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ABSTRACT

The sur f ace char ge of cul t ur ed neur ons was i nvest i gat ed wi t h t he el ect r on mi cr o-

scope mar ker s ani oni zed f er r i t i n ( AF) and cat i oni zed f er r i t i n ( CF) . To det er mi ne

whi ch membr ane component s coul d r eact wi t h t he mar ker s, model r eact i ons wer e

used . Bot h pr ot ei n- coat ed Sephar ose beads and l i pi d vesi cl es wer e r eact ed at

physi ol ogi cal pH. Resul t s wi t h t hese model r eact i ons i ndi cat e t hat t he f ol l owi ng

gr oups may cont r i but e t o t he sur f ace char ge : aci di c gr oups- t he si al i c aci d of bot h

gl ycopr ot ei ns and gangl i osi des, t he car boxyl gr oup of pr ot ei ns, and t he phosphat es

of phosphol i pi ds ; basi c gr oups- t he ami nes of pr ot ei ns .

The ef f ect of chemi cal f i xat i on on t he sur f ace char ge was i nvest i gat ed . Gl ut ar -

al dehyde f i xat i on was shown t o i ncr ease t he char ge of neut r al pr ot ei ns but not by

a mechani smi nvol vi ng unbound al dehydes . Gl ut ar al dehyde f i xat i on of phospho-

l i pi d vesi cl es i n t he pr esence of CF showed t hat ami ne- cont ai ni ng phosphol i pi ds

wer e cr oss- l i nked t o CF. Thi s cr oss- l i nki ng was seen wi t h t he el ect r on mi cr oscope

as t he cl umpi ng of CF and t he bur yi ng of CF i n t he membr ane . Par af or mal dehyde

f i xat i on had a l esser ef f ect on t he char ge of pr ot ei ns but di d r eact wi t h phospho-

l i pi ds as di d gl ut ar al dehyde .

I t i s concl uded t hat at physi ol ogi cal pH: ( a) most of t he char ged pr ot ei ns and

l i pi ds on cel l sur f ace can cont r i but e t o t he membr ane sur f ace char ge, and ( b) t he

membr ane sur f ace char ge of cel l s can be gr eat l y changed by chemi cal f i xat i on .
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The exact composi t i on and di st r i but i on of t he

mol ecul es r esponsi bl e f or t he net negat i ve char ge

over t he sur f aces of cel l s ( 37, 38, 56, 63) has been

t he subj ect of i ncr easi ng i nt er est . I n ear l y st udi es,

t he char ge on t he sur f aces of cel l s was det er mi ned

by whol e cel l el ect r ophor esi s ( 5) . Wi t h t hi s t ech-
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ni que a cur r ent was passed t hr ough a sol ut i on

cont ai ni ng suspended cel l s, and t he vel oci t y of

movement t owar d an el ect r ode was used as a

measur e of t he sur f ace char ge . Resul t s of t hese

st udi es i ndi cat ed t hat t he phosphat e gr oups of t he

phosphol i pi d mi ght be r esponsi bl e f or t he aci di c

sur f ace char ge ( 20, 62) . Lat er , pr et r eat ment of cel l s

wi t h neur ami ni dase, an enzyme t hat r emoves si al i c

aci d, showed t hat t he sur f ace char ge of er yt hr o-

cyt es was al most ent i r el y el i mi nat ed ( 17, 23, 50,
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51, 63) . Thus, si al i c aci d and not phosphat e ap-

pear ed t o be t he maj or cont r i but or t o t he sur f ace

char ge . I t was f ur t her suggest ed t hat t he er yt hr o-

cyt e was a pur e ani on whi ch possessed no basi c

gr oups such as ami nes ( 31, 50, 58) .

Cel l el ect r ophor esi s met hods have sever al dr aw-

backs whi ch l i mi t usef ul ness i n t he st udy of t he

composi t i on of cel l sur f ace char ge . Fi r st , t he mo-

bi l i t y st udi es measur e sur f ace char ge not at t he

sur f ace of t he l i pi d bi l ayer but at a shear pl ane

some di st ance out f r om t he bi l ayer ( 5, 24, 55) . The

char ged gr oups bel ow t he shear pl ane may con-

t r i but e t o a net sur f ace char ge but cannot be

measur ed wi t h el ect r ophor et i c mobi l i t y met hod

( 5 1) . Second, det er mi nat i ons of t he vel oci t y at

whi ch cel l s move i n t he el ect r ophor et i c appar at us

r epr esent an aver age f or t he ent i r e cel l and do not

gi ve i nf or mat i on about t he cont r i but i on of i ndi -

vi dual gr oups t o t he net char ge ( 19, 38, 57) . Recent

evi dence has al so shown t hat t he sur f aces of cul -

t ur ed cel l s i n an el ect r i c f i el d do not r emai n un-

af f ect ed but r at her t hat some of t he sur f ace gr oups

col l ect on t he si des of t he cel l t owar d speci f i c

el ect r odes ( 32, 45, 46) . The ef f ect of t hi s t ype of

r edi st r i but i on of sur f ace gr oups i n cel l el ect r opho-

r esi s has not been eval uat ed .

