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\ Summary: The peroxidase activity of haemoglobin A was characterized for non-glycated and glycated haemoglobin
! (HbAj) within the pH ränge 4.5 to 6.0, by measuring the rate of oxidation of 5-aminosalicylic acid following the
degradation of H2O2. Glycation was found to significantly lower the pH activity Of haemoglobin peroxidase
throughout the pH ränge. However, in the presence of 100mmol/l sorbitol the pH activity profile of glycated
haemoglobin was significantly elevated whilst that of non-glycated haemoglobin remained unchanged.

--!

Introduction

Glycated haemoglobin, collectively known äs HbA1? is
the product of the covalent binding of sugars to a- or -
amino groups of the major haemoglobin species, HbA0
(for reviews see Peacock, (1); Furth, (2)). The discovery
of glycated haemoglobin aroused much interest because
certain species of HbAj were found to be elevated in
humans and animals with diabetes mellitus (3—6). Al-
though there is speculation that non-enzymatic glyc-
ation, of long-lived proteins is responsibie for the deveU
opment of chronic diabetic complications, the glycation
of haemoglobin is in itself believed to be benign (7—9).
The cpncentration of glycated haemoglobin has proved
to be a usefiil· index of long-^term blood glucose control
since it is not affected by short-term fluctuations in
blood sugar, thus reflecting the glucose concentfation
over the preceding 12 weeks (10—12) or the life of the
erythröcyte.
The major sites of non-enzymatic glycation of haemo-^
globin in vivo, in order of prevalence, are the ß-Väl-1,
ß-Lys-66, a-Lys-61, ß^Lys-17 and a-VaM (13). The
most prevalent species of glycated haemoglobin, known
äs HbAlc, is the result of glucose binding to the ß-VaU
l, a site also involved with the binding of glycerate-2,3-
bisphosphate, CO? and hydrogen ions ((14-15).

X-ray diffraction studies have shown that glycerate-2,3-
bisphosphate forms ionic bonds with Val-1, His-2 and
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-143 of both ß-chains and Lys-82 of either ß-chain (16).
Not unexpectedly, the rate of formation of HbAlc was
found to be affected both by elevated levels of glycerate-
2,3-bisphosphate and oxygen tension (15, 17). There is
also some evidence that glycation increases the oxygen
affinity of haemoglobin (18).

Although it is unlikely that glycation has any important
physiological consequences on the respiratory function
of haemoglobin (19), the blocking of the -amino pos-
ition of the ß-chain gives rise to significänt biophysical
and biochemical modifications of the haemoglobin mol-
ecule; early detection of HbA1P was itself a result of
altered electrophoretic mobility (3). Some of these
modifications are clinically useful and have been util-
ised in the development of analytical methods for the
Separation of the glycated frorn the non-glycated forms.
For instance, the formation of the ketoamine link be-
tween the glucose moiety and the haemoglobin molecule
lowers the pKa of the amino groups involved (20). This
allows the Separation, by cation exchange chromatogra-
phy, of HbAlc at neutral pH and the partial Separation
of the haemoglobin species with glucose attached to the
NH2-terminus of the a-chain (21). Glycation also alters
the pl of haemoglobin, though only by 0.0001 pH units
making conventional electrophoretic techniques unsuit-
able (20). Nonetheless, separations have been achieved
by techniques which rely on HbA0 being more posi-
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tively charged than HbAb thus enabling the retardation
of the non-glycated species on a negatively charged ma-
tr ix(l l) .

Haemoglobin, by virtue of its iron(III) protopo hyrin
IX group also has the catalytic features of other mem-
bers of the haemoprotein family, such äs horse radish
peroxidase and cytochrorae oxidase. In general, peroxi-
dase enzymes are capable of reducing H2O2 to form
water, by 2 one electron Steps or one 2 electron Step
(22). Most of the studies on the peroxidase activity of
globins have been carried out using myoglobin, which
forms an oxidized intermediate considered to be a model
for other peroxidase compounds (23). X-ray absorption
spectroscopy has revealed that this intermediate is not
identical with Compound I or II of the horse radish per-
oxidase reaction, although it has some structural features
in common. Clearly structural variances underlie the
fundamental differences between globin and non-globin
haem enzymes.

