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The erythrocyte calcium pump is inhibited by non-enzymic
glycation: studies in situ and with the purified enzyme
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In a previous paper we demonstrated that incubation of either
intact erythrocytes or erythrocytes membranes with glucose
decreases the activity of the membrane Ca2+-ATPase [Gonzailez
Flecha, Bermiudez, Cedola, Gagliardino and Rossi (1990)
Diabetes 39, 707-711]. The aim of the present work was to obtain
information about the mechanism of this inhibition. For this
purpose, experiments were carried out with purified Ca2+-
ATPase, inside-out vesicles and membranes from human
erythrocytes. Incubation of the purified Ca2+-ATPase with glu-
cose led to a decay in the enzyme activity of up to 50% of the
control activity under the conditions used. The decrease in
ATPase activity was concomitant with labelling by [6-3H]glucose
ofthe purified Ca2+ pump; the kinetic properties ofboth processes

were almost identical, suggesting that inhibition is a consequence

of the incorporation of glucose into the Ca2+-ATPase molecule.
In inside-out vesicles, glucose also promoted inhibition of Ca2+-

INTRODUCTION

We have previously reported [1] that erythrocytes from diabetic
patients show lower Ca2+-ATPase activity than comparable cells
from healthy volunteers. In a subsequent paper we found that
preincubation of normal erythrocytes with glucose decreased the
Ca2+-ATPase activity, and that this effect was correlated with
increased glycosylation of the erythrocyte membrane proteins
[2]. In that study we also observed that preincubation of either
intact erythrocytes or isolated erythrocyte membranes with
glucose caused inactivation of the Ca2+-ATPase, which was

enhanced by an increase of the pH of the preincubation medium,
a typical characteristic of the non-enzymic glycosylation process.
The reaction of reducing sugars with proteins, which results in

non-enzymic 'browning' have been extensively studied [3]. The
formation of adducts between sugars and proteins has been
reported for several proteins such as haemoglobin [4], RNAase
[5] and, more recently, Na+/K+-ATPase [6]. Non-enzymic
glycosylation of proteins is a reaction which proceeds through
several steps; the early ones are reversible and develop in
relatively short periods, while the later ones take longer times
and become irreversible [7]. Both the initial and end products of
the reaction modify the physicochemical properties of the
glycosylated protein [8]. Based on such changes, and the per-
manent high blood glucose levels which characterize diabetes
mellitus, glycosylation of proteins has been postulated as the
developing mechanism of the chronic complications of this
disease.
The experiments in the present paper were designed to: (1) test

ATPase activity as well as of active Ca2l transport. Arabinose,
xylose, mannose, ribose, fructose and glucose 6-phosphate (but
not mannitol) were also able to inactive the ATPase. The
activation energy for both the decrease in ATPase activity by
glucose and the labelling of the pump with [6-3H]glucose was

about 65 kJ/mol. Furthermore, inorganic phosphate enhanced
the inactivation of the Ca2+-ATPase by glucose. This evidence
strongly suggests that inhibition is a non-enzymically catalysed
process. Inactivation of the Ca2+-ATPase by glucose was en-

hanced by reductive alkylation with sodium borohydride.
Aminoguanidine, an inhibitor of the formation of the advanced
end products of glycosylation, did not prevent the deleterious
effect of glucose on the enzyme activity. Therefore it is concluded
that inactivation of the Ca2+ pump is a consequence of the
glycation of this protein.

whether the effect of glucose is exerted directly on the Ca2+-
ATPase or whether it involves some other molecules that are

present in the erythrocyte membrane; and (2) obtain information
about the mechanism of the interaction between glucose and the
Ca2+ pump.

MATERIALS AND METHODS

Chemicals
[y-32P]ATP was prepared according to the procedure of Glynn
and Chappell [9], except that no unlabelled Pi was added to the
incubation media. [32P]Pi was provided by the Comision Nacional
de Energia Atomica (Argentina).

