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Glyceraldehyde 3-phosphate (Glyc3P), a glycolytic intermediate, non-enzymatically glycosy-
lated (or glycated) and inhibited the pig heart cytoplasmic aspartate aminotransferase (CAAT).
Glyc3P (5.0 mM) decreased cAAT activity by 47% after 1 min at 23°C. cAAT activity remained
unchanged after a 24h incubation with either glucose 6-phosphate (5.0mM) or ribose 5-
phosphate (5.0mM). Increasing the incubation pH from 6.4 to 7.8 or the incubation tempera-
ture from 23°C to 50°C enhanced Glyc3P’s inhibitory effect on cAAT activity. Glyc3P
(250500 uM) decreased the thermal stability of cAAT as evidenced by lowering the T, or tem-
perature that caused a 50% irreversible loss of cAAT activity (69°C, control; 58.5°C, 500 uM
Glyc3P). Glyc3P decreased cAAT amino group content and increased glycation products,
which were measured by adduct formation, fluorescence and protein crosslinking.
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INTRODUCTION

Myocardial energy production depends in part on aspartate aminotransfer-
ase isozymes (EC 2.6.1.1.)," with fatty acids used for fuel. Carbohydrate
breakdown however exceeds fatty acid utilization when circulating insulin
or tissue work-load increases and during ischemic episodes.” In ischemia the
cytosolic aspartate aminotransferase (CAAT) helps sustain glycolysis, and the
mitochondrial isoform provides a residual capacity for ATP production.?
The heart and liver, which are tissues relatively resistant to ischemic damage,
contain the highest cAAT activity per tissue weight.

While cAAT’s role in disease is poorly understood, liver cAAT activity
decreases in diabetes* suggesting that cAAT is modifiable. Hypertensive
hearts exhibit increased myocardial cAAT activity’ presumably due to
increased energy demands on the tissue. Interestingly, cAAT substrates, when
given exogenously in the ischemic heart model, protect the myocardium
against injury.’

Transcriptional and post-transcriptional events regulate cAAT activity,
with liver but not myocardial cAAAT mRNA levels under hormonal control,®
and nutritional status is believed to play a role in regulating cAAT activity’
involving as yet undefined mechanisms. Control may include post-trans-
lational non-enzymatic reactions such as non-enzymatic glycosylation (or
glycation).

Glycation of proteins is a type of chemical modification that impairs pro-
tein function.® The rat liver cytosolic cAAT isoform is susceptible to in vitro
glycation;’ additionally liver obtained from diabetic rats contains glycated
cAAT.? Glycating sugars react with the a- and e-amino groups in proteins
forming unstable Schiff bases with rearrangement products ultimately
giving rise to advanced glycation endproducts (or AGEs). While all reduc-
ing sugars are capable of glycating proteins,'° carbohydrates differ in their
reactivity to proteins.® Glyceraldehyde 3-phosphate (Glyc3P), which is a gly-
colytic intermediate that becomes elevated in ischemic myocardium, was
the focus of the current study. Glyceraldehyde, the dephosphorylated
form of Glyc3P, reacts with hemoglobin'' and albumin'? and affects other
proteins.®!3 13

The current study examined the glycating and inhibiting effects of Glyc3P
on the pig heart cytosolic cAAT isoform. The dimeric cAAT protein has two
identical chains each with 412 amino acids; the functional dimer contains
2a-amino groups and 38 e-amino groups,'® which are the likely target sites
for glycation.” Pyridoxal 5-phosphate, which is an essential coenzyme, is
bound to the e-amino group of lysine-258 via a reversible Schiff base.'®
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MATERIALS AND METHODS

Experimental Design

Samples containing commercially prepared cAAT (0.1-1.0 mg protein/ml)
(Sigma Chemical Company) were incubated with various concentrations of
D,L-glyceraldehyde 3-phosphate (Glyc3P) (Sigma Chemical Company) in
sodium phosphate (50—100mM) under various conditions (i.e. incubation
times, pH and temperature). Unless otherwise indicated the pH was set

at 7.4. Working solutions of Glyc3P were freshly prepared for each experi-

ment. Stock solutions of Glyc3P were kept at —70°C and potency was
assessed periodically. All chemicals were of reagent grade or better.

Immediately following incubation samples were diluted or dialyzed to pre-
vent Glyc3P from effecting the assays. Samples were either diluted 1 : 5000
in 80mM sodium phosphate (pH 7.4) or dialyzed overnight (Spectra/Por
CE Dispo-Dialyzer MWCO 10,000, Spectrum Laboratory Products) against
50 mM sodium phosphate (pH 7.4) with three changes of the dialysis med-
ium (1000-fold). Samples were then assayed for enzyme activity and protein
modification, which involved determining early glycation products (amino
group content and enzyme—Glyc3P adducts) and late glycation products
(fluorescence and protein crosslinking) as described below.

