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Abstract. We have previously demonstrateDiibetes  Introduction
39:707-711, 1990) that in vitro glycation of the red cell
Ca* pump diminishes the ééATPase activity of the - Nonenzymic glycosylation of proteins is a reaction that
enzyme up to 5Q%. Sgch effect is due to the_ reaction Obroceeds through several steps: the early ones (glycation)
glucose with lysine residues of the:t‘:qnump Biochem.  are reversible and develop in relatively short periods
J. 293:369-375, 1993). The aim of this work was 10 while the latter ones require longer times and become
determine whether the effect of glucose is due to a fullirreversib|e (Brown|ee et a|_, 1986) G|yca‘[ion of pro-
inactivation of a fraction of the total population of €a  teins is the consequence of the nucleophilic addition of
pump, or to a partial inactivation of all the molecules. their amino moiety to the carbonylic group of glucose.
Glycation decreased th¥,,, for the ATPase activity ~This reaction may occur on any side chain of the lysine
leaving unaffected the apparent affinities for*Gacal-  residues exposed to the hydrophilic milieu (Led! et al.,
modulin or ATP. The apparent turnover was identical in1989). In vivo, plasma and cellular proteins exposed to
both, the glycated and the native enzyme. Glycation deglucose undergo nonenzymic glycosylation (MacFarland
creased thé/,,,, for the ATP-dependent but not for the et al., 1979; Miller, Gravallese & Bunn, 1980). It has
calmodulin-activated phosphatase activities. Concomibeen claimed that the early and the end stages of this
tantly with the inhibition, up to 6.5% of the lysine resi- reaction are involved in the pathogenic mechanism of
dues were randomly glycated. The probabilistic analysidoth, aging (Monnier, 1989) and the chronic complica-
of the relation between the enzyme activity and the fractions of diabetes mellitus (Vlassara, Brownlee & Cerami,
tion of nonmodified residues indicates that only one Lys1986).
residue is responsible for the inhibition. We suggestthat  The erythrocyte C& pump is an integral membrane
glucose decreases the CaAATPase activity by reacting protein mainly corresponding to the hPMCAA4b isoform
with one essential Lys residue probably located in the(Strehler et al., 1990), which actively pumps out’Ca
vicinity of the catalytic site, which results in the full from the cytoplasm to the external medium. This mol-
inactivation of the enzyme. Thus, €aATPase activity ecule has 80 lysine residues outside the transmembrane
measured in erythrocyte membranes or purified enzymeegions, constituting potential targets for glycation. We
preparations preincubated with glucose depends on thieave previously shown (Gonea Flecha et al., 1990)
remaining enzyme molecules in which the essential Lyshat C&*-ATPase activity of erythrocytes obtained from
residue stays unglycated. poorly controlled diabetic patients is significantly lower
than the one measured in those obtained from nondia-
betic control. This effect was reproduced in vitro incu-
Key words: PMCA — Glycation — Phosphatase — Lys bating either intact erythrocytes, erythrocyte membranes
residues or purified calcium pump with glucose (Gorea Flecha
et al., 1990, 1993). The inhibition of the €aATPase
induced by in vitro glycation was enhanced by pH in-
I crease and the presence of phosphate; glucose can b
Correspondence tdF.L. GonZéez Flecha replaced by other reducing sugars in the incubation me-
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dia—all known factors that affect the nonenzymic gly- MEASUREMENT OF Ca?*-ATPASE ACTIVITY

cation process (Ellis, 1959). Preincubation of purified

ca&* pump with [6-3H]g|ucose, showed similar kinetic C&*-ATPase activity was measured at 37°C as described previously
properties for both, incorporation of radioactive glucose,(RiCEa;_dS' Reg?‘ & Ga"f(i_ha';‘)' 1192708%":’“20?’?9H”é?‘zgﬁa;i‘zf;s-;he
and the decrease in the enzyme activity, suggesting thalcuPation medium was n iy: ) S0 IS )
inhibition is a consequence Bcgf the incoyporagti%n of%Iu-ﬂgCIZ’ L EGTA; 1 CaC) ([C&"ed = 36 1), 1 mg/ml asolectin, 0.5

. o mg/ml C,,E,o and 2 nu [y->2P]ATP. The protein concentration was
cose into the Cd-ATPase molecule. To shed further 19 g/mi (membrane assay) or dg/ml (purified enzyme assay).

insight on this issue, we have currently studied how thecz2*-ATPase activity was taken as the difference between the activity
glycation of the lysine residues of the €@ump leads to  measured in the above medium and that measured in the same mediun
its inactivation. without calcium. The release of?Pi] from the nucleotide was esti-
mated according to the procedure of Richards et al. (1978) with some
modifications (GonZiez Lebrero et al.personal communicatign

lonic C&* concentration in the incubation media was measured using
a selective CH-electrode, as described by Rossi, Garrahan and Rega
(1986).