Calmodulin-agarose, glucose 6-phosphate, ATP, Mops,
phosphatidylcholine, and enzymes and cofactors for the synthesis
of [y-32P]ATP were obtained from Sigma Chemical Company
(St. Louis, MO, U.S.A.). Glucose was from Merck (Darmstadt,
Germany), fructose and mannitol from Mallinckrodt Chemical
Works (New York, NY, U.S.A.). Arabinose, xylose, mannose

and ribose were gifts from Dr. R. Wolosiuk (IIB, Argentina).
45CaCl2 was purchased from du Pont New England Nuclear

(Boston, MA, U.S.A.), and D-[6-3H]glucose was a gift from Dr.
Mario Parisi (Centre d'etudes nucleaires de Saclay, France).

All other chemicals were of analytical grade. Solutions were

prepared in double-distilled water and the pH was controlled
with a Corning 125 pH meter.

Recently drawn human blood for the isolation of Ca2+-ATPase
was obtained from the Haematology Section of the Hospital de
Clinicas General San Martin (Argentina).

Abbreviation used: IOV, inside-out vesicles.
t To whom correspondence should be addressed.
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*Reagents such as NaBH4 and aminoguanidine were included as indicated in the Results
section and the Figure legends. tControls preincubated with equimolar concentrations of
mannitol were run in parallel.

Purfficatlon of the Ca2+-ATPase from human erythrocytes
Blood samples were drawn and immediately mixed with an
anticoagulant solution containing 1 mM EDTA/Tris (pH 7.4 at
37 °C) and 150 mM NaCl. Afterwards, erythrocytes were washed
three times with 10 vol. of cold 150 mM NaCl. Calmodulin-
depleted erythrocyte membranes were prepared using a hypotonic
solution according to the procedure described by Gietzen et al.
[10]. The membrane suspension was frozen at -20 'C. The Ca2+-
ATPase was isolated by the calnodulin affinity chromatography
procedure and reconstituted in artificial vesicles of phosphatidyl-
choline as described by Roufogalis et al. [11]. Purified enzyme
was stored in liquid nitrogen until use.

radioactivity 3000 d.p.m./nmol). At different times, aliquots
(200 jul) were removed and mixed with an ice-cold solution of
100 mM glucose. After isotopic dilution, enzyme was precipitated
with 7% trichloroacetic acid and filtered through Sartorius
membrane filters (0.20 ,um pore size). The filters were washed
three times with 15 ml of an ice-cold solution of 10 mM glucose
and 15 mM Mops/KOH, pH 7.4, dried and transferred to
counting vials. Radioactivity was measured by liquid scintillation
counting.

Gel electrophoresis
Enzyme was incubated for 1 h at 37 °C with 10 mM [6-3H]glucose
and NaBH4, the latter being used as reducing agent as described
below. SDS/PAGE and staining of the gels was carried out as
described elsewhere [15]. Gels were 5.6% T and 2.5% C [16].
After the destaining procedure the gel was cut into slices and the
individual slices were placed into separate vials. Radioactivity
was determined by liquid scintillation counting as described (see
[17]) and plotted as a function of the distance from the origin.
Background corrections were done by subtracting the average
radioactivity measured in unstained regions of the gel. The Mr of
the glycated fractions was estimated by comparison with the
mobilities of standard proteins simultaneously run on the same
gel.

Ca2+-ATPase activity
ATPase activity was measured at 37 °C in a medium containing
120 mM KC1, 30 mM Tris/HCl (pH 7.4), 4 mM MgCl2, 1 mM
EGTA, 1 mM CaCl2 ([Ca2+]free = 36 ,tM) and 2 mM [y-32P]ATP.
Ca2+-ATPase activity was taken as the difference between the
activity measured in the above medium and that measured in the
same medium without calcium. The protein concentration was in
the range 50-100 jug/ml (membrane assay) or 2-5 ,ug/ml (purified
enzyme assay). The release of [32p]p1 from the nucleotide was
estimated according to the procedure of Richards et al. [18].

Determinaton of free Cal+ concentrations
The Ca2+ concentration in the incubation medium was measured
using a selective Ca2+ electrode, as described by Kratje et al. [19].

Preparation of Inside-out erythrocyte membrane vesicles (iOVs)
Calmodulin-deficient IOVs were prepared as described by
Sarkadi et al. [12]. After preparation, the IOVs were washed
twice with 10 vol. of 10 mM Mops/KOH, pH 7.4, at 37 'C. The
final pellet was resuspended to a final concentration of 5 mg of
membrane protein/ml in 0.16 M KC1 buffered to pH 7.4 at 37 'C
with 5 mM Mops/KOH.

