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S U M M A R Y  

Freeze-etch e~ctron m~roscopy has been uti~zed to locafize the binding 
rites for the Ricinus communis, Agaricus bisporus and wheat germ ~cfins on human 
erythrocyte membranes and to determine the relation ~f these different glycoprot~n 
receptors to the intramembranous partides. A. bisporus ~ctin, wh~h could be 
visualized directly on the surface of erythrocyte membranes, and ferrifin conjugates 
of wheat germ ag~utinin showed a d~tfibution that correlates exactly wRh the 
intramembranous particles at all lecfin concentrations tested. The binding skes for 
both of these lectins are located on the major fialoglycoprot~n of the membrane. 
Th~ R. commun~ ag~utinin-fer6tin conjugate which binds to receptors on mem- 
brane glycoproteins that are di~inct ~om the m~or  fialoglycoprot~n showed a 
dose corrdafion with the intramembranous particles at low ~ctin concen~ations 
and a poor corrdafion at high ~ctin concen~ations. High concen~afions resulted 
in ~ u ~ l y  complete coating of the surface of ~ypfinized gho~s which d~played 
marked aggregation of the intramembranous particles. We conclude that the intra- 
membranous particles of erythrocy~ membranes contain at ~ast two glycoprot~ns 
and that some membrane ~cfin receptors are not asso~ated wkh the intramembran- 
ous particles. 

~ T R O D U C ~ O N  

Freeze-etch electron microscopy has given con~derable information about 
the structure of c~l membranes and the arrangement of proteins in the membrane. 
Membranes are known to splk du6ng ~eeze-c~avag~ expofing part~ulate in te r  
ruptions in the fracture fac~ called intramembranous particles [l, 2]. Previous 
studies have indicated that the binding rites for Phaseolus vulgar~ E-phytohemag- 
glufinin and influenza virus on human erythrocyte membranes are asso~ated with 
the intramembranous particles [3~ Since these binding rites are located on the 
major salioglycoprot~n of the membrane [4, 5~ it seems likdy that this molecule 
comprises at least a po t ion  of the intramembranous partides. 
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Recently, confiderable information has become available concerning the 
nature of  the binding sites on human erythrocytes for the lecfins of R#inus commune, 
Aga~cus bisporus and wheat germ [6, 7]. Erythrocytes contain approx. 6.8. 10 ° 
binding sites for the A. bisporus lecfin which are located on the main fiMoglycopro- 
tein [7]. This cell type also contains approx. 8 - 1 0  6 binding sites for wheat germ 
agglutinin, with at least a portion of these receptors Mso being located on the mNor  
fiNoglycoprotein [6]. In contrast, the binding sites for the R. commun# lecfins R. 
commun~ agglutinin I and ficin are present on at least two glycoprot~ns which 
are distinct from the fialoglycoprotNn [6]. In this investigation we have examined 
the IocNization of native or ferfitin-conjugated R. commune, wheat germ and A. 
bisporus lectins on human erythrocyte membranes in order to determine whether 
the carbohydrate binding sites for these lecfins are located on molecules which are 
a ~ o d a t e d  with the intramembranous particles of  the membrane. 

M A T E R I A L S  A N D  M E T H O D S  

Mate~a~. Wheat germ and ovomuc~d  were obtained ~ o m  Sigma Chemical 
Co. Six times crystal~zed ~ i t i n  was obtained from Miles Laboratories. Trypsin, 
b( tosylamido-2-phen~)ethyl  chlorom~hyl  k~oneq~a t ed ,  (TPCK)  and lima bean 
trypsin i n~Nto r  were obtained from Wo~Nngton  Biochemical Co. Na 1zsI (reagent 
grade) was from Mall~ckrodt  Chemic~ Co. 8 ~ ~u~raldehyde,  ~ a - p u r e ,  was 
obtained from Biodynami~ Research Corp. 

Lec#ns. The R. commun~ lectins R. commun~ a g ~ u t i ~ n  I and ficin were 
p~pared  by affinity chromatography on ovomuc~d-Sepharose  as pre~ouMy descd~ed 
~]. A. b~porus lectin was prepared as p ~ o u ~ y  described [7]. Wheat germ ag~utinin 
was purified ~ o m  crude wheat germ by affinity chromatography on ovomuc~d-  
Sepharose according to the m ~ h o d  of Marchesi ~] .  Ovomuc~d  was coupled to 
Sepharose 2B by the CNBr procedure of  Cua~ecasas ~] .  