Cyt ochemi cal t echni ques wer e devel oped t o

gi ve mor e speci f i c i nf or mat i on about t he di st r i -

but i on of char ged gr oups and t hei r r el at i ve cont r i -

but i on t o t ot al membr ane char ge . Gasi c et al . ( 21)

used col l oi dal i r on, bot h posi t i vel y char ged ( CI

pos) and negat i vel y char ged ( CI neg) , on f i xed

cel l s . I t has been shown t hat neur ami ni dase pr e-

t r eat ment r emoves most of t he CI pos bi ndi ng ( 20,

21, 39, 40, 59, 60) . These r esul t s conf i r med t he

el ect r ophor et i c mobi l i t y st udi es whi ch i ndi cat e

t hat si al i c aci d cont r i but es a maj or par t of t he

sur f ace char ge of most cel l s . I n addi t i on, t he bi nd-

i ng of CI neg was r educed when cel l s wer e deam-

i nat ed bef or e t r eat ment ( 18, 21) . These r esul t s

showed t hat some cul t ur ed cel l s and synapt osomes

have exposed ami nes whi ch may al so cont r i but e

t o t he sur f ace char ge .

Because cel l sur f ace l abel i ng wi t h CI pos coul d

onl y be done on cel l s at pH 1 . 8, t he devel opment

of cat i oni zed f er r i t i n ( CF) by Danon et al . ( l 5)

al l owed, f or t he f i r st t i me, t he l ocal i zat i on of

char ged gr oups on l i vi ng cel l s ( 7, 25- 27, 36, 44,

53, 61) and cel l f r act i ons ( l , 9) . I n most st udi es,

t he bi ndi ng of CF cor r el at ed wel l wi t h t he pr esence

of neur ami ni dase- sensi t i ve si al i c aci d gr oups as

det er mi ned wi t h ei t her CI pos bi ndi ng or cel l

el ect r ophor et i c mobi l i t y . Recent l y, however , Ack-

er man ( 4) quest i oned t he exact nat ur e of CF bi nd-

i ng t o bone mar r ow cel l s based on i nconsi st enci es

of CF l abel i ng and el ect r ophor et i c mobi l i t y . I n

addi t i on, Wessel l s et al . ( 61) and Ki ng and Pr est on

( 33) wer e unabl e t o obt ai n r emoval of CF bi ndi ng

wi t h neur ami ni dase pr et r eat ment .

Our pr el i mi nar y r esul t s wi t h cul t ur es of devel -

opi ng neur ons have i ndi cat ed t hat CF par t i cl es on

t he membr ane f or m a smal l bal l or cl ump ( 13, l 4) ,

not t he expect ed uni f or m l ayer of par t i cl es . The

cl umps of CF par t i cl es may not t hen accur at el y

r ef l ect t he di st r i but i on of char ged gr oups i n l i vi ng

cel l s . The pr evi ousl y ment i oned st udi es have i n-

di cat ed t hat si al i c aci d can bi nd pol ybasi c com-

pounds such as CF, but i t coul d be t hat ot her

aci di c gr oups ar e i nvol ved . For i nst ance, al t hough

i t i s known t hat pol ybasi c pept i des can bi nd el ec-

t r ost at i cal l y t o phosphol i pi ds ( 28, 54) , phosphol i p-

i ds have not ser i ousl y been consi der ed as cont r i b-

ut i ng t o t he sur f ace char ge .

Whi l e i t has been r epor t ed t hat si al i c aci d- con-

t ai ni ng gr oups can bi nd CF, a char act er i zat i on of

t he pot ent i al bi ndi ng of CF t o ot her char ged

gr oups has not been r epor t ed . We have st udi ed

sever al of t he pot ent i al CF bi ndi ng gr oups and t he

ef f ect of f i xat i on on sever al model syst ems .