Protein concentration
Protein was determined according to the method of Lowry et al.
[13], as modified by Peterson [14].

Experimental design
The steps followed to perform the experiments in this paper are
summarized in Scheme 1.

Glucose incorporation
Purified enzyme (50,ug/ml) was incubated at 37 'C in 20 mM
phosphate buffer (pH 8.4) with 10 mM [6-3H]glucose (specific

Reducing treatment with sodium borohydride
Reductive alkylation of proteins was performed as described by
Means [20], with some modifications. Membranes, or purified
enzyme, were incubated at 37 °C in 20 mM phosphate buffer
(pH 8.4) and 10 mM glucose. Incubation samples were then
cooled in an ice bath, and sodium borohydride was added
dropwise under vigorous stirring up to a final concentration of
1-3 mg/ml. The reduction step lasted 30 min, after which the
membranes were washed three times with 15 mM Tris/HCl
(pH 7.4 at 4 °C) and purified enzyme was mixed with a small
amount of HCI, so that excess NaBH4 was eliminated.
Alternatively, reduction was performed simultaneously to the
incubation with glucose. In this case, NaBH4 and glucose were
added in three aliquots at 20 min intervals, reaching the same
final concentration as mentioned above.

Ca2+ transport measurements
Ca2+ influx into IOVs was measured by rapid filtration through
Millipore membrane filters (0.45 ,um pore size) as described by
Rossi and Schatzmann [21].
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Analysis of the data
All measurements were performed in duplicate or triplicate.
Except where indicated, experiments presented in the Results
section are representative of at least two independent
experiments. The equations were fitted to the experimental data
by a non-linear regression procedure based on the Gauss-Newton
algorithm [22,23]. The dependent variable was assumed to be
homoscedastic (constant variance) and the independent variable
to have negligible error. The best-fitting equation was considered
to be that which gave the minimal S.D. of the regression and the
least biased fit. Parameters were expressed as means+ S.E.M.

RESULTS

[6-3H]Glucose Incorporation Into purMed Ca2+-ATPase and Its
effects on enzyme aetivity
Figure 1(a) shows the results of an experiment in which the time
course of [6-3H]glucose incorporation into the Ca2+-ATPase was
measured. It can be seen that [6-3H]glucose incorporation
increased with time along a curve that can be fitted by an
exponential function, with a maximal incorporation of
5.4 + 0.07 mol of [6-3]glucose/mol of ATPase; the apparent rate
coefficient (k8pp ) was 0.0223 + 0.0009 min-'. Incubation with [6-
3H]glucose for longer periods oftime (results not shown) revealed
a very slow phase that can be fitted by a straight line with a slope
of 0.016+0.004mol of [6-3H]glucose/min per mol of Ca2+-
ATPase. In a parallel experiment (Figure Ib) we measured the
time course of inactivation of the Ca2+-ATPase upon incubation
with 10 mM glucose for up to 1 h at 37 'C. It should be pointed
out that the enzyme activity decayed during preincubation, even
in control tubes, due to thermal inactivation. For this reason, the
data are shown as percentages of the activity of the control for
each time, and longer times were not tried. The percentage of
remnant activity was plotted versus time, and an exponential
function was fitted to the data. The apparent rate coefficient for
the sugar-induced inactivation was 0.019+0.001 min-. This
value is not significantly different from the kapp for the rapid
phase of [6-3H]glucose incorporation (P > 0.2), indicating that
the combination of glucose with the Ca2+-ATPase and the
inactivation of the enzyme are concomitant and cause-related
phenomena. These results strongly suggest that inactivation of
the Ca2+-ATPase is a consequence of the reaction of glucose with
the pump.
To establish whether the glucose binds to the Ca2+ pump

through covalent or non-covalent interactions, the purified Ca2+
pump was incubated with 10mM [6-3H]glucose and then
subjected to electrophoresis in a denaturing SDS/polyacrylamide
gel. Only one broad band, of M, 140000, characteristic of the
erythrocyte Ca2+ pump, was observed when the gel was stained
with Coomassie Blue. Figure 2 shows a pattern of the radio-
activity incorporated to the pure Ca2+-ATPase. [6-3H]Glucose
appeared mainly as a broad band around the position cor-
responding to Mr 140000. Some [6-3H]glucose was also detected
at the position of the tracking dye, probably due to free
[6-3H]glucose and to incorporation of [6-3H]glucose into
phospholipids present in the medium. Incorporation of [6-3H]-
glucose into Ca2+-ATPase was also observed when the samples
were delipidized before running the gel (results not shown). It
should be noted that, when the experiment was carried out with
trace amounts of [6-3H]glucose, no incorporation over back-
ground levels was observed (results not shown). Therefore the
results shown in Figures 1 and 2 indicate that when the enzyme
is incubated with glucose under the conditions described in the

