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Isolated human erythrocyte membranes cnenate when suspended in is~onie med im,  but can use MgATP to reduce 
their net positive curvature, yielding smooth discs and cup forms that eventually undergo endocytosis. An eadler report 
from this laboratory (Patel, V.P. and Fuirhenks, G. (1981) d. Cell Biol. 88, 430-440), has described a phenomenon of 
ATP-independeat shape change in which ghosts prepared by hemolysis and washing in synthetic zwittedonlc buffers 
crenated zt 0°C,  but underwent conversion to sm~mth discs and cups when warmed in tim absmlce of MRATP. We 
have further explored the effect ol the hemolysis condition on file requirement for ATP in ghost shape change. 25 
hemolysis buffers were applied at l0  mM (pH 7.4, 0°C).  Eight anionic buffers with relatively Idgh ionic strength (e.g., 
phosphate and dicthylmalanic acid (DMA)) yielded ghosts requiring ATP ~or s h a ~  change, while two cationic buffers 
(Bisifis and imidazuie) and ten symhetic zwltterionie bullets (e.g., Trieine and Hepes) with l owe r  ionle strength 
produced ghosts that smoothed spontaneously at 30©C. Hemolysis at intermediate ionic strength yielded mixed 
populations in which spontaneous smoothing was expressed hi all.or-none fashion. Maximal ATP.lodepmtdent shape 
change was induced by hemolysis at pH 7.3-7.7, while ATP was required after haw, oaysIs at pH < 7.1 even when the 
i~nic strength at hemolysis was low. Ghosts requiring ATP could ha converted to ATP Inde~ndence by washing at low 
ionic strength, but ATP independence could not be reversed readily by washing at high Ionic strength. ~ u r e  to low 
ionic slrenffth at pH > 7.1 presumably changes membrane organization in a way that alterf, the temperatm~ dependence 
of tensions within the bilayer or .~eleto~ of the composite membrane. 

Introduction 

Membranes isolated from mammalian erythrocytes 
can undergo ATP-dependent shape transformations in 
which echinoeytie (crenated) forms smoc.th to discocytie 
and stomatocytic (cupped) forms [1-3]. This process, 
which can culminate in endocytosis with the formation 
of inverted vesicles [4,5], is associated with a progressive 
reduction in the net positive curvature of the merabrane 
[5] and an increase in the area of the inner surface 
relative to the outer surface [5-8]. Various mechanisms 
have been postulated to e:~plain these shape transforma- 
tions, including the operation of an actomyosin-like 

Abbr~iaaons: DMA, aiclhylmaionic acid; DTE, dithi~rythritoL Ab- 
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contractile system [2,9-1~], changes in the oampressibil- 
ity of the two-dimensional spectrin/actin 'gel' underly- 
ing the membrane [2,15,16], spectrin and/or  lipid phos- 
phorylations [17 251 and aminophosphulipid .qipping 
[26.27]. Patel and Fairbanks [19,22l have shown that 
phosphorylation of spectdn and phosphoinositides is 
neither necessary n~r sufficient for shape change in the 
ghost system and have suggested that the vanadate-sen- 
sltive Mg2+-ATPase is involved [22.2g,29]. Regent work 
suggests that this activity may correspond to the enzyme 
system that mediates translocation of aminophospholi- 
pids from the outer to the inner leaflet [26,27,3g]. 

Most of the earli~,r biochemical studies were done 
using ghosts prepared by hemolysis in Tris buffer. These 
Tris ghosts normally required ATP for conversion to 
smooth forms, but, occasionally, a large fraction (up to 
50%) of the population changed shape without ATP 
[22]. It was also noted that hemolysis in Hepes or Tes 
buffers yielded ghosts that smoothed their contours 
rapidly without MgATP on elevation of the temperature 
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from o to 37°C [19]. This paper represents an extension 
of these earlier observations. We demonstrate that the 
capacity of ghosts to exhibit spontaneous contour 
smoothing is dependent on the ionic strength, pH and 
structure of the hemolysis buffer. Some of the results 
have been summarized in a preliminary report [311. 

Reagents 

Vanadate-free disodium ATP from equine muscle 
(No. A-5394), Tris, Epps, Hopes, Tes, eacodylic acid. 
imidazole, Tricine, and cell culture grade water (No. W 
3500) were supplied by Sigma Chemical, St. Louis, MO. 
DMA was purchased from Calbiochem, San Diego, CA. 
Aces, Ada, Ampso, Bistris, Capso. Dipso, Mrs, Mops. 
Mopso. Pipes. Popso, Taps and Tapso were purchased 
from Research Organics, Cleveland, OH. All other re- 
agents were from Mallinckrodt Chemical Works (AR 
grade), Paris, IcY or from Sigma Chemical. 

Methods 

Buffer preparation 
Buffers were prepared in deionized water from 100 

mM stock solutions and adjusted to pH near the work- 
ing temperature. Aces. Ada, Ampso, Capso, DMA. 
Dipso. Epps, Hepes, Heppso. Mrs. Mops, Mopso. Pipes. 
Popso. Taps, Tapso, Tes and Trieine (Table 1) were 
adjuzted to pH with NaOH. Borate, Bistris, eaeodylate, 
imidaanle and Tris were adjusted to pH with HCL 
Bicarbonate buffer was made by bubbling 5% CO z 
through NaHCO 3 for 1 h at room temperature. Phos- 
phate buffer was made by mixing Na2HPO 4 with 
NaH2PO4. 

