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The binding of L-triiodothyronine (T 3) to rat clTthrocytc membra~es (ghosts and peripheral protein-depleted vesicles) was 
studied under equililwium conditions. Ghosts contained high-affinity T 3 ' iading sites whose dissociation constant (21 aM) was 
similar to the equilibrium-exchange Michaelis constant of T 3 transport measured in ghosts. Each ghost contained about 8.10 "~ 
high-affinity binding sites. The high affinity T 3 binding was stereospccific and was inhibited by L-tryptophan (Trp) bat not by 
L-leucine. The iodothyronine and amino acid specificity of binding is therefore similar to that of System T, tile cwthrocytc 
T3/Trp transporter. These Trp-inhibitable high-affinity T3-binding sites were also present in peripheral protein-depicted 
membrane vesicles, indicating that they are integral part of the membrane. Ghosts prepared from human erythrocytcs, which 
have very low System T transport activities, contained no detectable Trp-inhibitable high-affinit~ l'3-binding sites. In rat 
erythrocytc ghosts, N-ethylmalcimidc inactivated both the binding and the transport of T 3. This inactivation was blocked by T 3 
and Trp with similar ¢fficiencies. Phenylglyoxal, an arginioc residue modifier, also inhibited both high-affinity T 3 binding and 
System T transport activity. It is concluded that the Trp-inhibitable high-affinity T.~-binding sites in the rat erythrocyte, membrane 
are likely to be associated with System T. 

Introduction 

The thyroid hormones, 3,5,3'-triiodo-L-thyronine 
(T 3) and thyroxine (T4), must cross the plasma mem- 
brane of target cells to reach the deiodinase enzymes 
and the T 3 nuclear receptors before they can express 
their' biological activity. They are carried across the 
membrane by saturable, stereospecific transport sys- 
tems which facilitate thyroid hormone uptake and /o r  
concentrate the hormones intracellularly [1-5]. 

The mature mammalian erythrocytes are not consid- 
ered to be target cells for thyroid hormones because 
they have no nucleus. However, T 3 is transported across 
the plasma membrane of rat erythrocytes by a stere- 
ospecific, Na+-independent carrier [6,7]. The carrier in 
rat erythrocytes is 500-times more active than that in 
human erythrocytes [8]. T 4 inhibits T 3 transport, but is 
not itself transported across the plasma membranes of 
rat or human erythrocytes [6,8]. 

Correspondence to: J.P. Blondeau, U.96 INSERM, 80 rue du G,~n,~ral 
Leclerc, 94276 Kremlin-Bict~tre, France. 
Abbreviations: BSA, bovine serum albumin; NEM, N-ethylmalel- 
mide; T 4, thyroxine; T3, 3,5,3'-triiodo-L-thyronine; D-T3, 3,5,3'-tri- 
iodo-v-thyronine; Trp, L-tryptophan. 

Erythrocytes also possess an intracellular trapping 
system for thyroid hormones which may, in part, in- 
volve T 3 binding to cytosol proteins [6,8]. As a result of  
this intracellular binding activity, erythrocytes accumu- 
late T 3 (50 times ov~r the free extracellular concentra- 
tion) ~ d  erythrocyte-associated T 3 represents about 
25% of the total plasma T 3 (free + plasma protein- 
bound). It has therefore been suggested that the rat 
erythrocytes are involved in blood transport and pe- 
ripheral delivery of T 3 [9], with the membrane carrier 
allowing rapid equilibration ( t l / 2  = 3 s) of the erythro- 
cyte-assoeiated T 3 with the free circulating comparb 
meat. 

We have also shown [10] that the T 3 transport 
system of rat ¢rythrocytes is closely related to System 
T, the aromatic amino acid carrier originally found in 
human erythrocytes [11,12]. The kinetics of transport 
are compatible with a common simple carrier of T 3 and 
L-tryptophan (Trp) or a set of interactive transport 
systems, which can perform countertransport of T 3 and 
aromatic amino acids [13]. 

T3-binding sites have been reported in the mem- 
branes of a variety of cell types [14-16], including 
erythrocytes [17]. However, the function of these sites 
is still unclear: whether they take part in the transport 
of thyroid hormones across the plasma membrane, or 
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they are receptors involved in nongenomic effects of 
these hormone~ [18,19]. 

The first part of this study was conducted to define 
the conditions for measuring T3 binding to rat erythro- 
cyte membranes (ghosts and peripheral protein-de- 
pleted vesicles). These methods were then used to 
show that these membranes contain high-affinity T.a- 
binding sites related to System T. This was done by 
correlating T3-binding properties, measured under 
equilibrium conditions, with T 3 transport kinetics, 
measured under initial velocity conditions, using the 
criteria of: saturability, substrate specificity, species 
specificity and irreversible inhibition by amino acid 
reagents. Part of this work has been reported in ab- 
stract form [20]. 