Enzyme Activity

Enzyme activity was measured at 37°C by a coupled-enzyme assay.'’ cAAT
(0.1-0.5ug) was added to a 1.0ml medium containing 80 mM sodium
phosphate (pH 7.4), 200mM L-aspartate, 12mM a-ketoglutarate, 0.2 mM
NADH, and 1.1 .U. malate dehydrogenase (Sigma Chemical Company).
The reaction was followed spectrophotometrically as a decay in the 340 nm
absorbance corresponding to NADH oxidation. Maximal rates were calcu-
lated using the following formula: absorbance + extinction coefficient for
NADH (6.22 = absorbance of one umole NADH per ml at 340nmina 1 cm
light path) x assay volume, ml-=assay time, minutes < [protein], mg=
pumoles/min/mg protein. The residual concentrations of Glyc3P in the assay
medium were below 1.0 pM. Unless otherwise indicated pyridoxal 5-phos-
phate was not added to the assay medium.

Amino Group Content

Amino group content of the samples was determined spectrophotometri-
cally using 2,4,6-trinitrobenzene 1-sulfonic acid (TNBS). TNBS reacts
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rapidly with primary amino groups forming trinitrophenyl-amino acid
complexes'® 2" that show characteristic absorbance increases at 420 nm.
TNBS (0.17 pmol) was added to the assay medium (1.0 ml) which contained
50mM sodium phosphate (pH 8.3) and cAAT (0.8 ug). The assay medium
was placed in a 50°C water bath for 10min, cooled to room temperature
and read against TNBS controls (minus cAAT) at timed intervals. The
content of amino groups was determined using S-alanine as a standard. All
spectrophotometric measurements were made using either Turner
(Model 350) or Bausch and Lomb (Spectronic 600) spectrophotometers.

Glycation Assay

Early glycation products, which are ketoamine adducts (or so-called
Amadori products) derived from the initial unstable Schiff base adducts,
were determined by a spectrophotometric procedure®'?? involving nitroblue
tetrazolium (NBT) (Sigma Chemical Company). Dialyzed samples which
contained cAAT (20-40 ug) were added to the assay medium (1.0 ml) which
consisted of 100mM sodium carbonate (pH 10.8) with and without 0.25
mM NBT. Following overnight incubation at 24°C samples were read at
530 nm against minus cAAT controls. The fructosamine analogue, 1-deoxy
1-morpholinofructose (1030 nmols) (Sigma Chemical Company), was used
as a standard.

Fluorescence Measurements

Fluorescence measurements were based on the observations that prolonged
incubation of sugars with proteins produces diverse products which exhibit
characteristic absorbance and fluorescence spectra.”>** Assay media which
contained 100 mM sodium phosphate (pH 7.4), cAAT (50-125 pg/ml) and
Glyc3P (0—5mM) were incubated for various times at 37°C. Fluorescence
(excitation wavelength: 365nm, band width 100 nm; emission wavelength:
460 nm, band width 10 nm) was measured using a Hoefer DQ 200 Fluoro-
meter (Pharmacia Biotech Products). Relative fluorescence was recorded
using the minus Glyc3P samples as a reference, which was set at an arbitrary
value of 100.

Protein Electrophoresis

Electrophoresis was performed on pre-cast 4-20% polyacrylamide slab
gels (Sigma Chemical Company) with a Tris (25 mM)-glycine (192 mM,
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pH 8.3)—sodium dodecylsulfate (SDS) (0.1%, w/v) running buffer {(BioRad
Laboratories) using a Mini-Protean I1 apparatus and PowerPac 200 power
supply (BioRad Laboratories). Samples were denatured by heating in sam-
ple buffer, which contained SDS (0.1%) and g-mercaptoethanol (5%, v/v)
(Sigma Chemical Company), prior to electrophoresis of aliquots with
4-8 ug protein. The protein bands were stained with Coomassie Brilliant
Blue Concentrate (Sigma Chemical Company), and band intensities were
measured using the SigmaGel computer program (SDSS, Inc.).