Cell and membrane preparations 
Fresh blood samples were drawn by venipuncture 

from healthy donors, mixed immediately with heparin 
(10 USP U/ml, final concentration) and filtered through 
a cellulose pad to deplete the preparation of leucocytes 
and platdets [32,33]. Red cells were eluted with Hanks' 
balanced salt solution (calcium- and magnesium-free), 
sedimented at 950 × g for 5 rain and washed three times 
with 0.15 M NaCl/20 mM Tris-HCI/0.25 mM DTE 
(pH 7.4) at 0-4°C. In the final washing the red cells 
were sedimemed by centrifugatinn for 10 rain. In some 
experiments, the first cell pellet was divided and small 
pordons (typically 0.15 ml packed cells) were washed 
twice with 10 mi 0.15 M NaCI/20 mM test buffer/0.25 
mM DTE, at 0-40C. 

Packed washed erythrocytes were hemolyzed by rapid 
1 : 60 dilution in ice.cold 10 mM test buffer/0.25 mM 
DTE, with stirring at 0-4°C. The membranes were 
pelleted at l l 0 0 0 × g  (r~,~) in 10 min using a Sorvall 
SE-12 rotor at 0-4°C. and were washed twice (1 : 30) in 
the hemolysis buffer. Washed membranes were held on 
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ice for up to 2 h before iniliation of shape-change 
incubr'!ons. 

Shape change assal 
Assay mixtures were made up on ice in gla~s tubes 

that had been rinsed with I0 mM Tris-HC1 (pH 7.41. 
Packed washed membranes were diluted 1 : 10 with a 
solute mixture concentrate to yield 0.125 M NaCI/2 
mM MgCI.,/0.2 mM EG'FA/0.5 mM DTE/10 mM 
Tris-HCl (pH 7.4) (25 °C). Hemolysis test buffer carried 
over with the membranes was present at 1 raM. ATP- 
dependent shape change was assayed in the same 
medium with addition of 2 mM ATP. 

After 3 rain on ice, the tubes were plunged into a 
water bath at 30°C, -'and, at intervals from 0 to 30 min, 
25/tl portions of the suspension were added to 75 ~1 of 
1.25% ghitaraldehyde/0.14 M KCI/10 mM sodium 
phosphate (pH 7.5) (0°C) on ice. The shapes of the 
fixed membranes were assayed by counting with dark- 
field microscopy as described previously [19]. This assay 
gives the percentage of membranes that have lost their 
spicules to yield smooth forms, including discs and cups 
as well as membranes Ihat have progressed through the 
initial smoothing stage of shape change and are under- 
going endocytosis. ATP-dependem shape change is de- 
fined as the difference in the percent smooth in lbe 
presence and absence of ATP. All buffers tested yielded 
preparations in which the entire population of ghosts 
underwent smoothing under slandard assay conditions 
(i.e., the sum of ATP-indepeedem and ATP-dependent 
components was always near 100%). 

Darkfield images [19[ of ghosts fixed at various stages 
in shape change were recorded using a video camera 
and enhanced (ei~it-frame averaging, background sub- 
traction. 'auto-enha~c¢m~.a:' and 2X zoom) with the 
Image-l/AT lmage Processing S~stem (Unioersal Imag- 
ing, Media, PAL The processor' images were printed 
using a SONY I/P-81~ Video Graphic Printer. 

R~ults 

Effect of hemolysis buffer 
The results of experiments in which Tris ghosts or 

Hopes ghosts were crenated by suspension in isotonic 
medium and incubated at 30°C with and without ATP 
closely resemble those previously published from our 
laboratory [19,22]. As illustrated in Fig. 1A, the shape 
change of Tris ghosts is tL~ually ATP-dependent. In this 
experiment. 41% of the ghosts had progressed from the 
crenated form to smooth discs after 5 rain and, at 30 
rain, the entire membrane population had converted to 
smooth forms, indoding stomatoeytie and endocytie 
forms. The background of ATP-independent shape 
change (15% after incubation for 5 rain, progressing to 
18% at 30 mini was slightly elevated. Much higher 
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backgrounds are sometimes encountered wi th  Tris he- 
molysis (Ref. 22 and below). 

Hemolysis in Hcpes buffer (Fig. ". ~) yielded ghosts 
that  crenated in isotonic medium at O°C  hu t  rapidly 
lost their spicules at 3 0 ° C  in the absence of  ATP to 
yield smooth d i ~ s  and  cups. Based on  similar observa- 
tions, Patel and  Fairbanks [19] have suggested that  the 
predominanl  factor determining the degree of ATP 
dependence and the initial rate of the shape-change 
process is the buffer used in hemolysis and initial wash- 
ing. 

As illustrated in Fig. 2. 25 hemolysis buffers tested 
differed markedly in the extent to which they yielded 
populations of ghosts smoothing their contours sponta-  
neously in the s tandard shape-change assay system. 
Based on these results, the buffers can be classified into 
three groups: 

Group 1: < 25% spontaneous smoothing (ATP depen. 
demv). Pipes, eacodylate, phosphate,  bicarbonate,  
borate. Popso, DMA,  Ada  and  Tris. 

Group 2: 25-77% spontaneous smoothing (inter- 
mediata). Mes, Tes, Mopso and Ace& 

Group 3: > 77% spontaneous smoothing (ATP inde- 
pendence)~ Mops, Heppso, Dipso. Taps, Ampso,  Epps, 
Tapso, Trieine, imidazole, Hepes, Capso and Bistris. 