In 1939, Polonovski & Jayle (24) observed that the pH
Optimum for the peroxidase activity of free haemoglobin
is shifted to a more acidic pH in the presence of hapto-
globin. This was confirmed by Connell & Smithies (25)
who also found that the peroxidase activity of the hae-
moglobin haptoglobin complex had a maximum activity
at pH 4. In this paper, we report that the binding of a
sugar moiety to haemoglobin significantly lowers the
peroxidase activity of haemoglobin in the pH ränge 4.5
to 6 and that the presence of 100 mmol/1 sorbitol selec-
tively increases the peroxidase activity of glycated hae-
moglobin.

Materials and Methods
Unless otherwise stated, all chemicals were Analar grade frorn
Sigma Chemical Company Ltd. Poole, U. K.

Preparation of haemoglobin

Blood samples were obtained from healthy volunteers by vene*
puncture. Red cells collected in vials containing EDTA were
washed with 5 volumes of 9 g/l saline and haemolyzed with l vol-
ume of distilled water. Cell debris was sedimented by centrifu-
gation at 30000 g in a Sorvall RC-5B refrigerated centrifuge (Du-
Pont, Stevenage, U. K.) and the haemolysate harvested and stored
at —20 °C until use. Individual haemolysates were prepared and
used separately äs follows.

Affini ty chromatography

A 10 g quantity of w-aminophenyl boronic acid Sepharose-linked
beads (Sigma) was immersed for 30 minutes in 50 mmol/1
Na2HPO4 containing 154 mmol/1 NaCl and 100 mmol/1 sorbitol,
pH 9.2. A 4 ml column was packed with the beads, washed with «
the same buffer and then equilibrated in this buffer without sorbitol
(columns can be used at least 3 times with regeneration between
usage with 100 mmol/1 sodium acetate buffer pH 5.0).

A 2 ml aliquot of haemolysate containing 250 * ! of 500 mmol/I
Na2HPO4 was pumped into the column and 20 minute fractions
were collected at a flow rate of 0.25 ml/min. The column was
washed with equilibration buffer for 60 min before the adsorbed
(glycated) fraction was eluted with 100 mmol/1 sorbitol-contaming
buffer. The non-adsorbed fractions were pooled and reapplied to
the column until no glycated haemogiobin was desorbed. The sep-
arated haemoglobin fractions were concentrated, and excess sorbi-
tol from the glycated haemoglobin pool was reinoved, by ultra-
filtration (M8010 stirred ceilj Millipore UK Ltd.). The haemo-
globin concentration was rheasured spectrophotometricaliy at 405
nra and a Standard curve drawn frorn serial dilutions pf a haemolys-
ate pool whose initial concentration, measured by Dräbkiri's me^
thod, was 122.2 g/l. The samples collected were stored at 4 °C for
a period not exceeding 10 days until use. Stock haemoglobin Solu-
tions were diluted, with 50 mrriol/1 phosphate buffer pH 7.4 con-
taining 154 mmol/1 NaCl, to the final assay concentration inimedi-
ately before carrying out an assay.

Reagents

Hydrogen peroxide

A solution of approximately 10 rnrnol/1 H2O2 was prepared im-
mediately before use by dilution of the stock solütion (approxi^
mately 8.3 mol/1 H2O2) in distilled water.

Chromogen reagent

The chromogen 5-aminosalicylic äcid was chpsen äs it appeared
from initial experiments to be reasonably stable, not sufferiMg profc
lems associated with light sensitivity. A 3 mmol/l buffered solütion
of 5-aminosalicylic and was prepared by dissolving a 10 mg tablet
(Sigma) in 22 ml of citrate phosphate buffer (100 mrnol/I eitric
acid, 200 mmol/1 Na2HPO4) and made up immediately before use
at pH's 4.50 to 6.00 at 0.5 pH intervals. The 5-aminosalicylic äcid
reagent was stable for up to 24 hours when stored at 4 °C, beyond
which time the rate of colour production per mol of chromogen
was found to be decreased (due to äutq-oxidation).

Substrate chromogen reagent

Immediately prior to use the 10 rnrnol/1 H2O2 was mixed with the
buffered 5-aminosalicylic acid in the proportion l : 12.33.

Apparates

The Multistat III Plus Microcentrifugal Analyzer (Instrumentation
Laboratory, Warrington, U. K.) 'was used to monitor Substrate and
enzyme assays. Analyses were performed at 30 °C using a 405 nm
interference filter.

Assay proceditre for peroxidase activity

A 30 aliquot of diluted haemoglobin (equivalent to < 0.1 g/l in
the sample) and 230 of freshly prepared Substrate chromogen
solütion were dispensed into the respective compartments of the
analyser rotor. The reaction was initiated by centrifugation and ab^
sorbance data collected between 0 and 600 s at 30 s intervals.