Materials and methods section, the sugar becomes attached
covalently to the Ca2+-ATPase and this reaction leads to
inactivation of the enzyme.
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Figure 1 lime courses of (a) glucose incorporation Into the Ca2+-ATPase,
and (b) Inactivation of Ca2+-ATPae by ghmse

(a) Glucose incorporation was measured as described in the Materials and methods section.
Unspecific incorporation, determined by incubation of the enzyme with non-radioactive glucose
followed by the addition of [6-3H]glucose at the end of the incubation period, was subtracted.
The amount of enzyme was caleulated assuming that Ca2+-ATPase is the only protein present
in the preparation. The continuous line is the graphical representation of the foMlowing equation:

[EG] = [EG]w (1 -ee-!)
where [EG] is the amount of glucose incorporated into the enzyme at time t, [EG],0 is the
maximal incorporation of glucose into the enzyme, and kaw is the apparent rate coefficient of
the process. The best-fitting values of these parameters were: [EG],O, 5.4 + 0.07 mol of
glucose/mol of Ca2+-ATPase; k ,p 0.0223+0.0009 min-1. (b) Purified Ca2+-ATPase
(50 ,lg/ml) was incubated at 37 OC in 20 mM phosphate buffer (pH 8.4) plus 10 mM glucose.
At different times, aliquots (50 #1) -were removed and cooied in an ice bath. For each time point,
control tubes with 10 mM mannitol were run in parallel. Ca2+-ATPase activity was measured
as described in the Materials and methods section and is expressed as a percentage of the
activity measured in the corresponding control. The continuous line is the graphical
representation of the following equation:

A = A e-kw t

where A is the Ca2+-ATPase activity at time t, Ao is the Ca2+-ATPase activity at zero time, and
kapp is the apparent rate coefficient of this process. The best-fifting values of the parameters
were: AO, 109+8%; kam, 0.019+0.001 min-1.
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Table 1 Effect of Incubation with dfflerent monosaccharides on Ca2+-
ATPase activity In erythrocyte membranes
Erythrocyte membranes (1 mg of protein/ml of reaction medium) were incubated for 2 h at
37 °C in the presence of 20 mM phosphate buffer (pH 8.4) and 10 mM of the monosaccharides
indicated. After incubation, membranes were washed with 15 mM Mops/KOH (pH 7.7 at 4 OC)
and Ca2+-ATPase activity was measured as indicated in the Materials and methods section;
values are expressed as percentages of the control activity. Results are means+S.E.M. from
three independent experiments; significant differences from the control are indicated by:
*P < 0.01 ; **P < 0.001

Ca2+-ATPase
activity

Sugar (% of control)

100 + 2.6
82.5+3.1*
73.6+1 .6**
73.6+8.8*
92.1 + 9.6
92.6 + 6.1
88.2 +2.2*
83.9 + 5.8*

IU1.1l LLL.1. . lL .., . ..L. 1.1 iJI Mannitol (control)
12 15 18 21 24 27 30 Glucose

ice from origin (mm) Glucose 6-phosphate

00000 50000 25000 Fructose
Mr ~~~~~RiboseMr Mannose- Mr 140000 Arabinose

Xylose

Figure 2 Radioactive pattern after electrophoretc separation (SDS/PAGE)
of the Ca2+-ATPase after preincubaton with [6-3Hjglucose
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Figure 3 Temperature-dependence of the effect of glucose on Ca2+-
ATPase