MATERI ALS AND METHODS

Ani oni zed Fer r i t i n ( AP) and CF

AF was pr epar ed by a modi f i ed pr ocedur e f r om Kl ot z

( 34) and Rennke et al . ( 48) . Fer r i t i n ( Ft ) , 34 . 0 mg/ ml , 2

x cr yst al l i zed wi t h t r ace cadmi um, was obt ai ned f r om

Mi l es Labor at or i es I nc. ( Mi l es Resear ch Pr oduct s, El k-

har t , I nd. ) . I n 25 ml of di st i l l ed Hz0, 25 mg of Ft was

t r eat ed wi t h 0. 25 g of succi ni c anhydr i de . The succi ni c

anhydr i de was added sl owl y t o t he sol ut i on at r oom

t emper at ur e wi t h const ant st i r r i ng over 30 mi n whi l e t he

pH of t he sol ut i on was mai nt ai ned above 7 . 0 wi t h 1 N

NaOH. I f t he pH dr opped bel ow7. 0, r api d and i r r ever s-

i bl e pr eci pi t at i on of t he Ft occur r ed . I t shoul d al so be

st r essed t hat t he r at i os of t he amount s of Hz 0, Ft , and

succi ni c anhydr i de must be mai nt ai ned or t he Ft wi l l

pr eci pi t at e bef or e al l of t he succi ni c anhydr i de has been

added . The r eact i on was compl et e when al l of t he suc-

ci ni c anhydr i de was added and t he pH r emai ned st abl e

f or 30 mi n . The r eact i on mi xt ur e was concent r at ed i n a

vacuum- col l oi d- bag- t ype pr ot ei n concent r at or t o - 3 ml .

The mi xt ur e was t hen di al yzed agai nst 0. 133 MNaCl
and 50 pM NaOH i n t he col d wi t h t hr ee changes of I

l i t er each . The pr ot ei n cont ent , as det er mi ned by t he

Har t r ee ( 29) met hod, of t he bat ch used her e was 11 . 4

mg/ ml .

I soel ect r i c f ocusi ng ( 47, 48) of AF gave a pl of bet ween

3. 4 and 3 . 7 as compar ed t o a pl f or Ft of bet ween 3 . 8
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and 4 . 2 . The l ower pl f or AF conf i r ms t hat succi nyl at i on

r educes t he number of pr i mar y ami nes cont r i but i ng t o

t he sur f ace char ge and i ncr eases t he number of car boxyl

gr oups ( Tabl e I ) .

CF, pr epar ed by t he met hod of Danon et al . ( 15) , was

obt ai ned f r om Mi l es Labor at or i es I nc . The pr ocedur e

used t o pr epar e CF adds posi t i vel y char ged t er t i ar y

ami nes t o t he sur f ace of t he Ft mol ecul e, whi ch r epl ace

t he car boxyl gr oups, gi vi ng t he mol ecul e a net basi c

char ge . The i soel ect r i c poi nt of CF has been r epor t ed t o

be bet ween 8 and 9 ( 15, 47) ( Tabl e 1) .

Bot h AF and Ft wer e spr ead on a coat ed gr i d and

exami ned i n an el ect r on mi cr oscope wi t hout f i xat i on or

st ai ni ng ( Fi g . 1) . The Ft par t i cl es wer e di st r i but ed i r r eg-

ul ar l y t hr oughout t he gr i d ( Fi g . I A) . Most of t he AF

par t i cl es ( Fi g . I B) wer e di st r i but ed i r r egul ar l y but many

of t he AF par t i cl es wer e aggr egat ed i nt o cl umps ( Fi g .

I B, ar r ows) . I soel ect r i c f ocusi ng showed t hat some of

AF di d not ent er t he gel , conf i r mi ng t he pr esence of

some aggr egat ed AF par t i cl es .

Cul t ur es

The cul t ur es of 2- d- ol d r at cer ebel l ums wer e pr epar ed

as descr i bed by Lasher ( 35) , and used at 7- 10 d i n vi t r o

when neur onal pr ocesses had begun t o f or m synapses

( 11) . Unf i xed cul t ur es t o be exposed t o t he Ft pr obes

wer e r i nsed t wi ce i n phosphat e- buf f er ed sal i ne ( PBS)

( 16) and t hen exposed f or 5 mi n t o t he Ft pr obe i n PBS.

The cul t ur e was r i nsed t wi ce i n PBS and f i xed as de-

scr i bed i n t he f ol l owi ng sect i on .

Cul t ur es t o be i ncubat ed i n t he Ft pr obes af t er f i xat i on

wer e pr epar ed by r i nsi ng t he cul t ur es t wi ce i n PBS and

t hen addi ng t he f i xat i ve . Af t er f i xat i on f or 30 mi n and a

buf f er r i nse, t he cul t ur es wer e r i nsed t hr ee t i mes i n PBS

and i ncubat ed i n t he Ft pr obe f or 5 mi n .

