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Androgenic steroids, which twe potent inhibitors of facilitated hexose transport in human er~throcytes, were 
tested as pe~iMe natm'al l~hotolahets of the hexose carrier lmroeein. Androstenedione, which inhibited 
3-O-metJbylgluease uptake helf-maxlmally at 30-.50 pM (ECho), was the most potent inhibitor of the 
lthOtotabile stc, roid~ test~lL It appearc~ to Interact directly with the carrier, since it (1) inhibited equgt'~mn 
]aHlcY~echelasin B binding to high afflaiff ~llucose-semltlve sites in hath Intact edls (EC~ = 63/~M) and 
protein-depleted gltom (ECso = 61/~M), (2) inhibited cytoehalasin B photolabeling of the band 4.5 carrier 
region in eleetrot~reti¢ gels of lm~tein-deptmd ~ t ~  (ECse ffi SO ~M), and (3) undement phototmorpora- 
tten fate the same gel region in a l~gltt~ee- aad t3toehalasin B-sensitive fashion. However, Dixon plots get 
inhibition e( both eytochalasbt B binding and transport were upwar&¢urving, imlicating the binding oi more 
than one molecule of androsleacdtoae to the ¢~'ier. The photoincorpomtiou off ~ e a e  into baml 
4,S I~otein was both time- ~ eoneen~tion.dependent, and not essodated with dama~ to unlabd~l 
cartier, It lm3balNy of  Ollretl by a~ivtfion e( the 4z,/~.tatsattlrated ketone on the steroid rather than imliree~ 
by ptmeactivation of a group tm the cartier in te in ,  as o¢cu~ with cytechalasin B. Although andros~r~- 
dl,ne ma d hlad to ,net-e tlum one region of the carrier, as well as to other nen.e~ffier w0¢eins, trypti¢ 
digestion of photelabeled ghests p¢odueed a labeled M~ = 18~0--20000 fragment, the labeling ol which was 
inhlblted by cytochalaain B, and wMch had aa eluctrop4boretic mobility similar to the major labeled t ryp~ 
fragment in eytoeha[asin B-labeled ghost. These date ~uggest t__~_¢ A ~,~m_ ..ened~,,e t , , t ~n ~  dh~ay, with 
the hexese carrier and that R or other similar naturally plmtolahile steroids may serve as useful probes for 
sw~u~al dissection of the carrier protein, 

Introduction 

Androgenic steroids are potem inhibitors of 
hoxose transport into human erythrocytes. Early 
studi¢: by Lacko et at. [1] showed that a variety of 
steroids inhibited infinite trans glucose entry, with 
androgenic steroids having a greater potency than 
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glucocorficosteroids. The kinetics of inhibition also 
differed between C-19 and C-21 steroid~, the 
former showing either competitive or noncompeti- 
tive behavior, the latter only competitive inhibi- 
tion. Krupka and Dev-~s [2] dar[fied some of these 
kinetic observations by noting that whether sub- 
strate competed with the inhibitor depended on 
the location of steroid binding (to the ¢ndo- or 
cxofacial carrier with substrate site facing inward 
or outward) and on the direction of transport 
(entry or exit). For example, androst-4-ene-3,17- 
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dlone (attdrostenedione), one of the most potent 
inhibitors of transport, was found to inhibit xylose 
efflux competitively and half-maximally at 20 aM 
[2], in contrast to the noncompetiti~ inhibition of 
glucose entry not¢d by Lacko et at, [1]. Kl~pka 
and De-¢6s [2] took this to indicate that andros- 
tenedlone binds =~ndofacially clth~ on or near the 
inward-facing substcate site of a carrier which 
cannot hind substrate ai:0 inhibitor simuha. 
neously. Cytochalasin B has also hP~n shown by 
Dev6s and Krupka [3] to bind to a site on the 
endofacial inward~faeing ca..r~er, however, the re- 
lataonship between the binding sites of andros- 
tenedione and cytochalasin B is unknown. 

Androgenic steroids having an a,B-unsaturated 
ketone configuration such as androstenedione can 
be excited by ultraviolet light of waveagngth > 300 
nm to a diradical state which can lead to reaction 
with nearby molecules [4,5]. This potential to act 
as a natural photoaffmity iigand has been utilized 
to photoiab¢l the active site of As-3-ketosteroid 
Lsomorase [4], as well as the steroid binding site of 
the androgen-binding protein produced by the 
Scrtoli o~ils of rat tcste~ [6] and of tustosterone.- 
binding globulin present in the serum of rabbits 
[7]. Giv~ the relatively high affinity of androst- 
enedione for the hexose carrier and its potential 
for use as a covalent label we reasoned that it 
should be possible to photolabel the hexose carrier 
protein in human ,aythrocytes with androstencd- 
lone. An additional advantage of this approach is 
that irradiation can be performed with wave- 
lengths of fight greater than 300 ran, thus minimiz- 
ing possible photodestruction of the carrier or 
other membrane proteins. We found that andro- 
genic steroids do indeed photolabel .n erythrocyte 
band 4.5 protein in a D-glucose- and cytochalas'm 
B-sensitive fashion. Althangh androstenedione 
probably binds to more than one site on the 
glucose carrier, tryptic digestion studies of labeled 
carrier protein ~uggest that the steroid does label 
the Mr~ 18 000~20 000 tryptic fragment also 
labeled by cyt.ochalasin B. 