(i) Ca2+-ATPase activity (0): erythrocyte membranes (1 mg of protein/ml) were incubated at
different temperatures for 2 h in media containing 20 mM phosphate buffer (pH 8.4) and
10 mM glucose or mannitol (control). At the end of the incubation period, membranes were
washed with 15 mM Mops/KOH; Ca2+-ATPase activity was measured as described in the
Materials and methods section, and is expressed as the percentage of control activity. The
results shown are the weighed means + S.E.M. from five independent experiments. In this case,
Y = (percentage inhibition at any temperature)/(percentage inhibition at 37 °C). Under the
experimental conditions used, Y= kPP/kaw.37C, where kapp is the rate coefficient of the
reaction. The continuous line represents:

In Y =-Ea(1/T-1/310 K)/R

where Ea is the activation energy of the reaction, R is the universal gas constant, and T is the
thermodynamic temperature of the system. The best-fitting value for Ea was 69+ 7 kJ/mol. This
equation was deduced from the Arrhenius relation for the dependence on temperature of the
kinetic coefficient. (ii) Glucose incorporation (A): purified Ca2+-ATPase was incubated with
10 mM [6-3H]glucose at different temperatures, and glucose incorporation was evaluated as
described in the Materials and methods section. In this case, Y= (incorporation of glucose
at any temperature)/(incorporation of glucose at 37 OC). It is easy to show that, in this case
also, Y= kapp/kapp37C. The same equation as given above was used to fit the data (broken
line). The best-fitting value for Ea was 57+4 kJ/mol.

Effect of temperature on glucose Incorporation into purified
Ca2+-ATPase
In order to elucidate the characteristics of the reaction between
glucose and the Ca2+-ATPase we measured the effect of tem-
perature (from 20 °C to 37 °C) on both the incorporation of
glucose into the Ca2+-ATPase and the inactivation of the enzyme
by glucose. The data are represented in Figure 3 as an Arrhenius-
like plot. Both the incorporation of glucose and the inactivation
of the enzyme by glucose could be fitted by approximately the
same straight line. From linear regression analysis of the data,
the activation energy of glucose incorporation was estimated to
be 57 +4 kJ/mol, and that for inactivation by glucose of the
ATPase was 69 + 7 kJ/mol. Hence the two phenomena show an
almost identical dependence on temperature.

In an attempt to study the characteristics of the reaction of the
glucose with the Ca2+-ATPase when the enzyme is in its natural
environment, we performed some experiments using whole
erythrocyte membranes instead of purified enzyme. Ca2+-ATPase
activity was more stable in erythrocyte membranes than in
purified enzyme preparations, and consequently we were able to
study the effect of glucose using a longer incubation period.

Effect of different reducing sugars on Ca2+-ATPase activity
Table 1 shows the effect on Ca2+-ATPase activity ofpreincubation
of intact erythrocyte membranes for 2 h at 37 °C with 20 mM of
several reducing sugars. Incubation of erythrocyte membranes,
under identical conditions, with 20 mM sucrose or 20 mM
mannitol was used as a control. Ca2+-ATPase was significantly
inactivated by glucose, glucose 6-phosphate, fructose, arabinose
and xylose. Preincubation with ribose and mannose induced a
8% decrease in the Ca2+-ATPase activity, but this was statistically
non-significant under the mild conditions used in these
experiments. The results in Table 1 suggest that inactivation of
the Ca2+-ATPase by preincubation of isolated erythrocyte
membranes with reducing sugars occurs by a non-specific process.

Effect of sodium borohydride
Schiff bases and Amadori products are the compounds resulting
from the early steps of the reaction between reducing sugars and
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Table 2 Effect of sodium borohydride on the Inhibftlon of Ca2+-ATPase by
glucose
Erythrocyte membranes (1 mg of protein/ml of the reaction medium) were incubated for 2 h at
37 0C in 20 mM phosphate buffer (pH 8.4) with 10 mM glucose or mannitol (control).
Treatment with sodium borohydride was carried out as described in the Materials and methods
section. After incubation, membranes were washed with 15 mM Mops/KOH (pH 7.7 at 4 0C)
and Ca2+-ATPase activity was measured; values are expressed as percentages of control
activity. Results are means+S.E.M. from three independent experiments.

