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S U M M A R Y  

A number of hydrophobic proteins have been separated and purified to varying 
degrees from synaptic membranes derived from bovine brain. The proteins, which 
have been obtained using preparative acrylamide gel electrophoresis, have been 
analyzed for molecular weight, amino acid composition, peptide mapping, N-terminal 
amino acids, and for their ability to bind c Mcium and ATP. A number of the proteins 
bound calcium, the greatest binding being associated with a component having a 
molecular weight of 1.6 • 10 4, a binding capacity of 4 calcium/molecule, and a Km of 
1.5 • 10 -5 M. An acidic tryptic peptide derived from this protein was evidently re- 
sponsible for the calcium-bia¢iing. ATP binding appeared to be confined largely to the 
higher molecular weight proteins. From the peptide mapping there appears to be a 
similar acidic component in a number of the proteins exhibiting calcium-binding. 
ATP-binding was associated mainly with the high molecular weight proteins, particu- 
laxly those which consisted of numerous basic tryptic peptides. 

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

In an effort to elucidate the role of Ca 2 + in cellu!ar function several types of 
Ca2~-binding proteins have been isolated from various animal tissues. Included 
among these are troponin [1 ]; an intestinal protein thought to be involved in the 
adsorption of dietary Ca 2 + [2]; several proteins from sarcoplasmic reticulum believed 
to be responsible for sequestering Ca 2+ [3]; an acidic phosphoprotein from porcine 
brain and bovine adrenal medulla, presumably specific for neuronal tissue [4]; and an 
axoplasmic protein from the giant squid axon [5]. With one exception, all of the 
above-mentioned proteir,~ are water-soluble and are, therefore, readily purified by 
conventional procedures. The one exception is the protein from sarcoplasmic reticu- 
lum, which is initially sol abilized in detergent but is subsequently soluble in aqueous 
media after purification. 

interest in this laboratory has focused on the characteristics and possible 
function of hydrophobic proteins derived from isolated synaptic membranes of 
mammalian brains [6, 7]. Attempts to purify and separate such proteins after solubili- 
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zation in dodecyl ..mlfate and other detergents by the use of gel filtration and column 
chromatography have not  be~n very successful. A high molecular weight complex of  
such proteins has been shown to exhibit both  Ca :'+ and ATP binding as well as 
(Na+-~-K+)-ATP,-tse and 5'-nucleotidase activity. From an analysis of N-.terminal 
a ~ i n o  acids and acrylamide gel electrophoresis with dodecyl sulfate, it could be shown 
t~hat the material was quite heterogeneous, even after repeated runs on gel filtration 
columns. 

I~ the present study a number .:of the components of  the hyd:?op~zobic complex 
have beea separ l:ed and purified by the use of preparative gel e lectrophoreses in 
dodecyl sulfate. "['he individual con~ponents have been analyzed for N-terminal 
amino acid, aminr~ acid composition, :md peptide prolific, as well as for their  ability to 
bind Ca 2+ and ATP. The major effort has been devoted to the purification and 
characterization of a Ca z +-binding pr~tein having a molecular weight of about  ! 6 000. 

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

Preparation of  zynaptic membranes from calf brai,~ 
Approx. 00 g of cerebral gray matter from the brains c f  frestdy killed c~lves 

were homogenized thoroughly in large glass homogenizers (captci ty 50 ml; cleeurance 
0.2 mm) in 15 times its volume of 0.32 M suc','ose. After removal of  the heavier 
components by centrifugation twice at 1000× 0 for ! 0 m  in, a iighter pellet wa~: ob- 
tained by centrifugation at  15 000 × g for 20 min. This pellet was then homoge~,ized 
in 60 ml of  n.32 M sucrose and 8 m! of  suspension layered oz,. cellulose centrifuge 
tub~:s containing 14 ml layers each of  1.2 M and 9.8 M sucrose. After centrifugation at 
1 0 0 0 0 0 x g  for 1 h in a Spinco 65 L ultracentrifuge using a SW 27 ro~:or, the inter- 
mediate layer ~ntain~,ng nerve endings was removed by gentle suction ~nd retained. 
This layer was then suspended in 200 ml of  H20 ,  homogenized, kept at 0 °C for 1 h, 
and then centrifuged ~xt 1 0 0 0 0 0 × g  for 30 min to yield t~ pellet of  dis~a~pted nm~e 
endings. 

~I'he pellet containing disrupted nerve endings was then rehomogenize~t in 84ml of 
HzO and 7 ml layered on gradient tubes containing 6 ml each of  the following sucrose 
solutions in a discontinuous gradient: 1.2 M, 1.0 IV[, 0.8 M, 0.6 M, 0.4 M. After 
centrifugation et 1 0 0 0 0 0 × g  for 1 h, the various layers wer.. • removeo by gentle 
suction and designated with the letters, D--I, beginning ±'rora the top. The layers 
were washed twice b, ~eing homogenized in 20 vol. o f  H20 and centrifuge,i at 50 000 
× g  for 20 rain. 

