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SU M MARY 

Like phlorizin, two glycosidic esters of  phlorizin, the 4-azido-2-nitrobenzoate 
(ANB-r ~lorizin) and the 2-nitrobenzoate (NB-phlorizin) were found to be effective 
inhibitors of  SO4 z -  equil ibrium exchange at the outer but not at the inner  membrane  
surface of the human  erythrocyte ghost. After photolysis of  ghost suspensions in the 
presence of extracellular ANB-phlorizin an irreversib ~ inhibit ion of SO4 z -  exchange 
was observed, while photolysis of  intracellular ANB-phlorizin was without  effect. 
After photolysis in the presence of extracellular or intracellular tritia~ed ANB-  
phlorizin gel electrophoresis of  the labelled membranes  revealed similar locations 
of binding. These findings suggest that  the sidedness of  action of  ANB-phlor iz in  
could not be related to inaccessibility of  the inner membrane  surface for the agent 
but  that  inhibition occurs via binding to fixed sites at the outer  membrane  surface 
that  are not  associated with a mobile carrier which crosses the membrane.  

I N T R O D U C T I O N  

The study of the sidedness of  the action of an inhibito:.- of  t ranspor t  across 
a membrane  is a prerequL~te for an understanding of  its mode of action. If  inhibition 
can be brought  about  at either surface of  the membrane,  the effect could be on a site 
of  a mobile carrier or on fixed sites located in bo th  membrane  surfaces. If  inhibition 
is confined to one surface only, it is likely that  a reaction with an  immobile site is 
involved. Previous work  with phlorizin has shown t~,.at this agent inhibits anion 
exchange at the outer  but  not  at  the inner  surface of  t~ ~ red blood cell ghosts [1, 2 }. 
Al though the successful incorporat ion of the inhibitor ~nto ghosts was demor, strated 
by direct determinat ion of the t rapped agent and  by its .~i:ibition of  sugar t ransport ,  
the question remained open whether  or not  the inner membrane  surface is as easily 

Abbreviations:  AN~-phlorizin,  4-azido-2-nitrob~nzoato glycoside o f  pl~orizin; ~lH-phlorizin, 
2-nitrobonzoate glycoside o f  phlorizin, DAS,  4,4'-~iacetantidostilbene-2,2'-cLisulfonic acid. 

Pr0sent address: Dept .  o f  P~ysiology, Yale LTniv~.rsity, Medical School, New Haven, Corm. 
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accessible to the agent as the outer membrane surface. In order to investigate the 
accessibility of the cytoplasmic membrane surface we incorporated into red c¢11 
ghosts a tritiated photo-reactive derivative of phloriz;m. After resealing in the dark, 
the reversibly bound agent could be removed from the extracellular medium by 
washing. Subsequently the ghosts were exposed to light and the effects on S O 2 -  
equilibr/um exchange and the amount of irreversible fixation of  the photoreactive 
agent were measured. 

M A T E R I A L S  A N D  METHODS 

The compound utilized in the present studies is a 4-azido-2-nitrobenzoate 
derivative of phlorizin (ANB-phlorizin). Synthesis of the radioacth,ely labelled 
reagent was achieved as follows. 