Materials and Methods

CHEMICALS
All the chemicals used in this work were of analytical grade and pur- MEASUREMENT OF PHOSPHATASEACTIVITY

chased mostly from Sigma Chemical-[6-*H]glucose was purchased o
from DUPONT New England Nuclear (Boston, MA)y-f2P]JATP was ATP-dependent phosp'hatase a_ctlwty of _th'e erythrocyte membranes
prepared according to the procedure of Glynn and Chappell (1964(¥as assayed at 37°C in a medium containing (m)m.20 KCI; 30
except that no unlabeled orthophosphate was added to the incubatid§oPS-KOH (pH 7.4); 6.25 MGGl 1 ouabain. 1 EGTA; 1.1 Cagll
media. F2P]-orthophosphate was provided by the Cormisitacional ([Ce'red = 140 pm) and 0.5 ATP. The protein concentration was
de Energa Atomica (Argentina). Recently drawn human blood for the 150 pg/ml. Calmodulin-dependent phosphatase activity of the eryth-
isolation of C&*-ATPase was obtained from the Hematology Section "CYt€ membranes was assayed at 37°C in a medium containing (in
of the Hospital de Chicas General San Manti(Argentina). mwm): 120 KCI; 30 Mops-KOH (pH 7.4); 6.25 MgGl 1 ouabain. 1
EGTA; 0.84 CaCJ ([C&"d = 1.3 um) and 0.5 ATP. Both phos-
phatase activities were evaluated by measuring the release of p-

|SOLATION OF MEMBRANES FROMHUMAN ERYTHROCYTES nitrophenylphosphate as previously described (Donnet et al., 1998).

Red cells were washed 3 times with 10 volumes of cold 150NaCl.
Calmodulin-depleted erythrocyte membranes were prepared using
hypotonic solution according to the procedure described by Gietzen,
Wiithrich and Bader (1981). The membrane suspension was frozen &&& " ATPase phosphorylation was performed using and adaptation of
-80°C and stored until use. Protein concentration was determined adhe procedure originally employed for erythrocyte membranes (Rega &
cording to the method of Lowry et al. (1951), modified by Peterson Garrahan, 1975) that allowed a high precision measure. Thus, purified
(1977). Ca&* pump was incubated at 0°C in the presence of 1 mg/ml asolectin,

0.5 mg/ml G.E,,, 120 mv KCI, 30 mv MOPS-K (pH 7.2 at 4°C), 4

mm MgCl,, 1 mm EGTA, 1 mm CaCl, 2 mm DTT. The reaction was
PURIFICATION OF THE C&" Pump started by the addition of 1Qim [*?P]JATP to the reaction medium.

After 45 sec the reaction was stopped by the addition of 7% TCA, 0.1
Ce&*-ATPase was isolated in pure form by the calmodulin affinity ™ ATP and 50 v H;PO,. The mixture was filtered through Milli-
chromatography procedure (Roufogalis & Villalobo, 1989) as de- POré membranes (pore size Qutn) and washed three times with 7%
scribed previously (Castello et al., 1994), and found to be homogeneou$CA: 50 ™1 HzPO,. The membranes were dried and transferred to
by SDS-PAGE (single band afr 134000). The enzyme (5Qg/ml) co_untmg vials. Radioactivity was (_jetermlned by I|_qu_|d s_cmtlllathn
was kept in storage buffer: 1 mg/ml asolectin, 0.5 mg/myEG,, 130 using 0.4% PI_DO, 0.02% PQPOP in toluene as scintillation so!utlon.
mm KCl, 20 mv MOPS-K (pH 7.2 at 4°C), 1 m MgCl,, 2 v EDTA, The PZP]ATR incorporation is a measure of the number of available
2mm CaCl, 2 mm DTT. Purified enzyme was stored in liquid nitrogen  Phosphorylation sites (Muallem & Karlish, 1981, 1983).
until use.

Q{I EASUREMENT OF PHOSPHOPROTEINFORMATION

MEASUREMENT OF GLUCOSE INCORPORATION TO THE
GLYCATION OF PLASMA MEMBRANE C&* Pump ca* Pump

Erythrocyte membranes, or purified enzyme, were preincubated withncorporation of glucose to the purified pump was determined as de-
10 mm glucose for 2 hr at 37°C in the presence of 40 iHaH,PO,/ scribed previously (Gori#ez Flecha et al., 1993). Purified pump (20
Na,HPO, (pH 7.4), and of an antiproteolytic cocktail: 3ursodium prg/ml) was incubated during different times at 37°C in a media con-
azide, 10uM leupepin, 100um PMSF, 1pg/ml aprotinin, 1um pep- taining 10 nu [6-2H]glucose (specific radioactivity 3000 dpm/nmol) in
statin, 1 nm benzamidine, in order to prevent microbiological growth the presence of 40 mNaH,PQ,/Na,HPO, (pH 7.4), and the antipro-
and proteolytic damage. In parallel, another aliquot of erythrocyteteolytic cocktail. At different times, aliquots (200l) were removed
membrane—or purified enzyme—used as control was processed in thend mixed with a cold solution of 100 nmglucose. After isotopic
same manner replacing glucose by the noncarbonylic analogue martilution, enzyme was precipitated with 7% TCA and filtered through
nitol. Sartorius membrane filters (0.2@m pore size). The filters were
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washed thrice with 15 ml of an ice-cold solution of 1Mrglucose—15