Prepare'rive gel electrophoresis of  hydrophobic p,-oteins 
The method used was similar to that  of  Neville [8] for analytic~l geI electro- 

phoresis. The prepar~ :ve gels were prepared in glass columns 12 cm long talc1 i,8 cm 
diameter. Each tube contttined 30 ml of  separation gel comprised of  11% polyacryl- 
amide and 3 ml of  stacking gel containing 3 ~o i,)olyacrylamide. To each gel ~m 0.4 ml 
sample was applied containing the equivalent of  5 mg protein from frat~ion G,  
dissolved in the upper buffer~-2~o dodccyl sulfate-l-2~/o mcrcaptoetha~ol.  The 
cylindric~d electrophoreds chamber, which proc~Jsed a total  of  8 gels, was constructed 
of  plexiglass and consisted of  a lower and upper reservoir, having volumes of  .100 and 
400 ml respectively. The upper buffer consisted of  0.04 M boric acid/0.041 Iv[ Tris/ 
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0.1% dodecyl sulfate, pH 8.64; and the lower buffer, 0.42 M Tris - HCI, pH 9.18. 
Gels were prepared as described by Neville [8]. In all procedures the ~odium salt of  
dodec>l sulfate was used. 

Electrophoresis was performed at 24 °C for a period of 8 h at a current of 
5 mA/tube for the first h and 10 mA/tube for the remaining time. Coomassie blue was 
used as a marker to determine completion of  the run. After electrophoresis, a narrow 
(0.2 cm thick) longitudinal section of each gel was stained with0.25 % Coomassie blue 
in 50 % methanol/7 ~o acetic acid. Upon removal ofthe excess dye with 7 ~ acetic acid 
the stained strip was matched with the unstained portion which was then sectioned 
transversely into 9 parts, numbered I - I X  beginning at the origin. Each section con- 
sisted of  a major band although minor components were also present in some of the 
sections (see Results). 

Extraction of protein.~ from the gel 
In order to separate the proteins from the gel it was necessary to use dodecyl 

sulfate in combination with electrophoresis. After the various segments were minced 
and suspended in 0.2 % dodecyl sulfate, pH 8.0, they were transferred to a 125 ml 
bottomless plastic bottle with cellophane dialysis tubing tied to its neck. A fine nylon 
membrane (37/~m mesh), attached to the neck by means of a plastic screw cap, 
prevented the gel fragments from entering the dialysis bag. The dialysis bag was then 
immersed into a lower chamber containing 0.2 % dodecyl sulfate, pH 8.0. Electron 
phoresis was performed at 24 °C with a current of 30-40 mA for 4 h, with the anode 
(Pt wire) inserted into the lower chamber. 

After the contents of the dialysis bag were centrifuged at 40 000 × g  for 30 rain, 
the supernatant was lyophilized. The dried residue was then washed 3 times with 
10 ml volumes of methanol and twice with 10 ml volumes of 50 % methanol. With the 
us~ of dodecyl 3SS-sulfate (Amersham/Searle Corp.; spec. act., 10 mCi/mmol)i t  was 
~etermined that the washing procedure removed over 99.90 ~ of the dodecyl sulfate in 
the residue. The washing with 50 ~o methanol was necessary to remove most of the 
acrylamide associated with the residue. The protein residues were then suspended in 
a small volume of H 2 0  and stored at --20 °C. 

Preparation of larger amounts of protein IX  
In order to prepare larger quantities of protein IX, advantage was taken of the 

fact that it was the fastest moving component on the gel. Gel electrophoresis was 
performed as described above except that the equivalent of 10 mg of protein from 
fraction G was applied to each gel and a dialysis bag, filled with 25 ml of and immersed 
in the lower buffer, was attached to each gel. The length of the gel was reduced to 
8 cm. Since the mobility -~f the protein relative to the dye indicator was known, the 
electrophoresis time fc~ elution of the  protein IX could be accurately determined. 
]'he protein was recovered by first centrifuging the contents at 100 000 × g  for 30 rain, 
dialyzing the supernatant against distilled H 2 0  at 4 °C followed by lyophilization, and 
then wa.,.hing the residue with 50 ~/o methanol to remove the remaining dodecyl sulfate. 
The protein was dried ir~ vacuo and stored at  --20 °C. 

Analytical gel electrophoresis 
All 9 proteins we,re submitted to analytical acrylamide gel electrophoresis, 
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under conditions identical to the preparative procedure, and exhibited patterns and 
mobilities very similar to those shown for the individual components in Fig. 3 (data 
not shown). 

