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Stereospeeilie glucose transport was assayed and characterized in bovine cardiac sarcolemnml vesldes. 
Sareolemmal vesicles were incubated with v-13Hlglneose or L-laHlglncose at 25°C. The reaction was 
terminated by rapid addition of 4 mM H e n  z and vesicles were immediately collected on 81ass hlmr filters 
for quanlifieatian of accumulated laHlglucose. Non-specific diffusion of L-|3Hlglucose was never more thall 
1I% of total D-fall]glucose Uansport into the vesicles. Steseospecific UlCake of D-I~H]glm'ose reached a 
maximum level by 20 s. C~'toehalasin B (50/~M) inhibited specific Irallspert of ~13HIglucose to the levd of 
that for non-spedfle diffusion. The vesicles exh~ited saturable translmrt (Kin--9.:3 raM; V m ~ 2 . 6  
nmoI/mg per s) and the transporter turnover a m b e r  was 197 glucose molecules per transperler per s. The 
molecular sizes of the eytochalasin B binding protein and tim D-glucOse transpoct protein in sareolemm~! 
yes[des were eslimated by radiation inactivation. These values wene 77 and 101 kDa~ respeglively, aml by 
Wilcoxen Rank Sum Test were not significantly different from each olher. 

Inlroduction 

The glucose transporter is an integral mem- 
brane protein which catalyzes stereospecific 
facilitated diffusion of D-glucose from tho ex- 
tracellular fluid to the cytosol. Attempts to char- 
acterize the membrane components responsible 
for hexose transport have been extensive (see Refs. 
1 and 2 for reviews) and have focused primarily 
on membrane proteins from either the human 
erythrocyte or rat adipocyte. The glucose trans- 
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porter from the erythrocyte has been purified and 
its size estimated [3,4]. Furthermore, the erythro- 
eyte glucose transporter was reconstituted success- 
fully inlo artificial hposomes which afforded an 
anatysi~ of its l-Aneti~ fcatmes [5]. Somo progress 
also has been made in the purification and recon- 
striation of glucose transporters from tat adipo- 
cytes [6], bovine thymocytes [7] and Ehrlich ascites 
cells [81. 

In contrast, relatively Ettle has been reported 
on the glucose transporter from myocardium. 
Kono and co-workers [9] reconstituted the ~ucose 
transport activity from subcdlular fractions of rat 
heart into egg phosphafidyleholine liposomes in 
order to study the action of insulin on cardiac 
muscle. However, t,his report did not contain any 
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information regarding kinetic parameters of the 
glucose transporter. Subsequently, Wheeler and 
Hauek [10] dentonstrated D-glucose-reversible cy- 
tochalasin B binding in bovine myocardial sarco- 
lemmal memb.ranes. They also reconstituted 
sarcolemm~l membrane proteins into soybean 
phosphatidyloholine liposomes and found that 
stereo~eeific o-glucose concentration in these 
vesicles reached a maximum level in 1 to 2 minutes. 
Furthermore, the initial rate of equilibration was 
reduced at higher concentrations of g]ucose indi- 
cating that the transport system was saturable. 
The authors emphasized that they did not attempt 
kinetic studies in detail because of the high pro- 
portion (66~,) of non-specific (L-glucose) uptake. 

As a first step in characterizing the glucose 
transporter and its regulation in cardiac tissue we 
have utilized isolated sarcolemmal vesicles from 
bovine heart to determine kinetic parameters. Ad- 
ditioaally, we assessed the apparent molecular size 
of D-glucose-sensitive cytochalasin B binding pro- 
tein and D-glucose transport protein in these 
vesicles by applying classical target theory to 
irradiation-inactivation data. 

Materials and Methods 

Preparation of cardiac sarcoteraraal cesictes. 
Cardiac sarcolemmal membrane vesicles were pre- 
pared by the procedure of Kuwayama and 
Kanazawa [!1], as modified by Slaughter et aL 
[12], from trimmed bovine vemriealar tissue ob- 
tained fresh from a local abattoir. Vesicles thus 
prepared were suspended in 160 mM NaCI, 20 
mM 4-morpholinepropanesulfonic acid (Mops) 
and tris(hydroxymethyDaminomethane ffris) (pH 
7.4). A sample was removed for determination of 
protein concentration by the method of Lowry et 
al. [13]. The remaining vesicles wcxe maintained at 
- 8 0 o C  prior to use. Glucose transport assays 
were performed Chief on vesicles subjected to one 
freeze-thaw cycle. Results from preliminary 
experiments indicate that at a glucose concentra- 
tion of ~ mM no iranspogt at;tMty was lost follow- 
ing a single freeze.,thaw cycle. 