The shape changes of ghosts prepared in D M A ,  Mes 
and Tricine, representing these three groups,  are il- 
lustrated in Fig. 3. W h e n  suspended in shape-change 
medium containing 125 m M  NaC1, all ghosts crenated 
at 0 ° C. assuming shapes resembling echinoeytes I1 and  
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Fig, i. ATP dependence and time-c~rse of gh~t bhape change, (A) 
Tris ghosts. (B) Heges ghosts. Shape-change ~liVJtv w a s  assayed in 
standard Tris medium without ATP (0,[2) and with ATP (e, ll), 
Similar rgSulls were obtained in three other experiments using differ- 

ent prepar~lions of membranes. 
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Fig. 2. Effect of hemolysis buffer on ATP-independent shape change, 
Ghosts were prepared by hemolysi~ and washing in 10 mM ~lulions 
o f  the indicalcd test ha[tars a l  p H  7.4, O ° C .  B i ~ r b o n a t e  buf fer  w ~  

used at 20 raM. Shape-change activily was assayed under standard 
¢ondilion$ in Tfis huffer. The results show the pereenlage of s m i t h  
forms present after 30 min of incubation without ATP. Error bars 
show the standard deviation in the percent smoothed; the number o f  

it, dependent experiments on each buffer is s h ~ n  at the fight. 

I l l  as defined for intact  erythroeytes by  Bessis [34] (Fig. 
3, rows 1 and 3). D M A  ghosts  exhibited tight, un i fo rm 
crenation and initially resembled echinocytes I l l  (Figs. 
3A, 3C). At 3 0 ° C ,  in the absence of ATP,  D M A  ghosts  
progressed m shapes resembling spheroechinocytes I 
[34]. small, spherical forms s tudded wi th  a regular array 
of fine spicules (Fig, 3B). Trieine ghosts  were more  
loosely crcnated at  0 ° C (Figs. 3I,  3K) and  smoothed  
rapidly at 3 0 ° C  in the absence of ATP  to discoid and  
shallow-cup forms tha t  were stable for at  least 30 rain 
(Fig. 3J). Under  the same condit ions,  Mes ghosts yielded 
a mixture  of  shapes: smooth  forms, which resembled 
Trieine ghosts at  the comparable  stage, and  'ma ture '  
crenated forms, which r ~ e m b l e d  the sphcroechinocytic 
stage of D M A  ghosts (Fig. 3F). Fig, 3F  shows that  
commi tment  to smooth ing  has an  al l-or-none character  
- after the initial phase of  rapid smoothing,  the fraction 
of Mes ghosts with  smooth  contours  does not  increase 
and intermediate forms are rare. Crenat ion in the  pres- 
ence of ATP appeared to he  lo,>~r (Fig. 3, third row). 
This probably reflects ATP ",!'elation of M g  2+ ions, 
which are effective c r e n a t m :  ~,t low concentrat ions 
[35-39], but the possibility that  ATP b ind ing  to the 
membrane  [40] alters its mechanical  properties directly 
cannot  he  ruled out. W h e n  incubated wi th  ATP at 
30~C,  D M A  ghosts smoothed their  contours  to disc 
and  cup forms and began to undergo endocytosis (Fig. 
3D). Although spontaneous contour  smooth ing  is arrc- 
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Fig. 3. Enhanc~ "Adco Oarlt fle.ld light mlcro~qopy of g~a~ts und~oin$ shape change. Bar = 5 #tin. ( A)-(D~ DMA hemolysis: tA) AT['. 0 ~fin: 
(B) ~ ATP, ~0 **,in; (C) "*" ATP. O w~n: ID) + ATP, 30 rain. {E)-{ H) Mes hemolysis: iF,) - ATP. 0 ram: (F} - ATP, 3~ rain: (G) + ATP, 0 mira (H) 

+ ATP, 30 n~ .  (I)-(L) Trlcia¢ hcmoly.~s: {I) - Ai r ,  u mira O) - ATP, 30 ~n: (K) f A'[P, 0 mill; (L) + ATP, 30 rain. 

stad at tha discoid and  shallow-cup stages, endocytosis 
of Mes and  Tricine ghosts in the presence of ATP was 
extensive (Figs. 3H,  3L), as shown most  clearly for Mcs 
ghosts (Fig. 3H). 

Based on  th~ structure and  p K  o values (Table I) of 
the  buffers that  compose each of  the  groups defined 
above, there is s t rong correlation between the  ionic 
s t rength at  hemoly~,s and  the  development  of  a reqairc'- 

ment  for ATP  in shape change:  G r o u p  3 consists of 12 
buffers tha t  p r o m o t e d  > 77~  ATP- independcnt  
smoothing of crenated membranes;  l 0  of the 11 syn- 
thctlc buffers in this group are zwitterionlc compounds,  
most of  which wer~ introduced by Good  and  associates 
(Refs. 4 L  42, and  Fable I). T ~ y  contain both  positive 
and  negadve groups.  The  positive charges are borne  by 
secondary or t e r t i a~  amino  groups,  while the ncgativ~ 
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"FABLE 1 
.~l$~eazaltc namles and laKo values for  synthetar buffers 

Buffer Syslemad~ name (Chemical Abstracts) Manufacturer's name pK a (.7.0 °C) " pK n (0 o C) n 

A c e s  2-[(2-anlino-2-oxoelhyl)armno}- N-(2-aectanfido)- 6.88 7.32 a 
etha~utfonic acid 2-amln~lban~ulronic acid 