Peptide mapping 
Peptide mapping was performed by the procedure of Furlan and Beck [9] with 

some modifications. Approximately 1 mg of each of the proteins was homogenized 
in 0.05 ~ dodecyl sulfate in 0.2 M ammonium carbonate, pH 8.5 and incubated with 
20 ltg trypsin for 4 h at 37 °C. The trypsin had been treated with diphenylcarbamyl 
chloride to inactivate chymotrypsin. After the trypsin-digest was lyophi[ized, it was 
redissolved in 50/d of distilled HzO and I0/d aliquots applied to thin-layer chromato- 
graphy plates ~20 × 20 cm) coated with a 0.5 mm layer of powdered MN 300 cellulose. 
Ele~rophoresis was then carried out in a mixture of pyridine/acetic acid]water 
(20 : 7 : 973) at pH 5.5 for 60 rain at 1000 V. After the plates were dried for 1 h at 
50 =C, they were subjected to ~scending chromatography in a solution containing 
n-butanol/acetic acid/H20 (4 : i : 5). After the plates were dried at 100 °C, they were 
sprayed with 0.05 ~ fluorescamine in acetone and visualized under ultraviolet light. 

Amino acid ana.rysis 
Hydrolysis of the protein samples was carried out in sealed ampoules under 

N2 for 48 1~ at 1 i0 °C. Amino acid analyses were performed on the Becgman 120 
amino acid analyzer. Methionine was determined as methionine sulfone, and half- 
cyst~ne as cystei~: acid after the samples had been oxidized by performic acid, prior to 
acid hydrolysis. 

Acidic peptide from the Ca z +-binding prot~:in 
After 8 mg of protein IX had been s,~bjected to trypsin digestion, the digest was 

applied equally to 4 thin-layer chromatography plates, and separated as described in 
the ,;ection Peptide mapping. A peptide near the origin of the thin-layer chromato- 
graphy plate (marked Pt 9 in Fig. 4f) was scraped off with a ~azor blade anti extracted 
frotg~ the cellulose with 6 M HCI at 50 °C for 15 min. The dodecyl sulfate extract was 
assayed for Ca z ÷-binding; while the HCl-extract was hydrolyzed for 24 h at 100 °C 
and amino acid a~alysis performed on the amino acid analyzer. In order to study 
Ca2"'-binding the peptide was extracted from the cellulose with 2 ml of 2 i~ dcdecyl 
sulfate. After centrifugation the extract was lyophilized and the residue washed 3 
times with methavol to remove the dodecyl sulfate. It was suspended in 10 -s  M 
dodecyl sulfate, homogenized, and assayed for Ca z +-binding. 

End group analysis 
N-terminal amino acid analysis was performed according to the method of 

Gray [10], except for the addition of 0.1 ~ dodecyI sulfate, needed to dissolve the 
prote~n. Prior to dtnsylation the proteins were extracted twice with chloroform/ 
methanol (2 : 1) in order to remove all lipids. After dansylation at 27 °C for 4 h, the 
proteins were precipitated with 5 ~ trichloroacetic acid, washed twice with 5 0 ~  
methanol to remove the acid and dodecyl sulfate, and then hydrolyzed with 6 M HCI 
in an N2 atmosphere for 18 h. Two-dimension;~l cellulose thin-layer chromlxtography 
was used to identify the dansylated N-terminal amino acids according to the method 
of De,yl and Rosmus [I I ]. 
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)llea.::ztrement o f  Ca 2 +-bindino to proteins by ultrafiltr~:tion 
The measuremenl of Ca 2 +-binding was performed by the ultrafiltration method 

of Paulus [12], using an ultrafiltration cell obtained from Metalloglass, Inc. An 0.5 rnl 
incubation ;ncdium contained 50 llg protein, 1 m M  Tris - HCI buffer, pH 7.5, 1 ~K:i 
4SCaCI, (spec. act., 10 Ci/g), 5- 10 -6 M CaCla. After 20 rain incubation at 27 °C, 
0.2 ml was transferred to a UM-10 (Aminco Corp.) filter inserted in the ultrafil~ration 
cell. After the aliquot was filteredwithin 10 rain at a pressu~ of401b/inch 2, the 'bottoms 
of the filters were washed x~th 5 ml of ethyleneglycol. The filters were then removed 
and transferred to scintillation vials. Bray's solutic, n was then added and radioactivity 
wa~ measured in a liquid .~eintillation spectrometer. 