Assay of 81uco~'c transport activity in cardiac 
sarcalemmal vesicles, Cardiae sareolemmal vesicles 
(1-4 mg protein/nil) wore thawed 30 rain prior to 
the assay. Stock solutions of o-rail]glucose or 

361 

L-r3 fl]glucose were dried with a stream of t'fitrogen 
gas in a polystyrene test tube and were subse- 
quently dissolved in appropriate buffers at the 
indicated D- or L-glucose concentrations (0.15 
mCi/ml), For each assay point, 50 ~l of [3Hjghi- 
cose solution were transferred to a 12 × 75 ram 
polystyrene test tube. Twenty micro!iters of vesicle 
suspension (20 m 80 #g sareolerrmnal protein) 
were placed on the side of the tube above the level 
of the [3H]glucose solution. At time zero, the tube 
contents were mixed on a vibrating platform. The 
reaction was terminated by rapid addition of 4 rM 
of ice-cold stop solution consistin 8 of 160 raM 
NaCI, 20 mM Mops-Tris, 4 mM HgCI z (pH 7.4). 
Vesicles were immediately collected on glass fiber 
filters (GF/A; Whatman) which had been wetted 
previously in 1.5 M D-glucose, This was followed 
by seven 4-ml washes of the filter with stop solu- 
tion. Tubes for non-specific filter binding were 
processed identically except that vesicles were not 
included in the tube contents. Values for non- 
speeific fdter binding were not different from 
time-zero values obtained when vesicles were pre- 
sent and the tube contents were mixed by addition 
of stop solution. The blank values comprised less 
than 10% of the lowest 3H counts associated with 
glucose transport into vesicles. Initial rate esti- 
mates were obtained from regresslon llne slopes 
between 0 and 5 or 6 s. All transport values were 
obtained from vesicles incubated at 2.50C, The 
[aH]gluo0se in vesicles was quarttified by liquid 
scintillation spectrosCOpy. 

Cytochala.sin B binding assay. Cytochaiasln !i 
binding to cardiac sarcolemrnal vesicles was mea- 
sured using the technique described by Sergeant 
and Kim [141, Cytoehalasin B binding was inca- 
stared by incubating vesicles with a concentration 
range of unlabeled eytochalasin B (0-10/.tM) and 
0.007/~Ci of [3H]cytochalasir. B in the presence of 
either 0.5 M n- or L-glucose. All incubations were 
done in buffer (160 mM NaCI, 20 raM Mops-Tris 
(pH 7.4)) containing 5 ~tM eytochalasin E. D-Glu- 
cose-displaceable cytochalasin B binding was de- 
termined as the difference between cytochalasin B 
bindin 8 in the presence of L- and D-glucose. L'I~e 
number of cytochalasin B,binding sites was esti- 
mated by non-linear regression analysis using the 
BDATA computer program (EMF Software, 
Knoxville, TN). 
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Radiation~tarser sizing of cytochalasin B binding 
protein and o-gluceze transport protein. The cardiac 
s a r e o l ~ a l  vesioie samples for irradiation were 
spread as a thin film in aluminum planchets. 500 
pi of vesicle suspension (0.5-3.0 nag protein) were 
used for each sample. The vesicle sample in each 
planehet was quick-frozen in liquid nitrogen, 
packed on dry ic,¢, and shipped to Buffalo, New 
York for irradiation-inactivation. At no time dur- 
ing shipment to or from Buffalo, or during radia- 
tion treatment, vecre vesicle samples allowed to 
",haw. Radiation treatment was as described by 
Jung et al. [4]. Briefly, a Van de Graafl" accelerator 
was used to gemerate a fast (1.5 MeV) eacctron 
beam. The still-frozen vesicle samples were placed 
in an aluminum chamber on a chain conveyer 
which passed under the electron beam with a 
uniform geometry and frequency. During Lrradia- 
tion, the samples in the chamber ( - 2 0  psi) were 
maintained at - 4 5  to - S O ° C .  Radiation doses 
were meas~ured at the sample irradiation tempera- 
ture using blue cellophane film (DuPont MSC-300) 
as described previously [4]. Following irradiation, 
frozen vesicle samples were shipped on dry ice 
back to Columbia, Missouri for determination of 
c~ochM~ in  B binding and D-glucose transport 
activity. Radiation-inactivation data wca'e analyz¢~ ~, 
using classical target theory as described by 
Kepner and Macey [15]_ 