Io~nat~n of  #c#ns. The lectins were io~nated  with ~a~l by the m~hod  of 
H u n ~ r  [10] using a 10-s exposure to c ~ o r a m ~ T .  Specific activities ranged ~ o m  
I • 10 ~ to 2 • l05 cpm/l~g pro~in.  

Conjk~gation of  #~ins  ~ ferritin 6nd purification of  lectin-ferritin conjugates. 
60 mg of purified R. commun~ a g ~ u t i ~ m  ricin or wheat germ ag~utinin, 
in the presence of an excess of the appropriate monosacchafide hap~n  (0.01 M 
lactose for the R. commun~ lecfins and 0.1 M N - a c ~ u c o s a m i n e  for wheat 
germ ag~u t ion) ,  300 mg of six times crystallized ~ i t i n ,  2 mg of ~zSI-labe~d lectin 
and 0.025 V~, ~u ta r~dehyde  in a total volume of approx. 30 ml of 0.005 M phosphate 
buffer, pH 7.5, were reacted for 45 rain at room ~mpera ture  with constant stirring. 
The c o ~ u g a t ~ n  was stopped by adding l0 ml of 0.1 M NH~CI in 0.005 M phosph~e  
buffer and ~lowing the reaction mixtu~ to stir for 10 min at room ~ m p e r a t u ~ .  
The reaction mixtu~ was then centrifuged at 12000 × g  for 10 min and the pellet, 
c o n t ~ n g  about 2 ~ of the lectin, was discarded. The supernatant was ~alyzed 
over~ght  against 0.005 M phosphate buffer to ~ m o v e  the hapten. Unco~ugated 
lectin was separated ~ o m  the ~ r r i t i n - ~  and unco~ugated ~ d i n  by two or 
three centrifugations at 100 000 × g  for 90 min followed by resuspension of the pellets 
in 0.005 M phosphate buffer. Approx. 15-20 ~ of the iodina~d lectin was recovered 
in the finM suspens~n of the c o ~ u g ~  This matef i~ was applied to a c ~ u m n  



542 

(2.5 x 3 cm) of ovomucoid-Sepharose ( 10 mg ovomucoid per g Sepharose) and uncon- 
jugated ferritin was washed through with 50 ml of phosphate-buffered saline. Elution 
of the ~ctin-ferritin conjugate was carried out with the appropriate monosaccha~de 
hapten in the same buffer. Fractions (5 ml) were col~cted and assayed for radio- 
acti~ty to determine lectin concentration and for absorbance at 340 nm to determine 
ferrifin concentration, assuming that 5.85 absorbance units correspond to I mg/ml 
apoferrifin (mol. wt 460000) [11]. FracOons contNning appro~matdy eq~molar 
amoun~ of ferritin and lectin were combined, dialyzed overnight against 0.005 M 
phosphate buffer and stored at 4 ~C in tightly stoppered tubes containing suspended 
vials of toluene. The final yield of lectin-ferNfin conjugate was 2-10 ~,, in various 
preparations. The binding affinity of the final kctin-ferritin conjugates to human 
erythrocyte membranes was appro~matdy one fi~h that of the native lectin, as 
determined ~om Scatchard plots [12]. 

Preparat~n of ~Tt/*rocyte ghost. Fresh human whole blood was colkcted 

isnaline0 .. I GhosM tsSOdiUwmere citratp erepare~n~ty lysiW saShei dn dilut tehreephosphatti e m e S  in accordinPh gOSphate-bufferet d o  the procedu0 r~ "85 " 

of Dodge et al. [13]. Trypsinized ghosts were prepared by treating 0.5 ml of Deshly 
prepared packed ghosts with 1 mg of trypsin in 0.5 ml of 0.01 M Tris. HC1 buffer, 
pH 7.5, for 20 min at 37 °C. Lima bean trypsin inhibitor (2 mg) was then added and 
the ghosts were washed two times in 0.005 M phosphate buffer, pH 7.5. 