RESULTS AND DISCUSSION

Glyc3P (5.0mM) inhibited cAAT activity, which fell to 53% of control
within the first minute of incubation at 23°C and to 20% of control after
50min (Figure 1). In a previous study’ glyceraldehyde (1.0mM) was
shown to inhibit liver cCAAT activity by 50% after 50h of incubation at
37°C. In the present study physiological concentrations of Glyc3P (500 and
50 uM, respectively) caused an 81% and 70% decline in cAAT activity after
24 and 90h at 37°C (data not shown). These observations suggest that
the presence of a phosphate may enhance Glyc3P’s inhibitory effect. The
Glyc3P-mediated inhibition of cAAT activity was irreversible. The loss in
enzyme activity in the Glyc3P-containing samples was not recovered follow-
ing dialysis or addition of 0.1 mM pyridoxal 5-phosphate (data not shown).
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FIGURE 1 Effects of phosphorylated carbohydrates on enzyme activity. cAAT was incu-
bated with the phosphorylated carbohydrates (5mM) at 24°C for the indicated times. Assays
were performed as described in Materials and Methods. Data represent means from 2-3
experiments. Glyc3P (W); glucose 6-phosphate; (@) ribose S-phosphate (O).
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Contrary to the effects of Glyc3P, ribose 5-phosphate (5.0 mM) and glu-
cose 6-phosphate (5.0mM) did not inhibit cAAT activity when tested for
50 min (Figure 1) and after 24 h (data not shown). The differences among
the sugars are consistent with previous observations.”** Ribose 5-phos-
phate and glucose 6-phosphate, respectively, are S- and 6-carbon sugars,
which exist predominantly in a non-reactive cyclical form. Glyc3P is a
straight chain triose. The free aldehyde group as well as the smaller size of
Glyc3P may contribute to its reactivity.

Inhibition of cAAT activity by Glyc3P was concentration and tempera-
ture dependent (Figure 2). After 60 min at 20°C, 41°C and 50°C, respec-
tively, cAAT activity was 105%, 93% and 76% of control with 1.0mM
Glyc3P and 39%, 9%, and 0% of control with 4mM Glyc3P. These data
suggest that the observed inhibition may be due to a chemical reaction like
glycation rather than non-covalent binding, since temperature is known to
increase glycation reaction rates.?® It has been shown that cAAT resists
denaturation as temperature is increased;2”?® interestingly micromolar con-
centrations of Glyc3P decreased cAAT’s thermal stability (Figure 3). In the
current study untreated cAAT irreversibly lost 50% of its activity at 69°C,
which was designated as I,. The T}, for cAAT in the presence of 250 and
500 UM Glyc3P was 62.5°C and 58.5°C, respectively. The decrease in Ty,
with increasing concentrations of Glyc3P suggests that Glyc3P may be facil-
itating the denaturation of the enzyme. Increased thermal motion may fur-
ther enhance glycation reactions by making cryptic sites (e.g. lysyl residues
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FIGURE 2 Inactivation of enzyme activity as a function of Glyc3P concentration. cAAT
was incubated with various concentrations of Glyc3P for 60 min at 20°C (@), 41°C (O), and
50°C (). Data represent mean + SE from 1-4 experiments.
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FIGURE 3 Irreversible thermal inactivation of cAAT. cAAT was incubated with various
concentrations of Glyc3P for 3min at the indicated temperatures. Samples were diluted 1 : 50,
allowed to cool to room temperature, and assayed as described in Materials and Methods.
Control (@); 250 uM (Q); 500 uM (W).
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FIGURE 4 pH dependence of Glyc3P-mediated inhibition of cAAT activity. cAAT was incu-

bated with various concentrations of Glyc3P for 93 min at 37°C in media at various hydrogen
ion concentrations. Control (@); 1.25mM (Q); 2.5mM (V).

positioned towards the interior of the protein) more accessible. Addition-
ally, the enzyme—Glyc3P adduct(s) may impair domain—domain interac-
tions that may lead to loss of native conformation.

The incubation pH affected Glyc3P’s inhibition of enzyme activity
(Figure 4). At pH 6.4 there was no loss of activity following 90 min of incu-
bation with Glyc3P (1.25-2.5mM) at 37°C. However, at pH 7.2 and 7.8
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activity declined by 26% and 55%, respectively, following 90 min of incuba-
tion with Glyc3P (1.25mM) at 37°C. These data are consistent with the lit-
erature, which shows that glycation reaction rates increase in alkaline
solutions.” A pH-induced change in protein conformation may have also
contributed to Glyc3P’s inhibitory effects.