Experimental lWaeedutes 

Materials. [4-~H]Cytochalasin B (15.3 Ci /  
mmol), [1,2,6,7(n). 3 H]androst.4-ene.3,17.dione 
(90 C i /mmol ) ,  and 17/~-hydroxy[la,2a- 

~H]androsta-4,6-dien-3-one (60 Ci/mmol) wore 
purchased from DuPont New England Nuclear. 
ICN supplied the 3-O-[metkyl-14C]methylglucose 
(57 Ci/mol). Unlabeled steroids were purchased 
from Sigma. 

Preparation of aqueous solutions of steroids. All 
steroids wore prepared from 5.36 mM stock 
ethanol solutions by a 30-fold or greater dilution 
in the appropriate aqueous buffer. In studies not 
shown, ethanol concentrations of 2~ or less had 
no effect on either transport or ¢ymchalasin B 
binding. At higher conCentrations appropriate 
coP.trois w~rc p~i'ormt~d. 

Cell a~zd membrane preparation. Blood was 
drawn from voitmteers and anticoagulated with 
heparin (16.7 U/ml  whole blood). Freshly drawn 
or stored erythro~3tes were wash~ five times by 
centrifugation in equal volumes of 12,5 mM 
sodium phosphate buffer containing 150 mM NaC! 
(pH 7.4). Following the first and second washes 
the cells were incubated 5 rain at 37°C to allow 
exit of intraccUular glucose lSl. After the washes 
the cells were brought to the appropriate hema- 
tocrit for subsequenl studies. Erythrocytes were 
stored up to 3 days before use in the presence of 
I1 mM citrate, 22 mM D-glucose, 0.25 mM 
adenine, 12.8 mM phosphate, and 131.6 mM chlo. 
ride with sodium as the cation (pH 7.0). 

Leaky ghosts were prepared from erythrocytes 
by hypotonic lysis according to the method of 
F~drbanks ct al. [9]. Protein-depleted membranes 
were prepared from leaky ghosts as described by 
Gorga and Lienhard [10] and resuspended in 50 
mM Tris-HCI buffer (pH 6.8) before use. 

Measuremen¢ of hexose transport. Z~ro.tmns 
uptake of 3-O,methylgtucose was measured as fol- 
lows. Erythrocytes were suspended to a 20% 
hcmatogrit at 5°C in phosphate-buffered saline 
conlainin 8 other agents as indicated. After a 10 
rain preineubation at the same temperature, up- 
take was initiated by pipetting 50 ~! of swirlcd 
ceils on to 20 ~l of ice cold buffer containing 7 
/~M 3-O-[14C]methylgiucose. Thg cel]s were swirled 
and incubated for 30 s in an ice bath. The assay 
was terminated by addition of 1.2 ml of ice cold 
'stop' solution containing 10 ~M cytochalasin B in 
the phosphate buffer. The suspension was traqs- 
feted to a mi .crofuge tube and centrifuged for 
abou* 5 s in a Beckman Model B microfuge. The 
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supernatant was asplratezl and the pellet was re- 
suspended in another 1.2 ml of cold 'stop" solu- 
tion followed by centfifugation. The supernatant 
of the second wash was aspirated, the pellet was 
resuspended in 0.2 ml of cold buffer, and ] ttfl of 
6% trichloroaeetic acid was added with vortexing. 
The suspension was again centrifuged and 0.5 ml 
of the clear supematant was removed for scintilla- 
tion counting in 5 ml of ACS (Amersham). Cor- 
rection for trapped extraceBular label was made 
by subtraction of a 'zero time" value (~II~ -','~ 
'stop" solution followed by labeled sugar). The 
transport rate was expressed .~s ~. ~r~-~-cent of equi- 
librium values obtained by incubating a separate 
aliquot of cells for 30 min at 37°C. The con- 
centration of steroid which inhibited transport of 
3-O-methylglucos¢ hal~-maximally (ECs0) was de- 
termined as described by Holman and Rces [11] 
from several steroid concentrations resulting in 
25-75~ inhibition of transport. 

[3H]Cytochalasin B binding w intact ceils and 
protein-depleted membranes. Binding of cytochala- 
sin B to intact cells was assessed by incubating 
0,32 ml o[ washed erythrocytas at a 10~ hematocrit 
in a microfuge tube with [~H]cytochalasin B (Final 
concentration = 10 riM) and the indicated steroid 
concentration in a final volume of 0.4 ml phc¢ 
phate-buffered saline for 15 min at 37°C The 
total radioactivity present in each incubation was 
determined by the following procedure. After 
completion of the incubation, the cell suspension 
was swirled vigorously, 50/,1 of cells and buffer 
were removed and placed in a 7 nd scintillation 
vial, and the cells were lysed with 5 ml of ACS 
(Amersh~m). In order to decreas, quene!,.h,.g, the 
vial was centrifuged at 3000 x g to precipilate the 
dcrmtured protein. The radioactivity was then 
counted in a Packard 2000CA liquid scintillation 
counter with dpm calculation, and total radioac- 
tivity determined as eight times the radioactivity 
in each 50 ~tl aliquot. Preliminary studies showed 
that the decrease in counting efficiency of < 10~ 
under these conditions could be ¢orr~ted for by 
the dpm program. Furthermore, no significant logs 
of radioactive cytoohMasin B in the precipitate 
could be detected in recovery studies. 

