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SUMMARY: Unsealed membranes from human erythrocytes bind GTP and GTP analogs
aggording to first order kinetiqﬁ, a single rate constant being observed. With
[T"s]eTPys this is 0.15#0.2 min ~. Treatment of the membranes with detergents
decreases binding considerably. Scatchard plots reve%k uncomplicated patterns
of %}gand association, with K, values of 10.2%+2.3 nM [~ S]GTPYS, of 18.2+4.3 nM
[a-""P]GTP and of 28.6%3.5 nﬂi[a- P]GDP, respectively. The stoichiometry with
the three ligands is strictly comparable, i.e. 6517 picomoles/mg of membrane
protein. Binding of each labeled nucleotide is competitively inhibited by the
other two unlabeled ligands, the inhibition constants being very close to the
corresponding K, values. Metabolic depletion and subsequent repletion of intact
erythrocytes result in membrane preparations still active in guanine nucleotide
binding, with unmodified K, values. However, the stoichiometry falls to 35 pi-
comoles/mg protein with the "depleted" erythrocyte membranes and regains higher
values (50 picomoles/mg protein) with the "repleted" cell membranes. Accordin-
gly, the "in situ” characterization of guanine nucleotide-binding properties of
erythrocyte membranes seems to represent a new tool for monitoring the metabo-
lic state of intact erythrocytes. o 1989 academic Press, Inc.

Growing interest toward G proteins as transducers of receptor-mediated ex-
tracellular signals is justified by the importance of cellular functions that
are under this type of transmembrane control (1-3). Although the erythrocyte is
generally viewed as a simplified cell type, many of its biochemical properties,
notably these which are not directly related to its main function of transpor-
ter of respiratory gases, are still incompletely known. Thus, a number nf G
proteins have been identified in the human erythrocyte and in part also puri-
fied, characterized and used in reconstructed systems for studies on signal
transduction and on target functions in heterologous cell types (4-7). However,
current knowledge on erythrocyte G proteins is limited by two facts: i) binding
of guanine nucleotides may be impaired by extraction of G proteins from membra-

nes; ii) the correlation between individual G proteins and specific properties

Abbreviations: GTPYS, guanosine-5'-(3-0-thio) triphosphate; G proteins, guanine
nucleotide-binding regulatory proteins; G_, a guanine nucleotide-binding regu-
latory protein originally purified from pfﬁcenta membranes (ref. 17); NP40, No-
nidet P-40.
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of the erythrocyte still remains elusive. In particular, no relationship has
emerged so far between any known G protein and regulation of ion channels (no-
tably for Ca2+) in the erythrocyte, where the absence of classical, i.e. mem-
brane-surrounded, intracellular stores makes the control of Ca2+ homeostasis to
depend on direct exchange with the extracellular environment only (8).

This study is a first attempt to rationalize the G proteins present in the
human erythrocyte membrane, by measuring the characteristics of binding of GTP
and GTP analogs to the membrane itself. This conservative approach allows the
"in situ" characterization of G proteins to be carried out, thus providing in-

formation on related functions of the intact erythrocyte.

MATERIALS AND METHODS

Materials. Unlabeled guanine nucleotides, detergents, buffers and reagents were
the highest grade available commercially. The non-radiocactive nucleotides were
further purified on a FPLC system (Pharmacia, Uppsala, Sweden) using a Mono-Q
H§25/5 column. A linear gradisat of 0.05-0.5 M NH4HC0332pH 8.5, was used. [a-
- P]gEP (3,000 Ci/mmol), [y-""PIGTP (42 Ci/mmol), [G¢~""P]GDP (5,000 Ci/mmol)
and [TTS]GTPYS (1,320 Ci/mmol) were purchased from New England Nuclear, Drei-
erich, FRG.

Erythrocyte membranes. Unsealed, calmodulin-free membranes were prepared from
human erythrocytes according to Niggli et al. (9) and stored at -80°C in 0.1 ml
aliquots before being used in the binding experiments. Protein concentration
was determined according to Lowry et al. (10).