Ca2+-ATPase
activity

Treatment (% of control)

Mannitol
Glucose
Glucose followed by
reduction with NaBH4

Mannitol and NaBH4
added simultaneously

Glucose and NaBH4
added simultaneously

100+5
87+5
82+6

Table 3 Effect of different buffers on the Inhlitlon of Ca2+-ATPase by
glucose
Erythrocyte membranes (1 mg of protein/ml) or purified enzyme (50 ,ug/ml) were incubated for
1 h at 37 0C with 10 mM glucose or mannitol in the presence of 20 mM of the buffer indicated
in the table. The pH of each buffer was adjusted to 8.4. At the end of the incubation period,
the membranes were washed once with 15 mM Mops/KOH (pH 7.4 at 37 0C). The purified
enzyme was diluted 1 0-fold before the assay. Ca2+-ATPase activity was measured as described
in the Materials and methods section. The results are means+S.E.M. of three independent
experiments.

Ca2+-ATPase activity (% of control)

Buffer Purified enzyme Membranes

Tris/HCI
Potassium phosphate
Bicine/KOH
Mops/KOH110+4

86+ 5
68 + 5
91 + 5

100+ 9

92 + 2
74+4
100+3
100+ 7

46 + 5

primary amino groups of proteins. Since formation of these
products is a reversible process, it might be possible that the
relatively small effects ofreducing sugars on Ca2+-ATPase activity
were due to the low amounts of Schiff bases or Amadori products
formed at the end ofthe incubation period. To test this hypothesis
we performed enzyme incubations with glucose plus NaBH4 as

reducing agent, the latter being used to transform both the Schiff
bases and the Amadori products to the same stable secondary
amine [24]. Table 2 shows that preincubation with 10 mM
glucose alone decreased the Ca2+-ATPase activity to 87% of the
control value. Subsequent treatment with NaBH4 did not
significantly modify the activity. When glucose and NaBH4 were

added simultaneously, Ca2+-ATPase activity was drastically
decreased compared with the control. On the other hand, when
NaBH4 and 10 mM mannitol were added simultaneously, no

significant effect on the Ca2+-ATPase activity was observed.
These results suggest that addition of NaBH4 leads to the

irreversible formation of an alkylated product, making the
apparent inactivation of Ca2+-ATPase more evident. In keeping
with this, the simultaneous addition of glucose and NaBH4
enhanced the efficiency of the irreversible blockage of primary
amino groups of the enzyme. Essentially the same results were

obtained with NaCNBH3 instead of NaBH4 (not shown). It is
worth noting that NaCNBH3 has been used to stabilize the
reaction of glucose with Na+/K+-ATPase [6].

Effect of aminoguanidine
To evaluate whether the inactivation of Ca2+-ATPase with
glucose was due to the formation of advanced glycosylation end
products or simply to the formation of a Schiff base or an

Amadori product, we tested the effect of the presence of
aminoguanidine during preincubation of isolated erythrocyte
membranes with glucose [7]. Erythrocyte membranes (1 mg of
protein/ml of reaction medium) were preincubated for 2 h at
37 °C in presence of 20 mM phosphate buffer (pH 8.4) and
50 mM glucose with either 0 or 200 mM aminoguanidine. Control
tubes were run by replacing glucose with 50 mM mannitol. After
preincubation, membranes were washed with 15 mM
Mops/KOH (pH 7.7 at 4 °C) and Ca2+-ATPase activity was

measured as described in the Materials and methods section.

Ca2+-ATPase activities, expressed as the percentages of the
respective control, were 82 + 11 % (mean+ S.E.M.) and 78 + 10%
when the preincubation medium contained 0 and 200mM
aminoguanidine respectively (three independent experiments).
Furthermore, no significant differences were found either between
the activities of the controls or between the percentage inhibitions
by glucose.

This result supports the assumption that the formation of
advanced glycosylation end products is not necessary for the
inactivation of Ca2+-ATPase. Hence synthesis of a Schiff base (or
even an Amadori product) as a result of enzyme glycation may
account for the inactivation of the enzyme.

Effect of buffer composition on Ca2+-ATPase inactivation induced
by glycose
Erythrocyte membranes or purified enzyme were incubated with
glucose and 20mM Tris/HCl, Mops/KOH, Bicine/KOH or
potassium phosphate, at pH 8.4 and 37 °C in all cases (Table 3).
Inactivation of Ca2+-ATPase induced by glucose was greater
when phosphate buffer was present in the incubation medium, as
expected, since phosphate has been described as the most effective
catalytic agent for the Maillard reaction [25]. Inactivation was
also significant in the presence of Tris/HCl, but no effect of
glucose was observed when Bicine or Mops was used as buffer.

