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Carnosine promotes the heat denaturation of glycated protein
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Abstract

Glycation alters protein structure and decreases biological activity. Glycated proteins, which accumulate in affected tissue, are
reliable markers of disease. Carnosine, which prevents glycation, may also play a role in the disposal of glycated protein. Car-
nosinylation tags glycated proteins for cell removal. Since thermostability determines cell turnover of proteins, the present study
examined carnosine’s effect on thermal denaturation of glycated protein using cytosolic aspartate aminotransferase (cAAT). Gly-
cated cAAT (500 uM glyceraldehyde for 72h at 37 °C) increased the 7js (temperature at which 50% denaturation occurs) and the
Gibbs free energy barrier (AG) for denaturation. The enthalpy of denaturation (AH) for glycated cAAT was also higher than that for
unmodified cAAT, suggesting that glycation changes the water accessible surface. Carnosine enhanced the thermal unfolding of
glycated cAAT as evidenced by a decreased T s and a lowered Gibbs free energy barrier. Additionally, carnosine decreased the

enthalpy of denaturation, suggesting that carnosine may promote hydration during heat denaturation of glycated protein.

© 2002 Elsevier Science (USA). All rights reserved.
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Protein glycation is the product of unwanted reac-
tions between sugars and proteins [1]. Concurrent with
decreased biological activity, glycated proteins exhibit
chemical adducts [2-4] and peptide crosslinking [5,6].
Glycation contributes to reduced conformational flexi-
bility [7] and increased compaction of protein structure
[8,9]. Interestingly, glycated proteins accumulate at sites
of pathology [3,10,11] presumably due to impaired
proteolysis of glycated substrates [12].

Carnosine (p-alanyl-L-histidine), found in brain and
heart (=2 20 mM) [13], prevents glycation [4,14] and may
be useful in treating disease [16-19]. Carnosine prevents
protein modification by scavenging free radicals [19],
lipid peroxidative products [20], and carbohydrate oxi-
dation products [4,6,13,21,22]. These observations
demonstrate that carnosine has anti-oxidant and anti-
glycation properties.

A recent study [23] suggests another beneficial prop-
erty of carnosine. Glycated proteins may become car-
nosinylated, tagging them for cell removal [24]. While
we know that glycated proteins are carnosinylated, the
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mechanisms of cell disposal of glycated proteins remain
poorly understood. Both prevention and removal of
glycated proteins may be determinants of disease be-
cause cell accumulation of glycated proteins is a proven
indicator of pathology [25,26].

Since thermal instability promotes the degradation of
proteins [27], we examined the effects of glycation on
thermal denaturation using cytosolic aspartate amino-
transferase (CAAT). cAAT was chosen because amino-
transferases are susceptible to glycation [2,28,29] and
glycated cAAT is found in diabetic tissues [30]. Addi-
tionally, we looked at carnosine’s effect on thermal de-
naturation of glycated proteins. We hypothesized that
glycation decreases water accessibility making proteins
more heat stable and that carnosine increases the ther-
mal instability of proteins.

Materials and methods

Materials. cAAT (pig heart, cytosolic isoform) was purchased
as a lyophilized solid (Sigma Chemical, St. Louis, MO). L-Carnosine,
D,L-glyceraldehyde, 2,4,6-trinitrobenzenesulfonic acid, pyridoxal
S-phosphate, and B-alanine were purchased from Sigma. All other
chemicals were of reagent grade.
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Preparation of glycated cAAT. Unless otherwise indicated cAAT
was incubated in a 100mM sodium phosphate buffer (pH 7.4) con-
taining glyceraldehyde (500 uM) for 3 days at 37 °C. Following incu-
bation, samples were dialyzed to remove unbound glyceraldehyde
using Spectra/Por CE DispoDialyzers 10,000 MWCO (Spectrum
Laboratories, Rancho Dominques, CA) against (1:5000) a 100 mM
sodium phosphate buffer (pH 7.4) containing 0.5 mM sodium azide.
Dialyzed samples were kept at 4 °C until assayed.