Experimental procedures 

Erythrocyte ghosts and membrane cesicles. Male Wis- 
tar rats (200 g body weight, lffa Credo, France) were 
killed by decapitation. Blood was collected over hep- 
arin; erythrocytes were separated by centrifugation and 
washed as previously described [6]. Erythrocyte ghosts 
were prepared, according to Steck and Kant [21], by 
osmotic lysis in 30 vols. of buffer A (5 mM sodium 
phosphate buffer (pH 8.0), containing 0.3 mM phenyl- 
methylsulfonyl fluoride) and centrifugation at 22 500 x 
g for 15 min. White ghosts were obtained by washing 
the membrane pellet three times with 30 vols. of buffer 
A; they were resealed by incubation (40 min at 37°C) in 
buffer B (125 mM NaCI, 20 mM KCI, 4 mM MgCI 2, 10 
mM glucose, 4.05 mM Na2HPO 4, 0.95 mM NaH2PO 4 
(pH 7.4)). Peripheral-protein-depleted membrane vesi- 
cles were prepared according to Jarvis and Young [22], 
by homogenizing unsealed ghosts (3 mg protein/ml)  in 
6 vols. of solution C (0.1 mM EDTA, 0.3 mM phenyl- 
methylsulfonyl fluoride (pH 11.2)) for 15 min at 0°C, 
centrifuging them (100000 x g ,  30 min) and washing 
with buffer B. Polyacrylamide gel electrGphoresis in 
sodium dodecyl sulphate (not shown) indicated that the 
vesicles were almost completely depleted of peripheral 
skeletal proteins, except for some residual band 4.2. 
Assay of NADH-cytochrome-c oxydoreductase in the 
presence and absence of saponia [21] indicated that the 
vesicles were approx. 95% inside out  (not shown). Hu- 
man blood was obtained from volunteers (40-50-year 
old) and human erythrocyte ghosts were prepared as 
described above. Cell and ghost concentrations were 
determined in a Coulter counter. Protein was assayed 
by the Lowry procedure. 

Measurement of membrane-associated T~ and Tro. 
Stop/wash  procedure [7,10]: membranes were incu- 
ba;.ed with [IZSl]T3 or [3H]Trp and the incubation was 
stopped with an ice-cold solution of unlabelled T 3 (10 
p.M final concentration) in buffer B. The membranes 
were centrifuged (15000 x g, 4 min) and washed twice 

with buffer D (137 mM NaCI, 2.7 mM KCI, 8.1 mM 
Na2HPO 4. 1.5 mM KH2PO 4 (pH 7.5)) containing 10 
/.tM unlabelled T 3. Radioactivity was measured on the 
washed pellets. 

Dowex resin adsorption method [23]: membranes 
were incubated with [ '~I]T 3 and then treated with 
1/10 vol. of a Dowex suspension (600 mg /ml  in buffer 
B). The mixture was shaken for 2 min at 0*(2, cen- 
trifuged (55 × g, 1 min) and aliquots of the supernatant 
were immediately taken for determination of bound 
radioactivity. 

Measurement of  T 3 and Trp transport by ghosts. 
Trauspor! experiments were performed at 25°C. Zero- 
trans uptake of T 3 was initiated by mixing ghosts with 
buffer B containing ['251]T3 (105 cpm/ml) ,  and various 
additives, to obtain a final suspension containing 4 .10  x 
ghosts/ml.  Zero-trans uptake of Trp was performed 
similarly, except that the mixture contained [3H]Trp 
(8-105 cpm/ml )  and 2 .10  ~ ghosts/ml.  For equilib- 
rium-exchange uptake, ghosts were preloaded with var- 
ious concentrations of unlabelled T 3 until equilibrium 
was reached (60 min at 25°C). The ghosts were cen- 
trifuged at 25°C and [tZSl]T3 (105 cpm/ml)  was added 
to the supernatants in a negligible (1%)volume before 
reconstitution with the ghos! pellets. The equilibrium 
concentration of T 3 was determined in parallel incuba- 
tions performed in the presence of an additional trace 
amount of labelled T 3, as described in Ref. 7, assuming 
equal intra- and extra-cellular concentrations of free 
T 3 at equilibrium. Transport was terminated by the 
s top/wash  procedure and the radioactivity of the ghost 
pellets was determined in a y-counter, for [1251]T3, or 
by liquid scintillation, after solubilization and depro- 
teinization, for [3H]Trp [10]. Initial velocity conditions 
were as follows: the zero-time values were subtracted 
from those obtained after 3 s at 25°C. All assays were 
performed in duplicate. 