The remaining cell suspension was centrifuged 
for 30 s in a Beckman Model E microfuge. The 
amount of free label was determined by removing 

0.2 ml of the clear supematant for scintillation 
counting, multiplying this value by the sampling 
factor of two, and adjusting for a~'ly radioactivity 
bound to cells in the presence of 50 aM unlabeled 
cytochalasin B (nonspecific binding) in that ex- 
periment. Bound cytochalasin B was calculated by 
subtracting the unbound radio~oivity form the 
total radioactivity. In studies nut shown iL was 
confirmed that equilibrium binding was complete 
within 2 minutes. 

Cytochalasin B binding to p~otein-depleted 
~ythrocytc membranes (final concentratiott= 
0.5-0.6 mg/ml) was determined in a fashion s:m-ti.- 
lar to that in cells except that th= irLcubation 
teml~sratnre was 5°C, the incubation dine was 
extended to 30 win, 50-tzi aliquots for estimates of 
total radioactivity were counted directly, and 
membranes were pealeted at 15000 rpm for 15 rain 
in a Sorvall SM-24 rotor in 15 ml potycarbonate 

tubes. 
Data from both intact cell and ghost experi- 

ments were analyzed by the method of Dixon {12] 
as modified by Gorga and Lienhard I10] for con- 
ditions in which there is a large excess of binding 
sites compared to total ligand. 

Pkotolysis. Photolabeling of leaky or protein- 
depleted erythrocyte ghosts with [aH]cytochalasln 
B was initiated by incubating 0.3 ml of ghosts 
(2-4 mg protein/rnl) pr~-~pamd in 5 mM sodium 
phosphate buffer, pH 8.0 (leaky ~c**s), or Tris 
buffer (protein-depicted ghosts), with 0.4 pM 
[~l-~ytochalasin B, 0.1 mM oyto~halasin E, and 
steroids as indicated, for 15 rain at 5°C in plastic 
culture wefts in the dark. Ethanolic solution of 
cytochalasins ~_nd steroids were dried l,nd~r 
nitrogen before addition af gho~ts~ The ghast sus- 
pension were then irradiated on ice for 10 min 
with a USV-11 short-wave ultraviolet lamp (Ultra- 
violet Products, Inc., San Gabriel, CA) at a dis. 
r a c e  of 1 cm from the ghost suspension. The 
membranes were diluted with 10 ml of the phos- 
phate buffer, centrifuged for 15 m/n at 15000 rpm 
in a Sorvall SM-24 rotor, and the supernatant 
aspirated. The washing procedure was repeauat 
twice and the ghosts stored at - 2 0 " C  until dec- 
trophoresis. 

Photolysis of steroids was performed in a fash- 
ion similar to that of cytochalasin ]3, except that 
the preiacubation period was 30 rain at 5°C and 
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irradiation was performed for the indicated times 
using a 450-W Hanovia mercury lamp as de- 
scribed by Taylor et al. [6]. 

Eel eleetrophoreMs. E,[gctropho[e~i~ of mgtn- 
brahe protein (30 pg to each of three gel lanes) 
was performed by the method of Lacmmli [i3] as 
previously described [14], except that a mixture o f  
C-12, C-14, and C-16 alkyi suifatcs was used in 
the buffer (qauryl' sulfate, Pierce Chemical Co.), 
samples were no~ boiled prior to electrophoresis, 
and 1.5 mm thick slab gels were used. Gels were 
cut into 1.9-ram sections, solubilized overnight in 
0.5 ml of TS-1 solub~zer (Research Products in- 
temaOonai), and prepared for liquid scintillation 
counting in 5 m! of ACS. The radioactivity of  the 
samples was determined after 48 h at room tem- 
perature with dpm calculations and correction for 
a small amount of residual e~emiluminescence. 
Samples were counted until at least 1000 disin- 
tegrations had accumulated. Environmental back- 
grounds were subtracted from all samples. Pro- 
stained molecular weight markers (Betbesda Re- 
search Laboratories, Bethesda, MD) were run in 
lanes adjacent to the samples. 

Results 

Inhibition of hexose uptake by androgenic steroids 
"I'ite ECs0 valtms for hexose transport inhibition 

by several steroids with potential as photoaff'mity 
labels were as follows (mean + S.E. from N)  ex- 
periments): 17/~-hydroxyandrosta-4,6 -dicnc-3-one, 
139 ± 22 gM (6): testosterone, 177 5:28 FM (8); 
androstenedione, ?S ± 6 p M  (4); and progesterone 
71 fl: 11 aM (6). The kinetics of transport inhibi- 
tion by androstened~one, *.he most po!ent inlfibJtor 
of  the steroids tested, were furthc~ evaluated in the 
exp~Lment shovm in Fig. I. Und: r  these condi- 
tions, the uptake of 3-O-methylglucose was essea- 
tially linear for 30-40 s. as shown in the inset. The 
inhibition of trmtsport at two different concentra- 
tions of 3-O-methylglucose was a cundlinear func- 
tion of the androstenedione concentration, when 
plotted according to Dixon [12]. 