Glycation assay. Amine content was determined by a spectropho-
tometric procedure using 2,4,6-trinitrobenzenesulfonic acid (TNBS)
[2]. cAAT (0.1 mg/mL) was incubated with the amine reagent TNBS
(0.2mM) in a 50mM sodium phosphate buffer (pH 8.3) for 20 min at
52°C. Samples were cooled and read at 420 nm using an Ultrospec
4000 spectrophotometer (Amersham Biosciences, Piscataway, NJ) with
B-alanine as a standard.

Enzyme assay. cAAT activities were determined spectrophotomet-
rically using a coupled-enzyme assay [2]. Samples were assayed at 37 °C
in an 80mM sodium phosphate buffer (pH 7.4) containing 200 mM
L-aspartate, 12mM o-ketoglutarate, 0.2mM NADH, and 1.1 LU.
malate dehydrogenase using an Ultrospec 4000 spectrophotometer.
Activities were calculated from absorbance changes using the extinc-
tion coefficient for NADH, 6.22 absorbance of 1 pmol NADH/mL at
340nm in a 1 cm light path.

Fluorometric detection of AGEs. Fluorescence due to advanced
glycation endproducts (AGEs) was determined using an LS50B lu-
minescence spectrometer (Perkin—Elmer, Shelton, CT). Spectra were
obtained following preparation of glyceraldehyde-modified cAAT
and compared with unmodified cAAT controls. The excitation
wavelength was 280 nm (slit width=15nm) and the emission spectra
were from 350 to 550 nm (slit width =5nm) with a scanning speed of
600 nm/min.

Thermal denaturation. Thermal denaturation profiles of unmodified
and glycated cAAT (40-200 pg/mL) were measured in a 100mM so-
dium phosphate buffer (pH 7.4) using a quartz cuvette placed in a
programmable Peltier-heated cell holder with an Ultrospec 4000
spectrophotometer. In the experiments involving carnosine, samples
were read in the presence or absence of 20mM carnosine. Denatur-
ation was measured as an increase in light scattering (absorbance at
450nm) due to the unfolding and aggregation that occurs upon ther-
mal exposure. The heating rate was set at 0.5 °C/min from 60 to 94 °C.
Following each run, the 7,5 (the temperature at which 50% of the
proteins are denatured) and the average start and end absorbances
were calculated using the Swift program.

Calculations. The calculations were based on a two-state mecha-
nism, N < D, with N, native structure; D, denatured structure. The
apparent equilibrium constants of denaturation were obtained from
data using the following equation taken from Pace [31]:
K =on —oy/05 — op, where oy = absorbancessonn of native cAAT,
o; = absorbancesso,, of intermediate cAAT structures, and
op = absorbanceysy,, of denatured cAAT. Van’t Hoff curves were
drawn by plotting —RIn K versus 1/7 (R = 1.987 cal/mol/K). Enthalpy
values (AH) were determined from the slope obtained by linear re-
gression analysis using SigmaPlot (SPSS). The Gibbs free energy val-
ues (AG) were calculated from the equation AG = —RTInK.
Summative AGs were determined by adding the individually calculated
values over the temperature range used in the experiments.

Molecular modeling. The primary sequence and secondary structure
data were obtained from a public database (NCBI Sequence Viewer);
information submitted by Rhee et al. [32]. The target segment (Leu 20—
Leu 35) was entered into CS ChemDraw and CS Chem3D Programs
(CambridgeSoft, Cambridge, MA). The molecular structure was
viewed as the solvent accessible surface with the ratios of water ex-
panding the van der Waals contours. In order to compare the structure
of the unmodified segment with the glycated form of the same segment,
the file was first duplicated; and then the structural information was
changed to include AGE adducts: Arg—pyrimidine and carboxy-
methyl-Lys.