Efflttr and dissociation experiments. Ghosts (4.6. l0 s 
ghosts/ml)  or depleted vesicles (0.15 mg of protein/ml) 
were incubated at 0°C with ['251]T3 (10 "~ cpm/ml)  until 
equilibrium wa~ reached. Dissociation was induced: (1) 
by isotopic dilution (adding 1 /.tM unlabelled T 3 in a 
negligible volume) followed, after various times at 0°C, 
by a 2-min treatment with Dowex resin, (2) by contact 
with Dowex resin for various times at 0°C, with a 
minimum of 2 min (taken as time zero of dissociation 
to allow comparison with the isotopic dilution proce- 
dure). 

Equilibrium binding assays. 4 .10  ~ ghosts /ml  were 
incubated with [Iz~I]T3 (10 -~ cpm/ml)  and additives in 
buffer B for60 min at 25°C (rat erythrocyte ghosts), or 
for 40 rain at 37°C (human erythrocyte ghosts), to reach 
equilibrium. Ghost-associated T 3 was determined by 
the s top/wash  procedure. Unbound T3 was calculated 
by subtracting bound from total T 3. 

Vesicles (0.1 mg protein/ml in buffer B) were incu- 



bated with [1251]T3 (105 cpm/ml)  for ).0 min at 25°C 
and centrifuged at 9400 × g for 15 min at 25°C, without 
perturbing equilibrium (centrifugation procedure). 
Aliquots of the supernatants were counted for radioac- 
tivity and bound T 3 was calculated by difference with 
total T 3. 

N-Ethylmaleimide (NEM) inhibition. Washed eryth- 
rocytes (4.5.107 cells/ml) were preincubated in buffer 
B with or without unlabelled T 3 (10 p,M) or Trp (10 
raM) and, 15 min later, with or without NEM (1 mM) 
for 60 min at 25°C. The incubations were stopped by 
adding a chilled solution of mercaptoethanol (final 
concentration: 3 mM). The cells were centrifuged, 
washed once with buffer B, suspended in buffer B 
containing 1.5% bovine serum albumin (BSA), and 
incubated for 20 rain at 37°C. This procedure was 
repeated once to remove ~11 unlabelled T 3 or Trp. The 
erythrocytes were then washed twice in buffer B, ghosts 
were prepared as described above, and binding assays 
and uptake experiments were performed• 

Phenylglyoxal inhibition. Erythrocytes (1.5.  l0 s 
ceUs/ml) were incubated with or without phenylglyoxal 
(fiaal concentration: 10 mM) at 37°C. The incubations 
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Fig. 1. Time-course of T 3 uptake by rat erythrocyte ghosts and 
depleted vesicLs. Rat erythrocyte ghosts w(:rc incubated at 25°C 
(panels A and B), and depleted vesicles were incubated at 0°C (panel 
C), in the presence of 0.2 nM [1251J'F3 with (O) or ~ :thout (e) excess 
unlahelled T 3 (10 ttM, panels A and B or 1 p.M, panel C). At timed 
intervals, ghost-associated T 3 was determined by the stop/wash 
procedure and vesicle-associated T 3 was determined by the Dowex 
adsorption method, as described under Experimental procedures. 
Results (means of duplicates) are expressed as the percentage of the 
10-rain uptake value (20 fmol/10 s ghosts, panels A and B) or of the 
4.rain uptake value (7.6 fmol/100 Itg of protein, panel C), measured 
in the absence of unlabelled T 3. The time scales are 0-1 rain (A) or 

0-60 rain (B and C). 
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were stopped by adding chilled buffer B. The cells 
were centrifuged immediately, washed with cold buffer 
B containing 0.5% BSA and resuspended in buffer 
B-BSA. Irreversible binding of phenylglyoxal was ob- 
tained after a 20-h incubation at 0°C [24]. The erythro- 
c:,'tes were then washed twice in buffer B and used 
either to prcpale ghosts, or to nteasure initial influx 
velocities as described in [10], except that the cell 
concentrations were 1.5-108 cells/ml for [nSl]T~ up- 
take and 6 .10"  cells/ml for [3H]Trp uptake. 

Statistical treatment of data. Standard deviatio,s 
were calculated according to Snedecor and Cochran 
[25]. The values of dissociation constants (Kd), maxi- 
mal binding capacities (Bma x) and inhibition constants 
(K i) were obtained by nonlinear least-square curve 
fitting, using an adaptation (Biosoft, UK) for the Ap- 
ple-Macintosh of the Ligand program of Munson and 
Rodbard [26]. This program performs statistical analy- 
sis (F-test) of the reduction in the residual variance 
given the change in the model (e.g., one-site vs. two- 
site). 

Materials. L-[3'-125I]T3 (spec. act. 3 mCi/p.g) and 
L-[5-3H]Trp (spec. act. 30 Ci /mmol)  were from Amers- 
ham (UK). Unlabelled T3, I"4, 3,5,Y.triiodo-D-thyronine 
(D-T3), L-amino acids, BSA (fraction V), NEM, phenyl- 
glyoxal and phenyimethylsulfonyl fluoride were from 
Sigma. The Dowex AG ?-X8 resin was from Bio-Rad. 
All other chemicals were of analytical grade. Plastic 
tubes and pipette tips were siliconized (Sigmacote, 
Sigma). 

