
ATUALIDADES DE FÍSICO - QUÍMICA ORGÂNICA - 1991

J . J . EDUARDO HUMERES A . , EDITOR

COMITÊ ASSESSOR

NACIONAL

AFONSO C. GUIMARÃES, UFMG
FR/>NK SUÍNA, USP

JOSEPH KILLER, UFPB
JOSE RIVEROS, USP

LUCIANO DO AMARAL, USP

OMAR EL SEOUD, USP

PETER R. SEIDL, IHE-RJ
WARNER B. KOVER, UFRJ

LATINOAMERICANO

NORMA NUDELMAN, ARGENTINA

JOSE SANTOS, CHILE

JAIRO QUIJANO, COLOMBIA

GABRIEL CHUCHANI, VENEZUELA

JULIO F. NIATA-SEGREDA, COSTA RICA

EDGAR CORONEL, BOLÍVIA

BASEADO NA

PRIMEIRA CONFERÊNCIA LATINOAÍÍERICANA E
OITAVA CONFERÊNCIA

DE FISICO-QUIMICA ORGÂNICA

FLORIANÓPOLIS, 1 A 5 DE ABRIL DE 1991.



^OTOPK EFFECTS IN THE NONENZYMIC GLUCATION OF HEMOGLO-

BIN CATALYZED BY PHOSPHATE.

Herminia Gil, Julio Mata-Segreda and Richard Schowen.
Departamento de Química, Universidad de los Andes Mérida
5251. Venezuela.
Escuela de Química, Universidad de Costa Rica-2060. San
Jose Costa Rica.
Department of Biochemistry, University of Kansas
Lawrence, Kansas 66045.

ABSTRACT.

The reaction of hemoglobin, mainly at the N-termi-

nal valine, with glucose (a reaction known to proceed by

imine formation followed by Amadori rearrangement), ex-

hibits identical rates in protium and deuterium oxides,

both for the buffer-independent rate and for the first-

-order rate in phosphate buffer. When D-glucose-2-cf is

compared with D-glucose-2-.h, the kinetic iaotope effect

for the buffer-independent rate is 2.2 ± 0.1, while the

phosphate-dependent rate constant shows no isotope ef-

fect (kH/kD = 1.1 ± 0.1). Under the conditions employed,

imine formation is relatively rapid and events in the

course of the Amadori rearrangement must limit the rate.

The absence of a rate difference in isotopic water sol-

vents shows that proton donation from the solvent, lyons or

buffer do not limit the rate. The substrate isotope

effect of around 2 for the solvent/lyon kinetic term in-



dicates that the* proton abstraction step of the Amado ri

rearrangement is wholly or partially rate-limiting for

this reaction. The absence of both substrate and solvent

isotope effects for the phosphate-dependent term shows

that neither proton abstraction nor donation is

rate-limiting. A very slow, phosphate-induced reorgani-

zation of hemoglobin-glucose imine may be the most

likely candidate for the rate-limiting step.

Human adult hemolysate contains at least four

glycated minor hemoglobin components, designated HbAi*i,

HbAiaz, HbAib and HbAic1. The best understood example of

such a modification is hemoglobin Aic, the most abundant

minor component in normal human red cells.

Human hemoglobin Ao is nonenzymically glycated in

vivo at several sites2. Although e-amino groups of

interchain lysines are subject to glycation, it is

glycation of the terminal valine of the 0-chain that al-

ters its surface charge and converts it to fast-moving

hemoglobin Aic3. HbAic is identical in structure to the

major component, HbAo, except that glucose ie covalently

attached to the NHz terminus of the 0-chain by a

ketoamine linkage4"7. In vivo, HbAic is formed slowly

and nearly irreversibly during the 120-day life span of

the red cell8. The extent to which HbAic accumulates de-



pende on the average concentration of glucoae in the

plasma during the preceding 2-3 months.

Glycated hemoglobin is a useful clinical parameter

for the assessment of long-term metabolic control in

diabetes. It reflects the mean glucose concentration

during the life time of erythrocytes. Therefore, it is

interesting to know the molecular details of the forma-

tion of this modified protein. The reaction can also

serve as a model f,or the general nonenzymic processing

of proteins. Scheme 11B shows the steps in the synthesis

of HbAxc from HbAo.

V
H-Í-OH

NH,-CH-C-6HbA

0

HO-Ç-H +

H-C-OH

H-C-OH

CH?0H

Glucose Hemoglobin A*

C=NH-0HbA

H-C-OH
I

HO-C-H

H-C-OH

H-C-OH

CH-OH

Schiff-base

C=0

JÜ »• HO-C-H
Amadori H-C-OH

H-C-OH

Hemoglobin A j c

SCHEME 1 .