Concurrent with the Glyc3P-mediated decline in cAAT activity, amino
group content decreased (Figure 5, main figure) and early glycation prod-
ucts appeared (Figure 5, inset). Amino group content provided a measure of
Glyc3P-induced chemical modification of the o and e-amino groups in
cAAT. Adducts between Glyc3P and protein amino groups result in the
formation of secondary amino groups. TNBS only binds to primary amino
groups; hence, the TNBS method monitored early glycation events. Direct
measurement of glycation products by determining NBT-reactivity coin-
cided with the loss of amino groups (Figure 5, inset). These observations
suggest that the loss in cAAT activity was due to glycation of the enzyme.

We observed further evidence of glycation when we measured the fluor-
escent properties of cAAT samples incubated over several days with various
concentrations of Glyc3P at 37°C (Figure 6). Fluorescence measurements
at excitation 365 nm (band width 100 nm) and emission 460 nm (band width
10 nm) monitored the formation of AGEs. There was a time-dependent
increase in fluorescence. Incubation of cAAT with 500uM and 5mM
Glyc3P at 37°C brought about a 2-fold increase after 6 days and a 33-fold
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FIGURE 5 Effects of Glyc3P on enzyme activity, amino group content, and levels of
glycation products. cAAT was incubated with 2.5mM Glyc3P at 37°C for the indicated times.
Samples were tested for enzyme activity (O, main figure) and amino group content (@, main
figure) and levels of glycation products (@, inset) as described in Materials and Methods.
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FIGURE 6 Glyc3P-mediated fluorescence of cAAT. cAAT was incubated with various con-
centrations of Glyc3P at 37°C for the indicated times and fluorescence measurements were
made as described in Materials and Methods. Control (@); 500uM (Q); 1.0mM (¥);
2.5mM (V); 5.0mM (W)
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FIGURE 7 Glyc3P-mediated modification of cAAT. cAAT was incubated with various con-
centrations of Glyc3P (lane 1, no Glyc3P; lane 2, 0.5 mM Glyc3P; lane 3, 1.0mM Glyc3P; lane 4,
2.5mM Glyc3P; lane 5, 5.0mM Glyc3P) at 37°C for 5 days and samples were electro-
phoresed under denaturing conditions as described in Materials and Methods.

increase after 4 days, respectively. The time scale for the appearance of fluo-
rescence was considerably longer than the time needed to observe enzyme
inhibition.

When cAAT was incubated with Glyc3P for 5 days at 37°C, in addition
to the band at about 45kDa, which represents the cAAT monomer, a
99kDa protein band appeared in SDS-polyacrylamide gel electrophoresis
(Figure 7). The apparent molecular weight of 99 kDa suggests that this pro-
tein band may be composed of a crosslinked dimer with several attached
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TABLE I Quantitation of protein band intensities (in arbitrary units)®
from SDS-polyacrylamide gel electrophoresis

Glyc3P (mM)
0 0.5 1.0 2.5 5.0
99 kDa 0 20 12.7 46 93+234 127+£235

cAAT  937+1298 10161545 901 11261151 1123+£170.6

aThe data. which are presented as mean + SE. were obtained from duplicate ana-
lyses of protein bands from 2 experiments using the SigmaGel program (SDSS, Inc.).

Glyc3P molecules. Glyc3P has a molecular weight of 170 daltons suggest-
ing that as many as 16 Glyc3P molecules per subunit may be attached to the
crosslinked product. At the higher Glyc3P concentrations, an additional
band appeared that migrated at 110kDa, which may be composed of a
crosslinked dimer with about 33 Glyc3P molecules attached per subunit
(Figure 7). The intensities of the cAAT band at about 45kDa and the
99 kDa protein band were quantitated (Table I). The amount of crosslinked
product at 99 kDa increased with increasing concentrations of Glyc3P. The
time scale for the appearance of crosslinked products was consistent with
the time needed to observe changes in fluorescence. The formation of late
glycation products may involve chemical processes that involve residues on
different protein chains. Additionally, the cCAAT band at about 45kDa in
the plus Glyc3P samples migrated more slowly and was more diffuse than
the control cAAT band (Figure 7). These observations suggest that the
proteins in the Glyc3P-treated samples may contain Glyc3P—enzyme
adducts of varying amounts increasing the molecular weight of the protein.
In summary, we observed that Glyc3P inhibited the pig heart cAAT activity
and that the Glyc3P-mediated inhibition of enzyme activity increased with
increasing Glyc3P concentration, incubation time, temperature and pH.
Glyc3P-enzyme adducts were observed, which decreased the amino group
content of cAAT, increased cAAT fluorescence, and caused protein cross-
linking. These data indicate that Glyc3P glycated pig heart cAAT and that
glycation of the protein correlated with loss of enzymatic activity.
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