7?eatment of no~nal and to~sin~ed ghos~ w#h ~ct~s and lectin-ferritin con- 
/ugates. Pyrex centrifuge tubes were soaked with I ~ bovine serum albumin in 0.005 M 
phosphate buff?r, pH 7.5, for 1 h and emptied before use. 10-/tl amoun~ of packed 
normal or tryp~nized ghosts were added to 0.1- to 1.0-ml amounts of appropNately 
diluted lecfin or lectin-ferNfin and incubated for I h at room temperature with 
occasional mixing. The ghosts were centrifuged at 17 000 ~ 9 for l0 rain, resuspended 
and washed two times with 0.005 M phosphate buffer. The final pellet was resuspen- 
ded in 10 id disfil~d wa~r and prepared for ~eeze-etcbin~ 

Freeze-etch~g procedure. SmN1 droplets of treated red cell ghosts were placed 
on gold alloy specimen carriers and ~ozen in liquid Freon 22 (E.I. DuPont de 
Nemou~ and Co.) cooled by liquid nitrogen. Spedmens were ~eeze-deaved at 

100 °C and were deep-etched for 1 min at 100 °C in a Balzers ~eeze-etching 
apparatus (BNze~ High Vacuum Corp., Santa Ana, CMi~). The spedmens were 
shadowed with platinum-carbon and carbon and the replicas were floated off onto 
distil~d wate~ cleaned with Clorox, picked up on electron microscope grids and 
examined in a Philips 300 electron microscope. 

RESULTS 

Local~aHon of the b~ding sites for the A. bisporus ~ct~ and n~eat germ a g g ~ t ~  
on hmnan eo,~ro~v~ membranes 

Native A. bisporus lecfin, with an estimated m~ec~a r  weight of 58 000 [7], 
could be ~sualized ~recOy on the erythrocy~ membrane surface by ~ e e z ~ c ~ n g .  
The pattern of the bound lectin correlated with the pa~ern of the ~ighOy aggrega~d 
in~amembranous particles in well-washed erythrocyte 8host p~par~ions,  and 
could be ~sting~shed ~om the smooth outer suface of untreated ghos~ (Fig. I). 
When native A. bisporus lectin was bound to ~ypsi~zed ghosts, it could not be 



543 

~ <,~e _~e~.~ ~ m ~ ~  

Fig. I. Replicas of normal human erythrocy~ ghost 0nse~) and ghost treated with natNe A. bisport¢s 
lectin. The external sur~ce (ES) of the normM ghost Onse~) is relatN~y smooth and the inner 
~acture face (IF) shows 70 N intramembranous p a ~ s  in a slightly aggregated patmrn. The exte~ 
hal surface of the gho~ ~ealed with native A. bisporus lectin shows granOar mate~M that is slightly 
aggregated and corresponds to the pattern of the intramembranous p a ~ s .  Aggregates of lectin 
and intramembranous p a ~ s  or bare areas appear continuous across the ~amu~ line (marked 
with a~ow). 100000 • ;insert, 50000 v . 

visuNized on the surface o f  the membranes ,  even though the in t ramembranous  

pa ~ ide s  of  the t ryp~nized  ghosts were markedly  aggregated.  In addit ion,  binding 
curves with 125I~ab~ed lecfin showed only a 50 °~ decrease in binding to the treated 

ghosts. The failure to ~ s u N ~ e  the A. bisporus lectin under these condit ions is not  

underwood.  
Ferrit in conjugates of  wheat  germ agglutinin that  had been purified on an 

ovomucoid-Sepharose  co lumn were used for uRra~ruc tura l  localization. Wheat  
germ agglutinin-ferfif in conjugates bound  to the outer  surface of  the native eryth- 
rocyte membrane  in a pattern similar to that  of  the in t ramembranous  particles at 

all concentra t ions  tested. When the in t ramembranous  particles were aggregated 
by prior brief  exposure to trypsin, the ferri t in-wheat germ agglutinin conjugates  
were ~milar ly  aggregated on the ou te r -membrane  surface (Fig. 2). 
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Fig. 2. Repl~a ofa tryp~nized human erythrocy~ ghost treated w~h wheat germ ag~uti~n-ferritin 
conjugat~ The intramembranous particles on the inner ~acture face (IF) are markedly aggrega~d. 
and the wheat germ agNutinin-~rritin shows t ~mHar marked aggregation on the external surface 
{ES) of the gho~. Aggregates of intramembranous panicles and wheat germ agglutinin-ferritin 
appear continuous across the ~acture line (marked wRh awows). 61 000 • . 