Effect of glucose on active Ca2` transport
Since Ca2+-ATPase is inactivated by glycation, we decided to
investigate whether this process also affects active Ca2+ transport.
For this purpose, ATP-dependent Ca2+ uptake was measured
into IOVs that had been preincubated for 1 h with either 10 mM
glucose or 10 mM mannitol. IOVs were added (final concen-
tration 60 ,ug of membrane protein/ml) to medium containing
50 mM KC1, 1 mM Mops/KOH (pH 7.4 at 37 IC), 4 mM MgCl2,
1 mM 45CaC12 (specific radioactivity 5 x 105 c.p.m./,umol) and
1 mM EGTA. The reaction was started by the addition of the
appropriate amount ofATP so as to obtain a final concentration
of 0.9 mM. Passive Ca2+ uptake, determined by incubation of
IOVs in the same medium without ATP, was subtracted from
this total uptake. The rate of ATP-dependent Ca2+ uptake was
calculated from the slope of the initial part of a plot of 45Ca2+
trapped by IOVs versus period of incubation. This rate was
3.0 + 0.13 nmol of Ca2+/min per mg of protein for control
vesicles, and 2.37 + 0.06 nmol of Ca2+/min per mg of protein for
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vesicles preincubated with glucose. Thus IOVs preincubated with
10 mM glucose showed a 21 % decrease in Ca2l transport
compared with those preincubated with -10 mM mannitol
(P < 0.005). Simultaneous measurements of Ca2+-ATPase
activity in the same preparation showed that the reaction of the
pump with glucose produces the same degree of inhibition on the
two basic functional properties of the Ca2+ pump (Ca2+-ATPase
-activity and active Ca2+ transport).

DISCUSSION
Previous results showed that exposure of erythrocyte membranes
to a high concentration of glucose, both in vivo [1] and in vitro [2],
decreases the Ca2+-ATPase activity of the membrane. This effect
correlates with increased glycosylation of the erythrocyte mem-
brane proteins [2]. These results led us to propose that inactivation
of the Ca2+-ATPase could be a consequence of the glycosylation
of the ATPase or of another protein able to interact with the
pump.

In 1985, Davis et al. [26] reported that exposure of erythrocyte
membranes to high glucose concentrations in vitro resulted in
inactivation of Ca2+-ATPase. Subsequently the same group
suggested that cellular membranes possess an enzyme capable of
catalysing a glycosylation that modulates Ca2+-ATPase [27].
The experiments in the present paper were designed to test

whether: (1) the effect of glucose is directly exerted on the Ca2+-
ATPase or involves some other molecules present in the erythro-
cyte membrane; and (2) the effect of glucose is a consequence
of non-enzymic reaction or is catalysed by a specific enzymic
system.
With regard to the first point, we found that inactivation of the

Ca2+ pump is probably due to the incorporation of sugar into the
pump. This conclusion is based in the fact that both phenomena,
Ca2+-ATPase inactivation and glucose incorporation, have the
same time course and temperature-dependence. Furthermore,
Ca2+-ATPase activity and Ca2+ uptake showed the same degree
of inhibition by glucose. These observations, together with the
fact that labelled glucose remains bound to the pump after
electrophoresis under denaturing conditions, suggest that in-
activation of the Ca2+ pump by glucose occurs by the covalent
reaction of the sugar with this protein. This does not exclude the
possibility of an interaction of reducing sugars with the lipid
environment. Indeed, incorporation of glucose takes place in two
phases: an early exponential phase and a linear, slower one. The
inactivation of the enzyme by glucose presents the same time
course as the early phase of the incorporation of glucose into the
Ca2+-ATPase. The slow, linear phase of glucose incorporation
into the enzyme may be related to the glycation either of amino
groups that are only exposed in the inactive state of the Ca2+
pump or of primary amino groups with trace amounts of lipids
(i.e. phosphatidylethanolamine) present in the reconstitution
medium of the enzyme. Furthermore, as we previously reported
[2], the presence of 1 mM ATP during preincubation of
erythrocyte ghosts with glucose prevents inactivation of Ca2+-
ATPase but not the glycation of other membrane proteins. This
experimental evidence argues against the participation of
phospholipids or other proteins in the mechanism of inactivation
of the Ca2+ pump by reducing sugars under the conditions used
throughout this work.