mmM Mops-KOH pH 7.4, dried and transferred to counting vials. 10.0

z7c

= E 80
PoLYACRYLAMIDE GEL ELECTROPHORESIS 8-

2 E 60
Electrophoresis was carried out according to the Tris/tricine SDS/& &
PAGE method (Sctgger & von Jagow, 1987). Peptide bands were '<T: S 40
stained with colloidal Brilliant Blue G (Neuhoff et al., 1988). Accurate < g -
quantification of peptide amount was performed by densitometric© <
analysis (GonZaz Flecha, 1996). The gel was dried and cut into slices 20
0.8 mm wide. After soaking each slice in hydrogen peroxide and in- Oocﬁ

cubation overnight at 50°C (Tishler & Epstein, 1968), the radioactivity

was determined by liquid scintillation counting. Subtracting the aver- 0 10 20 200 400 600

age radioactivity for gel slices containing no peptide material per- [ATP] (uM)

formed a background correction. The radioactivity associated with

each peptide was measured by estimating the area under a Gaussigpy. 1. Ca2*-ATPase activity in glycated membranes as a function of

function fitted to the radioactivity distribution. ATP concentration. Preincubation of membranes was carried out in the
presence of 10 mof either glucose®) or mannitol O). C&*-ATPase
activity was measured as described in Materials and Methods in a

ANALYSIS OF THE DATA media with [C&*]yee = 36 pM and [ATP] variable (Jum—2 mw). The

continuous line is the graphical representation of Eq. 1. The best fit was
All measurements were performed by duplicate or triplicate. Experi-gptained for the following parameter values:

ments presented in Results were chosen as representative of at least two

independent experiments. The equations were fitted to the experimeng|ucose Vina, Kmy, Vina, Km,

tal data by a nonlinear regression procedure based on the Gausgoncentration (nmol- (uM) (nmol - (M)
Newton algorithm (Rossi, 1987; Seber & Wild, 1989). The dependent(mwm) mg* min™) mgt - min™

variable was assumed to be homoscedastic (constant variance) and the

independent variable to have negligible error. The “best fitting equa- o 1.7+0.2 102+1.4 104+07 242 + 38
tion” was considered as that which gave the minimal standard deviation g 1.1+0.1 11.3+1.7 82+0.3 265 + 24

of the regression and the least biased fit. Parameters were expressed as
mean value * standard error.

zyme might be affected. Modulation of the plasma

ABBREVIATIONS membrane CA-ATPase by ATP, C& and calmodulin
pio ‘ioiygﬁljtt:ﬁgf 10 fauryl ether are well characterized processes, therefore its evaluation
EGTA e’thylene glycol bis(aminoethyl ether)-N,N.N/'- in glycated membranes co_uld be an useful tool to inves-
tetraacetic acid tigate the effects of glycation.
FITC fluorescein isothiocyanate All the experiments reported in this paper include
hPMCA4b  isoform 4b of the human plasma membrane calciumcontrols with polyols. A polyol, rather than a buffer con-
pump trol, is especially useful since both, sugars and polyols,
PMSF phenyl methyl sulfonyl fluoride increase the thermal stability of proteins through
E’;gp g_g'zﬁ)%lir;ﬁ'éf:;;zhate strengthening of the pairwise hydrophobic interaction
POPOP 1,4-bis[5-phenyl-2-oxazolyllbencene between hydrophobic groups (Back, Oakenfull & Smith,
MOPS 3-(-morpholino)-propanesulfonic acid 1979).
SDS-PAGE  polyacrylamide gel electrophoresis in the presence of  Figure 1 shows the dependence of thé TaTPase
sodium dodecyl sulfate activity (Varpasd ON the ATP concentration in glycated
TCA trichoroacetic acid and control membranes. Equation 1, which represents the
biphasic response of the €aATPase to ATP (Richards
Results et al., 1978), was fitted to the experimental data.