Add 0:arbamoylmethyl)iminoldiacetie acid N-I 2- aCelamid ol-2-iminodiacetic acid 6.62 6,85 a 
Ampso 2-hydroxy-3-l(2-hydro~y-l,l -dimelhyl- 3-[dimethyghydroxymethyl)methylamino]- 9.10 " 9.66 

ethyl)aminol-1 -propan~sul runic acid 2-hyd roxyprop an e suffonic acid 
nlslfs 2-1 his( 2-hyd roxyet hyl)amlno]- bis(2-hydroxyethyl)- 6.3fi ~ 6,66 

2-(hydroxymethyl)propane-1.3-dinl iminotrls(hydroxymethyl)melhane 
Capso 3-tcyclohexylami,~)- 3-(¢yclohexylamino) - 9.43 c 10.69 

2-hydroxy-I -propan~ulfoni¢ a c i d  2-hydroxy-l-propanesulfonle acid 
Dipso 3-Ibis( 2-hyd roxyrlh yl)aminol- 3-1 N-his( hydroxyethyl}aminol" ~.60 7.90 

2-hydroxypropanesulfonic acid 2-hyd ~xyp fop ancsuU~ic acid 
E p p s  d-(2-hyd~xyelh¥1)- N-2-hyd roxyet hyl piperazln e- S.00 8.22 

l -pipcrazinepropanesulfonic acid N '-4-propanesulfonic acid 
Itepes 4-(2-hydroxyelhyl)- N- 2- hydrox~t hylpipe~zine- 7.55 785 d 

I-piperazJneethaae~unonlc a c i d  N'-2-ethanegulfonie acid 
Heppso 2-h yd roxy-d-(2-hyd roxye Ihyl )- N-hydroxyethylpipera/Jne- %90 8,10 

I-piperazinepropanesulfonie acid N '-2- hydr oxypr opanesul runic acid 
Mes 4-morpholin eethan esulro nic acid 2-~ N-morphollno)e [hancsul fonic ~id 6,15 638 a 
Mops 4-morp holinepropanesul runic acid 3-( N-raorpholino)propanesulfoni¢ acid 7.01 ¢ 7.23 
Mupso 2-hydroxy- 3-( N-motphoano)- 6.95 7.25 

4-mnrpholinepropane sul ionic acid 2- hydro);ypropanesu I fonlc acid 
Pipes 1.4-plperarJnediel hanesul fn nic a c i d  pJperazine- 6,82 7.02 a 

N,N '=bis(2-eth a n esultomc acid) 
Popso 1,4-pipcra~nedi- piperazin~ 7.85 8.ll 

(2-hydroxypropanesulfonic acid) N,N '-bi~(2-hydroxypropanmulfonic acid) 
Taps 3.l [2.hydroxy.l,l-bis(hydroxymet hy 0 - 3-[ N-tfi~-lhydroxyraethyllmethylaraino]- 8.11 ~ S.B9 

ethyllamino} -1 -propanesulfonic a c i d  propan~ul fonie ~id 
Tapso ~hydroxy- 3-[ N-t d ~(bydroxy methyl)met hylamino], 7.70 8.06 

3-([2-hydroxy-l.t-bis(hydroxym¢lhyl)- 2-hyd roxyp ropanesul runic acid 
ethyl]amino) -1 -propa~sulfonic acid 

T~ 2-{[2-hydroxy-l,1 -bis(hydroxymethyl)- N- t ris(hyd roxymet hyl)met hyl- 7.50 7.92 a 
eth yl]amiuo }et h anesulfonic acid 2-aminoet han esultonic acid 

Tricine N-[2-hydroxy-l,l-bis(hydroxymethyl)- N-[ t rlst hyd roxymet hyl )met hyllalycine 8,15 Bad0 a 
ethyl]glycine 

T f i s  2-amin0-2.hydroxyraethylpropane-L3-diol tns(hydroxymethyl)aminomethane 8.30 S.90 ~ 

= Values from Rely. 41, 42 and 54. 
Calculated from values at 20 or 37°C using temperature coefficienls in Refs. 41.43 and 54. 

" Values at 37°C from Refl 43, 
a Values from Ref 42, 

charges are provided by sulfonic or carboxylie acid 
termini. With the exception of Mops (pK a 7.23), these 
buffers (e.g., Tricine, Hepes, Taps and Heppso) have 
pK= values>7.8,  so that ~_74% of the buffer mole- 
cules are in the zwittedonic form at hemolysis pH 7.4. 
Zwitterions do not contribute to ionic strength because 
they do not bear a ne; charge; hence, all the synthetic 
buffers in Group 3 have low ionic strength at 10 mM 
(0.00001-0.006). Bistds (pK.  6.66, 0 o C) and infidazole 
(pK= 7.38, 0 °C ;  calculated from Ref. 43) are weak 
bases, so that the predominant form at hemolysis was 
uncharged and the concentration of chloride was low 
(ionic strength 0.0015 and 0.0049, respectively). 

With the exception of Tris. which is cationic, the 
buffers in Group 1, those yielding < 25% ATP-indepen- 
dent shape change, are anionic. Four are inorganic 
anions - phosphate, bicarbonate, cacodylate and borate. 

The  remaining four members of this group - DMA.  
Add, Pipes and Popso - are diearboxylic or disulfonie 
acids. Ada, Pipes and Popso have a zwittefionie config- 
uration, but the overall charge is negative due to the 
presence of a second acidic group. Because they hear a 
net negative charge, the Group 1 buffers have higher 
ionic strengths (0.0105-0.0288). Tris falls into the same 
group because it was used below its pK~ and required 
the addition of chloride at > 9 mM (ionic strength > 
0.009). Group 2 contains the only four buffers that 
yielded intermediate levels of ATP-independent shape 
change: Mes, Tes, Mopso and Aces. These are synthetic 
zwitterionie compounds, and, with the exeeptlon of Tes 
(pK,  7.92, ionic strength 0.0023), they have pK~ values 
_< 7.32, and ionic strengths ranging from 0.0055 to 
0.0091 at hemolysis pH 7.4. 