Assay procedure for measurement ofextinction coefficient

For the determination of the extinction coefficient of the öxidised
chromogen, the concentration of diJuted haemoglobin in the 30
aliquot was increased to > 1.0 g/i {and the reaction monitored for
20 min.
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Slaüstical analyses

Paired and unpaired 2-tailed Students t-tests were conducted using
the Statworks™ package (Cricket Software, 3508 Market Street,
Suite 206, Philadelphia, PA 19104) on a Macintosh SE Computer.

Results

Variation of extinction coefficient with pH

The absorbance change for a given amount of H2O2 was
determined in the presence of an excess of peroxidase
(n = 10 overall) at each pH using four different blood
samples. The data are summarized in figure l (a) and (b),
and show that the colour produced was unstäble at the
lower pH's and consequently there is a difference in the
measured absorbance change at different pH's resulting
in differences in the apparent extinction coefficients at

; each pH.
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Fig. l pH dependence of the reaction:
a) rate of colour development at reaction pH 4.5 (D) 5.0 «(A), 5.5
(·) and 6.0 ( ) for a constant H2O2 concentration;
b) mean maximum absorbance changes (± SD) at different reac-
tion pH, * p < 0.05 vs pH 5.0.

Effect of glycation on peroxidase activity

Glycated and non-glycated haemoglobin were separated
by affmity chromatography and concentrated by ultra-
filtration. In each case the haemoglobin solution was
diluted to a concentration between 0.1 and 0.3 g/l with
phosphate buffered saline (pH 7.4) and the peroxidase
activity determined äs described earlier with the activity
expressed in relation to the given level of haemoglobin.
Blood samples were obtained from four donors (ana-
lysed separately) and a total of ten measurements were
made at each reaction pH. The data are shown in figure
2. Figure 3 shows the same pH profile in activity but
expressed äs initial rates of reaction rather than specific
activity, äs this is the manner used to express such data
in previous studies.
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Fig. 2 The relation of mean peroxidase specific activity (± SD)
for glycated (D) and non-glycated ( ) haemoglobin to
pH, * P < 0.001 ** P < 0.05.
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Fig. 3 The relation between apparent peroxidase activity for gly-
cated (·) and non-glycated (O) haemoglobin with pH. In this ex-
perirnent the amount of glycated haemoglobin used was greatcr
than that for non-glycated (0.17 g/l against 0.13 g/l) accounting for
the greater absorbance change of the former.
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Effect of sorbi tol on peroxidase act ivi ty of
haemoglob in f ract ions

In order to establish whether sorbitol had any influence
on the peroxidase activity of haemoglobin, the sorbitol
employed to elute the glycated haemoglobin was sub-
sequently removed frorn the eluate by repeated ultrafil-
tration with phosphate buffered saline (pH 7.4). The gly-
cated and non-glycated haemoglobin fractions were then
diluted with a phosphate buffered saline buffer contain-
ing 100 mmol/1 sorbitol and incubated at room tempera-
ture for 2 hours. Duplicate measurements were then
made of the peroxidase activity of both haemoglobin
fractions from four blood donors. The däta are shown
in figure 4.

Discussion

The glyqation of haemoglobin has been an interesting
model for the study of chemical and allosteric properties
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Fig. 4 The relation of mean peroxidase specific activity (± SD)
of
a) glycated (circle) and
b) non-giycated (square) haemoglobin in the presence (closed
symbol) and absence (open symbol) of sorbitol ** P < 0.05.

of the haemoglobin molecule. The -amino group of
valine of the ß-e!hain to which glucose binds to form
HbAliC, lies in the central cleft of the haemoglobin mol-
ecule adjacent to its 2-fold axis of symmetry, which is
also directly irivolved with the fbinding of glycerate-2,3-
bisphosphate, CO2 and hydrogeii ions (14, 16, 26). The
binding of oxygen causes a series of conformational
changes throughout the haemoglobin molecule including
an alteration in the distance between the 2 a-amino
groups of the ß-chain which decreases from 2 to l nm
(14). This change in conformation is cräticäl to the ftmc-
tional binding of the glycerate-2,3Tbisphosphate mol-
ecule, which has a lower affinity for the oxygenated
form of haemoglobin. It is therefore not unreasonable to
expect that the binding of glucose will block the interac-
tion of haemoglobin with glycerate-2,3-bisphosphate
(15). However the results of studies attempting to eluci··
date this have been contradictory (15, 17, 18). It may be
that glycerate-2,3-bisphosphate works by decreasiiig the
effective positive Charge on the amino-terminus thereby
raising its reactivity with glucose, or it may be causing
a conformational shift that results in improved steric fac-
tors (17). Deoxygenated haemoglobin was found to be
glycated twice is rapidly äs oxygenated haemoglobin, at
the same glucose concentration; moreover, the effect of
glycerate-2,3-bisphosphate on HbAlc formation was
more marked with deoxy- rather thän with oxyhaemo-
globin. This implies that the conformational state of hae-
moglobin may play an important role in the formation
of HbAlc. If glycation is associäted with a change in the
quarternary structure of haemoglobin, it follows that the
enzymic properties of the haemoglobin molecule may
also be modified.