Localizat~n o f  the b~ding 3ites for R. ~omm~n& lectin-ferrit~ conjugates on hunmn 
ecv~roc) '~ membranes 

Native R. commun& a g ~ u t i ~ n  I was not wall ~ s u ~ e d  on erythrocy~ mem- 
branes; therefore ~ i f i n  co~ugates  were used in the loc~izat ion studies. At low 
concentrations, R. commun& a g ~ u t i ~ n  I-ferrifin (8-50~g ~ctin/ml)  showed a 
scattered ~ f i b u t i o n  on n o r m ~  erythrocyte ghost surfaces and a reticulated dist6- 
bution on ~yps i~zed  erythrocyte membranes ~milar  to that of the aggregated 
intramembranous part i~es (Fi& 3). At ~ g h  concenWations of the R. commun& 
I-~rf i t in  co~ugate  (100-200 ~g ~ctin/ml)  the co~ugate  densdy covered the entire 
surface of the no rm~ erythrocy~ membranes and intramembranous panicles 
showed a random di~fibufion on the f fa~ure faces of the membrane (~i& 4A). 
Trypsi~zed erythrocy~ membranes showed the usu~ aggregation of the intra- 
membranous parti~es; howeve~ the R. communis P~ r ~ t i n  covered the entire outer 
surface of the ~ypsinized g h o ~  such that no co~espondence cou~  be d e ~ e d  
between the pa~ern of the aggregated intramembranous parti~es and the ~cfin 
conjugate (Figs 4B and 4C~ In other exper iment ,  it was d e m o n ~ r a ~ d  that the 
haptene lactose at a concentration of t0 mM inhib i~d v i~u~ ly  ~1 binding of the 
lenin c o ~ u g a ~  to the surface of norm~ and ~yps i~zed  gho~s. 

R i6n-~r~f in  showed a pa~ern of d~tfibution ~m~ar  to that of the intra- 
membranous pa~i~es  on trypsinized erythrocy~ gho~ membranes. 
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Fig. 3. Replica o f  ~ y p ~ n ~ e d  h u m a n  e ry th rocy~  ghost  t~eated with R. c o m m u n i s  agglutinin l - ~ i -  
tin c o ~ u g a t e  (50 t*g ~ i n / m l ) .  The trypsinized ghost  shows marked aggregation o f  both the intra- 
m e m b r a n o u s  p a n ~ s  on the inner-fracture face (IF) and the R. c o m m u n ~  a g ~ u t ~ m  l - ~ r f i t ~  on the 
external  s u r ~ c e s  (ES) o f  the m e m b r a n ~  with close correspondence o f  the pat tern  o f  the c o ~ u g ~ e  
and the i n t r a m e m b r a n o u s  panic les  across the fracture line ( a~ows)  at this concentra t ion  o f  [ectin. 
65 000 • .  

D I S C U S ~ O N  

Previous investigations of the nature of the intramembranous particles of 
human erythrocyte membranes have shown an assodation of these particles with 
the binding sites for the kidney bean lecfin E-phytohemagglutinin and with the 
sialic acid residues that act as receptors for influenza virus [3] and as binding sites 
for positively charged ferdtin mo~cules [14]. These acti~ties probably all reside 
on the m~or  ~aloglycoprot~n of the human erythrocyte membrane [4, 5]. Our 
experiments extend these studies by demons~ating that the membrane binding 
sites for the A. bisporus lecfin and for wheat germ agglutinin are also asso~ated 
with the intramembranous partides. The receptor for the A. bisporus lecfin is the 
O-glycosidically linked oligosacchafide chain of the m ~o r  ~aloglycoprot~n. This 
oligosaccharide has the structure sialic acid ~-2, 3 galactose ~-i, 3 (si~ic acid ~ 2, 6) 

N-acetylg~actosamine -9 Set (Thr) [7]. T~e s~aloglycoprot~n~also serves as thee 
receptor for wheat germ agglutinin [6]. 

In addition, the present freeze-etch investigations show that R. commun8 
ag~utinin I-ferfitin at low to moderate concentrations binds to receptors that are 
s p a t i ~  related to the in~amembranous pa~ides of the membrane. Similar obse~ 
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Fi~ 4. Replkas of normal (A) and tryp~n~ed (B and C) human erythrocyte gho~s t~ated with 
R. commun~ agglutiNn ~ r r i t ~  co~ugam ( 100 pg k~in/ml L The external surface (ES) of the normal 
gho~ (AI is densely covered with R. commun~ agNuti~n I - ~ i n  in no apparent r d ~ n s h ~  to 
the intramembranous pa~k~s on the inner ~acture ~ce (IF). TrypsiNzed gho~s (B and C) show 
aggregation of the intramembranous pa~kks  on the inner ~acture face; however, the e~ernM su~ 
faces are Nmost completdy covered with R. communis agNutin~ion ~ r ~ f i n  and no co~espondence 
can be observed b~ween the dense R. co ,un tm#  agNutiNn L~rfifin co~ug~e on the external su~ 
face and the aggregated intramembranous partkles across the ~acture lines (marked with awows). 
A, 48000 • ;B, 43000 ~ ;C, 53000 ~ . 