Phlorizin (10.5 mg) was dissolved in ethanol (0.8 ml) containing 2 mCi of 
[3H]phlorizin (NEN Chemicals). The solution was evaporated to dryness under 
reduced pressure (appcox. 10 Tort), Last traces of ethanol were removed by repeated 
washing and reevaporation using dry pyridine. The residue was then dissolved in dry 
pyridine (1.5 ml) and 2-nitro-4-azidobenzoyl chloride (8 mg) was added. The vessel 
was immediately tightly closed and the mixture stirred until the acid chloride crystals 
had dissolved. The solution was then left to stand over-night and thereafter eva- 
porated to dryness under reduced pressure. The residue was suspended in about 2 ml 
of  water and sufficient sodium bicarbonate added to ensure a slightly alkaline pH. 
The suspension was then extracted with ethyl acetate (3×0.5  ml). The combined 
ethyl acetate extracts were evaporated under reduced pressure and the pale yellow 
residue redissolved in ethyl acetate (0.3 ml). This solution was then applied to a 
silica gel (granular form, Woelm Co.) column (0,5 x20  c~a), pre-equilibrated with 
methylene chloride/methanol (95:5 ,  v/v). The column was eluted with methylene 
chloride/methanol (9: 1, v/v). Fractions of 1-4 ml were taken using an automatic 
fraction collector (LKB). The J?actions were then monitored by thin-layer chromato- 
graphy and scanned with the aid of a BF thin-layer counter. The first fractions usually 
contained small amounts of phlorizin bearing more than one nitrobenzoate residue. 
The main pe~:  comprised the monobenzoylated derivative and finally a low broad 
peak of phlorizin was eluted. The monobenzoate derivative was characterized from 
its N M R  spectrum and elemental analysis. Phlorizin could bz liberat~d from the 
monobenzoylated derivative after a short incubation in 2 M caustic soda. The de-azo 
analog (hereafter NB-phlor/zin) used in these studies was synthesized following the 
same procedure using 2-nitrob~-nzoyl chloride. Quantitative assays of phlorizin and 
its put/fled d:rivatives were made using the Lowry procedure [3] for proteins. 
Calibration curves were established between 0.01 and 0.1 mg of the substances and 
in these ranges were linear, The precise location of the 4-azido.2-nitrobenzoate 
moiety on the glucose molecule of phlorizin is not yet unambiguously established, 

Exp~r/ments involving the photo-activated inhibition were carried out as 
follows: the resealed erythrocyte ghosts were prepared as described previously [4], 
containing 130 mM NaCI, ]0 mM NazSO4, 20 mM Tr i s -CI  pH 7.2, a trace of 
3sso42- ,  and, if desired, tht. ~ photo-reactive agent. The hemoglobin concentration 
of the ghosts was about 5 ~ of that in the cells from which they were derived. The 
resealed ghosts were illuminated in the presence or absence of ANB-phlorizin in a 
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medium of the composition indicated above, lllumit~ation was performed in quartz 
tubes contained in a water-cooled holder using a Hanau 500 W ultraviolet light 
source with a Coming WG 320 filter between the light source and quartz tubes. 
After photolysis the cells were washed 7 times in ice-cold medium to remove extra- 
cellular 3sSO42- and those products of photolysis which did. not irreversibly com- 
bine with the membrane. Subsequently, the rate of effiux of 35SO42- into the medium 
described above was measured ~ 30 °C by following the appearance of 35SO4 in the 
supernatant. Rate constants low 3~SO 4 effiux were ~:,btained I~y dividing the initial 
slope of the curves relating the appearanc: of 3sso4.z- in the extracellu!~r medium 
by the amount of 3sso42- prese[,t in the medium at infinite time. Samples containing 
3sSO42- were mixed in scintillation fluid (Instage~, Packard) and counted in a 

Packard Tricarb Liquid Scintillation Spectrometer. Control exl~riments showed 
that the rate of 35SO42- exchange was unaffected by exposure of 3sso42-  loaded 
ghosts to light in the absence of ANB-phlorizin. 

In experiments where the radioactively labelled ANB-phlorizia was used, 
after photolysis and washing, hemoglobin-free ghosts ~.vere prepa.red from an aliquot 
of the same ghosts used in the determination of the rme of 35SO,2- effiux. The ghosts 
were rehemolyzed in 20-times their own volume of a solution containing 0.1% 
saponin/10 mM KCI/5 mM EDTA, pH 7.0 at 0 ° C, and washed in this medium until 
free of hemoglobin. The white ghosts were ~hen dissolved in 5 7o sodium dodecyl 
sulphate at 100 °C for 3 min and then diluted to 0.5 )/o sodium dodecyl sulphate. 
For electrophoresis about 50/~g of the dissolved membrane protein was layered 
on top of  polyacrylamide gels (5 ~g, ratio bis-acrylamide-acrylamide 0.03). The 
electrode buffer was 0.5 M sodium phosphate, pH 7.2 with 0.5 % sodium dodecyl 
sulphate. After 10 min at 1 mA per gel the current density was adjusted to 5 mA per 
gel and the ele~rophoresis continued for 4 h. Bromoph~:nol blue was used as the 
tracking dye. All gels were run in duplicate. One gel of each pair was then stained 
with Coomassie blue to localize the proteins, the other was sliced transversely into 
1-2 mm slices to count the radioactivity. Each slice was left over-night in ! ml Soluene 
350 (Packard) at 55 °C. Scintillation fluid (10 ml Instagel, Packard) was then added, 
and after thorough mixing, the amount of radioactivity in each gel s l i~  was counted. 