Results and Discussion 

1. Uptake and binding of T~ by ghosts and inside.out 
vesicles 

Figs. 1A and 1B show the time-course of T 3 uptake 
by ghosts at 25°C by the s top/wash  procedure. Uptake 
of a tracer amount (0.2 nM) of labelled T 3 reached 
equilibrium by 20 s (half-time = 3 s, Fig. 1A), where~  
at least 30 rain were uecessary (Fig. 1B) ~n the presence 
of excess unlabelled T 3 (10 /~M, a concentration re- 
ported [6] to sr,turate the erythro~te carrier). The 
initial velocity of uptake was almost completely inhib. 
ited (70-fold) in the presence of excess unlabelled T 3 
(Fig. IA), whereas the equilibrium level was partly 
saturable (40% lower in tile presence of 10 lzM T 3, 
Fig. 1B). 

We previously reported that T 3 was apparently con- 
centrated, at equilibrium, inside erythrocytes by intra- 
cellular trapping. This was due, in part, to 1"3 bindh~s 
by cytosol proteins [6]. The present experiments show 
dmt white ghosts also accumulate T3, suggesting that 
membrane-associated l,roteins (and perhaps mem- 
brane lipids) participate in the intraceilular binding. 

Equilibrium uptake of 0.2 nM T 3 was reached in 
ghosts in about 30 min at 0°C, but at least 48 h were 
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Fig. 2. Time-course of T.~ efflux and dissociation. Rat e~'throeyte 
ghosts (panel A) were incubated for 60 rain, and depleted vesicles 
(panel B) were incubated for 10 min, at 0°C, with [t~l]T.+ (0.2 nM) 
and with (o) or without (e, t2) 1 pM unlabelled T 3, as described 
under Expellnleutal procedures. Dissociation was followed either in 
the presence of Dowex in the medium (e. o) or after isotopic 
dilution with 1 p.M unlabelled T3 ([3), as described under I=xperi- 
mental procedures. Results (means of duplicates) are expressed as 
the percentage of the zero-time value (24.3 fmol/10 s ghosts and 10.4 

fmol/100 p.g vesicle proteins). 

necessary at 10 /.~M T 3 (not shown). This precluded 
saturation studies of the equilibrium binding level at 
0°C. In contrast, T 3 uptake by inside-out vesicles de- 
pleted of extrinsic proteins could be followed at 0°C by 
the Dowex adsorption method (Fig. IC). No saturable 
initial transport step was observed within the time 
resolution of the experiment, even at this low tempera- 
ture. Equilibrium was reached within the first two min 
of incubation, both in the presence and absence of 
excess unlabelled T 3. Nevertheless, about 50% of the 
equilibrium T3 binding appeared saturable. 

2. Tj efflux and dissociation from ghosts and vesicles 
The time-course of T 3 release from ghosts and in- 

side-out vesicles preloaded with labelled T 3 was stud- 
ied at 0°C with Dowex in the medium. The half-time 
for dissociation from ghosts was about 15 min (Fig. 
2A). In contrast, isotopic dilution induced no signifi- 
cant release of labelled T 3. This is because of the 
trans-inhibition of efflux, which has been kinetically 
characterized in intact erythrocytes [7], and indicates 
that there is a transport step before dissociation of T 3 

from the membrane. Therefore, all the ghost-associ- 
ated "1"3 at equilibrium (saturable plus nonsaturable 
binding) was internalized. 

Inside-out vesicles were preincubated with labelled 
T 3 (0.2 nM) in the presence or absence of excess 
unlabeiled T 3 (1 /.tM), and dissociation was studied at 
0°C with Dowex in the medium (at 25°C, dissociation 
was too rapid to be measurable by this method). The 
half-life of dissociation from 0.2 nM-preloaded vesicles 
was about 4 rain (Fig. 2B). No saturation kinetics of 
efflux were observed since dissociation from 1/,M-pre- 
loaded vesicles proceeded with a half-life of about 2 
rain. Unlike the situation in ghosts, isotopic dilution 
induced an almost immediate dissociation of the sat- 
urable part of the binding. This precluded the use of 
the s top/wash procedure for measuring binding to 
vesicles. 

When substrate binding occurs, uptake may or may 
not represent transport across the membrane, depend- 
ing on th? sidedness of the binding sites [27]. Taken 
together, our results suggest that the Ta-binding sites, 
including saturable binding sites, are located at the 
inner surface of the membrane in sealed white ghosts, 
and are on the outside of inside-out vesicles. 