These effects were explored further by performing 
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Fi~. 4. Dose dependence of the hemolysis buffer effect. (A) Pipes/ 
Hopes mixture~. (a) Tris/Tricine mL~lu~s. Heges (10 raM. ionic 
s~rength 0.0026) w~ substituted for Pipes (10 raM, ionic strength 
0.0241), or Tdcin¢ (lO raM, ionic strength 0.0006) for Tfis (tO raM, 
ionic strength O.0es7b at 0-100 moP~. All mixtur~ were m mM. pH 
7.4, After washing in hemolysis buffer, the ghosts were assayed for 
shape change in "Iris medium. Values for spontaneous conlour 
sm~thing (D, ~ and ATP.dependent shape change (ll, A) r e p ~ n t  

percentage conversion at 30 rain (A) or 20 rain (g). 

hemolysis in mixtures of buffers. A dose-dependent  
effect was demonstra ted when hemolysis was carried 
ou t  in mixtures of Pipes and  Hepes in which the total 
concentrat ion of  buffer  was mainta ined  at  10 m M  (Fig. 
4A). Reducing the ionic s trength by increasing the 
propor t ion of Hepes resulted in a roughly linear in- 
crease in the capacity for ATP-independent  contour  
smooth ing  by the resulting ghosts. A similar dose 
dependence was disclosed by hemolysis in mixtures of 
Tris and  Tricine (Fig. 4B). As the propor t ion  of low- 
ionic-strength buffer in the hemolysis mixture  increased. 
the initial rate of ATP-independent  conversion to 
smooth forms increased, as well as the plateau ap-  
pro,ached after 20-30  rain (Fig. 4 and  data  not  shown). 
These results also demonstra te  all-or-none responses, in 
tha t  the propor t ion of the two subpopulat ions shifted 
systematically wi thout  the appearance of intermediate 
forms. 

Reversal of hemolysis buffer effects 
As described previously [[9] and  illustrated above, 

exposure to Group  3 buffers at hemolysis has  a marked 
and  persistent effect on  ghost  shape change behavior. 
We  have also observed that  exposure to the low-ionic- 
s trength buffers at later stages can convert  ghosts to 
ATP-independent  behavior. Thus,  Fig. 5 shows the con-  
centrat ion dependence of the Tricine effect on  D M A  
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ghosts. The figure illustrates the ~s~lts  of three ~pa ra tg  
experiments in which ghost~ prepared by hemolysis and 
two washings in DMA buffer were incubated in mix- 
tures of 10 mM buffer in which Tricine was substituted 
for D M A  at 0-100%. As the proport ion of Triclne in 
the buffer increased and  the ionic strength dropped 
from 0.0213 to 00006.  the percentage of spontaneous 
contour  smoothing increased gradually. Exposure to 
Tricine alone (ionic strength 0.C006) resulted in more 
marked increases (to 29-95% ATP-indep=adent smooth- 
ing). The conversion achieved under  these conditions 
was variable+ possible reflecting the amount  of DMA 
carried over with the  packed ghosts. 

Table II  shows the extent to which shape-change 
behavior determined at hemolysis could be altered by 
subsequent washing using various buffers and sched- 
ules. After hemolysis and washing in Tris or DMA.  a 
single washing with Hepcs significantly increased the 
propor t ion  of ghosts that  could smooth their contours 
wi thout  ATP. Two washings with Tricine or Hepes 
converted the entire population, By contrast, Tricine 
and  Hepes ghosts were highly resistant to at tempts to 
impar t  the requirement for ATP by washing in DMA or 
Tris buffer, However,  some Hepes ghosts were con- 
verted by multiple wafilings in Tris; the proport ion 
exhibit ing ATP dependence increased from 13% with 
one washing to 27% with four washings. 

~, 8a 

zo 

e z* ~ r5 ~ 
TRICINE (percent] 

Fig. 5. Dose dependence ¢+f Trlclne converm0n of DMA ghoMs ttl 
ATP-ind~¢ndent shape-change behavior, tA) ATP-independent con- 
tour sm~lhhtg. (B) ATP-depcndcn~ shape change. Erythrt~le~ were 
hemniy~ed and washed in l0 mM DMA (ionic slrength 0.0213), then 
i~ubaled on ic~ for 30 rain in mix mr~ of DMA and Tri¢ine IpH "L4) 
with Tnc t~  (ionic slrength 00OO6) al O I00 tool rg of the I0 mM 
buffer Shap~change ~ays  in Tlis mcdnim yielded the indicaled 
pezc.,:tag¢ conversion to smooth forms. R~l t s  from three ~paratc 

experimems ar~ dislingui~hed by dif:erent symhels. 
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TABLI~ II 

Re .emil of effec ndl~ed b hereof ,sly lntffer 

Ghosts ~ere prepared from erythrocytcs washed in 0.15 M NaCI/20 mM hemolysis buffer/0.25 raM DTE (pH 7.4) by hemolysis and washings ~ 
indicated• 

Gh~t preparation Shape cha~g¢ in standard Tris medium 
Hemolysis washing (~ smooth at S0 nfin) 