Vinax, [ATP] Vo [ATP]

EFFeCT oFPLASMA MEMBRANE GLYCATION UPON VATPase™ Kmy, +[ATP] * Km_+[ATP] @)
DIFFERENT C&-ATPASE KINETIC PARAMETERS

Results in Fig. 1 show that preincubation with glu-
Glycation of the pump may occur to lysine side chainscose significantly decreaseg,,, corresponding to ATP
involved in the conformation of either the catalytic or the hydrolysis in the high affinity siteR < 0.01) and in the
modulatory sites. By altering these amino acid residuesiow affinity site (P < 0.02). Conversely, no significant
the forces holding the substrate or modulators in placelifferences were found i, values for each site be-
are modified and hence the kinetic behavior of the entween control and glycated membranes.
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Fig. 2. Effect of C&" concentration on C4-ATPase activity in gly- Fig. 3. Activation by calmodulin of C&-ATPase in glycated mem-
cated membranes. Membranes were preincubated withvL6fraither branes. Preincubation of membranes were carried in the presence of 10
glucose @) or mannitol ©). Enzyme activity was measured as de- mm of either glucose®) or mannitol (O). Ca*-ATPase activity was
scribed in Materials and Methods in a media with [ATP]2 mm and measured in a media with [, = 36 uM, [ATP] = 2 mm and O
[Ca®*];ec Variable (0.5 to 10Qum). The continuous lines are the graphi- to 80 nv calmodulin as described in Materials and Methods. The con-
cal representation of Eq. 2. The parameter values providing the best fitinuous lines are the graphical representation of Eq. 3. The parameter
were: values resulting from the nonlinear fitting of this equation to the ex-
perimental data were:

Glucose Vmax Keca
concentration (nmol- mg™*- min™%) (M) Glucose A Vinax Kcam
(mm) concentration  (nmol - (nmol- mg™*- min™Y)  (nm)
(mm) mgt- min?)
0 16.4+1.3 126+2.6
10 10.4+£0.6 155+4.8 0 9.14 +0.57 10.24 £ 0.64 3.8+£0.8
10 6.97+04 7.79£0.57 3.7+1.0

The dependence of the €aATPase activity on the Fi 3 sh the effect of the bl b
C&* concentration in control and glycated membranes is | Igure showg%{r AeT?D ecto | € g z?sma membrane
shown in Fig. 2. As described previously (Schatzmanrﬂyqatlog on t efh I- asg—q? mo Iu('jn Interaction.
& Roelofsen, 1977), the activation of €aATPase by reincubation with glucose significantly decreasgdP

Ca" in the absence of calmodulin follows a Michaelis- & 0.01) andeax_(P__< 0.02), while the c_hffergnc_es n
Menten-like kinetics (Eq. 2). Keam Were not significant. The relative inactivation of

the C&*-ATPase, measured in the presence or in the
2 absence of calmodulin shows nearly the same value.
Vmax::a[c +]

o 2

Keat [Ca2+] EFFeCT oFPLASMA MEMBRANE GLYCATION ON
PHOSPHATASEACTIVITIES OF THE C&* Pump

VaTPase™

Preincubation with glucose significantly decreased )
(P < 0.01) the maximum rate of ATP hydrolysis for&a After glycation of erythrocyte membranes, ATP-
activation. Differences ifk., between control and gly- dependent and calmodulin-dependent phosphatase ac
cated membranes were not significant. tivities were measured as described in Materlal's'and

One of the most typical properties of the p|asmaMethods. The depend_enc_e of the phosphatase activity on
membrane C& pump is its ability to directly interact the PNPP concentration in control and glycated mem-
with calmodulin. Calmodulin increases the apparent afranes is shown in Fig. 4. As described previously
finity for Ca?* and the turnover number of the phospho- (Rossi & Caride, 1991), this dependence could be de-
enzyme (Carafoli, 1991). The kinetic behavior may bescribed by Eq. 4.
described as a hyperbolic increment of the activity be-

ginning on a basal activity in the absence of calmodulin B VmaXpNF’F(CaM,ATF}
(Caride et al., 1990) as described by Eqg. 3: VpNPPase™ (1 . Krn(CaM,ATF)>2 (4)
[PNPH

Vimasea [CAM]

= +—
VaTpPase™ Yo Keaw + [CaM]

3)

Preincubation with glucose significantly decreasBd<(
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Fig. 4. Ca&*-pNPPase activity in glycated membranes as a function of pNPP concentration. Preincubations of membranes were carried out i
presence of 10 m of either glucose @) or mannitol O). ATP-dependentX) and calmodulin-dependenB) Ca*-phosphatase activities were
measured as described in Materials and Methods as a function of [pNPP] (in the rangerd-Thencontinuous line is the graphical representation
of Eq. 4. The best fit was obtained for the following parameter values:

Glucose . Vme%NPP, ATP . KMare Vma>$)NPP, caMm . KMeay
concentration (m) (nmol- mg™ - min™%) (mm) (nmol- mg™* - min™%) (mm)

0 16.9+0.9 3.7+0.3 18+3 59+13
10 114+14 3.2+0.7 19+2 59+0.8

0.005) the maximum rate of ATP-dependent pNPP hy-Table 1. Effect of glycation on the steady-state EP concentration and
drolysis but did not modify th&/,,,,, . for the calmod- velocity of ATP hydrolisis

ulin-dependent phosphatase. Differencekinbetween
control and glycated membranes were nonsignificant fo