The reaction involves a reversible step between the

carbonyl (CHO) group of the glucose and the free amino

group to form a Schiff base, followed by an internal

rearrangement». The Schiff base is known as "labile



HbAic" or "pne-HbAic" and the ketoamine as "stable

HbAic" or simply HbAio10.

ki slow

HbAo •»• Glc > pre-HbAic > HbAic

< ka

k-i

Higgens et al.e determined the individual rate con-

stants in the formation of glycated hemoglobin. They

found that nonenzymic glycation of hemoglobin involves

the initial formation of a reversible Schiff base which

slowly rearranges to a stable ketoamine. (ki and k-i in-

volve more than one reactive site, even though the

NH2-terminus of 0-chain is favored.) This should not be

so if HbAic is the only species formed.

Besides organic phosphates12.i3.ie.i7f inor-
s

ganic phosphate also enhances the rate of glycation of

0-chain valine residues in vitro3-7. Glycation of hemo-

globin increases approximately 2.5 fold in phosphate

versus TAPSO buffer. Although phosphate increases the

overall extent of glycation of both valine and lysines,

there was a significant increase in the relative extent

of glycated valine residues17.

In determinining the effect of phosphate on

Schiff-base formation, Higgins et al.e found that the



rate constant (ki) of Schiff base formation is indepen-

dent of phosphate (1-3 mM) and hemoglobin (23-214 mg/ml)

concentration. The equilibrium constant for Schiff base

formation between glucose and RNase17" did not very

greatly when RNase was glycated in different buffers

(phosphate, MOPS and TAPSO). Clearly, the slow step in

the glycation is the Amadori rearrangement0, and phos-

phate appears to exert its effect by catalysis of this

reaction.

Inorganic and organic phosphates may play an impor-

tant role in determining the kinetics and specificity of

glycation of hemoglobin in the red cell.

In order to have a much clearer understanding of

the chemical mechanism for the formation of HbAic, we

have completed a kinetic analysis of phosphate catalysis

and pH dependence, substrate deuterium isotope effect

and solvent isotope effects.

Rates of glycation of hemoglobin under atmosphere

of air were measured by following the appearance of

glycated product0«e. Glycohemoglobin HbAic was eluted

from a cation-exchange column and measured speetrophoto-

metrically at 415 run (Sigma Kit no.440). Hemoglobin con-

centration of 0.093 mM was employed with glucose 40 mM.

Reaction media were 0.15 M in sodium chloride, buffered

at 37*C with mixtures of NaHzPCU and Na2HPO< at pH 7.3.



Reactions in deuterium oxide were conducted at the "cor-

responding pD2e" of 7.8. D-Glucose-2-d (97 atom %) was

obtained from Sigma Chemical Co. The kinetics exhibited

both a buffer-independent term (reflecting reaction as-

sisted by water, lyons or protein functional groups) and

a first-order term in phosphate buffer.

DISCUSSION

The reaction of glucose with amino groups in pro-

teins occurs nonenzymically10 in vivo. This intrinsi-

cally very slow process appears to be critical in the

pathogenesis of various secondary complications associ-

ated with diabetes mellitus12-ie-2° an the process of

aging21, so that its mechanistic features are important

to understand. The paradigmatic reaction of glucose with

hemoglobin has been extensively studied and is known22

to occur most rapidly at the N-terminal valine of the

0-subunit. An initial, rapid imine formation is suc-

ceeded by slower Amadori rearrangement to give the final

atninoketone9 (Scheme 2).
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The details of the mechanism for nonenzymic

glycation of proteins in vivo or in vitro are unknown.

However some speculation has been done in analogy with

well known organic reactions. The total reaction in-

volves:

i. A reaction between an aldehyde and an amine to form

a Schiff base (imine).

ii. Reaction of the imine to form a ketone and

ill. cyclization of the ketone to form 1-deoxyfructo-

pyranose. .

For a given protein, the extent of nonenzymic

glycation is determined by the stun of effects of a num-

ber of independently acting variables23: pH, tem-

perature, protein concentration, glucose concentration

and incubation time. Recently, nonenzymlc glycation of

proteins has been found to be accelerated by several

buffers17. In addition, other physiological factors have

an influence on the rate of hemoglobin Axe forma-

tion12»13 including oxygen tension and 2,3-diphosphate-

glycerate levels12.13.20.