Statiztics. To determine if there were dif- 
ferenocs in target size estimates of molecular 
weights for cytochalasin B binding protein and 
glucose transport protein a regression line was fit 
tu ihe data from each irradiateM sample and the 
slopes of these lines were used as data points. The 
Wilcoxen Rank Sum T ~ t  was then applied to the 
slopes to compare the target size estimates for the 
cytochalasin B binding and glucose transport pro- 
reins. The estimated variability of the mean target 
size is expressed as the standard deviation ob- 
talned directly from the estimates of the standard 
deviation of the slopes of the regression lines. All 
other values are reported as means 4- S.E. 

Chemicals. I)-[3H]Glucose and L-[3H]gltlcose 
were obtained from American gadiolabeled 
Chemicals Inc., St. Louis, M e .  D-Glucosc and 
L-~IUP.aOSe WC*"e obtained from S~gma Chemical 
Co., St. Louis, M e .  [3H]Cytochalasin B was ob- 
tained from New England Nuclear, Boston, MA. 

Cytochalasin B was obtained from Aldrich Chem- 
ical Company, Milwaukee, Wl. 

Results 

Time-course of glucose tranaport and effect of vesicle 
quantity 

The time-course of ster~ospeci[ic glucose trans- 
port into bovine myocardial sarcolemmal vesicles 
is illustrated in Fig. 1. In these experiments, non- 
specific diffusion (represented by influx of  10 p.M 
L-[3H]glueose) was never more than 11% of total 
D-[ 3H]glucose transport into the vesicles. Intraves- 
ieular D-gluoos¢ concentration approached a maxi- 
mum value by 20 s. 

The effects of vesicle quantity (represented by 
vesicular protein) on stereospecifie [3H]giucose 
uptake are illustrated in Fig. 2. In ilfis experiment 
increasing amounts of  a vesicle preparation were 
incubated in either D-[3H]glucose or x-|3H]glucose 
(both 20/zM) for 5 s. Linear regression analysis of 
D-[3H]glu¢o~¢ influx and vesicle prate.in produced 
an r 2 value of 0.99. Non-specific diffusion of 
L-[3H]giucose into the vesicles was negligible at all 
vesicle quantities. 
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Fig. ]. Time-course of stereosp~:ific gl.cose lratlspOrl into 
bovine rnyecardial sarcolemma[ vesicles. Vesicles were rapidly 
mixed with 10 pM D-J~HIglucose or -[~H]glucose for limes 
indic, uteri and collected on glass filters ~. described in Mat~ti. 
als and Methods, Data points are the mea~s=l: S,E. for at least 
lhr~¢ separate vesicl© px©paxatians. D-[~H]Olucus~ (e); 

L-[ J Hlglu~s¢ (o). 
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Fig. 2. Effecl of vesicle quantity on [3HIglu~se uptake. Glu- 
cose uptake was measured in the presence of 20 pM glucose as 
deseribexl in Materials and Methods and with differ'era amounr~ 
of vesicles (represented by vesicle protein), r 2 = 0.99 for linear 
reSression of n-[3H]glucme uptake. D-[3]-llGlucose (Q); 

l.-I~ HMu¢o~¢ (o). 