Metabolic depletion and repletion of human erythrocytes. Erythrocytes freshly
drawn from laboratory personnel were washed four times and resuspended under
sterile conditions at a final 5% hematocrit in 130 mM KCL and 20 mM Tris-HCL,
pH 7.4. After gentle rotation in a vertical plane at 37 for 8 hrs, the suspen-
sion was placed at 4% overnight (metabolically depleted erythrocytes). Half
volume of the suspension was then incubated at 37°C for 4 hrs with 0.1 vol of a
solution (11) of 5 mM adenine, 100 mM inosine, 100 mM sodium pyruvate, 100 mM
sodium phosphate, 100 mM glucose and 9% NaCl, pH 7.4 (repleted erythrocytes).
Both erythrocyte suspensions were then processed for membrane preparations as
described above. GSH was determined according to Beutler (12). analyses of ATP,
ADP, GTP and GDP were carried out by HPLC on perchloric acid extracts of ery-
throcyte suspensions, as described (11). 32 32
Binding assay of labeled quanine nucleotides. Binding of [a-" P}GTP, [a-""P]GDP
and [“°SIGTPYS to erythrocyte membranes was measured with a rapid filtration
technique using HA 0.45 uM nitrocellulose filters (Millipore, Bedford, MA), ac-
cording to Northup et al. (13), with some modifications. In the standard assay,
samples og 200 ul containing 11 ug of membrane protein were incubated for 20
min at 37 C in 50 mM Tris-HCL, 5 mM NaF and 25 puM MgCl,, pH 7.5 (Buffer A),
containing non-radioactive GTP (or GDP, or GTPYS) at vagying concentrations
from 5 to 300 mM in the presence of a constant amount (10~ cpm) of the corre-
sponding labeled nucleotide. The reaction was terminated by diluting the sam-
ples with 4 ml of ice-cold Buffer A followed by rapid filtration through
nitrocellulose filters. The filters were washed three times with 4 ml of cold
Buffer A, placed in 5 ml of Picofluor 40 (Packard Instruments, Warrenville, IL)
and the retained radioactivity determined in a scintillation counter. Non-
specific binding, i.e. in the presence of 100 uM GTP, was less than 7% of the
total radioactivity retained by the filters. Blank values (in the absence of
erythrocyte membranes) were less than 0.5% of the total radioactivity applied.
GTPase activity. Membrane-associated GTPase activity was determined according
to Cassel and Selinger (14), with modifications. T§§ assay system (200 pl) con-
tained 11 ug of membrane protein and 100 nM [y-"“P]GTP in Buffer A. Samples
were incubated for 20 min at 37°C and the reaction was terminated by addition
of 1 ml of 20 mM sodium phosphate, pH 7.4, containing 5% (w/v) acid-washed
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charcoal (Norit A, Sigma Chem. Co., St. Louis, MD). After centrifugation for 10
min at 4,200 rpm, aliquots (0.2 ml), pf the supernatants were placed in 5 ml of
Picofluor 40 and the liberation of ““P, was determined in a scintillation coun-
ter. Under these conditions, corresponding to those used in the binding assay
of labeled guanine nucleotides, the extent of GTP hydrolysis was less than 20%
irrespective of the membrane preparations used (i.e., from native, depleted, or
repleted erythrocytes).

RESULTS

Binding of GTP and GIP analogs to intact erythrocytes membranes. The kinetics

of association of [355]GTPVS to intact erythrocyte membranes are shown in Fig.
1. Equilibrium was reached after 20 min incubation at 37°C and no kinetic hete-
rogeneity of [355]GTPYS binding to membranes was apparent. A first order rate
constant of association of 0.15t0.02 min'1 was calculated and the half-life was
4.81+0.5 min. Binding of [a-32P]GTP and of [a-32P]GDP followed apparently simi-
lar kinetics. Under the conditions used in this study, binding of GTP was par-
tially affected by concomitant GTPase-catalyzed conversion to GDP, which ac-
counted for 10%-20% losses of GTP (see "Materials and Methods").

Treatment of membrane preparations with a number of detergents was found
to affect the [BSS]GTPYS-binding capacity considerably. Thus, 0.02% Triton X-
-100 decreased the amount of bound GTPYS by 20%, while a 0.1% concentration re-
duced the binding activity by 74%. Similar figures were observed with NP40 from
0.02% to 0.1%. Sodium cholate at 0.1% decreased GTPYS binding by as little as
20% while a 0.5% concentration produced greater than 90% loss of binding. This
inactivation contrasts with the behaviour of GTPYS-binding activity in bovine
brain membranes, which was completely retained following extraction with 1%
cholate (1%).
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FIG. 1. Kinetics of association of [3SS]GTP}'S to erythrocyte membranes.
Incubations were performed at 37 C for the times indicated, as described under

"ggterials and Methods", in the presence of 5 (*), 20 (D), 40 (A) and 90 (0©) nM
[7”s1cTPYS.
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Equilibrium binding of [a-32P]GTP, [a-32P]GDP and [3SS]GTPYS to the intact ery-
throcyte membranes revealed a closely comparable number of binding sites for
the three nucleotides, i.e. 65+7 picomoles/mg membrane protein (Fig. 2). No ob-
vious heterogeneity of ligand association was detectable, and the Kd values
were: 10.2+ 2.3 nM for [3SS]GTP}/S; 18.2+44.3 nM for [a-SZP]GTP, and 28.6+3.5 nM
for [a-32P]GDP.