1st 2nd 3rd 4th --ATP + ATP 

DMA " DMA DMA DMA h DMA 12 IGO 
DbtA = DMA DMA Trieine h Tdcine 100 lO0 
Tficine ~ Tficine Trlcine DMA b DMA 100 100 
Trlcinc Tficine 'lricine Triclne u Tdcine I(}0 100 

Tris Tris Tris "fris Tris 8 a 90 d 
Tm Tfis Tns Tfis Hepes 24 a 98 d 
Hep~ ¢ Hep~ H~pes Hepes Tris 89 a 100 a 
Hepes • Hepes Hcp~ Hepes Hepes 90 d 100 a 

Hepes Tris "rris Tris Tris 73 160 
Hepes Hepes Tris Tris Tris 80 100 
Hepes Hepes Hepes Tds Tlis 85 100 
Hepes Hopes Hepes Hepes Tlis 87 100 

DMA DMA DMA DMA Hepes 88 100 
DMA DMA DMA Hepeg Hepes 97 100 
DMA DMA Hepes Hepes Hopes 1co lOO 
DMA Hepes Hepes Hep~ Hep~ 100 t00 

CeLls were washed with 0.15 M NaCI/20 mM Tri~HCI/0.2S mM DTE (pH 7A). 
b Rcsuspcnded ghostz were incubated on ice for 30 rain before eentlifugati~. 

Packed washed cells were hemolyzed by rapid t : 120 dilu lion. 
a Percent smooth at 12 rain. 

Hemolysis  p H  effect 
A marked pH dependence was revealed when buffers 

representing each of the three groups were used at 10 
mM and at pH values spanning the range pH 6.5 8.5 at 
intervals of 0.5 pH unit. For Mes+ Hepes, Tes, Mops, 
Bistris and Tficine, spontaneous smoothing was minimal 
after hemolysis at pH 6.5-7.0 but increased 1o maximal 
levels (75-100%) when the same buffe~'s were used at 
pH 7.5. The spontaneous smoothing activity induced by 
Mes, Hepes, Tes and Mops fell off sharply at higher pH 
values. Bistris yielded 100,% spontaneous smoothing at 
pH 7.5-8.5, while Trieine yielded 100,% at pH 7.5-8.0, 
but 76% at pH 8.5. Pipes hemolysis and washing yielded 
< 16% ATP-independent smoothing over the entire pH 
range. ATP-dependent shape change was not inhibited 
by low pH hemolysis - shape change in the presence of 
ATP was nearly 100,% for all the ghost preparations. 

As an approach to resolving possible contributions of 
the buffer chemical structure from pH per se, we ex- 
amined the results of hypolonic lysis at pH 7.1-7.9 
using a series of buffers of varying pK= values, above, 
below and within the range of pH tested. These were: 

(i) Tris, Taps and Tricine, pK~ values 8.6-8+9 (Figs. 
6A, B); 
(it) Popso, DMA and Hepes, pK,  values 7.29-8,11 

(Figs. 6C, D); and 

A . . . .  e . . . .  

u 

o H AT HEMOLYSIS 

Fig. 6, En~t el hemolysis pH. (A,C,E) Sponlaneous c o n t o u r  

smoothing, (B.D,F) ATP-dcpendenl component, Hemolysis and 
washing were performed in 10 mM Wst buffer at the indicated pH in 
the range 7.1-7.9. Taps ghosts prepate~d at pH "/.9 fragmented and 

were not eounled, 



(iii) Mopso, Mes and phosphate, pK~ values 6.38 7.25 
(Figs. 6E, F), 

AS illustrated in Fig. 6A, when erythrocytes were 
hemolyzed in Tris-HCI at pH 7.1, 42% of the Tris ghosts 
converted to smooth discs in the absence of ATP, but. 
as the pH at hemolysis increased, the population oi 
membranes that changed shape without ATP decreased 
to 10~ at pH 7.7. In contrast, when erythrocytes were 
hemolyzed in 10 mM Taps or Tricine at pH 7.1, only 
16-28% of the membranes spontaneously smoothed their 
contours, whilst at higher hemolysis pH, the fraction 
that smoothed without ATP exceeded 80%. Since the 
pK~ values of Taps and Tricine are > 7.9, the zwit- 
terionlc form predominated and the ionic strength was 
low (_< 0.0044) at all the hemolysis conditions tested. 

A strikingly different pattern of pH dependence was 
found for buffers with low pK~ values (Figs. 6E. F). A 
peak of 72% ATP-independent shape change was ob- 
served for Mopso ghosts produced by hemolysis at pH 
7.5, but this fell to 13% when the pH at hemolysis was 
increased by 0.4 pH units. Similarly, as the hemolysis 
pH was raised from pH 7.1 to 7.3. spontaneous smooth- 
ing of Mes ghosts increased to a peak value of 57%: 
further increases in pH produced populations of ghosts 
with decreased ATP independence. In the pH range 
studied, the ionic strength of MES ranged from 0.0084 
to 0.0097, and of Mopso ranged from 0.0042 to 0.0082 
(0°C). Hemolysis in phosphate buffer produced mem- 
branes that exhibited the full repertoire of shape change 
in the presence of ATP, with a low background of 
ATP-illdependent contour smoothing. 