Control experiments with ANB-phlorizin showed that the rate of disappear- 
ance of the absorption band at 320 nm could be used as a measure of the rate of 
destruction of the azide. Photolys~s of a solution of ANB-phlorizin (4.26- 10 -5 M) 
was completed in about 2 rain. The presence of a 4,4'-diacetamidostilbene-2,2'- 
disulfonic acid (DAS) solution (2- 10 -3 M) between the light source and the ANB- 
phlorizin solution did not affect the rate ofpbotolysis of the ANB-phlorizin, phlorizin 
(2" 10 -3 M) increased the rime for complete photolysis by about 2-fold. Since in 
experiments using ghosts suspensions, 20 mix was routinely used as the photolysis 
time, light absorption by phlorizin is unlikely to exert a major protective effect. 

RESULTS AND DISCUSSION" 

ANB-phlorizin is an effective inhibitor of S O 4 :  exchange across the erythro- 
cyte ghost membrane when present in the ex.'.¢acellular medium and protected from 
light. The inhibition is concentration-dependent, 50 % inhibition being achieved at 
about 1 • 10 -5 M (Table i), The inhibition is reversible and after three washes the 
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TABLE 1 

CONCENTRATION-DEPEI~IDANCE OF REVERSIBLE INHIBITION OF SO42- EXCHANGE 
BY ANII-PHLORJZIN 

For experimexttal details see text. 

Inhibitor concentration (M) ~ Inhibition of SO42- exchange 

0 0 
1 . 0 -  1 0 - 7  l . o  
1.0- 10 -e 15.0 
5.0- I0 -e 33.0 
1.0 - 10- s 47,0 
! . 0  • 1 0 -  ~ .t'4.0 

S O 4 2 -  exchange  ra t e  r e t u r n s  to  t he  c o n t r o l  r a t e  o b s e r v e d  in the  absence  o f  i n h i b i t o r  
(F ig .  I).  U n d e r  s imi la r  cond i t i ons ,  ph lo r i z in  shows  a 50 ~o inh ib i t ion  o f  S O 4 2 -  
e x c h a n g e  a t  6 - 10 - 4  M.  U s i n g  NO-ph lo r i z in ,  the  s t r u c t u r e  o f  wh ich  is m< re s imi la r  
t o  t h a t  o f  A N B - p h l o r i z i n  t h a n  is t h a t  o f  ph lo r iz in ,  50 ~ inh ib i t i on  a t  2 -  10 - s  M is 
ach ieved .  

L ike  ph lor iz in ,  inlcac'el lular A N B - p h l o r i z i n  has  no  effect on the  r a t e  o f  S O 4 2 -  
e q u i l i b r i u m  exchange  when  presen t  a t  the  inne r  m e m b r a n e  sur face  (Tab le  II) .  S tud ies  
ca r r i ed  ou t  on  the  ra te  o f  eff iux o f  i n t r ace l lu l a r  t r i t i~ ted  A N B - p h l o r i z i n  f r o m  ghos t s  
revealed that ,  in the tempera ture  range 0-30 °C, after an immediate release from a 

TABI,E !1 

E F F E C T S  O F  I N T R A C E L L U L A R  A N D  E X T R . A C E L L U L A R .  P I ' ] [ O T O L Y Z E D  ANB-P[ ' ] [ I . ,O]R,I-  
Z I N  O N  T H E  R A T E  O F  SO,, 2 - E X C H A N G E  