Inhibition of cytochatasin B binding by androstene- 
dione 

The interaction of antirnstene~ione with the 
eaxrier was further studied by measuring ,eyto- 
ehalasin B binding in both erythroeytes and. pro- 

iO i t , 

= 4o~ • , J 

'--~ ~ "'~ °o ~o 4D ~o ~ ,  

~.S ~ECONDS / 

=f" _ . ~ - - ~ -  ~_...~..~2 

o I 

Fig. L [~hH~a of hexose ~ ' p o n  by ~ . ~ ' ~ t ~ ' ~ e .  The 
inhibition of he~o~ uptake by increasing concentrations of 
andro~|¢nedione in erythrocytes was n~tsm'ed at 0,25 (@) and 
2.0 mM (o) 3-O-mcthylslucos¢. P.r~.hml~tcs wc~e incubated 
for 10 rain at 5 ° C  with t]~ ind.icated ~r~eaua t ion  Qf and.tos- 
tenedione and tlm transport assay pedormed as de,s~tibed 
under Experimental procedures. The duration of uptake was 
adjusted ~o that the ob~rved ~ptake was 15~ or less of the 
equiiihtium 3-O-methylglucose space. Data me shown as mean 
+S.D. of the inverse of time uptake rate (0¢ =/~mo]/l per s) of 
triplicate determinations from a t'cpre,~mta*ive ezpcrimem. The 
irtsct shows the time-dependence of 3-O-metl~l#ucose uptake 
at 5.2 FM (e) a~d 2 mM (o) hexcse from a representative 

¢xperimenL 

tein-depleted ghosts. When plotted according to 
Dixon [121, increasin$ concentrations of andros- 
tenedione inhibited [3H]¢ytochalasin B binding to 
intact cells in an upward-curving fashion (Fig, 2) 
similar to that seen for transpote (Fig. 1). Tnc 
binding studies in intact ceils were performed to 
mimic as closely as possible the state of  th~ hexosc 
carrier under transport conditions. Significantly, 
hahibifion of cytocha~asin B binding by D.glucose 
resulted in a linear Dixon plot (not shown). How- 
ever, only 73% of labeled cytochalasin B binding 
could be prevented by 50 ~M unlabeled cy'o- 
chalasln B in intact cells, whereas 50 /~M cy~_o- 
chalasin B plus 175 FM androstenedlone inhlbit.ed 
total cytochalasin B binding by 81% ( P < 0 0 5 ,  
paired "t '-test). There may web be some into '~c- 
lion of androstenedione with nonspecifi¢ c/t,,* 
chalasin B binding sites in intact cells. For this 
reason inhibition studies were also performed u:~rLg 
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Fig. 2. Inhibition of cytochalasin B binding by a~drostene- 
dionc. The inllu]~i~on or [3H]~yl~lla[asin B binding by in- 
creasing concentrations of andros~l~dione in intact erythro- 
cytes (I)) and protmn-depleted ghosts (o) was men.tared as 
descfihed under Experimental procedurcs, and expressed 
a(w, ording to the method of Goz~a and Lionhard [10], ill which 
FIB - ratio of frr~ to bound cytochedasi~. B at ~quilibrlum. ]n 
the e x p ~ L ~  with OS]Lv, bound ~adioacfivity was coroscted 
for radioactivity which ~uld not be displaced by 50 /aM 
~ h ) d ~ i n  B. Data ate mean=[:S.E, of tdpficalc or duplicate 
deten ~nL~.~fions from five expedmenls for cells and lwo for 

8h~is. 

protein-depleted ghosts, in which either 50 ,aM 
¢5'tochalasin B or 500 mM ~glucose prevented 
essentially aU label from binding (not shown). 
Once again upward-curving plots were obtained 
(Fig. 2), indicating a similar type of interaction in 
the two preparations, probably reflecting inhibi- 
tion of ~/tochalasin B binding to more than one 

Additional evidence that androstenedione in- 
hibited cytochalasin B binding to sugar-sensitive 
sites in intact cells is derived from comparison of 
the ECho values for inhibition of transport (50 
~M) and cytochala~h B binding (62.5 /~M) by 
incrcas~,n~ concentrations of ~drostenedione (Fig. 
3). The ~,C~o for ird'tibi',ion of [3H]cytochalasin B 
binding by androstenedione to protein-d=-pleted 
ghosts taken from the data in Fig. 2 was 61 ~M. 
The similar effectiveness of androstenedione in 
inhibiti.~g transport and D-glucose-sensitive cyto- 
chalasin B binding supports the notion of a 
stoicldometric albeit complex i~teraction of the 
steroid dixecdy with the carrier proteh~. 