Glucose [®2P]-bound EP v of ATP v/[*2P]-bound
oncentration (nmol- mg™®)  hydrolysis (nmol  EP (sec?)

both activities. (mm) mgt - sec?)
. 0 1.8+0.2 20.3+1.4 11.3+2.0
EFFECT OF GLYCATION OF THE C&* PumP UPON THE 10 1.1+0.1 11.0+0.4 10.0+1.3

TURNOVER OF THEPHOSPHOENZYME

. . . o
Purified C&"-ATPase was incubated 2 hr at 37°C in @ yeqe experiments and the relationship between the re-

media containing 10 mn glucose or mannitol (c_ontrol), maining phosphoenzyme level and?GaTPase activ-
40 mv NaH,PO,/N&,HPO, (pH 7.4), and the antiproteo- j, - preincubation with glucose significantly decreased
lytic cocktail. After incubation, samples were then dia- 2+ ATpase activity P < 0.005) and phosphoenzyme
lyzed against 50 m Tris-HsPO, (pH 7.2 at 25°C) and  oopcentration R < 0.05) but nonsignificant differences

analyzed by SDS-PAGE. The integrity of the pump Was,yere found in the turnover of the phosphoenzyme.
conserved as judged by the appearance of a single

stained band at Mr 134000. This result indicates that
glycation produce neither fragmentation nor formation of GLUCOSE INCORPORATION INTO THEC&* PUMP AND ITS
SDS-stable aggregates of the protein. ErrecTs ONCa-ATPASE ACTIVITY

The steady-state EBATPase activity Yarpasd and
phosphoenzyme concentration ([EP]) were measured ahe measurement of glucose incorporation to thé*Ca
described in Materials and Methods. The ratio betweerpump and its relation with the loss of activity allows us
Varpase@nd [EP] depends exclusively on the rate coeffi-to explore the structural changes associated with the in-
cients for the conformational changes and hydrolysis othibition. Because of the specific radioactivity of the
the phosphoenzyme (Schwarzbaum et al., 1995). Therd6-*H]glucose employed for the glycation of the pump,
fore, the evaluation of this ratio in glycated €a@ump the radioactivity that remains bound to the protein after
provides information about some reaction steps differenglycation is a measure of the number of moles of glucose
from those examined by the kinetic parameters describelound per mole of C4 pump. Since the stoichiometry
in the previous section. The Table shows the results obf glycation is one mole of glucose per mole of amino
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Fig. 5. C&"-ATPase activity as a function of the number of glycated Fig. 6. Plot of In (n - x/v, — p) againstin v,. The remnant ATPase

Lys r(_as_ldues. Purified C& pump was incubated at 37_°C in a medla activity after glycationy,) and the fraction of nonglycated residua} (
containing 10 nu glucose or mannitol (control). At different times, were calculated from the experimental data shown in Fig, 4re the
samples were removed and cooled in an ice bath’-BaPase activity, y-values and are 1 - x-values). The straight line is thergraphical
expressed as the fraction of the activity of the corresponding ContmITepresentation of Eq. 5 with = 80;p = 5 andi = 1. From the slope,
and glucose incorporation were measured as described in Materials ar}PvaIue ofa = 0.06 + 0.02 was obtained.

Methods. The continuous line is the graphical representation of Eq. 4.

The best fit value of5L.., was 4.7 + 0.8.

Wheren is the total number of lysine residues in the
L pump,x is the fraction of nonglycated residugsis the
group, this indicates the number of moles of egCamdtotal number of lysine residues that reacts with glucose

lysine residues per mole of €apump. . . . S g
Figure 5 shows the relationship between the remaingoncomnantly with the inactivation3(L, in Fig. 5) and

ing fractional C&*-ATPase activity {/v,) and the aver- ;_nlr?ibtirt]ii nnumber of lysine residues responsible for the

age number of glycated lysine residues per molecule o Forn = 80 andp = 5, Eq. 4 gave a satisfactory

the pump GL). Since glucqse Incorporation into the straight line fori = 1 (Fig. 6). Other values afresult in
pump and the decrease of its activity, follow a pseudo-

first-order kinetic (GonZaz Flecha et al., 1993) the re- nonlinear plots.
lationship mentioned above may be described by:

RADIOACTIVITY INCORPORATION INTO THEPROTEOLYTIC
GL v\Y PeEPTIDES FROM[6->H]-GLUCOSE LABELED C&* Pump
o= (5o) ©

Vo
To assess the extent of glycation into different regions of
the pump, we proceeded to examine the incorporation of