ANB-phlorizin Membrane 
concentration sttrfat~ 
(~0 -~  M )  

k . 1 0  - 4 . m i n -  inhibition 

None 
1.3, photolyzed external 
1.0. photolyzed internal 

None 
4.3, photolyzed external 
4,3, photolyzcd intern~tl 

None 
!.3, p h o | o l y ~  external 
2.86, photolyzed external 
2. ! 5, Photolyzed internal 

None 
0.57, photolyzed external 
1.43, photolyzed external 
2+ 15, unphotoly-~d ext©rnal 
1.08. ~tphotolyzed internal 
1.08, Photolyzed internal 

9.34 
6.18 
9.53 

l l . !  
3.74 

1 1 . 6  

10.9 
7.24 
5.62 

10.5 

9-97 
9.22 
7.45 
7.27 

10.5 
10.2 

34 
0 

66 
0 

34 
48 
4 

8 
25 
27 
Q 

0 
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Fig. I. T ime-course  o r  ,~ffiux o f  3 s s o + : -  f rom ghosts.  Fo r  detai ls  o f  eXl:erimental  p rocedure  set: 
Mater ia ls  and  Methods .  ]!. ghosts  pho to lyzed  in buffer; l i ,  ghosts  pho to lyzed  ~t~ presence o f  1.33 - 10-  s 
M ANB*phlor iz in ;  I l l ,  lrtot photolyz~d,  1 . 0 . 1 0 - s  M A N B - p h l o r i z i n  pre~:nt  d u r i n g  SO+ 2- effiux 
measuremen t ;  IV, n o  phc,tolysis, 1.0 - 10-  s M A N B - p h l o r i z i n  a d d e d  to  cells and  r e m o v e d  by wash ing  
p r io r  to d e t e r m i n a t i o n  o f  ssSO+ effiu:$ rate. Ord ina te :  ssSO4 z -  p resen t  in m e d i u m  as ~/o o f  3 s S O , 2 -  
in m e d i u m  at infinite t ime.  

small population of leaky ghosts (about 4 ~ of the total population), the residual 
intracellular agent did not penelrate the membrane in any detectable quantity during 
l h .  

Photolysis at approx. 320 nm for 20 rain of a 10 Yo suspension of ghosts at 
14 °C in a medium containing ANB-phlorizin results in an irreversible inhibition of 
SO+ z -  exchange (Fig. 1). Photolysis for longer periods of time does not alter the 
extent of inhibition. Comparable concentrations of ANB-phlorizin invariably pro- 
duced less irreversible inhibition after photolysis than reversible inhibition before 
photolysis. Experiments were carried out using triti,~ted ANB-phlorizin in order to 
correlate the kinetic observations with binding to components of the erythrocyte 
membrane and to examine the accessibility of  the cytoplasmic meL~brane surface 
to "intracellular r+ i ;gent. Following photolysis with extrace!luIar ANB-phlorizin the 
radioactivity was rather evenly distributed throughout  the gel region where proteins 
are located, with a slight peak in the 95 000 molecular weight region and a large 
rapidly migrating peak beyond the Bromophenol blue front (Fig. 2), A siwJlar 
rapidly migrating peak has been observed in previous work using photoactivated 
labels on membrane preparations and it has been suggested that  this peak is due to 
photolyzed or unmodified reagent which is non-covalently bound [5, 6]. We believe 
that in our experiments this peak represents a covalent attachment of the photo- 
label to the membrane lipids, This belief is supported by the finding that the peak 
did not  disappear after up to 20 washes of  the ghosts prior to electrophoresis. More- 
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Fig. 2. Distribution o f  radioactivity in ¢lcctroferogram o f  ghosts photolyzed in ANB.phlor iz in  
solution. For  de(aiis o f  elcctrofol~sis procedure se¢ text. Dis t r ibut ion o f  radioactivity was determined 
in duplicate o f  gel photographed under curve after  staining for pzot¢ins. 

over, if photolysis was omi':ted, no radioactivity :vas bound to the ghost membranes. 
Thin-layer chromatography of chloroform]methanol extracts of lyophylized labelled 
ghosts revealed a pattern of products similar to that obtained after photolyzing pure 
phospholipid liposomes iJ~ a solution of ANB-phlorizin. Although labelling is 
absolutely dependent upon radiation and is not affected by repeated washing, ANB- 
phlorizin that had been photolyzed and then added to ghosts is also firmly bound 
to the cell membrane eons'.~ituents which could be separated on the gels. Only in the 
lipid region is the proportion of this binding small as compared to the binding pro- 
duced by phlorizin in the presence of cells (Fig. 3). 