Measure of  A TP and Ca ~ +-bindin9 by a surface film technique 
An alternative method for measuring binding o f a  radiolabeled ligand t,) 

protein is the surface film technique [7]. Briefly, it consisted of determining the ad- 
sorption of 4-~Ca2 + or [~ 4C]A'~P from the subsolution to a protein film spread at the 
surface. Measurements were carried out in teflon pianchets (2.0 cm diameter. 0.5 cm 
dt~p) containing a final volume of  1.2 mi test solution, and radioactivity was deter- 
mined by means of a scaler and t3eiger-Muller tube. The test solution contained 
either 0.01/~Ci [~aC]ATP (spec. act., 5 Ci/mol) in 10 -s  M ATP or 0.01 Ci ~SCaCi2 
(spec. act., 10 Ci/g) in 10 -5 CaCI.,. The pH for Ca2+-adsorption was ";.5 and for 
ATP-adsorption. 4.5, adjusted with NaOH or HCl. 5 pl of a protein solutiota was 
applied to the surfitce, prepared by homogenizing the protein in 1 0 - 6 M  dodecyl 
sulfate, pH 7.5. so that the final concentration was about  2 mg/ml, it could be de- 
monstrated that a solution of 10 -6 M dodecyl sulfate, either alone or in combination 
with albumin, exhibited no CaZ+-binding under the conditions employed [:~]. The 
amour:t of radioisotope adsorbed to the monolayer, F, was calculated according to tb~ 
expression 

F : (I--Ib)/SA 

where i - - f i n a l  radioactivity in cpm, ib = cpm bef,.we the protein was applied, 
S :~ specific activity of [t'*C]ATP, and A = surface area. 

RESULTS 

Electron microscopy of  synaptic membranes 
A representative sample of membrane fraction G. prepared from nerve endings 

of bovine cerebral gray matter is presented in Fig. 1. Most of the material consisted of  
synaptic membranes with a few small vesicular compone . t s  and larger membranous 
fragments possibly derived from myelin and axonal proces:;es. The other membranous  
fractions (electron micrographs not shown) obtained after hypotonic shock of the 
crude pellet contained the following: D, mostly myelin with some glialaxonal pro- 
cesses; E, myel in+processes+synapt ic  membranes; F, large synaptic m e m b r a n e s +  
processes; (3, mostly synaptic membranes+smal l  processes; H, mostly synaptic 
membranes+mi tochondr ia l  fragments -ff small processes; I, mostly mitochondria,  
intact and fragmented. The appearances of the various subcellular componenls are 
s imilar to  t h o s e  ol~tai.qed f rom rat brain and  desr, ribed e l sewhere  [6]. 
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Fig. I. E,lectron micrograph  o f  synaptic membranes  (layer (3) isolated f rom bovi~le cerebral gray 
rna~ter. Specimens prepared ~s described elsewhere [6l. 

Gel electrophoresis patterns of  the various subeeilular fractions 
A comparison was made of tile gel electrophoretic pattern of the various 

components  of the nerve ending fraction of bovine brain after hypotonic shock and  
separation by sucrose density gradient centrifugation (Fig. 2). The. ~ patterns for 
fractions F - H ,  which consisted largely of various membranous  f rag~ents  of nerve 
endings, were quite similar. Fractions H and t, which contained mitochondria  an~ 
intact or partially disrupted nerve endings, were similar to one ~noth:r .  The pat tern 
for the myelin fraction, D, was distinct f rom the others. 
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Fig. 2. Acrylamide gel electrophoretic pat terns o f  various membre,~tous fractions obtained from a 
crude synaptosome-mitochondria  pellet f rom bovine brain. See t©:~t for  description of  subcellular 
nature o f  various components .  
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t l !  

r i l l  

IX 

Fig. 3. Preparative acrylamide gel o f  bovine synaptic membranes.  The pat tern  is from membrano  
fra~tio~ (3: approximately 5 mg o f  protein per gel. The regions art  number©d I - IX.  
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T A B L E  I 

P E R C E N T  D I S T R I B U T I O I ~ ,  N - ~ E R M I N A L  A M I N O  A C I D S ,  A N D  M O L E C U L A R  W E I G H T  
O F  V A R I O U S  HYDROPI-~OBIC P R O T E I N S  C)F B O V I N E  S Y N A P T I C  M E M B R A N E S  

T h e  ma jo r  e n d  g roup  is in~licated by italics, wi th  the  add i t iona l  ~ i n o  acids represent ing  m i n o r  
componen t s .  T h e  de t e rmina t ions  are based  o n  2 i n d e p e n d e n t  prepara t ive  gel runs;  and  irt each case 
m a t c h e d  segments  f rom 6 gels were combined .  The: ag reemen t  in gel pa t terns  and  e n d  group  analysis 
be tween  the two was very g~od.  