r a t ions  were made  with f i~n-ferf i t in .  Since the binding sites for these two lectins 
are located on ~ y c o p r o t e i n s  which are dist inct  ~ o m  the m ~ o r  f i a log lycopro t~n ,  
these 0a ta  indicate that  the i n t r amembranous  p a ~ i d e s  must  conta in  at least two 
different spedes  of  ~ y c o p r o t e i n  molecules.  Pinto  da Silva and Nicolson  [15] pro-  
posed that  ano the r  membrane  ~ y c o p r o t ~ n  (band 3 seen on sodium dodecylsulfa te-  
po lyacry lamide  gel e lec t rophores is  of  e ry throcyte  g h o ~ s )  is also a s s o d a t e d  with 
the i n t r amembranous  part icles.  These findings s u p p o ~  the predic t ion  of  Bre~cher  
[16] that  the e ry throcyte  i n t r amembranous  part icles  must  con to r t  several types o f  
proteins.  Recent  evidence also indicates tha t  sialic a c i d - c o n t ~ n i n g  ~ y c o p r o t ~ n s  
and the i n t r amembranous  part icles may  be s t r u c t u r ~ l y  l inked to spectfin molecules 
on the inner  surface of  the e ry throcyte  membrane  [17, 18]. 

When  higher  concent ra t ions  of  R .  c o m m u n ~  a g ~ u t i n i n  I-ferri t in were used, 
the lectin bound  to regions of  the external  e ry throcyte  membrane  that  are free of  
u n d e ~ n g  i n t r amembranous  particles.  This is the first d e m o n ~ r a f i o n  of  a specific 
b inding site on the e ry throcyte  membrane  that  is not  related to the i n t r a m e m b r a n o u s  
particles.  It is possible that  the low affinity receptors  for R.  c o m m u n ~  a g ~ u t i n i n  l- 
ferfitin that  are responf ib le  for  the n o n - i n t r a m e m b r a n o u s  p a ~ i d e C d a t e d  b inding  
may be ~ y c o l i p i d  molecules r a n d o m l y  ar ranged on the external  surface of  the 
t rypf inized e ry throcyte  membrane  or  be g lycoprote in  mo~cu les  not  anchored  into 
the inWamembranous  p a ~ i d e s .  The binding of  R.  c o m m u n ~  ag~u t in in  ~fer f i t in  
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is spedfi~ however, because binding can be abolished by the hapWn inNNtom 
lactose. 

Resul~ ~om ~eeze~tch studies of ~rfifin-~cfin labeling of other cell mem- 
branes do not demon~rate a c o m p ~  co~espondence of the intramembranous 
particles with ~ i t i n -~c f i n  binNng si~s on the membranes. Lymphocy~ mem- 
branes, for in~anc& contain very ~w intramembranous particles in the 70 A size 
range [19], Nthough s m M ~  more poorly resolved pa~ic~a~ i n ~ u p t i o n s  seem 
to be present. Freeze~tch experiments of R. commun# agNutinin I and concanavMin 
A-ferritin bin~ng to ~mphocyte membranes do not show a spatiM correspondence 
b~ween intramembranous particles and ~rfifinqe~in mo~cu~s (~0] and Triche 
et N., unpuNished~ Lentil phytohemagNufinin-~rfifin binding to human platelet 
membranes fim~afly did not show cowespondence to the in~amembranous partic~s 
by ~eezb~ch anMysis or in number of binding sites [11]. 

We have pre~ouMy demon~ra~d that the ~eez~etch ~ch~que provides 
suffi~ent resolution to disting~sh the native E-phytohemagNutinin ~ctin on the 
etched surface of erythrocym ghos~ ~om the slight protrufions in the outer mem- 
brane produced by the underling intramembranous particles [3]. The resolution 
of the Natinum~arbon shadow in the ~eeze~mh ~chnique is appro~matdy 20 A, 
the size of the platinum grains. A. bisporus lectin mo~cMes could be d~tinguished 
on the surface of erythrocy~ membranes, Mthough it is NfficMt to demrmine wh~her 
one is obser~ng cN~cfions of mNec~es or inN~duM mo~cMes. Since there are 
6.8. 106 Nnding si~s per erythrocyte for the A. bisporus ~ i n  and only 5. 105 
fiMoNycoprotNn mNec~es per cell, 10 or more mo~cules of the native lectin may 
be binding to one fiMoNycoprotNn mo~cMm Native R. commun~ agNutinin 1 
tectin could not be deafly di~ing~shed on the ex~rnM membrane surface. 
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