I 0 0  ~ : i , )"' 

i -  

0 I ) 

Fig_ 3.. Para|lel inhibition of tnm~po~ and ~'~cb, id~ia U 
hindin 8 by a~dr.~.~.~=-.~dioue. The effectiveness of increasing 
concentrations of ~Lqdros~enedion¢ in inhibiting erythrocyte 
hexose transport (e) and in inhibRin 8 [3H]cytochalasin B 
binding (c>) was measured in intact erythrocytes. Hcxosc t~r.x= 
po~ from five experimon~.s is expressed as percent inhibition, 
derived by laking the p~n:cnt of untrc.at~l control, minus l~0, 
e . ~ p ~  as the absolute value. The percent inhibition of 
[~Hl~y~cchalasin B biadin£ ,v~ .'~¢ula~ed using data from five 
¢xpe~ments according to the formula ( A -  T)/((AG)-T)× 
t00, where A ~ unbound [acUoactivity in the presence or the 
indicated andro~lenedinne eoncentradun. T= tmbunnd radio- 
activity with 10 nM labe]ed cytochalasin B a]o~©, and tAG) = 
unbound radioactivity in the pre~cnc¢ of t75 ~M an~iro~tcnu- 

dione and I50 mM D-glucose, all expressed as a perosnL 

Inhibition of  [3H]cywchalasin B photolabeling to 
ba~d 4.S by androstenedione 

The location of the androstcnedione-sensitive 
eytochalasin B bindin 8 sites was further evaluated 
with the use of [3H]cytochalasin B phetolab:]i,~g 
of erythrocyte ghosts. ,axtdrostenedion¢ ".vas effec- 
tive in decreasing photolabeliag of band 4.5 pro- 
rein by cytochalasin ta ,n leaky er~mh_rocyte ghosts 
(Fig. 4). Addifio;,ally, androstenedion¢ increased 
the radioactivity observed in regions correspond- 
ing to bands 1-2, 3 and 4.1-4.2, wluch are nor- 
mall~ minimally labeled by cytochalasin B (Fig. 4, 
control gel). This h-:crease in nonspedfic labeling 
probably reflects the decreased numbers of hish 
affinity sites on band 4.5 when modified by 
androstenedione, such that more cytuchalasin B is 
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Fig, 4. Inhibition el; [31-1].:ytochalasin B photalabding of band 4.5 by androst~edion~ Phetolabeling by 13B]eY tocba]asia B of Leaky 
eryihroe5~ ghosts incubated for 30 rain at 5°C in the ab~n¢= (e) or pruseno¢ (O} of 200 .aM aadro~tenedioa¢ was carried oat as 
described under Experimental preceding. Gel electrophoresis was pcxformed as also de.sc.rihed under Experimental procedures, wilh 

pre.stained molecular weight markers as noted. 

available for attachment to other proteins. It is 
significant that this non-selective labeling by cyto- 
chalasin B occurred in the presence of 0.1 mM  
cytochalasia 1~, which was included to prevent 
labeling of aetin (bend 5). The inhibition of cyto- 
chalasin B photolabeling of band 4.5 by andrcrs- 
tenedione was concentrat ion-dependent  and 
saturable (Fig. 5), with an EC~0 of about 50 ~M, 
similar to that for inhibition of transport and 
eytoohalasin B binding (ffig. 3). The data pre- 
rented thus fax suggest that androstenedione in its 
inhibition of giueose transport binds to the band 
4.5 hexose carrier, at a site or sites either eve-lap- 
ping with or having an allosteric effect on the 
cytoehalasin B binding site. 

Photolabeling of band 4.5 by [ Jltlandrostetiedlone 
The interaction of androstenedione wilh the 

hexose carrier was next eval,_,a~d in experiments 

in which the steroid was used as a natural photo- 
label. In protein-depleted erythrocyte ghosts, 
irradiation with long-wave ultraviolet light in the 
presence of 0.27/ tM [3H]androstenedione resulted 
in the incorporation of radioactivity into the in- 
trinsic membrane  proteins, with prominent lab¢|- 
ins  of the broad band 4.5 carrier region (Fig. 6). 
Radioactivity incorporated into band 4.5 in this 
experiment represented about 150~ of the total 
incorporated into bands 3 and 4.1-4.2. Band 4.5 
labeling by androstenedione in the experiment 
shown in Fi E. 6 was suppressed 68% by 50 I~M 
cytoehalasha B, and 57% by 300 mM D-glucose. 
This effect was also present but  le~s dramatic at 
30 ,aM labeled androstencdion¢ (not shown), In 
other experiments neither 300 mM L-glucose (n = 
3) nor 50 /AM cytoehalasin D (n = 2) had any 
effect on band 4,.5 labeling by androstenedione 
compared to control. These results pro,Ade further 
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Fig, S. Dozc-r¢,spoase effect of at~lrosl©netlinne on ird~it ion 
of ¢ytochalasin B photolabeHa$, Photolabeling of leaky 
erythr0cyte ghosLs by |31fjcyt0chalasin B in the presence of 
i,~r~ia s concentrations of undrosmaedione was perforw, e.d 
as d ~ h e d  in the legend t~ Fi 8. 4, Following clectxophcccsis, 
the mini radioactivity in band 4.5 expressed as a percent of 
zhat found in band 4,5 in the abscnoc of andJrostencd~Oll¢ was 

determined. 
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evidence that a substantial fraction of band 4,5 
labeled by andtostenedione corresponds to Lhe 
hexoso cartier. In leaky erythxocyte ghosts, 17~8- 
hy~oxyandrosta-4,6-dicn¢-3-one also labeled a 
band 4.5 protgin, with, about 30% suppression by 
D-glucoSe ( range- -16  41% suppression versu~ 
control, N =  4), although the label ing o f  other 
bands was much more prominent than wi th  
androstcnedione (not shown). 