Regarding the second point, the experiments described in this
paper strongly suggest that inhibition of the membrane Ca2+
pump was mostly due to the non-enzymic glycation of primary
amino groups in the Ca2+-ATPase, for the following reasons. (i)
Inactivation of the purified Ca2+-ATPase by preincubation with
glucose occurs under identical conditions and with a similar rate

as the inactivation of Ca2+-ATPase from isolated erythrocyte
membranes (see the Results section and [2]). (ii) Since Ca2+-
ATPase was purified by calmodulin affinity chromatography, it
is rather improbable that a glycosylating enzyme could co-purify
with the Ca2+ pump. Even assuming this last possibility, the
hypothetical glycosylating enzyme was not detectable on
electrophoresis of the purified Ca2+-ATPase. (iii) The only
feasible, but very unlikely, hypothesis is that Ca2+-ATPase has an
autoglycosylating capability. The hypothetical autoglycosylating
activity should be poorly specific, since as shown in Table 1,
different sugars can substitute for glucose as inactivators of the
Ca2+ pump. (iv) The temperature-dependence of both the in-
corporation ofglucose into the Ca2+-ATPase and the inactivation
of the enzyme by glucose showed an activation energy of about
65 kJ/mol. This value is between the previously described values
for the early steps of non-enzymic glycosylation, i.e. 35 kJ/mol
for a-amino acids [28] and 109 kJ/mol for food proteins [29].
On the other hand, the reaction of the Ca2+ pump with sugars

showed several characteristics of non-enzymic glycation: (i) the
reaction showed no remarkable specificity with regard to the
reducing sugar used, (ii) inactivation by glucose was greatly
enhanced by phosphate anions, and (iii) the inactivation of the
Ca2+ pump by preincubation with reducing sugars could be
enhanced by treatment with NaBH4 or NaCNBH3.
The inactivation of the Ca2+ pump could in theory be explained

by the formation of a Schiff base, an Amadori product or an
advanced glycosylated end product between a reducing sugar
and the primary amino groups of the Ca2+-ATPase. It is well
known [7] that aminoguanidine prevents the development of
advanced glycosylated end molecules through the formation of a
dead-end product. As shown in the Results section,
aminoguanidine did not block the inactivation of the Ca2+ pump
during preincubation with glucose, indicating that formation of
advanced glycosylated end products is not necessary for in-
hibition of the Ca2+-ATPase. This behaviour agrees well with the
fact that the Ca2+-ATPase activity in erythrocytes from poorly
controlled diabetic patients reverted to its normal specific activity
after 10 days of euglycaemia [30]. At this point formation of the
Schiff base or the Amadori product could explain the results.
Due to the short incubation period employed in our experiments,
Schiff bases were thought likely to be the main compounds
resulting from non-enzymic glycation of the Ca2+-ATPase. How-
ever, the fact that the effect of sugars was enhanced by phosphate
anions suggests that an Amadori-type rearrangement takes place.
Additional studies are required in order to identify the stage of
the glycation that is responsible for the inhibition of the Ca2+
pump.
A question that is still open is: which are the primary amino

groups that are the target for glycation? The N-terminal group
is blocked [31], so should be excluded. The other possible targets
for glycation are the e-amino groups of Lys residues. A Lys
residue is present in the active site of the enzyme [32]. In our
laboratory, experiments involving the chemical modification of
the pump revealed another Lys residue that is involved in the
E1-E2 transition [33]. Such chemical modification could also be
prevented by ATP. Since inhibition of the pump by glucose
is prevented by ATP [2], both of these residues are likely to be
involved in the glycation of the pump.

Inactivation of Ca2+-ATPase by non-enzymic glycation might
produce an imbalance in the transmembrane Ca2+ flux. Indeed,
the results in this paper showed that active Ca2+ transport is
blocked to the same extent as the Ca2+-ATPase activity. As a
consequence, changes in the cytosolic Ca2+ concentration would
be expected.Whether or not these changes are significant in vivo,
and the importance of such changes in the pathogenesis of some
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chronic complications of diabetes, are an interesting field for
future study.
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