
Control 

Lactate dehydrogenase 91 
Fructose 1,6-bisphosphate aldolase 95 

the glyoxalase system (26).These reactions 
keep the concentrations of DHAP and GAP 
in cells low, typically at 10 to 20 nmol per 
gram of wet weight (27). In contrast, analy- 
sis of the 3  1 ~spectra of lens from - ~ ~ ~ 
diabetic rats shows that the steady-state con- 
centration of F3P is -500 nmol per gram of 
wet weight. 

The total glycosylation potential of F3P 
in the lens of diabetic rats can be estimated 
from the kinetic data on the accumulation of 
F3P and S3P in this tissue (13).After induc- 
tion of diabetes, there is a rapid accumula- 
tion of F3P, the content increasing from 0 
to 500 nmol per gram of wet weight in the 
first 24 hours. After this initial period, the 
concentration of F3P remains constant, 
\\,hereas the accumulation of S3P continues 
for at least 2 \\reeks at a rate of 250 nmol per 
gram of wet weight per day. If we assume that 
the initial rate of F3P production remains 
constant, then there must be sink for F3P to 
account for the discrepancy of 250 nmol per 
gram of \vet weight per day between the rates 
of production of the two metabolites. One 
kely sink may be protein glycosylation. 
Whereas the figure of 250 nmol per gram of 
wet weight per day is an upper limit, it is 
more than sufficient to account for the glyco- 
sylation and cross-linking observed in the lens 
of diabetic animals (28). 

Although the details of the biosynthesis of 
F3P are still unknown, evidence from both 
in vivo and in vitro experiments (13) sug-
gests that this compound is formed from 
glucose. Once formed, F3P can follo\v one 
of at least three metabolic routes: (i) reduc- 
tion to S3P (presumably by an aldose reduc- 
tase); (ii) reaction with proteins; or (iii) 
hydrolysis to 3dG. As the hydrolysis prod- 
uct of F3P, 3dG, is a potent glycosylating 
agent, accumulation of F3P in the lens can 
lead to protein glycosylation by two routes. 
The relative contributions of these two 
mechanisms will depend on the concentra- 
tion of 3dG, which in turn is a function of 
the rate of hydrolysis of F3P and the effi- 
ciency of any detoxification mechanisms for 
3dG. In contrast to methylglyoxal, 3dG 
does not appear to be a substrate of the 
glyoxalase system (29). 
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Remaining activity (%) 

Glucose Fructose F3P 3dG 

91 92 95 15 
100 95 70 5 

To determine if the findings in the rat lens 
could be extended to other tissues affected 
by diabetic complications, we examined ex- 
tracts from sciatic nerves of normal and 
diabetic rats by 3 1 P - ~ M R  for the presence 
of F3P and S3P. In the normal tissue, 
neither compound was detected (<2 nmol 
per gram of wet weight). In diabetic tissue, 
however, after both 6 weeks and 3 months 
of diabetes, sciatic nerves show 10 r 5 nmol 
per gram of \vet weight of F3P but lack S3P. 
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A Synthetic HIV- 1 Protease Inhibitor with Antiviral 
Activity Arrests HIV-Like Particle Maturation 

A synthetic peptidemimetic substrate of the human immunodeficiency virus 1 (HIV-1) 
protease with a nonhydrolyzable pseudodipeptidyl insert at the protease cleavage site 
was prepared. The peptide U-81749 inhibited recombinant HIV-1 protease in vitro 
(inhibition constant Ki of 70 nanomolar) and HIV-1 replication in human peripheral 
blood lymphocytes (inhibitory concentration ICS0 of 0.1 to 1 micromolar). Moreover, 
10 micromolar concentrations of U-81749 significantly inhibited proteolysis of the 
HIV-1 gag polyprotein (p55) to the mature viral structural proteins p24 and p17 in 
cells infected with a recombinant vaccinia virus expressing the HIV-1 gag-pol genes. 
The HIV-1 like particles released from inhibitor-treated cells contained almost 
exclusively p55 and other gag precursors, but not p24. Incubation of HIV-like 
particles recovered from drug-treated cultures in drug-free medium indicated that 
inhibition of p55 proteolysis was at least partially reversible, suggesting that U-81749 
was present within the particles. 

THE PROTEASE ENCODED BY HIV-1 
is required for the processing of the 
viral polyproteins encoded by the gag 

andpol genes into mature virion proteins (1- 
3). This processing involves cleavage of the 
gag precursor (p55) to form the four struc- 
tural proteins of the virion core (p17, p24, 
p8, and p7); in addition, processing of the 
p160 gag-pol precursor yields these struc- 
tural proteins as well as enzymes essential for 
HIV replication [that is, protease and re- 
verse transcriptase, and integration protein 
(4)]. The HIV-1 protease is an aspartic 
protease that is enzymatically active upon 
dimerization (5-1 1). 