Since the early part of this Century, the peroxidase ac-
tivity of haemoglobin has been employed for the detec-
tion of faecal occult blood, and in more recent times, for
the estimation of haptoglobin binding capacity and in
the detection of lipid hydroperoxidase (27, 28). Most
previous studies on haemoglobin peroxidase activity
have been concerned with measuring the activity of the
haemoglobin-haptoglobin complex (24, 25, 29, 30). The
formation of the haemoglobin-haptoglobin complex is
thought to stabilize the protein against acid denätüration
(31), thus moving the pH Optimum of haemoglobin per-
oxidase activity to a lower pH value. There have not
been any previous investigations on the eifect of the
binding of other endogeiious cifculating molecules on
haemoglobin peroxidase activity. in this study, it was
found that the glycation of haemoglobin markedly af-
fects the peroxidase activity of the haem enzyme and
there is a significant difference in the calculäted specific
activity of glycated coiilpäred to non-glycated haemo-
globin across the pH 4.5 to 6,0, figure 2.
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The peroxidase activity pH profile drawn from this study
is notably different from the profiles found by previous
investigators. In these earlier studies (25, 29—31), en-
zyme activity was expressed by the initial (linear) rate
of reaction. A quantitative comparison with the rate of
change of absorbance in the present study is impossible
firstly, because guaiacol had been used in the earlier
studies äs the reducing Substrate, having been selected
because the authors were concerned with the peroxidase
activity of the haemoglobin haptoglobin complex and
guaiacol is a powerfiil inhibitor of the peroxidase ac-
tivity of free haemoglobin at concentrations exceeding
2.5 mmol/1. Moreover, the buffer System used in earlier
studies also differed from that used here, and enzyme
reaction rates vary with buffer type (unpublished obser-
vations). However, the main reason for the differences
in the pH activity profile is due to the fact that the ex-
tinction coefficient of the oxidised chromogen varies
with pH. When the profile is redrawn employing the
initial rate of increase in absorbance, the profile is simi-
lar to that demonstrated by other workers (see flg. 3).
In fact neither profile is necessarily a totally accurate
reflection of the relationship because the oxidised
chromogen was shown to be unstable at low pH's

i thereby giving an underestimate of the extinction coef-
i ficient and consequently an overestimate of the activity.

A further novel finding in this study was the effect of
the polyhydroxyalcohol, sorbitol* which increased the
peroxidase activity of glyeated haemoglobin, without
significantly altering that of non-glycated haemoglobin

(see fig. 4). Polyhydroxyl alcohols are known to stabil-
ize protein structure and sorbitol may well be affecting
the difference in activity in such a manner. In the affinity
Separation of glyeated haemoglobin, sorbitol acted by
reversibly binding the cis-diol group on the glucose moi-
ety. Sorbitol does not contain a ketone group, so it is
highly unlikely that covalent binding can occur to the
haemoglobin molecule, äs is the case with glycation.
Since the activity of only glyeated haemoglobin was
found to be significantly altered, it is quite possible that
the action of sorbitol was via cis-diol interaction with
the glucose group on glyeated haemoglobin. As the elut-
ing agent in the affinity Separation of the glyeated frac-
tion, the cis-diol group of sorbitol is critical. The ques-
tion of whether this factor is responsible for the ob-
served elevation in peroxidase activity may be examined
by using carbohydrates with a different configuration,
for instance xylose and L-sorbose which lack a cis-diol
group.

The findings described in this paper indicate that glyc-
ation has a significant effect on the peroxidase activity
of haemoglobin. However, it is not possible to determine
if this change has any influence over the physiological
activity of the molecule in relation to its peroxidase ac-
tivity.
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