The labeling of band 4,5 by androstcncdionc 
was time-dependent, with saturation beginning at 
about ] h (Fig. "7), the time of irradiation chosen 
for most ~tudies. Irradiation ",with > 300 nm l ight  
e.ione (no androstenedione) did not da~:,~ge :.he 
hexose car~;cr, since even after 2 hours of irradia- 
tion, no loss of either total cytochalasin B binding 
or that  sen:;,.'tJve to o-glucose could be detected in 
the protcin.-deplgtcd ghosts (not shos.,~). 

A potential advantage of ~,~.-unsatm'atcd kclo- 
nes is a retatwely high efficiency of incoq~oration 
at wavelengths of light > 300 am. Phototysis of 
protein-depleted ghosts in ~ c  presence of increas- 
ing amounts of androstenedione resulted m in- 
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Fig. 6. Eryt~ocy|e rr~mbrane photola~li~g with a,~drosz~n~lione. Pb.ozolabe~ng of protc~-deplet~l c~throc.yte ghosls was 
pcrformgd at 0,27 f~M [~HJandro~t~cdiono without additions ($), or in the presea~ of 50 pM ~tochalasin B (zs), or 300 n~.[ 

D-gl~e.ose (o)  as described under Expcxlmcma] proccdurP.s. The lime of phomt~ysis was 60 rain. 
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creasing amounts of the steroid incorporated into 
band 4.5, expressed as efficiency of labeling in 
Fig. 8. The efficiency of b b d i n g  was calculated as 
a percent of the total amount of [~H~ytochalasin 
~, bound to ~para te  ghost aliquots, the letter as 
determined by Scatchard analysis [15 i. The.re was 
evidence of saturation over the range of con- 
eentrations of androztenedione employed, with the 
Mghest observed efficiency of about 5%. A maxi- 
mal efficiency of 20% may be calculated using 
non-llnear least-squares analysis [16], with a 
half-maximal effect occurring at  !88 FM. This is 
to be contrasted with an efficiency of band 4.5 
photolabelitg by cytoehalasin B of 0.2% in the 
sludies of Fig. 4. However, even at 5% efficiency it 
was not possible to demonstrate irreversible in- 
hibition of transport in dilute suspensions of whole 
cells by androstenedione following photolysis (not 
shown). 

The mechanism of androstenedione incorpora- 
tion into band 4.5 was probably through direct 
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Fig, 7. Time ¢otttse o f  androstetxe, dio~¢ phololitbeling of ghost 
n'~mbrane~ The phntoineorp0ratitm of ,o~landrostemedione 
into elcctrophor¢tie band 4.5 of prolegn~derpleted "'~qsts *d/as 
measured as a hmcd0n of time of photolysls. A suspension of 
prot~aa-d~le~l ghosts (2-2.5 mg/ml) in Tds buffer (pH 6.8) 
was added m a glass luhe containing labeled and unlahdcd 
androswn~ione which had been dried under nitrogen. ~lh¢ 
membranes w~r¢ allowed to warm briefly and swirled vigor- 
~OSIy to aid in dissolution of the steroid (flnM concentration 60 
tJM, 0.5 CJ/moll. The suspension was irradmtcd with ling-wave 
ultraviolet light as dcsclibed under Experimental pro~.dur~ 
and at the indicated times 0,3 ml ~quoLs" ~e[¢ rmnovod and 
placed on ice m the dark until the end of photolysis. Each of 
the ~ampl~ w~ washed thr~ times by ¢entrirugation with ]O 

mI of Tfis buffer and stored until eleclxophoresis. 
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Fig. 8. Photoincorporation of intc0~ing amoums of andros- 
~ncdione inlo protein-depicted ghosts, The ¢fficigncy of pho- 
tolabding of band 4.5 in ptoteln-depletcd erythxocyl¢ ghmls 
(2-2,5 rag/m1) was measured by incubating O.3 ml of ghosts in 
t;~e presence of the indicated andmstenedione concentration 
and 10/LCi of [~Hlandrostenedlone with subsequent treatment 
and calculations as described under Experimental procexlums 

and Results. 

photolysis of the steroid, rather than by activation 
of a ilght-sensitive 3roup on the carrier itself, since 
irradiation of  protem-deploto~i ghosts in the pres- 
ence of [3H]eytochaiasin B for 60 rain with the 
450-watt lamp through the pyrex filter resulted in 
only 0.02% efficiency of band 4.5 labeling, about 
lO-fold less than usually obtained at a shorter 
wavelength (see above). 