The first four of these variables are fixed and

constant in living systems. In vitro, pH has a profound

influence. Experimentally11•12, significant formation of

Amadori product has not been seen below pH 7.0. This ob-

servation is consistent with the chemical prediction



that only uncharged amino groups on the proteins can

participate in this type of addition reaction with glu-

cose. Higgins and Bunn8 determined the effect of pH for

nonenzymic glycation of hemoglobin on ki. The rise in ki

with increasing pH is not surprising since glucose con-

denses only with nonprotoned amino groups. However, the

slope of ki versus pH is less steep than would be ex-

pected and probably reflects additional pH-dependent

factors. This contradicts the report of Lowrey et al.12.

They found an increase in ki from pH 6.0 to 6.3 and a

decrease in ki from pH 6.3 to 7.6 under different condi-

tions, their concentration of glucose and phosphate

buffer being 10 and 50 times bigger than the concentra-

tion used by Higgins and Bunne, respectively. However,

they agree on the same ki value at pH 7.3. Apparently

there must be other effects on the pH dependence of ki.

Higgins and Bunn found unchanging values of ki with

phosphate between 1-3 mM at pH 7.3. The effect of phos-

phate concentration at different pH's has not been re-

ported .

As noted in Figure 1 the first order rate constant

for nonenzymic glycation of hemoglobin increases with

increasing pH and pD at a fixed concentration of 4 mM of

phosphate buffer. The interpretation of the pH and pD

dependencies on rates would be complex because the ob-



Figure 1. Plot of the first order rate constants as a
function of pH and pD for nonenzymatic glycation of he-
moglobin by using best-fit parameters from a linear re-
gression procedure.
• pH. • pD. Hemoglobin 9.3x10-2 nM. Glucose 40 mM. Phos-
phate buffers 4 mM, NaCl 0.15 M.



served rates involve two terms (even assuming that the

Amadori rearrangement is wholly rate-limitIng for this

reaction, Scheme 3), one for the buffer-independent term

(ko) and one for the buffer-dependent term (kn). The

former includes hydroxide ion as base, water as base and

functional groups in the protein. The second term in-

cludes the phosphate dependence on the rate.

The observed first order rate constants increase

with [HPO=«] and [DPO=<] (Figure 2) concentration. How-

ever the full effect cannot be attributed to the basic

component of the buffer because we do not know the contribu-

tion of each term to the overall rate. The way the inorganic

phosphate concentration affects functional groups on the

proteins is also not known. At this point no definitive

conclusion about the pH dependence is possible.

The nonenzymic glycation of hemoglobin is acceler-
»

ated by phosphate buffer (Figure 3). This reaction also

is accelerated by several other buffers17. This ca-

talysis, or similar effects by other species present in

the biological environment, may lead to as much as a

doubling of the rate of protein damage at the aggregate

concentrations of several millimolar expected for such

species (Figure 3). In fact, general acid-base catalysis

by buffer is expected for the proton-abntraction and

proton-donation steps of the Amadori rearrangement



Figure 2. Plot of the first order rates constant for
nonezymatic glycatlon of hemoglobin as a function of
[HP0*4] and [DPO=*] concentration at 37°C. Solid lines
were generated by using best-fit parameters from a lin-
ear regression procedure.
• CHPO»*]. • [DP0=4]. Hemoglobin 9.3x10-* mM. Glucose 40
•M. Phosphate buffers 4 mM, NaCl 0.15 M.



(Scheme 3). However, - we find that the phosphate-depen

dent reaction occurs with identical rate constants ii

protium cxide and deuterium oxide (Figure 4). The sol

vent isotope effect expected for the abstraction of th<

glucose-2-/) on the Schiff base by phosphate is 1, be-

cause this hydrogen does not exchange. The solvent iso-

tope effect expected for proton donation is in the rang»

2-8. Catalysis by buffer, the observed solvent iBOtop*

effect of 1, and the flat proton inventory (Figure 5

tend to suggest, in the absence of other information

that proton abstraction by the buffer is the rate deter

mining step.
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Buffer m M

Figure 3. Plot of the first order rate constants for the
nonenzymatic glycation of hemoglobin with glucose-2-/J
and glucose-2-cí as a function of phosphate buffer (pH
7.30) at 37°C. Solid lines were generated by using
beat-fit parameters from a linear regression procedure.
kBH/kBD = 1.10 ± 0.10. koH/koo = 2.17 ± 0.11.
Hemoglobin 9.3xl0~2 mM. • Glucoee-2-A 40 mM
• Glucose-2-cf 40 mM.