Results and discussion
Glyceraldehyde-induced glycation of cAAT

Incubation of cAAT with glyceraldehyde (500 uM,
72h, 37°C) caused a 48% decrease in activity (Table 1).
Additionally, there was a 25% loss in amine content
indicating that glyceraldehyde glycated cAAT via the
Maillard reaction. Given the presence of 40 primary
amines (e-amines of lysine residues and o-amines of N-
termini) in the pig heart dimer, the data suggest that 10
amines per dimer were modified. This observation is
consistent with previous studies [9,28]. Lysine-derived
glycation products include carboxymethyl-lysine and
lysine-lysine crosslinks [3]. We also observed that fluo-
rescent AGEs were formed (Table 1). Fluorescent AGEs
are diverse heterocyclic structures such as pyrroles,
pyrazines, pyrimidines, and imidazolones [3]. These data
are consistent with previous work [2,4,33]. In addition to
distinctive absorbance and fluorescent properties, het-
erocyclic AGEs are also hydrophobic.

Table 1
Properties of unmodified and glycated cAAT
cAAT Glycated cAAT
Amine content 165+£2.8 123+11.3
Enzyme activity 209+ 1.6 108 +0.1

Fluorescence 309.3 361.3

Amine content and enzyme activity are presented as means + SD,
given in nmol per mg protein and pmol/min per mg protein, respec-
tively, and represent duplicate readings from two experiments. Fluo-
rescence (280 nm excitation; 440 nm emission) is presented as rfu per
mg protein from a representative experiment. The difference in fluo-
rescence represents glycation-induced AGE:s [2].
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Fig. 1. Effects of protein glycation on thermal denaturation. Glycated
cAAT was prepared by incubating cAAT in 100mM sodium phos-
phate (pH 7.4) buffer containing 500 uM glyceraldehyde for 18h at
24 °C prior to analysis of thermal denaturation. Closed circles, control
cAAT. Open circles, glycated cAAT.
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Thermal denaturation of glycated cAAT

We examined the thermostability of cCAAT and gly-
cated cAAT. Incubation of cAAT with glyceraldehyde
(500 uM, 18h, 24°C) altered the thermal denaturation
profile of the protein (Fig. 1). The denaturation curve of
glycated cAAT shifted to the right of the unmodified
cAAT, indicating a greater resistance to thermal un-
folding. The Tjs’s for unmodified and glycated cAAT
were 74.6°C +£1.06 (M +£SD) and 76.8°C +0.92, re-
spectively (Table 2). There was a similar observation
when cAAT was incubated with glyceraldehyde
(500 uM) for 3 days at 37 °C increasing the 7 5 by 2.1 °C.
These findings corroborate previously published obser-
vations [7,8].

The Gibbs free energy barrier (AG) for thermal de-
naturation of cAAT was calculated for unmodified
cAAT and glycated cAAT (500 uM, 72h, 37°C). The
AG for glycated cAAT was over 5-fold greater than that
for unmodified cAAT (Table 3). This difference suggests
that a large thermodynamic barrier to thermal unfolding
exists as a result of glycation. The enthalpy of dena-
turation (AH) for glycated cAAT was also higher than
that for unmodified cAAT (Table 3), suggesting that
glycation changes the water accessible surface. The
structure of glycated cAAT is presumably in a misfolded
state exhibiting significant changes in hydrophobic in-
teractions.

Table 2
Effects of various reactive carbonyls on the thermal denaturation of
cAAT

Tos (°C)
Unmodified Modified
cAAT cAAT
+Glyceraldehyde
500 uM, 18 h, 24°C 74.6 76.8
500 uM, 3 days, 37°C 77.1 79.2
+Ribose 5-phosphate:*
5mM, 64h, 37°C 83.4 85.8

+Acrolein:®
2mM, 18h, 37°C 77.3 79.1

Data obtained as described under Materials and methods.
#Data from [7].
®Data from [8].

Table 3

Proposed model of structural change to glycated cAAT

Each subunit (412 amino acids) in the cAAT dimer
consists of a small and large domain. N-terminal residues
(Ala 1-Glu 69) and C-terminal residues (Pro 298-GlIn
412) make up the small domain, and residues Tyr 70—Asn
297 make up the large domain [32]. Residues Ala 1-GIn
11 extend from one subunit to form interactions with the
neighboring subunit. Each of the two subunits in the
cAAT dimer can assume two different conformations. An
open-to-closed transition occurs upon substrate binding
[34]. In the absence of substrate an “open’’ conformation
exists. Upon binding of the substrate, the small do-
main shifts and the protein forms a “closed’”” conforma-
tion. The glycation experiments in this study involved
incubations with cAAT in the “open” conformation.