3. Saturability of equilibrium T.~ binding 
The equilibrium binding of [llSl]T3 to rat erythro- 

cyte ghosts was studied after 60-min incubations at 
25°C with increasing concentrations of unlabelled T 3 
(25 pM-10 /.tM) in order to measure binding to the 
exclusion of transport. The binding isotherm was re- 
solved into three components using the Ligand pro- 
gram: two classes cf saturable binding sites plus a 
nonsaturable component. A plot of the Seatchard- 
transformed data, obtained after subtraction of the 
nonnaturable binding component, is shown in Fig. 3A. 
Lines representing binding of T 3 to each category of 
sites are also included. The inset shows the linear 
relationship obtained after subtraction of the contribu- 
tion of the low-affinity binding component. The disso- 
ciation constant (K d) of the high-affinity sites was 
21 + 4 nM and the maximal binding capacity (Bma x) 
was 1.3 + 0.2 pmol/10 s ghosts (mean values + S.D. of 
seven independent experiments). This B ,~  value cor- 
responds ~o (8.0 _+ 1.1)- 10 "~ T3-bin.ding sit~s per ghost 
(mean + S.D., n = 7). The apparent Kd of the low-af- 
finity sites was approx. 50 ttM and the Bm~ x was 
approx. 4 nmol/108 ghosts. 

The equilibrium-exchange transpo--t of T 3 in ghosts, 
measured at 25°(2 under initial velocity conditions (as 
described under Experimental procedures), followed 
simple Michaelis kinetics (not shown). The kinetic pa- 
rameters (mean of two independent experiments per- 
formed with different preparations of ghosts), calcu- 
lated by linear regression from Eadie-Hofstee plots of 
the data (not shown) were K ee = 18 (range: 16-21) nM 



and V~e=8.9 (range: 8.4-9.4) pmol /min  per  108 
ghosts. The K ce is similar to that reported previously 
[7] for transport in intact erythrocytcs, but the maximal 
velocity is about 50% lower, suggesting some loss of 
transport activity during ghost preparation. 

The K d of the high-affinity sites is therefore in good 
agreement with the K ce for equilibrium-exchange 
transport, as expected for binding to a conventional 
type (simple) carrier [28]. This suggests that the re- 
ported high-affinity T 3 binding at equilibrium is to the 
carrier itself. 

The binding constants of depleted vesicles were also 
measured at 25°C by the centrifugation method (see 
Experimental procedures). Again, two c1~33c,:~ of sat- 
urable binding sites plus a nonsaturable component 
were found (Fig. 3B). The K o of the high-affinity sites 
was 15 nM (mean of two independent experiments, 
range: 14.5-15.5) and the Bm~ , was 140 p m o l / m g  
protein (range: 137-143). On the basis of the protein 
content of ghosts (approx. 33 p ,g/10 s ghosts) the high- 
affinity T 3 binding sites were enriched approximately 
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Fig. 3. Saturability o~ equilibrium T 3 binding. Equilibrium binding 
was measured in rat erythrocyte ghosts (pane! A) or depleted vesicles 
(panel B) as described under Experimental procedmes. Binding data 
(means of duplicates) were analysed by a computerized procedure 
(~ee Experimental procedures) and a Scatchard plot was constructed 
after subh'aciion of the non-saturable binding component (bound/ 
free ratio = 0.25 for ghosts and 0.61 for vesicles). The straight lines 
represent the high- and low-affinity saturable binding components. 
Insets: plots of the Scatchard-transformed data obtained efter sub- 

tracti~ of the low-affinity binding components. 
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Fig. 4. Specificity of equilibrium T:t binding in rat and human 
erythrocyte ghosts. Equilibrium [t251]T3 binding to rat ewthrocyte 
ghosts (panel A) was measured in the presence of increasing concen- 
trations of the following unlabelled competitors: T 3 (e), "1"4 ( • ), D-T3 
(•) ,  Trp ( • ) ,  leucine (0), as described under Experimental proce- 
dures. Equilibrium lt251]'1"3 binding to human (0, E]) and rat (e, II) 
erythrocyle ghosts (panel B) was also measured in the presence of 
increasing coocentrations of unlabelled T 3 (e, o ) or Trp ( • ,  D). The 
results are the means of duplicates and are expressed as the percent- 
age of the equilibrium binding measured in the absence of competi- 
tor (18, 16 and 13 fmol/10 ~ ghosts, respectively, for rat membranes 

in panel A and for rat and human membranes in panel B). 

4-fold by removal of extrinsic membrane proteins. 
Low-affinity sites (apparent  K d m 3 p,M) were also 
present in vesicles, but their concentration (Bm~ x = I0 
n m o l / m g  protein) was about 10-times lower than in 
ghosts. 

Botta et al. [17] reported the presence of a set of 
very high-affinity T3 binding sites (Kd ~ 10 and 200 
pM) in rat erythrocyte membrane vesicles depleted of 
peripheral membrane proteins. The very high affinity 
of these sites and the fact that they were dependent on 
heating and prot )olysis [29] makes it unlikely that they 
are involved in "1"3 transport. In our  hands, T 3 concen- 
trations as low as 25 pM provided no evidence that rat 
erythrocyte ghosts or  inside-out vesicles possessed 
binding sites with such a high affinity. 