Where GL., is the total number of lysine residues X
4 the label to proteolytic fragments of the pump. Glycated

that could react with glucose concomitantly with the in- > mol ‘e : e of
activation, andy is a factor that includes the kinetic PUMP (2 moles of [6H]-glucose per mole of pump) was

coefficients of both processes. The valueGi.., ob- digested for 2 hr at 25°C with 200 ng/ml of V8 protease

tained by fitting of Eq. 4 to the experimental data, is 4.7in the presence of 0.8% SDS. The resulting peptides

+ 0.8, indicating that, on average, up to 5 lysine residuedVereé separated by SDS-PAGE as described in Materials

er enzyme molecule are bound to the pump during gly2nd Methods.
Eation.zy . . pump cLring gty Digestion of the pump in this condition produced

: ; ; hree complementary fragments of Mr 58000 (A), 40000
To determine the number of glycated lysine residued )
responsible for the inhibition, we used a particular form (B) and 38000 (C), spanning the whole sequence of the
of the analysis proposed by Tsuo (1962). The validity ofPUMP (Castello etal., 1994). Fragments A and B include

this method has been critically analyzed (Horiike & Mc- e C- and N-termini respectively, whereas the C frag-

Cormick, 1979). A brief description of the application of ment corresponds to a major central portion O.f this pro-
) P bp tein. These three fragments were labeled witr*Hig-

this analysis is given in the Appendix. Equation 6 shows
y ¢ bp d glucose (Fig. 7). Every one of them showed comparable

:]huem;)e;?t:)?nu:;s/ggteend trréiiéilsél\g):actlvnyr)( and the specific incorporation of the label (about 5000 dpy/
of peptide).
Extensive digestion of the labeled pump with 500
In [n X p] =In(n-p) + (o _ D In v (6)  nhg/mlof V8 protease in the presence of 0.8% of SDS for
2 l ' 18 hr produces five new peptides of Mr 38000, 25000,
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500 B C C&" pump molecules, producing a modified enzyme
= l | with a decreased turnover. Our results showed that gly-
£ 400 A mo cation of the plasma membrane@ump significantly
§ l decreases the maximal rate for the regulation of thé-Ca
> 300 ATPase activity by ATP (Fig. 1), G4 (Fig. 2), and
% calmodulin (Fig. 3). However, glycation does not affect
8 200 the apparent affinities for these modulators of thé*'ca
g ATPase activity.
= 100 The decrease in E&ATPase activity after glyca-
= m ‘ ‘ tion is accompanied by an identical decrease of the phos-

0

phoenzyme concentration (Table). Therefore, the turn-
over of the phosphoenzyme was identical in both, gly-
distance from the origin (mm) cated and nonglycated control enzymes. Glycation of the
pump not only affects the G&ATPase activity but also,
and to the same degree, the active’'Cmansport rate
(GonZdez Flecha et al., 1993) and the maximal rate for
the regulation of the ATP-dependent phosphatase by
pNPP (Fig. 4). All these quantities share the same re-
Fig. 7. Electrophoretic analysis of peptides obtained after V8 proteasedCtion scheme (Donnet et al., 1998).

digestion of the plasma membrane calcium pump labeled Ritjqlu- Our results show that glycation does not affect the
cose. Purified C&-ATPase (50ug of protein/ml) was incubated dur- Vhax fOr the calmodulin-dependent hydrolysis of pNPP,
ing 2 hr at 37°C in a media containing 10wf6-2H]glucose (specific which probably involves a futile cycle that hydrolyzes

radioactivity 300 dpm/pmol) in the presence of 401rNaH,PO,/ - : _
Na,HPO, (pH 7.4), and the antiproteolytic cocktail. The sample was pNPP but elicit neither Cd transport nor ATP hydro

then dialyzed against 50miTris-H;PO, (pH 7.2 at 25°C) and digested lysis (Donn,et etal., 1998). L
for 4 hr with 200 ng/ml of V8 protease in the presence of 0.8% of SDS. According to these data, and because of their inter-

The reaction was stopped by the addition of 3,4-dichloroisocoumarinpretation in terms of the kinetic coefficients of the el-
up to afinal concentration of 25m. The peptide mixture was separated ementary steps (Segel, 1975), a consistent picture
by SDS-PAGE and the distribution of radioactivity in the gel was emerges for the effect of g|ycation on theZCunmp
determin_ed as described in Materials and Methods. Arrows indicate th%” the kinetic quantities modified by glycation: the
proteolytic fragments A through C. maximal rate for both, the regulation of €aATPase
and the ATP-dependent phosphatase activities, the con-

20000, 15000 and 10000 arising mainly from the N_cer_ltration+ of phosphorylated enzyme, and the rate of
terminal half of the molecule (Castello et al., 1997). Thedctve C&" transport, may be expressed as the product of

specific incorporation of the label was about 5000 dpm/.tOtaI amount of active C4 pump by a constant that

of peptide for all these peptidesata not show involves different kinetic coeﬁicien.ts_ pf the reaction
Xgain,pnopselective reactionpofp[ﬁ-l]-gfl(mose with a)r:y cycle. Conversely, the apparent affinities and the turn-

of these peptides was readily apparent. over of the phosphoenzyme, unmodified by glycation,
only involve kinetic coefficient ratios.