The greatest flexibility occurs in the small domain.
The following stretches of amino acids are isomorphous,
that is, they do not change position upon substrate
binding and hence exhibit less flexibility: Val 5-Gln 11,
Leu 50-Thr 139, His 143-His 193, Thr 198-Ala 224, Glu
234-Asp 312, and Glu 318-Met 326. The isomorphous
region consists of the residues that make up most of the
large domain and only part of the small domain. The
sequences in the small domain that exhibit enhanced
flexibility include Ala 12-Val 49 and Ala 327-Gln 412,
which contains an arginine-lysine (RK) pair (Arg 31—
Lys 32) that represents a cluster of nucleophilic centers
for glycation reactions. Given the greater intrinsic flex-
ibility of these sequences in the small domain, there is a
stronger likelihood that these amino acids would be
chemically modified.

The RK sequence is found just following the first
helix (Leu 16-Glu 26) and B turn (Asp 27-Pro 30) and at
the beginning of the first B strand (Lys 32-Leu 35).
Given the external location of this RK sequence and its
position in a flexible region of the protein, we speculate
that it would be a likely target for glycation. With this
assumption we were interested in modeling the glyca-
tion-induced changes to this region and relate the model
to the experimental observations.

Fig. 2 presents a proposed model of this RK-
containing region (Leu 20-Leu 35), which includes the
first helix, B turn, and B strand of the small domain. The
molecular structure is depicted as the van der Waals
surface plus that area inaccessible to water. The water
inaccessible area of this 16-amino acid segment of cAAT

Effects of carnosine on the thermodynamic properties of unmodified and glycated cAAT

cAAT

Minus carnosine Plus carnosine

Glycated cAAT

Minus carnosine Plus carnosine

AH 103.6 111.7
AG +2.0 =8.1

112.3 97.4
+11.0 +4.7

AH and AG are given in kcal/mol. Values were calculated as described in Materials and methods.
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20 - L-I-A-D-F-R-E-D-P-D-P-R-K-V-N-L - 35

20 - L-1-A-D-F-R-E-D-P-D-P-R(pyr)-K(cml)-V-N-L - 35

Fig. 2. Proposed model illustrating molecular surface changes due to
protein glycation. (A) represents the water accessible surface of the
described segment of unmodified cAAT (Leu 20-Leu 35); (B) repre-
sents the water accessible surface of the glycated form of this segment
exhibiting decreased water accessibility. pyr, pyrimidine; cml, car-
boxymethyl.

is shown in its native and glycated state (Figs. 2A and B,
respectively). The uppermost portion represents the he-
lical structure (Leu 20-Glu 26) and the lower portion
represents the B strand (Lys 32-Leu 35) with the bend
depicting the B turn (Asp 27-Pro 30). The glycated form
was made by converting the guanidine moiety to a py-
rimidine at Arg 31 and by adding a carboxymethyl
group to Lys 32. Arginine-derived pyrimidines and
carboxymethyl-lysines are common AGEs [3].

The proposed model illustrates a localized compac-
tion such that the protein segment now occupies a
smaller space. Additionally, there is a greater molecular
surface, which decreases water accessibility. This model
is consistent with our data (Fig. 1; Tables 1-3) in which
glycation affected thermal denaturation of cAAT. Gly-
cated cAAT was more resistant to thermal denaturation
than unmodified cAAT. Denaturation involves a dy-
namic change in hydration, which would be affected by
glycation given the decreased accessibility of water as
depicted in our model (Fig. 2).