4. Specificity o f  the high-affinity T 3 binding to rat ery. 
throcyte membranes 

Fig. 4A shows that the equilibrium binding of la- 
belled T 3 was displaced by unlabelled iodothyronine 
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ane!agues and Trp in a concentration-dependent man- 
ner. The inhibition constants for the high-affinity bind- 
ing sites (Ki) , calculated by nonlinear curve fitting, 
were 72 + 17 nM (n = 3) for unlabelled T 4 and 0.95 
/~M (rangc: 0.7-1.2 p.M, n = 2) for unlabelled D-T 3. 
Trp inhibited the high-affinity 1"3 binding with a K~ of 
0.35 mM (range: 0.34-0.36 raM, n = 2) and was with- 
out effect on the low-affinity sites (best fit obtained 
with a one-site binding model plus nondisp~aceable 
binding). Leueine (up to 10 mM) did not inhibit T 3 
binding. 

The rank order of attalogue apparent affinity (T 3 > 
T 4 > D-T 3 > Trp >> leucine) is identical to that deter- 
mined under initial velocity conditions in zero-trans 
influx experiments, performed either with ir~taet ery- 
throcytes [6,10] or with ghosts (present work, not 
shown). This indicates for a relationship belween the 
high-affinity T3-binding sites in erythrocyte me.mbranes 
and the Ta/Trp transport system previou~i~ charac- 
terized in intact rat erythrocytes [10,13]. 

The ability of Trp to inhibit labelled T~ bi nding wa~ 
also studied in depleted vesicles, at 25°C, by the cen- 
trifugation method (not shown). Only the high-affinity 
T 3 binding was inhibited, with a K i (calculated by 
nonlinear curve fitting) of 0.22 mM (mean of two 
independent experiments, range: 0.20-0.25). Leueine 
(up to 10 mM) was not inhibitory. These results con- 
firm that the Trp-inhibitable high-affinity T3-bipAing 
sites in membranes from rat erythrocytes are not borne 
by skeletal or other peripheral membrane proteins. 

5. T 3 binding to human erythrocyte ghosts 
The T3/Trp transport activity of human erythro- 

cytes is 350-560-times lower than that of rat erythro- 
cytes [8,10]. Fig. 4B indicates that the equilibrium 
binding of [12Sl]T3 to human erythrocyte ghosts is not 
significantly displaced by unlabelled T 3 at concentra- 
tions from 0.2 nM to 1 p.M, or by unlabe0cd Trp up to 
2 raM. The competition curves obtained with rat ery- 
throcyte ghosts are also plotted in Fig. 4B, for compari- 
son, showing high-affinity Ta-binding ~;ites and compe- 
tition by Trp. Only low-affinity T3-binding sites were 
detected in human e ry th ro~ te  ghosts, with K d > 25 
/tM, similar to the low affinity sites detected in rat 
erythrocyte ghosts. Two independent experiments per- 
formed with erythrocytes from different donors gave 
the same results. 

Therefore, the lack of detectable Trp-inhil:itable 
high-affinity T3-binding sites in the plasma membrane 
of human erythrocytes may be correlated with the very 
low activity of the T3/Trp transport system in these 
cells. 

6. Effect of  NEM on T 3 binding 
We previously reported that the T a and Trp trans- 

p~)rl systems in intact rat erythrocytes were irreversibly 

~ ' 1 0 0  
v 

=~ go. 
g: 

=~ so. 

70" 
uJ 

i 

-4  -2  9 
UF/L~BELLED 1"3 ( log BM ) 

Fig. 5. Effect of NEM on 3" 3 equilibrium binding and T 3 influx. Rat 
eq, throcytes were preincubated with buffer (e. • ) or buffer contain- 
ing 10/~M T 3 (o) or buffer containing l0 mM Trp (ra) and further 
incubated in the absence (e) or presence (o, n, • )  of I mM NEM. 
as described under Experimental procedures. Incubations were 
stopped, eryfi~rocyles were washed (see Experimental procedures) 
and ghosts were prepared. Equilibrium T.~ binding was measured in 
ghosts and the results (mean of duplicates) were expressed as the 
percentage of the control value (15 fmol/10 s ghosts) Inset: initial 
velocities of T 3 uptake were determined in ghosts and expressed as 
the percentcge of :he cm:h'ol value (80 fmol/min rJer l0 s ghosts). 
Column A: control; column B: NEM-t1~ated; cc, lumn C: NEM- 
treated, T3-protected; column D: NEM-treated, Trp-pro- 

tected. 

inhibited by NEM, and that each substrate protected 
the transport system of the other against inactivation 
[10]. We therefore studied the inhibition of L-T 3 bind- 
ing to ghosts prepared from NEM-pretreated rat ery- 
throcytes, and the protection of the binding sites by T 3 
and Trp (Fig. 5). 