Finally, Figs. 6C, D demonstrate the pH dependence 
of the effects of Hepes, DMA and Popso. When 
erythrocytes were hemolyzed in Hepes buffer at pH 7.5 
or 7.7, > 95% of the resulting ghosts transformed rapidly 
to smooth forms without ATP. However, increasing the 
hemolysis pH m 7.9 reduced the yield of ghosts with 
spontaneous smoothing activity to 74%. Since Hepes 
has a pK~ of 7.85, this coincided with a drop in the 
zwitterionie species and an increase in the ionic strength. 
The pH at hemolysis exerted a negligible effect on 
shape change with DMA or Popso, which have inter- 
mediate pK a values but are persistently anionic, 

The biphasic pH dependence observed with several 
buffers appears to reflect the interplay between pH 
effects on the membrane and the balance of anionic and 
z.witterionic forms in the buffer that determines its ionic 
strength. Thus. in the case of zwitterionic buffers with 
pK~ values below 7.3, increased susceptibility of the 
membranes above pH 7.1 was offset by increasing the 
ionic strength in the critical pH range. 

Variability of Tris ghosts 
Considerable variability was observed in the extent 

of ATP-iodepeodent contour smoothing in ghosts made 
by hemolysis in Tris buffer. Fig. 7 illustrates the vari- 
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,00 A 

i ! i 7O zs ao as 
pH AT HEMOLYSIS 

Fig. 7. Variabihty in the pit dependence of the effL~zt o[ Tris buffer. 
{A) Spontaneous ¢omour ~moo:hing, (B) ATP-dependent component 
The pH profiI¢~ sho~n x~ere obtalnol in six separate experim~mts and 

arc distin~,uished by difb'rent symbols 

alien in the pH profile obtained in six separate experi- 
ments. ATP-iodependem shape change in these samples 
was relatively high, with peaks at pH 7.5 8.0. in one 
experiment, treatment of lhe Tris hemolysis buffer with 
activated charcoal reduced ATP-iadcpendent contour 
smoothing in pH %4 Tns ghosts from 66% to < 20f~-. 
We also observed that the high background of ATP-in- 
dependent shape change in Tris ghosts was reduced to 
< 10% when erythrocytes were hemolyzed in Tris buffer 
made with specially processed (low endoloxin) cell cul- 
lure grade water. (In the case of Bistris, a cationic 
buffer with a much lower ionic strength, use of this 
water did not reduce the high level of spomaneous 
smoothing (data not shown)). A high level of sponta- 
neous contour smoothing in Tris ghosts appeared to be 
correlated with Ih¢ presence of traces of endotoxins in 
the laboratory deionized water used to make up the 
buffer. However. addition of E. colt lipopolysaccharide 
(an endotoxin standard) to 2,5 40 pg/ml hemolysis 
Duffer in cell culture grade water did not replicate the 
effect observed with laboratory water, leaving the sig- 
nificance of endotoxin contamination uncertain, overall, 
the variability in Trls buffer is still not understood. 

Discretion 

Fig. 8 is a scatter plot showing the relationship 
between spontaneous smoothing behavior and ionic 
strength for all hemolysis conditions represented by 
results in Figs, 2 and 6, together with pH data not 
shown. This plot reveals that there is a critical condition 
near ionic strength 0.0l: buffers with higher ionic 
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Fig. 8. R©lallonship of spontaneo~ smut hlng to buffer ionic strenglh. 
Results from Figs. 2 and 6 and pH dependence data not shown are 
plotted against ionic strength calculated from the appropriate pK= 
values (Table I and ReL 55). The eonulbution of cell w~hing buffer 
and cell electrolytes (1/60) to ionic strength at hemolysis is not 
included. Results for hemolysis pH >_ 7.3 ~e indicated by open circles 
{o). ex~pt for two deviant points, representing Epps and Hepes al 
pH 7.3. which are distinguished by open triangles {a). Small filled 
circles (el are the results for hemolysis at pH h.5 7.1. The curve was 
generated by fitting the arbitrary zigmoid function y-10O[l+ 
e.lt •-s~ 1-I to the open clrcle~. Parameler B ( = Ih00324) is the ionic 
strength yielding 5O% shape change; parameter A t = 502.9) is propor- 
tional to the ~o~ o[ the CU~re at the mldpolnl and is a measure of the 

sensitivity to chases in ionic strength. 

strengths always generated high proportions of ghosts 
that required ATP to enaoge shape. Buffers with ionic 
strength helow 0.005 always yielded high spontaneous 
smoothing, provided that the pH was greater than 7.3. 
In the ionic strength range 0.002-0.01, we observed a 
marked divergence in the results with different buffers 
(Figs. 2 and 8). For example, some of the deviant points 
in Fig. S represent Tes (pH 7.4) (0.0{1231, 57%); Tes (pH 
7.5) (0.00275, 76%); and Mes (pH 7.5) (0.0093, 88%). 
We have obtained comparable results varying the ionic 
strength systematically by adding NaCI or adjusting the 
buffer concentration (Raval, P.g. and Fairbanks, G., 
unpublished observations). As suggested by Fig. g, the 
ionic strength generahng half-maximal spontaneous 
smoothing and the maximal activity approached at very 
low ionic strength in these experir~ents is both buffer- 
dependent and variable. The va,'iahility may reflect 
individual differences in the donor population or ex- 
perimental variation iJ: the physiological state of the 
cells at hemolysis. In addition, it is known that many 
zwitterions have stabilizing effects on supramoleeular 
structures in living systems [44,45], and it seems quite 
likely that these effects, which vary with the chemical 
structure of the dipolar ions [4fi], modulate the response 
of the membranes to low-ionic-strength shock in the 
synthetic buffers. 