Protein Total[ pro te in  (%) N- t e rmina l  a m i n o  acid Mr - 10 - "  

I 7.1 Ser, G~y 10--25 
II  10.6 Ser, GIy, Met  8.5 
II1 16.,; Ser, GIy, Phe  5.8 
IV 2~.l Gly,  Met ,  Ser 5.2 
V 14.6 Gty,  Met  3.9-4.4 
VI  20.t) Gly,  Met  3.2-3.3 
VII  ! .9 Ser, GIy 2.3 
VII I  2.0 Ser, Me t  2.0 
I X  6 : )  Met,  Scr 1.6 
Synapt~c J n e m b r a n e  100,~) Ser, Giy,  Phc,  Met,  AIa, Pro  

Since fract ion G appeared to  consist mainly of  synaptic membranes  and  was 
the most  homogeneous  of  the fractions, it was ~ e c t e d  for preparative gel electro- 
phoresis. The preparative gel was sectioned into 9 bands ( I - IX)  f rom which the various 
protein components  were extracted ~s described earlier (Fig. 3). Most  of  the bands  
conta ined one major  ~tnd one or two minor  components ,  except VI I - IX ,  which 
appearec[ to  be single components .  A percentage d~t r ibu t ion  of  the total  synaptic 
membra~e protein,  among  the individual protein fractions is presented ilt Table  I. 
Abou t  60 ~o o f t h e  total  protein was associated with fractions III-1V, havin~: molecular  
weights ranging f rom ,5.8-3.2.104. The Ca2+obinding protein,  IX, corf,4~ri~d only 
6 ~ of  the total  protein and  had a molecular weight of  1.6- 10 *. 

N-terminal amino acids 
The major  N-terminal  amino  acid found  in fractions I - I l l  was serine, with 

lesser amoun t s  of  glycine in II and  III and a trace of  phcnylalemine in II i  (Table !). 
Fract ions IV-VI  contaLined mainly glycine with lesser amounts  of  methionine;  in 
addit ion there was a trace of  serin¢ in IV. Fract ions VII and  VIII  consist¢~i mainly of  
serine with small amounts  of  glycine and  methionine  respectively. Methionine was the 
ma.~or componen t  of  IX with a lesser amoun t  of  serine. In the total  protein two addit ion- 
al end groups, alanine and proline, were detected. 

Amino acid composition of  proteins 
The amino  acid (:ompositic~t was performed on the total  membrane  proteins 

as weli as some of  the ~'ra.ctions separated by gel electrophoresis (Table II). A m o n g  the 
significant differences between the various proteins is the relatively low percentage of  
acidic amino  acids ill VI (16 ~o) as compared  to I and  IX (over 26 ~/o). Another  
difference is the high ~ r c e n t a g e  of  serine and  low percentage of  ala ~.ine in I. Protein 
IX  had  the highest amoun t  of  acidic and  by fax ~he least a m o u n t  of  basic amino  acids. 
In addi t ion to haviltg u high percentage of  acidic amino acid~% IX ltad all unusually 
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T A B L E  II 

A M I N O  A C I D  C O M P O S I T I O N  O F  V A R I O U S  H Y D R G P H O B I C  P R O T E I N S  

Glutamic  acid  includes glutamine and aspartic invludes aSl~,ragine. Tryptophan was not determined. 
Half-cy~tlne was  not  determined for III,  IV, and Ptg, The  tc4al proteins is  expressed as mean  4-S.D.;  
all other, data represents an average o f  2 -3  separate  determinat ions  with an agreement o f  less than 8 ~e, 
n.d., not determined. 

Total  protein I I l l  1V VI I X  Pt9 

A s p  9.9 ~ 0 . 2  10,3 10.; 10,¢i 7.6 11.6 9.7 
Thr 5.5 ~ 0 . 2  5,3 6.~ 6.:! 6.7 7,3 I !,2 
Set  6 . 6 ~ 0 . 6  11.4 7.5 8, i 8.6 9.3 9.8 
Glu  12.8 ~ 0 . 4  16.3 11.2 10, "r 8.~ 14.7 10.6 
Pro 5.6 ~0.3 6.4 4.5 6.:~ 3.9 1.2 0 
Gly  7.5 ~ 0 . 2  9.7 8,8 9, ! 10.I 12.1 15.3 
Aia  8.3 ~ 0 . 2  3.6 10.8 12,0 12.8 9,4 12.1 
H a l f  C3~ 0.8 ~ 0 . 3  0.6 n.d.  n .d .  0.8 0.7 n.d.  
Val 6 .0~0 .1  4.1 7.0 6.9 4.8 7.4 4.8 
Met 2.1 ~20.1 1.8 1.5 1.4 ! .0 0.8 0 
l ie  4.3 ~ 0 . 5  2.7 4.9 4. ] 4.2 5.3 6,2 
Leu 8.6-~0.2 12.1 9.8 9.9 10.~ 9.9 5.5 
Tyr  3.1 ~0 ,1  0.9 3.2 2.8 3.4 2.3 1.1 
Phe  3.8 ~ 0 . 2  6.~ 4.3 4.0 5.3 3.7 1.6 
Lys  7.6 -~0.4 5.0 5.0 3.9 6.1 2.4 0 
His  2 .3~0 .1  1.4 2.2 1.6 2.7 0.8 4.5 
A r g  5 , 0 ~ 0 . 2  4.6 4.0 2.8 4.5 !,8 4.5 
G l y ~ A s p  22,7 26.6 21.3 21  3 16.1 26.3 20.3 
Lys ~- His- l -Arg  14.9 11.0 l 1.2 8.3 13.3 4,0 9.0 
H y d m p h o b i c  31.2 34.4 33,6 3 4 9  28.4 30.5 14.3 