As noted on Figure .3 the phosphate-dependent reac-

tion occurs with identical rate constants with either

Blucoae-2-h or glucose-2-cf as reactant. This excludes

proton abstraction as the rate-determlnig step. The ab-

sence of either substrate isotope effect or solvent iso-

tope in fact excludes as a rate-limiting step both

proton-transfer steps of the general-acid-base-catalyzed

Amadori rearrangement because proton abstraction by the

buffer would show a substrate isotope effect, and proton

donation by the buffer would show a solvent isotope effect.

Thus the buffer acceleration of the rate is not classi-

cal, protolytic general-aci^-base catalysis. Instead,

some other process, (conceivably a buffer-induced change

in conformation of the hemoglobin-glucose imine, al-

though .since it is not certain that this process would

lack a solvent isotope effect, such a conclusion cannot

be made with confidence) must be rate-limiting in the

buffer-catalyzed reaction.

The buffer independent term, reflecting reaction

assisted by water, lyons (hydroxide or hydronium ions)

or protein functional groups has a substrate isotope ef-

fect of 2.2 ± 0.1. This shows the proton-abstraction

step of the Amadori rearrangement at least partially to

determine the rate. The proton-abstracting base could in

principle be (a) water; (b) hydroxide ion; (c) a basic



2. 4. 6.

Buffer m M
10.

Figure 4. Plot of the first order rates constants for
phosphate buffer catalysis in H2O and D2O for
nonenzymatic glycation of hemoglobin at 37'C. Solid line
was generated by using best-fit parameters from a linear
regression procedure.
k = 1.48x10-7 8-1 + 2.66x10-" M-* s-».
Hemoglobin 9.3xlO~2 mM. Glucose 40 mM. • Phosphate
buffers in H2O, pH 7.30, NaCl 0.15 M. • Phosphate buffer
in D2O , pD 7.84, NaCl 0.15 M.



functional group of the protein. The solvent isotope ef-

fect can be predicted for each case2**20. For water as

base, the transition state LaO*—H (L = H,D) will give

kH2o/ko2o = 2.1 as solvent isotope effect (late transi-

tion state), while the transition state L2O L—S will

give 1.0 (early transition state). For hydroxide ion as

base, the transition state L0—H S will give 0.5 (late

transition state) while L0~ H—S will give 1.0 (early

transition state). A protein functional group should

give kH2o/kD2o = 1.0, sinc9 the use of "corresponding

pD" will be cause the fractional ionization to be the

same in two isotopic solvents26. The data shown in Fig-

ure 4 yield kH2o/ko2o = 1.1 ± 0.1. Although not conclu-

sive but consistent with any base if the transition state

is "early," the data are most readily reconciled with a

protein functional group as the proton-abstracting base.

For the buffer-dependent term, the absence of a

statistically meaningful solvent isotope effect (Figure

4) excludes proton donation from the buffer as rate-

limiting step. The absence of a substrate isotope effect

means that proton abstraction is not rate-limiting. Thus

a kinetic event other than proton transfer must limit

the rate. The most straightforward hypothesis is that a

protein structural change before or during the Amadori

rearrangement is rate-limiting for the phosphate-
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n

Figure 5. Overall solvent isotope effecte as a function
of atom fraction n of deuterium in binary mixtures of
protium and deuterium oxidee for nonezymatic glycation
of hemoglobin at 37'C in phosphate buffer 6 mM.
Hemoglobin 0.116 mM. Glucose 37.5 mM.
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accelerated process. It cannot be said with any general

reliability whether a protein conformational change

would exhibit a solvent Isotope effect; this will be

determined by whether changes in binding at exchangeable

protonic sites occur in the course of the conformational

change26. It 1B conceivable that phosphate binding in-

duces such a comformational change, and then the ensuing

proton-transfer step or steps are more rapid than in the

absence of phosphate. It is known17 that non-phosphate

buffers such as MOPS or TAPSO are less effective, in pro-

moting glycation, and that 2,3-diphosphoglycerate, an

effector of hemoglobin action, accelerates glycation

is.irw Therefore a specific binding site, such as the

2,3-diphosphoglycerate site, may be involved.

Although non-enzymic protein glycation is commonly

regarded as an adventitious feature in vivo protein

chemistry, the possible involvement of protein func-

tional groups and specific binding sites for hemoglobin

raises the possibility that some programmatic biological

significance may attach to the process.
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