In this kinetic analysis, the simplest explanation for
Discussion the effect of glycation on the Gapump is a decrease in
the total amount of the active enzyme with no changes of
the rate coefficients for the remaining active enzyme.
GLYCATION OF THE CALCIUM PumP PRODUCES THEFULL  Consequently, those enzyme molecules that have beer
INACTIVATION OF A FRACTION OF MOLECULES inactivated by glycation do not subsequently hydrolyze
ATP, cannot be phosphorylated, and do not transport
Previous results have shown that exposure of red celC&*. In addition, they cannot hydrolyze pNPP in the
membranes to high concentrations of glucose, both ilATP-dependent mode but can do it throughout the cal-
vivo (GonZdez Flecha et al., 1990) and in vitro (Gorza modulin-dependent cycle.
lez Flecha et al., 1990, 1993), decreases theif*Ca
ATPase activity up to 50% of the control activity. There
are at least two possible explanations for this partial in-THERE 1S ONLY ONE LYSINE RESIDUE INVOLVED IN THE
activation of the enzyme: (i) glycation might reach the INACTIVATION PROCESS
steady state in which the 50% of the‘CaATPase mol-
ecules are inactivated; thus, glucose fully inactivatesGlycation of proteins occurs through the nucleophilic
only a fraction of the total number of €apump mol-  addition of amino groups to the carbonylic function of
ecules, and (ii) glucose might partially inactivate all the glucose. The reaction partners of glucose are dhe

30 35 40 45

70 000 50 000 35000
Mr
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amino terminal group and theeamino group of the side (Kowluru et al., 1989). This agrees well with the fact
chain of Lys residues (Ledl et al., 1989). In the®Ca that the presence of ATP during glycation prevents the
pump the N-terminal amino is blocked (Zvaritch et al., loss of C&*-ATPase activity leaving unaffected the de-
1990), thus only the lysine residues could react withgree of glycosylation of membranes (GolezaFlecha et
glucose. The main isoform of the erythrocyte ®Ca al., 1990). The eventual specificity of labeling in the Lys
pump, hPMCA4b (Strehler et al., 1990), has 83 lysineresidue responsible of the inhibition with the consequent
residues, 80 of them outside the membrane being targeenrichment in the label bound to the fragments contain-
for glycation. ing it, cannot be observed in our labeling patterns be-

In a previous work (Gonzez Flecha et al., 1993) we cause of the high number of Lys residues available for
have demonstrated that glycation of theCaump takes  glycation in each proteolytic fragment.
place along two phases: an early exponential phase and a In summary, our results show that: (i) There is only
linear, slower one. The inactivation of the enzyme byone Lys residue involved in the inhibition by glycation of
glucose presents the same time course as the early phase plasma membrane €gpump. Glycation of this resi-
of the incorporation of glucose to the €aATPase. On due results in the total loss of the €aATPase, ATP-
the other hand, the slow phase of glucose incorporatiomlependent phosphatase and Qaansport activities, all
to the enzyme may be related with the glycation of aminoof which include a site related to the ATP-binding do-
groups that are only exposed in the thermally denaturedhain. Additionally, glycation of the pump does not af-
state of the C& pump. Data in Fig. 5 demonstrate that fect the calmodulin-dependent phosphatase activi-
inhibition proceeds concomitantly with the incorporation ty. This activity pertaining to the pump does not imply
of glucose with a maximum of 5 moles per mole of pumpthe catalytic site, (Donnet et al., 1998), and involves the
(GL., in Eg. 5). Since the stoichiometry of glycation is E,—E; transition where transition towards Ehay occur
one mole of glucose per mole of amino group, this resulthrough a futile cycle that hydrolyzes p-nitrophenyl-
implies a mean of five glycated Lys residues per mole ofphosphate without eliciting Gatransport. These results
ca&* pump. place constraints on how glycation inhibit the pump. It

The probabilistic analysis of the relation between thecould be postulated that glycation reduces the ATP bind-
fractional enzyme activity and the fraction of nonmodi- ing rate coefficient to zero. However, this reaction step
fied residues (Fig. 6) indicates that out of 5 modifiable does not take place during the calmodulin-dependent
lysine residues, only one is involved in the inhibition phosphatase activity. In this sense, the pattern of inhibi-
process. tion of the hPMCA4b by glycation is similar to that

observed for the inhibition by FITC under controlled

conditions (Muallem & Karlish, 1983; Donnet et al.,
GLYCATION SITES ON THE CALCIUM Pump 1998).