Inhibffio~ b.v cyzochalasin B 
Inh ib i t ion  o f  n-[s.I-!]glucose u p t a k e  b y  cy to -  

cha l a s in  B is i l l u s t r a t ed  in  Fig.  3. C y t o c h a t a s i n  B 
h a s  been  s h o w n  t o  b e  a po ten t ,  compet i t ive  inhibi -  
to r  o f  c a r t i e r - m e d i a t e d  g lucose  t r a n s p o r t  in a 
n u m b e r  o f  p r e p a r a t i o n s  i n c l u d i n g  i s o l a t e d  
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Fig. 3. Cytochalasin B inhibldon of stero0spocifi¢ ~u¢ose 
uptake. Glucose ¢oe,~entrations we~ 10 ,aM and cylo~halasin 
B concantration was 50 #M. l~.[3H}~]'acos¢ {O); L-[~H]#t.~os¢ 

(o); 13-[ 3 H]glucosc plus ~ytochalasifi B (~). 

ca~-dlc~y,~cTtcs [!6]. r.n card;..~c s=r~o!cw_'~_~ 
vesicles, cytochalasin g (~0 ~M) inhibited specific 
transport of  D-[3Hlglucose a ~  dc~.,¢a.~l its ini- 
tial u p t a k e  to  the  level o f  t h a t  fo r  non-spec i f ic  
(L-[ ~H]gJucose) d ; f fus ion .  

Kinetic parameters of the glucose transporler 
The kinetic parameters of  specific D-glucose 

transport into vesicles were estimated from .the 
initial D~glucose and L-glucose transport rates de- 
terrmned cwer a broad range of substrate con- 
eentrations (Fig. 4). The 0, 3, and 5 s ( N = 4), or 
0, 3 and 6 s i N = 6 ) ,  uptakes at each glucose 
concentration were ,,sed as a measure of initial 
rale~. Influx of L-glucose was subtracted from that 
for ~-glucose to obtain smreospecifie transport 
rates. Eadie-Hofstee analyses of the data yielded a 
K m for the glucose transport of 9.3 + 0.9 m M  and 
a Vm~ of 2.6 + 0.6 n m o l / m 8  per s (mean of ten 
separate vesicle preparations). The K,, and V .~  
valuea obtained by non-tinear regression analysis 
wcT¢ t l .7  ± 1.9 mM and 2.8 + 0.7 nmol/mg per s, 
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Fig, 4. Effect of D-gtuco~ conccqm~lion on treJ~sport ra*~ 
sarcolemmal vesicle preparations. The stereospecific n-~lucc~ 
transpmt was d¢tctffuned by subtrl~xin8 L-~]~OS¢ influx rro~ 
that for D-~Ur,~f~. The ralru|alcdl K ,  and Y ~  values from 
non-linear resresslon analysis were IL7±I .9  mM and 2.8=1:0.7 
m'nol/n~ per s, respectively (means±S.E. of zen ~patale 
vesicle prcpaxa~or~), liner: Eadie-Hofstee plol of the same 
dam. Pate = ~81ucoze uanspon rate (nmol/m 8 per s) and 
ID-Glul = D-glucose concentration (raM). "The kinetic parame- 
lrrs w©i¢ Km=9.3-¢.0.9 mM mad Ym~t=2.6±0.6 nmollm& 

per s f~r the Es~ie-Hofsz~e pIOL 
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respectively. The t ranspor ter  turnover n u m b e r  
calculated from a V , ~  of  2.6 n m o t / m g  per  s and  a 
am, ,  of  13.2 i~mol /mg  for eytochalas in  B b ind ing  
was 197 ~ucose  molecules per  t ranspor ter  per  s. 

Radiation-target sizing of cytochalasin B b~nding 
protein and glucose transport protein 

Specific b ind ing  of cytochalasin B to vesicles 
was  progressively reduced with an  increasing dose 
of  rad ia t ion  (Fig. 5a). The  target  size of the cyto- 
chalas in  B b ind ing  protein in sarcolemmM vesicles 
de te rmined  from three independent  exper iments  
was  77 + 5 k D a  (+_S.D.). Fig. 6a i l lustrates  i>- 
[~H]glucose-specific t ranspor t  into vesicles as a 
function of rad ia t ion  dose. Transpor t  decreased 