Effects of carnosine on glycated cAAT

We examined the thermal denaturation profile of
unmodified cAAT and glycated cAAT in the presence of
carnosine. Carnosine enhanced the thermal denatur-
ation of both unmodified cAAT (Fig. 3) and glycated
cAAT (Fig. 4). The denaturation curves with carnosine
were shifted to the left. The calculated T,s with carno-
sine was consistently less than the 7j 5 without carnosine.
Carnosine lowered the 7,5 for unmodified cAAT by
3.8°C (77.1°C, without carnosine; 73.3 °C, with carno-
sine). Additionally, Table 3 presents the values for the
Gibbs free energy barrier (AG) for denaturation. With
unmodified cAAT carnosine lowered the AG from +2.0
kcal/mol (without carnosine) to —8.1 (with carnosine).
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Fig. 3. Effects of carnosine on unmodified cAAT. Denaturation pro-
files, which were obtained as described in Materials and methods, were
carried out in the presence (open circles) or absence (closed circles) of
20mM carnosine. Inset: van’t Hoff plot of unmodified cAAT with and
without carnosine. Abscissa is given as K™ (x107?).

As previously mentioned glycated cAAT (500 uM
glyceraldehyde for 3 days at 37 °C) increased the Tj s by
2.1°C relative to unmodified cAAT. When glycated
cAAT was tested in the presence of carnosine, the de-
naturation curve shifted to the left (Fig. 4) decreasing
the Tys by 2.4°C (79.2°C, without carnosine; 76.8 °C,
with carnosine). Carnosine lowered the AG from +11.0
kcal/mol (without carnosine) to +4.7 (with carnosine)
(Table 3), suggesting that carnosine promotes the un-
folding of glycated protein.

Van’t Hoff plots were drawn for unmodified cAAT
(Fig. 3, inset) and glycated cAAT (Fig. 4, inset). All
curves were linear as assessed by Pearson coefficients
(P < 0.01). The slopes provided AH values, which are
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Fig. 4. Effects of carnosine on glycated cAAT. Glycated cAAT was
prepared by incubating cAAT in 500 uM glyceraldehyde for 72h at
37°C. Denaturation profiles, which were obtained as described in
Materials and methods, were carried out in the presence (open circles)
or absence (closed circles) of 20 mM carnosine. Inset: van’t Hoff plot of
glycated cAAT with and without carnosine. Abscissa is given as K
(x1073).
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presented in Table 3. The enthalpy difference (unmodi-
fied cAAT, 103.6 kcal/mol versus glycated cAAT, 112.3)
is consistent with our model (Fig. 2), which suggests a
change in peptide chain hydration during denaturation.
The difference in enthalpies of glycated cAAT with
carnosine and without carnosine (14.9 kcal/mol) further
suggests that carnosine lowers the heat capacity during
denaturation presumably by altering the hydration ef-
fects of glycated cAAT.

Carnosine protects against glycation of cAAT [4,6]
and subsequent loss of activity [13]. Additionally, car-
nosine prevents neural cell toxicity [35] and protects
tissues against ischemic [36] and thermal [37] injury.
These effects are likely due to direct reaction with gly-
cating agents [33].

Interestingly, carnosine reverses cataracts [38] and
accelerates wound healing [39], both of which cannot be
explained by carnosine’s protective properties. The
mechanism for removal of precipitated lens proteins in
cataracts and the healing of damaged tissues may be due
to the proposed role of carnosine in promoting protein
turnover, particularly when proteins become chemically
modified. Evidence is suggested in the observation that
carnosine interferes with B-amyloid peptide nucleation
and aggregation [15], a model for Alzheimer’s disease.

Protein turnover in cells is a two-step process in-
volving first a localized thermal unfolding, which is
typically rapid, and then a slower proteolytic event [40].
Carnosine may initiate the early step in protein removal
by assisting in the unfolding of damaged proteins. The
mechanism of removal of damaged protein is crucial to
understanding the potential utility of carnosine and
carnosine-derivatives as therapeutic agents.

In summary, we observed that glyceraldehyde glycated
cAAT, as evidenced by decreased activity, decreased
amine content, and increased fluorescent AGEs. Gly-
cated cAAT resisted thermal denaturation, increasing the
Ty.s, Gibbs free energy barrier and enthalpy for denatur-
ation. Carnosine promoted thermal denaturation of gly-
cated cAAT by lowering the Gibbs free energy barrier
and affecting peptide hydration during heat denaturation.
We also propose a model in which glycated proteins
are more compact with decreased accessibility to water.
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