Several earlier studies have examined crenation of 
ghosts by divalent cations, monovalent salts, and pbos- 

phate buffers [35 39]. Of particular interest in the c o n -  

text of our work are reports that ghosts incubated in 1O 
mM Hepes [37] or phosphate at low ionic strength I39 l 
progressively lost their capacity to erenate. Tiffs decay 
was accelerated by raising the temp¢rature and was 
retarded by reducing the pH from 8 to 6 [39]. The pH 
and ionic strength dependence of the acquisition of 
spontaneous smoothing behavior parallels the condi- 
tions that promoted loss of sensitivity to erenating 
agents in the earlier studies, suggesting that the two 
phenomena are closely related. Consistent with this is 
our observation that ghosts that smoothed sponta- 
neously were often less tightly ereaated initially (Fig. 3). 

The underlying structural basis for spontaneous 
smoothing is not yet known. Hemolysis in Hepes and 
other zwitterionic buffers in Group 3 yielded ghosts that 
remained pink despite repeated washing (Ref. 22 and 
results not shown). This phenomenon is probably sim- 
ply another eti'cet of the low ionic strength of the 
buffers in this group; retention of hemoglobin after 
hemolysis and washing in phosphate buffers at  low 
ionic strength has been demonstrated by Dodge et ah 
[47]. In any case, these observations suggested that 
increased membrane retention of endogenous ATP or 
other cytoplasmic components, including hemoglobin, 
might be responsible for contour smoothing without 
ATP. Our results on conversion of shape-change behav- 
ior seem to rule out this possibility. Thus, Trieine ghosts 
and Hepes ghosts were relatively resistant to conversion 
to ATP dependence by washing in Tris or D M A  (Table 
11), even though this removed most of the membrane- 
bound hemoglobin. (But more recent results indicate 
that > 50% conversion can be achieved by a high-salt 
wash (Ravah P.J. and Fairbanks, G.,  unpublished ob- 
servations).) Conversely, white D M A  or Tits ghosts 
were converted to ATP independence by one or two 
washings in Hepes or Trieine. 

Attention has been focused recently on ATP-depen- 
dent arainophospholipia flipping as the basis for the 
progressive membrane curvature change in ATP-depen- 
dent smoothing and endoeytosis [26,27,30]. The sponta- 
neous contour smoothing differs from the active process 
in that i t  cannot be inhibited by vanadate (Refs. 22, 29 
and unpublished observations). However, it is :lear 
that, in principle, the development of this property 
could involve events in the bilayer independent of the 
aminophospholipid-flipping enzyme system. Lange et 
al. [39] have proposed that disturbances in lipid asym- 
metry due to the hemolytic trauma are responsible for 
susceptibility to salt-induced erenation. In their view, 
the effect of incubation at low Joule strength involves 
partial restoration of the normal lipid distribution, pos- 
sibly facilitated by dilation of the hemolytic hole [48]. 
Such changes might be reflected in decreased bilayer 
resistance to bending or increased tension in the inner 
lipid monotayer under conditions or shape-change in- 



eubat ion without  ATP. However, the physical basis for 
spontaneous  smoothing could equally well reside in the 
plasticity and  ionic strength dependence of  the organi- 
zat ion of  the spectfin-aetin network and in its linkage to 
the inner surface of  the membrane  [16,49]. Alterations 
in the pat tern of protein associations in the network 

induced by exposure to low ionic s t rength would be 
expected to alter the  mechanical properties of the skele- 
ton. In  c on t i nuum  mechanical terms [16], organizational 
changes leading to  increased tension in the skeleton "gel' 

when the temperature  is raised would favor reduction of  
positive curvature and smooth ing  of  the composite trl- 

laminar  membrane.  Lange et el. [50] have found no 
evidence that  ghosts  resistant to erenation had  ex- 
panded  skeletons, bu t  the  changes in relative areas of  
the inner and outer  membrane  surfaces dur ing shape 

transitions ma y  be ton small to detect by direct a b e r r a -  

t ion [6]. Fur ther  s tudy of  the effects of  low-ionic-strength 

P, uffers on the dynamics o f  bilayer and skeleton proper- 
ties during subsequent  shape-change incubations should 
be helpful in establishing which of  the membrane  do- 
mains  is the locus of  the  hemolysis buffer  effect. 

There have been various reports of  the toxic effects 

of  zwitterionic buffers in ceil culture systems [51], in- 
cluding inhibition of  the development o f  spontaneous  
mechanical  activity of  arterial and venous smooth  
muscle [52l and  the blockage of  chloride channels o f  
Drosophila neurons  [53]. We have no  evidence tha t  such 

toxicity is involved in the  hemolysis buffer  effects de- 
scdbed here. T he  apparatus  using ATP  for curvature 
change  is clearly functional  in ghosts  produced by all 25 
buffers at 10 raM. However, a l though all the membrane  
preparations undergo smooth ing  and  invagination when 

A TP  is supplied, there are differences in their hemo- 
globin content  and  responses to incubat ion without  
ATP.  The  variability of  Tris ghosts in shape-change 
studies is clearly unacceptable and ,  despite int imat ions 
tha t  this migh t  be related to the  presence o f  organic 
con taminan t s  in the water, this problem remains unre- 

solved. Ghosts  made  with Gr oup  I buffers (e.g., D M A  
and  phosphate)  are ATP-dependent  in the initial 
smooth ing  phase of  shape change, which can  then be 
assayed simply by count ing.  Zwitterionic buffers f rom 
O r o u p  2 or 3 should be acceptable if supplemented with 
salt or applied at  higher concentrat ions to increase the 

ionic s t rength at  hemolysis. 
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