The concentration-<tependance of irreversible inhibition of SO4 ~- exchange 
and the associated fixatioq of ANB-phlorizin to the membrane after photol, ysis 
reveals that whilst labelling increases with increasing concentrations of ANB-phlorizin, 
the inhibition of SO42- e~:change reaches a maximum (Fig. 4). The reduction in the 
extent of inhibition of SC% z-  exchange seen at the higher concentrations of ANB- 
phlorizin is associated with a lower retention of 35SO42- by the ghosts after photo- 
lysis. This suggests that a!: Ifigh concentrations of ANB-phlorizin a leak is produced 
during photolysis. This ~,i.u.ggestion is supported by the observation that resealed 
ghosts which contained 14C, mM KCI, 20 mM Tris- Cl, pH 7.2 lost their K + when 
irradiated in the presence o~*" ANB-phlorizin, the K ÷ loss depending upon the ANB- 
phlorizin concentration in the irradiated suspension (Table i!.='). Subsequent studies 
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Fig. 3. Distr ibution o f  radioactivity in ghost membranes after photolysis o f  intracellular and extra- 
cellular ANB-phlorizin. m and . . . . .  , gels from ghosts photolyzed with 1.07- 4; - 10 -s  intracellular 
ANB-phlorizin and 1.43 • l0 - s  M extracellular ANB-phlorizin; - - - ,  8~! from ghosts added to a 
solution o f  1.43 • 10 - s  M Al~4B-phlorizin which had been photolyzed before addit ion o f  ghosts. 
Total  protein per gel 61.5 pg, 67.5 pg and 65.25 pg, respectively. 
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Fig. 4. Concentration-dependance for inhibition o f  SO,  2- exchange and binding to ghost membrane 
after photolysis in media containing ANB-phlorizin. Abscissa: concentrat ion o f  A~lB-pitlorizin in 
photolysis medium. Ordinates: left ordinate, % inhibit ion o f  SO~ 2- exchange relative Lo unphotolyzed 
control  in absance o f  ANB-ph;orizin; right ordinate, radioactivity in lipid peak: normalized for 
different protein content o f  the gels at the, various AI4B-phlorizin concentrations. C) --C), inhibition 
data; & -  &, binding data. 

on the sidedness of the effect of irreversibly bound ANB-phlorizin were limited to the 
lower concentration range of the dose-response curve in Fig. 4. 

The labelling of the ghost membrane after photolysis in the presence of photo- 
lysis extracellular or intracellular ANB-phlorizin is shown in Fig. 3. The labelling 
pattern obtained under these conditions refers to the same ghosts which had bee~l 
used in the determination of inhibition of SO4 z-  exchange presented in Table II 
(fourth experiment). The distribution of radioactivity after photolysis of  the ghosts 
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T A B L E  11I 

E F F E C W S  O F  P H O T O L Y S I S  IN" T H E  P R E S E N C E  O F  A N B - P H L O R I Z I N  ON" K ~ R E T E N T I O N  

BY K ~ - L O A D E D  GE[OST$.  

/ .  K ÷ i~e.tention 
a f t e r  p h o t o l ) ~ i s  

ANB-phlorizirl 
concentration ( M )  

3 !-10 - *  
82 1.10 - s  

100 1.10 -~  
I00 0 

with intrac~ellular and extracellular ANB-phlorizin shows that the agent is able to 
become cova[ently ~ttached to the membrane from either surface (Fig. 3)*. Although 
similar labelling patterns are seen with the intracellular or extracellular A N B -  
phlorizin, only extracellular binding results in inhibition o f  SO4 2-  transport (Table 
H). 