Data analysis by nonlinear curve fitting indicated 
that the Kd iucreased from 31 nM (control mem- 
branes) to 77 nM (NEM-treated membranes), whereas 
the Bma x decreased from 4.2 nM (1.1 pmol/10 s ghosts) 
to 2.9 nM (0.73 pmol/10 s ghosts). NEM treatment 
therefore resulted in a decrease in the Bmax/K 4 ratio 
(the ratio of bound to free T 3 at iimitingly low ligand 
concentration) from 0.134 to 0.038. The low-affinity 
sites were not affected by the NEM pretreatment. This 
experiment was repeated with similar results. 

Protection with T 3 and Trp partially restored T a 
binding to the high-affinity sites; the Bmax/K d ratio 
was 0.093 (T3-protected) and 0.080 (Trp-proteeted). 
This strongly suggests that the reactive sulfhydryl 
group(s) form part of a recognition site on the binding 
protein that is, at least partly, common to T 3 and Trp. 

In the same preparation, T 3 influx into ghosts was 
also inactivated by pretreatment of erythrocytes with 
NEM, and T 3 and Trp protected the T 3 transport 
activity by 80% and 55%, respectively (Fig. 5 inset), as 
expected from results obtained with intact erythrocytes 
[10]. Taken together, ~hese results show that the -SH 
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Fig. 6. Effect of phenylglyoxal on T 3 transport, Trp transport, and 
equilibrium T.~ binding. Rat erythrocytes were preincubated with or 
without 10 mM phenylglyoxal, washed and incubated overnight e,s 
described under Experimental procedures. Panel A: the initial veloc- 
i:ies of [I~I]T3 uptake (o, o) and [3H]'l'rp uptake (A, ,'~) were 
measured (see Experimental procedures) on erythrocytes preincu- 
bated for various times with (o, • ) or without (o, z~ ) phenylglyoxal. 
~.esults (mean of duplicates) are expressed as the percentage of 
zero-time values (0.11 pmol/min per 108 cells for T 3 and 19 pmol/ 
rain per l0 s cells for Trp). Panel B: ghosts were prepared from 
erythrocytes preincubated 20 rain with (o) or without (o) phenylgly- 
oxal. Equilibrium T.~ binding was measured and the results (mean of 
duplicates) were expressed as the percentage of the control value (15 

fmol/10 s ghosts). 

group(s) essential for the high-affinity binding and the 
System T activity have identical properties. 

The low-affinRy binding of T3 to human erythrocyte 
ghosts, shown in Fig. 4B, was not affected by erythro- 
cyte pretreatment with NEM (not shown), although the 
T 3 transport activity is reported to be NEM-inhibitable 
[8]. This confirms that the low-affinity binding sites in 
human erythrocyte ghosts are unrelated to System T 
functioning. 

Z Effect o f  phenylglyoxal on the initial velocity o f  T 3 
influx and equilibrium T 3 binding 

Phenylglyoxal interacts irreversibly with arginine 
residues [24]. Preincubation of rat erythrocytes with 
phenylglyoxal a,* 37°C induced a time-dependent, irre- 
versible inactivation of the [t2Sl]T3 and [3H]Trp trans- 
port activities (Fig. 6A). The initial velocity of influx of 
both substrates was reduced to 5-8% of controls by a 
20-rain treatment. The T 3 and Trp transport activities 
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were inhibited with identical time-courses, indicating 
that the arginine residues involved in the both cases 
had a similar reactivity. 

Phenylglyoxal permeates the red cell membrane, 
reaching aigi~ine residues on both sides of the mem- 
brane, but arginine residues that are exposed to an 
alkaline medium are known to react with phenylglyoxal 
considerably more rapidly [24]. However, the time- 
course of inactivation was not modified when the ery- 
throcytes were preincubated at pH 9.1 (not shown), 
suggesting that the arginine residues involved were 
located on the intracellular side of the membrane. 

Ghosts prepared from phenylglyoxal-treated ery- 
throcytes were studied for equilibrium T 3 binding. Fig. 
6B shows that the high-affinity hinding was strongly 
inhibited, whereas the low-affinity sites were not af- 
fected. Nonlinear curve fitting gave the following val- 
ues for control and phenylglyoxal-treated ghosts: K d = 
20 nM, Bma x = 1.2 pmol/10 s ghosts (control) and K,l = 
64 nM, Bma s = 0.73 pmol/108 ghosts (treated). Alter- 
ation of both the apparent affinity and the number of 
binding sites may indicate the involvement of more 
than one class of arginine residues. These results again 
poker to a correlation between the inactivation of the 
T3/Trp transport system and the inhibition of the 
high-affinity Ta-binding sites. 