Each of the three unlabeled nucleotides was found to inhibit binding of
the other two labeled ligands to the erythrocyte membrane according to a compe-
titive relationship. Fig. 3 shows for instance the effect of GTP on the equili-
brium binding of [35
constants calculated on the basis of the effect of GTP, GIPYS and GDP, respec-

S]GTPYS. Table I summarizes the corresponding inhibition

tively, on equilibrium binding of each labeled nucleotide. The estimated Ki va-

lues were in close agreement with the direct K, values obtained with each of

d
the three guanine nucleotides (see above).

Effects of metabolic depletion of intact erythrocytes on binding of GTP and GTP

analogs to membranes. Binding of GTP and GTP analogs was investigated with in-

tact membranes prepared from native erythrocytes and, comparatively, also with
membranes from metabolically depleted and from repleted erythrocytes, respecti-
vely. As shown in Table II, membranes from substrate-exhausted erythrocytes
(retaining 33%, 28% and 14% of GSH, ATP and GIP, respectively) showed no appa-
rent changes in the Kd values for the three ligands. However, the stoichiometry
of binding was in all cases lower than with membranes from native erythrocytes.

"Rejuvenation" of exhausted erythrocytes was found to enhance the concentra-
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FIG. 2. Schatchard plot of guanine nucleotide binding to erythrocyte mem-
branes. Results of a representative experiment arg, shown, which was pe§£ormed
in the presepce of varying concentrations of [a-"“P]GTP (A), or of [a~“P]GDP
(0), or of [T7S]GTPYS (0), in the conditions described under "Materials and Me-
thods".

FIG. 3. Competitive bindings%f GTP and [3SS]GTP}'S to human erythrocyte
membranes. Scatchard analysis of ["S]GTPYS binding was carried out in the con-
ditions reported under "Materials and Methods", in the absence (o) and in the
presence of 40 (A), B0 (m) and 160 (*) nM unlabeled GTP.
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TABLE I

Ki values of GTP, GTPYS and GDP toward binding of labeled
guanine nucleotides to erythrocyte membranes

Unlabeled [@3%pjerp («3%p1cop 3%s16TPys
nucleotide

Ki (nM)
GTP - 18.443.2 16.0+2.1
GTPYS 9.0+0.9 11.242.6 -
GDP 28.242.0 - 30.7+4.1

K, values + SD were calculated (ref. 16) from 5 experiments performed at con-
stant concentrations of each unlabeled nucleotide, with increasing concentra-
tions of each labeled nucleotide.

tions of GSH, ATP and GTP consistently (Table II). The membranes from these re-
pleted cells still bound [a-32P]GTP, [a-32P]GDP and [3SS]GTPyS with unchanged
affinities with respect to the native and the exhausted erythrocytes. The num-
ber of binding sites, however, showed a clearcut trend to increase, up to in-
termediate values between native and metabolically depleted cell membrane pre-
parations (Table II).

TABLE II

Stoichiometries (n) and K, values of equilibrium binding of GTP
and GTP analogs to membranes from native, depleted and repleted

erythrocytes
Erythrocytes Native Exhausted Repleted
Metabolites
GSH (mM) 6.1 + 0.9 2.0 + 0.2 5.0 £ 0.3
ATP (mM) 0.90+10 0.25+ 0.04 0.70+ 0.09
ADP (mM) 0.25+ 0.04 0.32+ 0.06 0.21+ 0.02
GTP {(uM) 42 + 8 6 +1 34 +6
GDP (uM) 24 +5 32 %7 31 +6
Labeled Ligands
[e->%pleTP n 65 + 6.0 32 +6.5 50 +4.0
Kd (nM) 18 + 4.3 21 + 3.1 19 + 3.9
[a-3zp]cnp n 60 + 4.2 38 +7.8 53 + 4.3
K4 (nM) 29 + 3.5 31 + 3.4 28 + 3.9
[355]GTP?S n 68 + 2.9 36 + 4.4 51 + 2.8
Kd {nM) 10 + 2.3 s +1.0 10 x1.1

Determinations of metabolites and analyses of equilibrium binding with labeled
ligands were carried out in 4 different experiments, as described under "Mate-
rials and Methods". Values + SD are given. n values indicate picomoles of la-

beled ligand/mg of membrane protein.
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DISCUSSION

Binding of GTP and GTP analogs proves to be an intrinsic property of un-
sealed erythrocyte membranes. This property seems to be important in view of,
a) the number of binding sites (around 18,000 copies per erythrocyte), b) the
high affinity of guanine nucleotide binding, as revealed both by direct measu-

rements and by competition experiments. The K, values obtained in this study

d
are remarkably lower than those reported for instance for Gs purified from rab-

bit liver (13), and of the same order as the K, of Gp (17) purified from cho-

d
late extracts of bovine brain membranes (15). This fact and the loss of GIPYS
binding following treatment of membranes with detergents including cholate
clearly demonstrate that the native architecture of erythrocyte membranes is

required for optimal association to occur.