(i) Glycation of the C&* pump involves the unse-

The incorporation of [6H]-glucose to the pump during lective glucose incorporation of five moles of glucose
the fast phase of glycation represents a short fractioper mole of protein. The presence of ATP during gly-
(6.5%) of the lysine residues of this protein. The unam-cation prevents the inactivation of the pump without
biguous assignment within the primary structure of themodifying the incorporation of glucose (Gonea Flecha
pump of each peptide fragment obtained by digestion okt al., 1990). This fact suggests that the nucleotide com-
the pump (Castello et al., 1997) allowed us to evaluatepetes with glucose for Lys residues in the catalytic do-
the amount of Lys residues in each peptide, which wasnain but not for other nonessential Lys residues.
about 0.6 mmol of Lys per gram of peptide for all the (iii) The Ca&*-ATPase activity measured in erythro-
peptides. Thus, the equivalence among the specific ineyte membranes or purified enzyme preparations prein-
corporation of glucose suggests a random distribution otubated with glucose depends on the remaining glycated
labeling rather than a pattern of specific glycation sitesenzyme molecules in which the Lys residue involved in
Further, our results showed that when theCpump  ATP hydrolysis stays unglycated. The remaining
bound 2 moles of glucose per mole of enzyme, glucoséATPase activity does not show appreciable changes in
was incorporated into at least five different regions of thethe affinity for C&*, modulators or inhibitors of the
protein. pump.

In spite of the unselective incorporation of glucose (iv) Glycation of the C&" pump proceeds through a
to the pump, and the availability of 80 Lys residues, theself-limited mechanism. In this sense, a 100% inhibition
maximal incorporation of glucose to the native®Ca should demand treatments under more extreme condi-
pump was 5 moles of glucose per mole of pump. Thistions that should restrict the availability of Lys residues
result suggests that the unselective glucose incorporatiolecated outside the catalytic domain. Besides, incuba-
into the pump proceeds through a self-limited mechation of ATPase molecules under drastic conditions en-
nism as described for the glycation of other proteinshances the possibility of thermal denaturation of the pro-
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tein. Therefore, a total inhibition of the é*apump by alteraciones producidas en la*C#\TPasa de eritrocitos humanos
glycation is a very unlikely phenomenon. por glucosilacion no enziftiga. PhD Thesis: Universidad de Bue-

Glycation of the CA" pump may produce an imbal- __"oS Alres

. . GonZadez Flecha, F.L., Berfdez, M.C., Cdola, N.V., Gagliardino,
ance in the erythrocyte transmembrané Ghux with an J.J., Rossi, J.P.F.C. 1990. Decreased*CaTPase activity after

increment in the cytoplasmic concentration of the cation.  gjycosylation of erythrocyte membranes in vivo and in vitoa-
Disorders of intracellular G4 metabolism may play an betes39:707—711

essential role in both the pathophysiologic complicationsGonZdez Flecha, F.L., Castello, P.R., Caride, A.J., Gagliardino, J.J.,
of diabetes and the associated abnormalities in the action Rossi, J.P.F.C. 1993. The erythrocyte calcium pump is inhibited by
as well as the secretion of insulin (Gagliardino & Rossi, ngnenzymic glycation: studies situ and with the purified enzyme.
1994). The C&-ATPase alteration, which is easily de- _Biochem. J293:369-375 . .
monstrable in a circulating cell, could be indirect evi- Horiike, K., McCormick, D.B. 1979. Correlation between biological

. . . ; activity and the number of functional groups chemically modified.
dence of a wide impairment of the enzyme function de- 3 Theor. Biol.79:403-414

veloped in cells chronically exposed to high glucose lev-kowluru, R.A., Heidorn, D.B., Edmondson, S.P., Bitensky, M.W.,

els. Kowluru, A., Downer, N.W., Whaley, T.W., Trewhella, J. 1989.
Glycation of calmodulin: chemistry and structural and functional

. . . . . consequence®iochemistry28:2220-2228
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Appendix dividing both sides of Eq. (A3) by,*", and subtracting from both
sides,
ProBABILISTIC ANALYSIS OF THE RELATION BETWEEN n-x o
— -p=(n-p -y (A5)
THE FRACTIONAL ENzYME ACTIVITY AND THE NUMBER p M ’

OF NONGLYCATED LYSINE RESIDUES

and then,
As demonstrated in this work €aATPase becomes inactive by reac-
tion with glucose. This enzyme contains 80 glycable residngdiye [” X p] =In(n-p) +
of them ), includingi essential residues for the activity, can react with vrlfi
glucose with a pseudo-first order rate coefficiénequivalent to the
kinetic coefficient of the inactivation process, and 75 nonessential resiThe analysis consists in plotting the left-hand side in Eq. (6) aghinst
dues € — p) react with glucose with a pseudo-first order rate coefficient v, fori = 1, 2,...,p and to find the value of that gives a straight
k' significantly different ofk (k' = ak). line, as predicted by Eq. (6).

(a-1)

nw, (A6)