To date the major efforts to identify syn- 
thetic compounds combating HIV have fo- 
cused principally on compounds targeting 
the viral reverse transcriptase or its cellular 
receptor, the CD4 molecule (12-15). Rela- 
tively little information has been reported 
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on compounds specifically designed to in- 
hibit the HIV-1 protease or describing their 
anti-HIV activities. Therefore we prepared a 
variety of peptidemimetic HIV- 1 protease 
inhibitors and evaluated their anti-HIV 
properties. These inhibitors contain a hy- 
droxyethylene isostere (q[CH(OH)CH2]) 
as a nonhydrolyzable, synthetic replacement 
of the scissile amide bond at the PI-PI '  site. 
Such chemical modifications have been 
shown recently by Richards et al. (16) and 
Tomasselli et al. (17) to be key chemical 
determinants of highly potent inhibitors 
(such as H-261 and U-85548E) of the 
protease in vitro. However, we determined 
experimentally that a direct correlation be- 
tween protease inhibition in vitro and anti- 
HIV activity in cellular systems could not be 
established (that is, U-85548E and H-261- 
like derivatives do not inhibit HIV replica- 
tion in cell culture). 

We investigated the structure-activity re- 
lations of HIV-1 protease inhibitors of the 
formula W-Xaaq[CH(OH)CH2]Yaa-Ile-Z 
that varied in amino- and carboxyl-terminal 
finctionalization as well as the PI-PI1 amino 
acids. On the basis of this strategy we 
produced U-81749, which contained an 
amino-terminal tevt-butylacetyl, a P I  cyclo- 
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Fig. 1. Chemical structure of U-81749 (Tba-
Cha'P[CH(OH)CH2]Val-Ile-Amp);
see text for 
abbreviations. ALI stereocenters are of the S con-
figuration. 

hexylalanine (Cha), a P I  ' Val, and carboxyl- 
terminal aminomethylpyridine (Tba-ChaT- 
[CH(OH)CH2]Val-Ile-Amp; Fig. 1). Re- 
combinant HIV-1 protease was competi-
tively inhibited by U-81749 in vitro 
[Ki= 70 nM (17 ) ] .Good selectivity for the 
HIV-1 enzyme was maintained compared 
with human renin (> lo0  times lower po- 
tency toward renin) . Because of U-81749's 
enhanced aqueous solubility compared to 
other synthetic gag analogs prepared, we 
investigated its anti-HIV and protease in- 
hibitory properties in cellular systems. 

We evaluated the anti-HIV activity of U-
81749 by determining the levels of HIV 
p24 and HIV RNA in culture supernatants 
of human peripheral blood lymphocytes 
(PBLs) 3 and 4 days after HIV infection 
(18). Addition of 1 pM U-81749, a level 
determined to be nontoxic to PBL prolifera- 
tion (19), to the culture medium immediate- 
ly after virus addition reduced the levels of 
HIV p24 -70% compared with those 
found in the supernatants of control, infect- 
ed cells (8 versus 25 and 18 versus 58 nglml 
of p24 at 3 and 4 days after infection, 
respectively). However, the levels of HIV 
RNA detected in supernatants from drug- 
treated cultures were only -3 pglml of 
RNA at these times compared with control 
values of 91 and 278 pgiml of RNA. In the 
presence of 0.1 pM drug the levels of HIV 
p24 and RNA were still approximately 25 to 
50% lower than those in control superna- 
tants (19 versus 25 and 25 versus 58 ngiml 
of p24 at 3 and 4 days after infection, 
respectively); at lower concentrations of U- 
81749 (0.001 to 0.01 pM), no significant 
inhibition was seen. 

To investigate whether the HIV protease 
was the actual target of U-81749 in cells, we 
studied processing of the HIV p55 and the 
maturation of HIV-like particles in recombi- 
nant virus-infected CV-1 cells (Figs. 2 and 
3). As recently described by Karacostas et al. 
(ZO), infection of CV- 1cells with a recombi- 
nant vaccinia virus (vVK-1) engineered to 
express the HIV gag-pol genes results in the 
synthesis and processing of gag-pol precur- 
sors. Initially, the most prominent HIV 
polypeptides synthesized are p55, p46, and 
p41; with time, however, these proteins are 
hrther processed to the mature viral pro- 
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