2 

== 

• l 6 e I o  

DOI9 ISlradl 

{b l  u 

cl 3 ' ~ S  

~ • 

z 

Cyto~h#+l ln  8 OOnoelllraUon |loa 

Fig, 5. l~zadiation4naetiv~tion of eytoehalasin B binding pro- 
tein in bovine eardine m,eolemm£ vesicles: (a) Semi-log plot 
cf survival dose relati0nskip for glucose-sensitive cytochalaain 
B binding. Each data point represents bound ¢ytoehalasin B 
(A) normalized relative to that of noairradiated controls (A0). 
Single point estimates v,e,e detem~cd in the presence of 23 
nM cymehalasin B. The data are from three mutually indepen- 
dent experiments. (hi gerei+log plot of oytoehalasin B binding 
to sa[eol~mmal vesicles before (o) and af~.er (t  9 a radiation 
dose of 33 Mrad. Before irradiation K~ = 6'LO nM and A~ma~ 
-13.2 pmol/mg. Following irradiation Kd=83.0 nM and 

B m ~  ~ 71 pmol/mg. 
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Fig. 6. Radiation-in~tivation of glucose transport protein in 
bovine cardiac sarcolemmal vesicles: (a) Semi-log plot of 
survival doze relationship for stereospeeific o.$]ueose trans- 
port. F~ch data point represents the initial rate of transport of 
1 raM D-glucose ( d )  normalized relative to that of  n~airradia- 
ted controls (An). Initial o-Fhtexde II 'a,tlSpof ~+ rates were de- 
terminal as de~tihed in Ma(eria]s and Methods. The data are 
from ten mutualty independent experiments. (b) Eff~t of 
o-glu¢o~¢ concentration on initial transport rates into satco- 
lemmal vesicles before {o) and after (e) a radiation dose of 3.3 
Mrad. Befo~ irradiation K~=l l . 1  mM and Y=,~=6.2 
nr~ol/mg per s. Following irradiation K==14.2 mm and 

V,~ = 2.8 ritual/rag per s. 

wi th  increas ing amoun t s  of rad ia t ion  and  the 
molecu]ar  weight  e s t imate  of the D-glue,.ose t rans-  
por t  prote in  was 101 ± 'i k D a  ( + S . D . )  (N= 10 
i ndependen t  exper iments) .  Stat is t ical  ana lys i s  
showed there was  no  difference between these two 
molecular  weight  es t imates  ( P  > 0.1). Final ly ,  to 
de te rmine  i f  i r r ad ia t ion  al tered ei ther  the trans-  
por t  K m or  cy tochalas in  B b ind ing  K a these 
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parameters wese determined for a single sarco- 
lemmal vesicle prep~at[on prior to and after 
irradiation. The effects of irradiation on eyto- 
chal~sin B binding and glucose uptake are shown 
in Figs. 5b and 6b, respectively. Irradiation ap- 
peared to have no major effect on Kd or K= 
values. The before and after irradiation values 
(respcctiveay) for Kd were 67.0 and 83.0 nM and 
for K m were 11.1 and 14.2 raM. 

Diseusslun 

The experiments reported here show that bovine 
cardiac sarcolemmal vesicles contain the D-glucose 
transporter. The transporter is functional in that it 
shows stercospeciticity to substrates and is sensi- 
tive to inhibition by cytochalasin B. Most im- 
portantly, the vesicles are composed of native 
membranes. These data are therefore an accurate 
reflection of glucose transport behavior in intact 
myocardial sarcolcmma without complications 
which may be caused by cytoplasmic components. 

Bovine sarcolemmal vesicles are more suitable 
for transport studies on the myocardial glucose 
carder than the vesicle preparation reported previ- 
ously by Wheeler and Hanck [10]. These authors 
reconstituted the glucose transporter from bovine 
heart into artificial iiposomes and found signifi- 
cant nonspecific diffusion of L-[3H]glucosc which 
amounted to about 66~ of total flux. The high 
nonspecific uptake is indicative of the leakiness of 
the vesicle, in their preparation, and therefore, the 
preparation reported here is the first description 
of a non-leaky vesicle system which includes the 
myocardial glucose carrier. As an exaniple of the 
utility of this membrane system w~ were able to 
use it to measure lransporter number (eytochala- 
sin B binding) and transport rote (Vmax) and 
calculate a turnowr number for the transporter. 