In an attempt to determine whether andros- 
tenedioue reacts near where cytcchalasin B under- 
goes photomcotporation into band 4,5, protein- 
depleted ghosts which had been photolabeled 
either with [~]-I]cytoc, halasin B or [~H]andr, s- 
tenedione (top p a n d  of Fig. 9) were submitted to 
trypfic digestion and devtrophoresis on 12% 
acrylamide gds  (bottom panel Fig. 9). Tryptic 
digestion of eytochalasin B-photolabeled mem- 
branes produced a single peak with an M r =  
18000-20000,  while tryptic digestion of andros.  
tenedione-lab¢led membranes produced several 
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Fi~. u Effects of trypsin oR cylochatasin B- and and~oslem--~io~e-pho~olabeled gbasL,. Trypti¢ digest(~n of photolabeled pratein-de- 
pl©lcd g,~.o~t~ w ~  pt~foarrfl "~d as follows. P~ate.in-depleted 8hosls (0.6 fill oi" 2 m ~ m l  protein) were photolabeled with [3H]cytochaiasin 
!i (o} or 31) •M [3H]a.ndr~tencdione (Q) as described under Experimcmal pro~xlur~ and ~t~h divider into ax ¢~ZTO| (~iat'cr panel) 
and lrg, T~sin-'.reated (lower panel) aliqnoL One-halt of each phot,alabeled preparati~rt wz,~ incubated fcr 30 rain at 37 o C, treated with 
125 U / m l  of ovalbumin u 'y~in inhibitor, washed three d m ~  by centrit'ug~ation at 22000..',: g in 10 nil of Tns buffer, &qd ~,lore~ at 
- 2 0 ° C .  The o*.h= half ~f lhe photolysls ~ s i o n  was L~¢ubatcd fog 30 ntin at 37°C with 70 U / m l  tr'Jasin, fol|owed by trypsie 
inhibitor, washes, and storage as above. Electrophoresis w&~ performed as described undo= Ex17erimentaJ pJX~.~ures except that 12~ 

~,c|'yl~Jde gels w{~e use~L 

l o w  m o l e c u l a r  w e i g h t  peaks ,  o n e  o f  w,S',ich co in -  ~ o s l s  w a s  p e r f o r m e d  in  ~ e  p r e s e n c e  o f  50  u M  
c i d e d  w i t h  t ha t  l a b e l e d  b y  c y t o c h a l a s i n  B, W h e n  c ~ t o c h a l a s i n  B o r  E,  f o l l owed  b y  t ryp f i c  d iges t ion ,  

androstenedione photolabdi~g of protein-depleted there was a N)~  suppression of labeling ia the 
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Fig. 10. Tryptic digestion of protela.-dep|¢led ghosts photo- 
labeled with andr~lenedlon¢ in the presence or cylocha~asin B 
or E. All condilioas and procedures were the same as described 
in the legend m Fig. 9, except that protein~lqfletcd ghost~ 
were preincubatod for 15 mi~ on ice in the presence of ~0 FM 
¢ytochalasin E (0) or ¢ylochalgsin B (o)  prior ~o the additiorp 

of tabe|ed midrostenedi0ne and photolysis. 

Mr = 18000-20000 regions in membranes treated 
with cytochalasin B compared to membranes which 
had been treated with cytochalasin E (Fig. 10). 

D i s c r e t i o n  

The hexose carrier of human erythrocytes is 
quite sensit,.'ve to inh/bition by androstenedione 
and other steroids. The extent of transport inhibi- 
tion by steroids tends to parallel their lipid-buffer 
partition coefficients, which prompted Lacko et al. 
[!] to conclude that the inl-dbition of transport by 
steroids was related to strong hydrophobi¢ inter- 
actions, po~-'. !~ly with membrane lipids. However, 
androstenedione and probably other steroids ap- 
pear to interact directly with the carrier protein, 
based on the following observations. The results 
of kinetie studies of transport inhibition by 
androstencdione [1,2] are best explained if 
androstenedione binds to the eytosolie side of the 
carrier with the substrate site facing inward [2], a 
mechanism resembling that seen with the cyto- 
ehalasin B [3]. In the present work further evi- 
dence for a direct interaction was obtained, since 
androstenedione decreased [~H]cytochalasin B 
binding to higl~ affinity and ~glucose-sensitive 
binding sites in erythroeytes (Fig. 2), inhibited 
[3H]eytochelasin B photolabeling of the band 4.5 

carrier region in dectrophorede gels (Figs, 4 and 
5), and itself showed D-glucu~o- and cytochalasin 
B-sensitive photoincorporation into band 4.5 pro- 
tein (Fig. 6). 