small amount of  basic amino acids. 1~ 9, the tr:.,ptic peptide derived from IX, was 
comprised o f  20 ~o acidic amino acids and 9 ~o belie,  equally divided among histidine 
and arginine. 

Peptide maps of  tryptic digests 
Pepfide mapping was performed ©.n 6 of  tile proteins (II-VI, IX) separated by 

preparative gel electrophoresis (Fig. 4, a-f) .  There were some similarities between II 
and Ill ,  as well as between IV and V. Both II and III contained more cathodally 
migrating (basic) peptides than did the other proteins. All the proteins consisted of  
anodally migrating (acidic) components. Othe~- than a few large acidic peptides, 
IX was almost devoid o f  vny other components  Methyl green, which was used as a 
marker, had a mobility similar to a~ginine, moving to ~he extreme left edge of  the 
plate. 

Ca 2 +-binding to various proteins and acidic peptide of  synoptic membranes 
Ca 2 +-binding was determined on the protein fractions separated by preparative 

gel electrophoresis (Table III). The highest specific activity was found in the lowest 
. molecular weight component, IX, with the next highest activity in VII and I. Some 

Ca2+-binding was detectable in all the rermfinder proteins. The acidic peptide, Pt 9, 
was found to have a specific activity which was twice that of  the original protein I ~  
from which it was derived. 
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F i g .  4 .  ( a - f )  Pep t ide  m a p p i n g  o f  t ryp t ic  digests  o f  var ious  h y d r o p h o b i c  p ro te ins  o f  bov ine  synap t ic  
membranes .  T h e  p ro te ins  are  ind ica ted  by  the  r e , n a n  numera l s .  Ele~'Uophoresis  was in  the ho r i zon ta l  
d i rec t ion  (ca thode  a t  left) a n d  c h r o m a t o g r a p h y  in the ver t ical  direct ion.  T h e  or ig in  is i ad ica ted  b y  
• t X l , o  

T A B L E  l l I  

C a  a+ A N D  A T P  B I N D I N G  T O  V A R I O U S .  H Y D K O P H O B I C  P R O T E 1 N S  O F  B O V I N E  S Y N -  
APTIC M E M B R A N E S  

E a c h  value  is a n  average  o f  de t e rmina t ions  m~tde o f  3 separa te  p ro te in  p repa ra t ions  a n d  the ag reement  
was wi th in  10 ~/o o f  the  mea~.  

P r o t e i n  C a  z÷ adso rp t i on  A ' r P  ~d~orpt ion  

Ul t ra f i l t r a t ion  m e t h o d  ~urface  film m e t h o d  Surface film 
( n m o l / m g )  ( n m o l / m g )  (nmol / rag)  

T o t a l  m e m b r a n e  125 
I 120 
I I  80 
I I I  65 
I V  22 
V 24 
V I  8 
VI I  75 
V I I I  150 
I X  220 
VI I  - t -VIi i  -t-IX 295 
Ptg 550 

250 42 
295 48 
!25 33 

58 1 0  
65 25 
32 3 
25 4 
9O 2 

170 2 
240 I 
305 0 
- -  0 
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When the Ca2+-binding activity of  the various proteins was determined by the 
surface film technique somewhat  differen~ results were obtained.  The greatest  adsorp-  
t ion was observed in I, wi th  IX having about  80 ~ of this activity; while the total  
protein fraction of  the membrane  exhibited almost  the same activity as IX. It is very 
likely tha t  the difference in Ca2+-binding activity observed with  the two methods is 
due to  the fact that  the configurat ion ~nd stability of  the interfacial protein film 
determines the degree of  Ca 2 +-adsorptioz.~. As discussed elsewhere [7] the concentra-  
t ions of the protein solution as well as the detergent or organic solvent used to disperse 
the protein must  b= opt imal  for maximal  Ca = +-adsorpt ion and  film stability. Wi th  the 
ultJrafiltration techni(~ue the proteins proI~ably exist in the form of aggregates, while 
the availability of  the acidic sites on th~ protein may b ~. more constant  and  not  
susceptible to such interracial factors as energy barriers and  steric configm'ation [7]. 
It is conceivable, however,  that  the  interracial phenomena  are, to some extent,  
representative of the si tuat ion in the intact b iomembraue ;  and  for this reason it 
seems apDropriate to include da ta  obta ined by both  methods.  