The present work establishes that the lack of  inhibition by the intrace!tular 
photo-reactive phloriTJn derivative is not due to the inaccessibility o f  the inner 
membrane surface. It strongly suggests that the binding sites responsible for inhibition 
of  SO4 2-  transport do not reside on a mobile carrier but are confined to the outer 
membrane surface. 

The labellin$; e f  membrane components  after photolysis is not  sufficiently 
selective to determirie the specific site o f  action involved in the photo-activated inhibi- 
tion. Since the work was stimulated by observations on the sidedness o f  action of  
phlorizin and since the photo-activated inhibition is accomplished using a derivative 
of phlorizin it was of  interest to see whether or not  sites involved iv the reversible 
inhibition of  SO4 2-  exchange by phlorizin were labelled by ANB-phlorizin.  The ir- 
reversible inhibition o f  SO4 2-  exchange after photolysis o f  ANB-phiorizin is reduced 

T A B L E  1V 

R E D U C T I O N  O F  I R R E V E R S I B L E  I N H I B I T I O N  O F  SO,~ 2 -  D U E  T O  P R E S E N C E  O F  P H L O -  
R I Z I N  I N  P H O T O L Y S I S  M E D I A  W I T H  P N B - P H L O R I Z I N  

ANB-phlorizin Phlorizin k - 10 -3  • m i n - t  ~/e irreversible 
concentration concentratiort inhibition o f  
(M) (M) SO42 - exchange 

0 0 8.9 -- 
1.60- 10 - s  0 4.6 48.3 
1.60-  10 - s  2 . 0 -  10 -3  7.0 21.3 
1 .60-  10 -5  2 . 0 -  1 0 - "  5.2 41.6  
1 .60-  10 - s  2 . 0 -  lt~ - s  4 .7  47.2 
1 . 2 0 . 1 0  - s *  0 4.8 46.1 

* ANB-phlorizin actded at start o f  kinetics, protected from light. 

The lack o f  significant labelling o f  spectritt after photolysis o f  intracellular A~B-phloriz in  is 
similar to the recettt finding that spectriu is not  labelled using another intracelluIar photoreactive 
agent 17]. 
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T A B L E  V 

PP.O 'FECTION A G A I N S T  I R R E V E R S I B L E  P H O r O - A C T I V A I E D  I N H I B I T I O N  O F  SO42-  
E X C H A N G E  D U E  T O  P R E S E N C E  O F  REVERSIELLY A C T I N G  I N H I B I T O P ,  S O F  SO4 ~- 
E X C H A N G E  

ANB-phlorizin concentration 4.26 - 10 - s  M. 

Conditions k • 10 -a  - m i n - t  % irreversible inhibition 
o f  SO4 z - exchange 

Control 9.43 -- 

ANB-phlor iz in  3.56 62.2 

ANB-phlor iz in -k  
2 • l 0 -  ~" M NB-phlor iz in  5.47 42.0 

AN B-phlorizin q- 
2 • 10 -~ M phlor iz in  5.32 43.6 

ANB-phlor iz in  + 
2"  10 -3 M D A S  5.75 39.0 

by the presence of  phlorizin in tBe irradiated suspension, the protection depending 
upon the phlorizin concentration in the irradiated suspension (Table IV). Protection 
is also produced by NB-phlorizin (Table V). However, a similar effect is seen when 
~mother reversibly acting inhibitor of  S O , ' -  exchange, DAS, is present in the ir- 
radiated suspension (Table V). The partial protection against irreversible inhibition 
after photolysis afforded by the presence of  the reversibly-acting inhibitors of  anion 
exchange was correlated with a decrease in binding of  the radioactive label. No  
,.~pecific protection could b~ detected of either lipid or protein. Under similar condi- 
tions glucose (5 mM) had no detectable effect on ei:her the irreversible inhibition of  
sulphate exchange or on the binding of  the radioactive label to membrane com- 
]ponents. 
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