However, it appears on the basis of transport 
and eytochalasin B binding data that more than 
one molecule of androstenedione bind to each 
carrier molecule. Lacko et Ill. [1] initially reported 
that androstenedione inhibited infinite-trans up- 
take noncompetitively, bat when these data were 
further analyzed by the method of Dixon [12], 
upward-curving plots of 1 / v  versus inhibitor con- 
centration were obtained. Similar curves for glu- 
cose exit have also been reported by Krupka [17]. 
Further kinetic analysis indicated that such a 
dramatic decrease in the inhibitor capacity was 
most compatible with binding of androstenedione 
with two sites on the carrier [1], although negative 
cooperative interactions between bound and un- 
bound carders could also explain the data. In the 
present work upward-curving Dixon plots were 
confirmed using zero-trans uptake of 3-O-methyl- 
glucose (Fig. 1). The inhibition of [3H~ytochala- 
sin B binding in whole cells and protein-depleted 
ghosts by increasing concentrations of aadros- 
tcuedion¢ (Fig. 2) also showed the same pattern, 
again most compatible with more than one bind- 
ing site for the inhibitor on the transport mole- 
cule. Although cytochalasin B is felt to interact 
with the cartier with a 1 : 1 stoiehiometry [18], this 
does not appear to be the ease for androstened- 
tone, 

Although photoincorporation of [3I-I]andros- 
tenedione into protein-depleted erythrocyte ghosts 
(Fig. 6) was not as selective for the band 4.5 
carrier region as was [3Hlcyt~halasin B in leaky 
ghost~ [Fig. 4), it nonetheless was comparable to 
that reported for [3H]forskolin [19] or transported 
phenylazide sugar derivatives [20,21]. Moreover, at 
least one site of androstenedione photoincorpora- 
tion into the glucose carrier may be similar to that 
observed with forskolln [19] and cytochalasin B 
[19,22,23]. This derives from studies of tryptic 
digestion of protein-depleted ghosts which had 
been photolabelcd with either [3H]cytochalasin B 
or [~H]androstenedion¢ (Fig. 9). It has been shown 
that such digestion of ghost membranes labeled 
with cytoehalasin B results in exclusive labeling of 
a sharp 17-19 kDa band on eleetrophoresis, whih 
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a broader ~ycosylated 30 kDa fragment is not 
labeled [19.22,23]. C, riven the lower initial specific- 
ity for band 4.5 labeling by androstenedione com- 
pared to eytochalasin B (Fig. q, top panel), inter° 
pretation of electrophorefie patterns of ttyptic di- 
gests of labeled membranes is problematic. Non- 
etheless, a sharply defined Mf = 18000-20000 
fragment corresponding to that labeled by cyto- 
chalasin B was also prominent in lryptic digests of 
androstenedione~labeled ghosts (Fig 9, bottom 
panel). Additionally, in ghosts photolabeled with 
androstenedione, cytochalasin B, but not cyto- 
ehalasin E suppressed the labeling of this tryptic 
fragment (Fig. 10). This provides additional ¢vl- 
dunce that at least one of the androstenedione 
binding sites on the carrier protein lies on the 
same trypsin fragment as the binding site for 
cytochalasin B. 

The photolabeling of band 4.5 by [3H]andros- 
tenedione was time-dependent (Fig. 7), and a 
saturable functien of the androstenedione con- 
centralion (Fig. g). Considering the sensitivity of 
transport, cytochalasin B binding, and cytochala- 
sin B photolabeling In inhibition by androstene- 
dione (Figs. 3-5), one might have expected satura- 
tion of photolabelin8 to occur at concentrations of 
androstenedione less than 50 pM. Since irreversi- 
ble photoincorporafion did not saturate in the 
expected range (Fig. 8), it is possible that light-in- 
duced ~upling is inefficient, or more likely that 
there are nonsaturable sites on band 4.5. The 
latter was difficult to estimate because concentra- 
tions of androstenedione over 200 btM required 
excess~.ve amounts of eti~zmol for solubility. 

The mechanism of photoincorporatlon of 
androstenedione into erythrocyte protein was very 
likely through direct activation of the a,B-un- 
saturated ketone on the steroid molecule, as dem- 
onstrated previously in the photolabeling of ~-k¢- 
tosteroid isomerase by various a,//-unsaturated 
ketosteroids [4]. This differs from the mode of 
covalent attachment of eytochalasin B to the 
hexose carrier, which is not the activated molecule 
in the photolabeting process. Convincing evidence 
ha been presented that an amino acid residue on 
the carrier, probably a tryptophan, is activated by 
the short-wave ultraviolet light (approximately 280 
nm) required for cytochahsin B photolabeling, 
and it is this residue which reacts with eytocha]a- 

sin B [24]. This type of endogenous activation 
probably also occurs in the photolabeling o~ for- 
skolin, a potent inhibitor of transport which has 
recendy been demonstrated by Lavis et aL [25] to 
bind to and by Shanahan et a i  [19] to photolabet 
the hexose carder protein. A major problem ,~th 
the use of shortwave ultraviolet light in photo- 
activation is damage to the carrier protein [23,24]. 
Dczlel et al. [241 reported that cytochalasin B 
binding was decreased 88% following irradiation 
with an unfiltered xenon-arc lamp. while only 
2A% of available carriers were labeled. By restrict- 
ing the wavelength to 230 rim, they were able to 
achieve an efficiency of 8%, with inactivation of 
only half the carriers. The use of photolabels 
which can be act;rated at wavelengths of light 
> 300 nm such as a,~unsaturated steroids or 
azidosalieyloyl sugar derivatives [26] ',dlows label- 
ing of some carriers without damaging those which 
a ~  not labeled. This would facilitate idealtificatioa 
of the carrier through subsequent purification, re- 
constitution, or antibody mapping studies. 
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