A'= o f  Ca ~ +-binding to I X  
Th,- ~dsorption of  Ca 2 + to an  interfacial film of IX increased linearly from 

I0 -~ to 5 - 10 -4  M Ca 2÷, and  was constant  thereafter  (Fig. 5). The K~ was est imated 
at  1.5 - 10- s M. At saturat ion (5 • 10 -4  M Ca 2+) the ratio of  molecules of  Ca  z+ 
b o u n d  to molecules of  protein was about  4. The pH op t imum Ca= +-binding to IX 
was 8.0, the curve (data  not  shown)  being similar to that  obtained previously for a 
cruder  prepara t ion  of hydrophobic  proteins [7]. 

ATP-binding 
ATP-binding  was found  to be mainly a.~sociated with the higher molecular  

weight components  in addi t ion to the to~al membrane  proteins (Table II). The 
greatest  binding was associated with I, while II h~d abou t  2/3 and  IV abou t  1/2 of  the 
activity of  I. None  of  the components  with molecular  weights below 5 • 104 exhibited 
ATP-binding.  

o 
_J  

! 

l , I ! ! 

$ s 4 3 
-L  e6 M 
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Fig. 5. C'a ~ +-adsorption ~itrve for th© low molecular  protein, 4SCa= + -b;nding was measured by the 
surface film toclmique. Ordinate,  log of  radioactive cpm; ab.'~issa, molar  concentrat ion of  CaCI= 
adjusted to p H  7.5 with N a O H .  
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D I S C U S S I O N  

Al though  there appears  to be more than  one Ca z +-binding protein a m o n g  the 
numerous  hydrophobic  proteins, present  in synaptic  membranes ,  the lower molecL~la~ 
componen t  examined in the p~eseut s tudy exhibits the greatest extent  of  binding. 
Approxima~:.qy 4 Ca z+ are bound  per molecule of  protein,  assuming a M,  of 16 000. 
Since the binding is electrostatic [7] and  since the~e are 14 residues of aspar ta te  and  
16 residues of g lu tamateq-g lu tamine ,  a sumcient  n u m b : r  of  acidic residues are 
available to account  for th'- Ce.Z+-binding. Insofar  as acidic amino  acids comprise  a 
significant percentage of a n m a b e r  of  the other  hydrophobic  proteins isolated, it is 
not  unexpected tha t  ~he~, also exhibit  CaZ+-binding.  The tryptic  peptide,  Pt~ which  
had  twice the CaZ+-binding a~:tivity of  the origina~ protein IX, was compr ised  ~,f a 
large percentv, ge of acidic and  comparat i~ely few basic amino  acids. It  is probable  tltat 
this f ragment  represents the CaZ+-binding por t ion  of the protein. F r o m  the peptide 
maps  qf  t h e  tryptic digests it can  be seen that  peptides with comparab le  electrophoret ic  
mobilities at,: present, in all o~" th, ~ - fractions exhibit ing C a '  ÷-binding.  

It was found  that  the combina t ion  of  three low molecular  weight proteins  had  
greater  bindi ag acti~ ity than  any of  the individual components .  As discussed elsewhere 
[7] the Ca  z +-binding occurs within hydrophobic  regions of the prote ins ,  consequent ly  
it is conceisable  tha t  the combina t ion  of  different proteins  could  help stabilize the 
Ca  z +-binding by providing favorable ion-dipole interactions,  involving, for example ,  
tyrosine or sef ine-OH groug,s [7]. In this respect it should  by noted that  the total  
protein fract ion as well as the intact  synaptic  membranes  [7] exhibi ted Ca2+-binding.  

Some discussion is ne,~ssary as to why more emphasis  was placed on fract ion 
IX than on I or  o ther  components .  One of the main  reasons is tha t  fract ion IX was 
more  readily obta inable  f rom prepa~ative gel ©lectrophoresis in a purer  form. Because 
of its compara t ive ly  low molecular  weight  it was expected to be more  readily analyz-  
able a n d  soluble in aqueous  media.  Prel iminary a t tempts  to  solubilize IX  in var ious 
aqueous  media  has, however,  proved unsuccessful,  Finally,  the relative concent ra t ion  
of  Ptg, which  may be a c o m m o n  componen t  of  the various Ca  z +-binding tract ions,  is 
highest in t ract ion IX. A l though  fractions I or  iiI are of  interest,  they are considerably 
more  difficult to remove f rom the gels, while their  relative concent ra t ion  is much  less 
than  IX. 