Conclusions 

The presence of a trans-inhibited transport step 
allows the equilibrium binding in ghosts to be meas- 
ured after washing with a stop solution. In contrast, the 
rapid dissociation kinetics requires that binding to in- 
side-out vesicles be measured under strict equilibrium 
conditions. With these methods, Trp-inhibitable .high- 
affinity T 3 binding sites are detected in rat erythrocyte 
ghosts and in peripheral protein-depleted vesicles, in- 
dicating that they are an integral part of the mem- 
brane. The dependence of T a binding on -SH greaps 
and arginine residues indicates that the binding sites 
are, at least partly, of protein nature. Their binding 
constants and substrate specificity (iodothyronines and 
amino acids) suggest that they are related to System T. 
Two additional lines of evidence indicate th~,t they are 
associated with the carrier. First, cells which have a 
defective System T lack high-affinity T3-binding sites. 
Second, irreversible inhibitors that act on the essential 
-SH groups and arginine residues have similar effects 
on T 3 and Trp transport activities and on T a binding. 

The low-affinity and nonsaturable Ta-binding sites, 
which were also detected in rat and human erythrocyte 
ghosts, might be involved in T 3 trapping at the intra- 
cellular surface of the erythrocyte membrane. Whether 
this reflects binding to skeletal proteins, and/or  to 
phosph01ipids in the inner leaflet of the membrane, 
remains to be determined. 



Transpo r t  kinetics [10,13] and  b inding da ta  (present  
work)  a re  all compat ib le  with common ,  o r  over lapping  
subs t ra te  b inding sites for  T 3 a n d  T r p  tha t  are  involved 
in the  t r anspor t  o f  bo th  subs t ra tes  across  the ra t  ery- 
throcyte  m e m b r a n e .  T h e  t ranspor t  kinetics o f  the  two 
subs t ra tes  conform to  a s imple car r ie r  model ,  which 
pos tu la tes  a single subs t ra te  b inding site per  car r ie r  
molecule  [20]. There fo re ,  a 1 :1  re la t ionship  be tween  
the n u m b e r  o f  Trp- inhibi table  high-aff ini ty T3-binding 
sites a n d  the n u m b e r  o f  ca r r i e r  molecules ,  a l though  not  
proved  unequivocally,  seems to be  a reasonable  as- 
sumpt ion .  O n  this basis,  the t rans loca t ion  capacity. 
( tu rnover  number )  o f  the car r ie r  may be ca lcu la ted  
f rom the Bma , for  T.~ (present  work)  and  the maximal  
velocities o f  zero-trans influx in intact  erythrocytes  [10]. 
The  value for  T r p  (approx.  220 mo lecu l e s / s i t e  per  s at  
25°C) is s imilar  to the values (120 -190  m o l e c u l e s / s i t e  
per  s at  22°C) r epor t ed  for  the  ur idine  car r ie r  in the  
e ry throcytes  o f  several  species [31]. The  tu rnover  num-  
be r  for  the  T~ t r anspor t  is more  than  100-fold lower  
(approx.  2 m o l e c u l e s / s i t e  per  s), due  e i ther  to slow 
t ransconformat ion ,  o r  to slow dissociat ion of  the T 3- 
ca r r i e r  complex.  

It is not  known  whe the r  the Ta-specific doma in  o f  
the subs t ra te  b inding site o f  System T is a pa r t  o f  the  
ca r r i e r  pe r  se or" o f  a molecule  closely associa ted with 
the carr ier .  Compar i son  o f  the  b ind ing  kinetics in ghosts  
and  inside-out  vef! ; les  suggests  tha t  the high-aff ini ty 
T3-binding doma in  has  a n  in t racel lu lar  or ienta t ion .  This  
does  not  exclude the  existence o f  an  extracel lular-or i -  
en ted ,  low-affinity conformat ion  involved in T 3 a n d  
T I p  t ranspor t ,  which  could  not  be  charac te r i zed  with 
the  p resen t  methodology.  Unequivocal  e luc ida t ion  o f  
the mechan i sms  of  T 3 and  a romat ic  amino  acid t rans-  
por t  by System T now requi res  identif icat ion a n d  pu-  
r i f icat ion o f  the  ca r r i e r  protein(s)  a n d  reconst i tu t ion  of  
the  t r anspor t  activities in artificial membranes .  High-  
affinity noncovalen t  inhibi tors  o f  t ranspor t ,  such as 
cytoehalas in  B for  the  glucose car r ie r  [32] o r  n i t roben-  
zyithioinosine for  the  nucleoside  car r ie r  [33], have been  
very useful  in charac te r iz ing  t r anspor t  systems, bu t  
specific inhibi tors  for  amino  acid t r anspor t  systems a re  
lacking.  T 3 may  well be  a high-affinity,  selective l igand 
for  identifying the  componen t s  of  System T. 
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