Previously, reliabM estimates of ldnetie con- 
stants of the cardiac glucose transporter have not 
been reported in isolated membrane preparations 
because of leakiness. As an alternative, isolated 
cardiac myocytes have been used in other studies 
to examine kinetics of the heart glucose trans- 
porter. The K m values (approx. 2-7 raM) re- 
ported for the glucose carrier in isolated eardio- 
eytes [17-20] are slightly lower than the value 
reported here (approx. 9 raM). This diserepartey 

might reflect species differences or inherent diffi- 
cuhies such as metabolic processing of glucose or 
viability when tmir, g cells. Alternatively. alter- 
ations in kinetic constants could result from either 
changes in bioactivity during vesicle preparation 
or inefficient reconstitution of the transport syS- 
tem. indeed, the K m value reported for the puri- 
fied human erythrocyte glucose transporter recon- 
stituted into liposomes was lower (0.7 to 1.2 raM) 
[5] than the range of values (4.7 to 12.5 raM) 
reported for intact erythroeytes [14,21|. Despite 
these differences, the range of K m values reported 
for the rat adipoeyte (6.3 to 11.7) [22,23] is similar 
to those reported for the adipc~flv glucose carrier 
in plasma membrane vesicles or egg phosphati- 
dylcholine liposomes (9 to 15 raM) 16,24]. 

Radiation inactivation target size measurement 
has be~n used successfully to study the multi- 
molecular assembly states of numerous membrane 
protons [251. Kempner and Sehlegcl [26] stated 
that target-sizing is the only method which di- 
rectly relates molecular structure with function. 
However, Kempner and Schlegel also noted that 
there are limitations to the method and these 
include an average inherent error of 145. W- 
concur with Jacobs arid co-workers [27] who 
stressed that measured target sizes at the molecu- 
lar level should be considered tentative b~ause of 
the incomplete understanding of the tmturc of 
energy transfer in protein quaternary structure 
and supramolecu[ar asseanblies. These limitations 
are to be kept in mind with the following discus- 
sion and conclusions regarding the target-sizing 
data. 

The radiation target-size estimates for the glu- 
cose transporter using either cytochalasin B hind- 
ing (77 kDa) or glucose transport (101 kDa) were 
not different statistically and the average of the 
two estimates was about 90 kDa. This size is 
approximately double that estimated using SDS- 
polyaerylamide gel electrophoresis, electrophoretic 
protein transfer, and labeling with antisera pn~- 
pared against the human ¢D'throcyte glucose 
transporter [10]. These methods yielded a single 
hand with a molecular size of 45 kDa from mem- 
branes of do 8 and bovine myocardium. Thus, it is 
possible that in order to transport glucose the 
transporter must be in the dimctie form. This idea 
is not unprecedented and Jarvis and cO-workers 
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[28] reached a s imi lar  conclusion for the h u m a n  
erythrocyte  glucose t ransporter .  Their  r ad ia t ion  
inact ivat ion analys is  of  lyophi l ized erythrocyte  
membranes  indica ted  an  apparen t  Mr of 124 4- 11 
k D a  while  previous s tudies  using SDS-poly-  
aery lamide  gels ident i f ied the glucose carr ier  as  
band  4.5 pept ide (apparent  Mr 45 -66  kDa). Con-  
sequenfly, Jarvis  p roposed  tha t  the glucose t rans-  
por ter  exists in erythrocyte  membranes  as a dimer.  
Alternat ively,  the 90 k D a  value found in  the pre- 
sent  s tudy  migh t  reflect a complex  of  the mono-  
mer  and a ptotCm of  equal  size. In  fact, Jacobs  et  
~d. [271 have  speculated tha t  the rat  ad ipoey le  
glucose t ranspor ter  could  exist  as a m o n o m e r  in  
the p lasma m e m b r a n e  and  as a complex  wi th  
another  protein of equa l  size in  the in t race lh i la r  
s torage pool.  Whe the r  this  t r a n s p o r t e r / p r o t e i n  
a r rangement  is a c o m m o n  feature of glucose t rans-  
por t ing  cells, including cardiao myocytes ,  r emains  
to be  determined.  
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