Little can b:." uaict abou t  ghe funct ional  sibmificance of the Ca  z +-binding protein.  
Ca  z + is known  to play a role in the release an~ storage of  neurc t ransmi t te rs  found  in 
nerve endings as well as with the proc0ss of m e m b r a n e  depolar izat ion [13]. Since the 
prepara t ion  used conta ined bo th  presynapt ic  and  postsynapt ic  m e m b r a n o u s  compo-  
nents,  it is not  known whe:~er  the Ca  2+ prote in  is derived f rom only one or bo th  
components .  S i n ~  Ca z +-binding was found  in a n u m b e r  of the proteins isolated, the 
quest ion arises a~ to  whether  a single protein,  present  ei ther  as a con taminan t  or  
polymeric  unit ,  may b¢ responsible.  It  is unlikely tha t  the componen t  was a contami-  
nant ,  since the acrylamide pat terns  a n d  chemical  da t a  were reproducible.  The  possi- 
bility exists, however,  tha t  s,~m© of  the componen t s  existed in the form of polymers  or 
aggregates. A l though  the i~ t i a l  2 ~ concent ra t ion  of dodecyl  sulfate used for solu- 
bilizing the protei  a pr ior  to gel electrophoresis  was sufficient to prevent  aggregation 
or polymerizat ion,  ~he concentra t ion decreased rapidly (to 0.2 ~ )  as the protein 
migrated into the gel. As  iwdicated by the N- terminal  amino  acid analysis as well as 
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the electrophoretic patterns, none of  the protein fractions were homogeneous; 
however, all contained one major homogeneous component. The acrylamide gel 
pattern obtained with the protein mixture was dependent on the concentration of  
dodecyi sulfate used. if, for example, the concenm~tion of  dodecyl sulfate used for 
solubilization was increased 2-3 times, the resolution of  the proteins was markedly 
decreased. 

Although some of  the hydrophobic proteins, particularly the lower molecular 
weight components, exhibit the greatest activity, Caa+-binding to varying degrees 
appears to be a characteristic of  all the individual proteins of  synaptic membrane. 
Furthermore,  the total protein ,~s well as intact me~nbrane exhibit a high degree o f  
Ca '+-binding.  Of particular significance is the fact that the various peptide maps 
presented would appear to have a tryptic peptide similar to Pt 9, a finding which sug- 
gests the possibility of  an acidic peptide chain common to a number  of the proteins 
exhibiting Caa+-binding. ATP-binding, on the other hand, is apparently associated 
with the higher molecular weight components ( ! - 3 -  10 s) and a component  with a 
molecular weight of  5 • 104. Since the pH curve had a sharp maximum at pH 4.0 with 
no binding at pH 6.0, it would appear that  basic amino acids such as lysine, arginine 
and histidine were involved in ATP-binding~ From the peptide maps of  proteins I, 
III, and IV, all showing significant ATP-binding, it can be seen that  there are numerous 
tryptic peptides in the basic (cathodal) region. In those proteins with few basic 
peptides (e.g. VI and IX), there is little or no ATP-binding. In a previous study 
analyzing the amino acid composition ofpeptides obtained from the total hydrophobic 
protein of  bovine synaptic membranes, a basic peptide with 42 % basic amino acids 
was believed to be responsible for the ATP-binding [14]. 

With respect to ATP-binding, the biological implications are more difficult to 
assess, since the binding is only demonstrable at a pH below 6 [6]. As discussed 
elsewhere [6] it is possible for the pH within the ionic diffuse double of  a membrane 
interface to be 1-2 pH units higher than the surrounding medium [17]. Insofar as 
isolated synaptosomes and synaptic membranes contain the highest concentration of  
ATP demonstrable in organelles derived from neural t~ssue [6], the binding of  ATP to 
the hydrophobic proteins may be indicative of  a storage mechanism. ATP is believed 
to be involved in the storage and release [15, 16] of  neurotransmitters from synapses, 
as well as in the binding of  Ca 2+ [18]. 

It should be recognized that  none of the proteins isolated by the preser~t 
procedures are pure, as indicated by both the end groups analysis as well as by the gel 
electrophore~ic patterns. All attempts to further purify the proteins by gel filtration 
(Sepharose) have been unsuccessful, largely because of  their insolubility in the ab- 
sence of  dodecyl sulfate or other detergents. Another important consideration is the 
extent to which exposure to dodecyl sulfate during the preparative procedure may 
have altered the structural and functional properties of the individual proteins. As 
discussed elsewhere [14] most of  the enzymic activity, such as (Na + -t-K +)-ATPase, 
is destroyed by the treatment, but Ca 2+- and ATP-binding are not. Furthermore,  
structural alterations of  the proteins have resulted from the extensive treatment which 
have undoubtedly altered normal functional and binding characteristics. On the other 
hand, after solubilization of  the membrane proteins in dodecyl sulfate, and subsequent 
removal of  the detergent, the proteins fete.in their ability to reform vesicular and la- 
mellar structures resembling those of  natural membranes [14]. 
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