Lack of apparent heterogeneity in the binding of each of the three ligands
investigated over a reasonably wide range of concentrations does not necessa-
rily contradict the known multiplicity of G proteins within erythrocyte membra-
nes (1, 4-7). Rather, it seems to suggest comparable affinities of individual
classes of G proteins for guanine nucleotides. In spite of this apparent uni-
formity, threshold-mediated correlations between individual G proteins and spe-
cific effector-linked functions of the erythrocyte may still hold, for instance
through quantitatively different concentrations of each of the G proteins with-
in the membrane or by a variety of alternative mechanisms recently discussed by

Neer and Chapman (18).

The "in situ" characterization of guanine nucleotide binding to intact
membranes might provide useful information on the metabolic state of erythro-
cytes, adding to morpholeogical (19) and to other biochemical parameters that
are currently investigated to this purpose. These include metabolic fluxes, de-
terminations of key metabolites and of cation-outpumping activities, analysis
of protein and lipid components of the membranes (11). The potential value of
estimating the guanine nucleotide binding to unsealed membranes is suggested by
the loss of binding sites occurring upon metabolic depletion of erythrocytes
and by the subsequent partial regain of binding activity following repletion of
metabolites. It may be relevant that in isolated hepatocytes loss of intracel-
lular thiols inhibits the increase in inositol phosphates that follows phospho-
lipase C stimulation by both hormonal and non-hormonal (including NaF and
A1C13) stimuli (20). This inhibition is reversed by addition of dithiothreitol
which also re-establishes responsiveness to extracellular stimuli. Whatever the
underlying mechanism of the present findings may be (for instance, changes in
SH groups), these reversible changes in guanine nucleotide-binding activity in-
dicate flexibility in some erythrocyte properties and functions that are relat-

ed to G proteins.

46



Vol. 159, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ACKNOWLEDGMENTS: This work was supported in part by the Biotechnology Action

Programme of E.E.C. and by the Italian Ministry of Education.

REFERENCES

1 Gilman, A.G. (1987) Ann. Rev. Biochem. 56, 615-649.

2. Stryer, L. (1986) Ann. Rev. Neurosci. 9, 87-119.

3. Casey, P.J., and Gilman, A.G. (1988) J. Biol. Chem. 263, 2577-2580.

4 Codina, J., Hildebrandt, J.D., Sekura, R.D., Birnbaumer, M., Bryan, J.,

10.

11.

12.

13.

14.
15.

16.
17.
18.

19.
20.

Manclark, C.R., Iyengar, R., and Birnbaumer, L. (1984) J. Biol. Chem. 259,
5871-5886.

Codina, J., Hildebrandt , J., Iyengar, R., Birnbaumer, L., Sekura, R.D.,
and Manclark, C.R. (1983) Proc. Natl. Acad. Sci. U.S.A. 80, 4276-4288.
Yatani, A., Codina, J., Brown, A.M. and Birnbaumer, L. (1987) Science 235,
207-211.

Codina, J., Yatani, A., Grenet, D., Brown, A.M., and Birnbaumer, L. (1987)
Science 236, 442-445.

Carafoli, E. (1987) Ann. Rev. Biochem. 56, 395-433,.

Niggli, V., Adunyah, E.S., Penniston, J.T., and Carafoli, E. (1981) J.
Biol. Chem. 256, 395-401.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J. (1951) J.
Biol. Chem. 193, 265-275.

De Flora, A., Zocchi, E., Guida, L., Polvani, C., and Benatti, U., (1988)
Proc. Natl. Acad. Sci. U.S.A. 85, 3145-3149.

Beutler, E. (1984) Red Cell Metabolism: A Manual of Biochemical Methods,
3rd Edition. Grune and Stratton, New York.

Northup, J.K., Smigel, M.D., and Gilman, A.G. (1982) J. Biol. Chem. 257,
11416-11423.

Cassel, D., and Selinger, Z. (1976) Biochim. Biophys. Acta 452, 538-551,.
Waldo, G.L., Evans, T., Fraser, E.D., Northup, J.K., Martin, M.W., and
Harden, T.K. (1987) Biochem. J. 246, 431-439.

Bergmeyer, H.U. (1983) Methods of Enzymatic Analysis, 3rd Edition. Vol. 1,
p. 97. Verlag Chemie, Weinheim.

Evans, T., Brown, M.L., Fraser, E.D., and Northup, J.K. (1986) J. Biol.
Chem. 261, 7052-7059.

Neer, E.J., and Chapman, D.E. (1988) Nature 333, 129-134.

Ferrell, J.E., jr., and Huestis, W.H. (1984) J. Cell Biol. 98, 1992-1998.
Bellomo, G., Thor, H., and Orrenius, S. (1987) J. Biol. Chem. 262, 1530-
-1534.

47