Pr ot ei n- Coat ed Beads

Cyanogen br omi de- act i vat ed Sephar ose- 4B beads

( Phar maci a Fi ne Chemi cal s, Di v . of Phar maci a, I nc . ,

Pi scat away, N . J . ) wer e coat ed wi t h t he f ol l owi ng com-

pounds : bovi ne ser um al bumi n f r act i on V ( BSA) f r om

Mi l es Labor at or i es, hi st or i es Type 11- S f r om Si gma

72 8

TABLE I

Char act er i zat i on of CF and AF

* Fr omDanon et al . ( 15) and Rennke et al . ( 47) .
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( A) Ft spr ead on a coat ed gr i d and exami ned

unst ai ned . The Ft par t i cl es di st r i but ed i r r egul ar l y over

t he f i el d . x 75, 000. Bar , 100 nm. ( B) AF spr ead on

coat ed gr i d and exami ned unst ai ned . The maj or i t y of t he

AF par t i cl es wer e si ngl e ; t he ar r ows i ndi cat e pr esence of

occasi onal aggr egat es . x 75, 000.

Chemi cal Co . ( St . Loui s, Mo . ) , and pol ygl ut amat e, mol

wt 50, 000, f r om Mi l es Labor at or i es I nc . The suspended

beads wer e t r eat ed wi t h t he Ft pr obes and f i xed as

descr i bed bel ow.

For quant i t at i ve anal ysi s, mi cr ogr aphs wer e t aken of

beads at t hei r l ar gest di amet er s and pr i nt ed at x 50, 000.

A l i ne was dr awn 0. 5 pm f r om t he sur f ace, and t he

number of Ft par t i cl es was det er mi ned over a di st ance

of at l east 1 . 5 f t m, wi t h 3- 6 beads sampl ed f or each

mean . SEMwer e det er mi ned f or each gr oup .

Li pi d Vesi cl es

The i sol at i on of t he l i pi ds f r om r at br ai n was based

on a pr ocedur e of Wood and Dawson ( 65) . An ent i r e

adul t r at br ai n was homogeni zed i n chl or of or m- met ha-

nol ( C: M) 2 : 1, and pr ot ei ns wer e ext r act ed wi t h l / 5 vol

of 0. 9 NaCl . The l i pi ds wer e suspended i n 0 . 05 M Tr i s

( pH 7 . 2) by shaki ng f or 10 mi n, t hen r emoved . The l i pi d

pr epar at i on was soni cat ed on i ce wi t h a pr obe soni cat or

f or 5 mi n . The t ot al phosphor us was det er mi ned accor d-

i ng t o Bar t l et t ( 6) .

Li pi d vesi cl es t o be f r eeze- f r act ur ed wer e i ncubat ed i n

25%gl ycer ol f or 20- 30 mi n bef or e f r eezi ng i n Fr eon 12 .

The l i pi d vesi cl es pr epar ed f or f r eeze- f r act ur e wer e not

f i xed unl ess i ndi cat ed . Deep et chi ng of CF- t r eat ed l i pi d

vesi cl es was not possi bl e because et chi ng of nongl ycer i -

nat ed buf f er ed vesi cl es gave pr eci pi t at i on of sal t s on

exposed sur f aces and f aces . I n addi t i on, i ncubat i on of

CF- aggr egat ed vesi cl es i n H2O changed t he bi ndi ng of

CF as seen by negat i ve st ai n and spect r ophot omet r y .

Af t er f r act ur i ng i n a Bal zer s 360 ( Bal zer s Cor p . , Nashua,

N. H. ) , t he r epl i cas wer e f l oat ed on chl or i ne bl each

( Pur ex) f or l h, t hen on t wo changes of 20%et hanol f or

5 mi n each and t hr ee changes of di st i l l ed wat er f or 10

mi n each .

React i on of l i pi d vesi cl es wi t h t he Ft pr obes was r ead

i n a spect r ophot omet er at 700 r i m, 3- 5 mi n af t er mi xi ng.

The coal escence of l i pi d vesi cl es i nt o mul t i l ayer aggr e-

Fer r i t i n

pr obe pl

Net

Car boxyl s

change f r om nat i ve

Pr i mar y

ami nes

f er r i t i n

Ter t i ar y

ami nes

Ft ( nat i ve 3 . 8- 4 . 2

f er r i t i n)

AF 3 . 4- 3 . 8 T no

change

CF 8 . 0- 9. 0* 1 no T

change



gat es can be measur ed by i ncr easi ng t he t ur bi di t y of t he

l i pi d sol ut i on ( 2, 3) .
The f ol l owi ng l i pi ds wer e obt ai ned f r om t he Si gma

Chemi cal Co . : gangl i osi des, Type I I I ; phosphat i dyl cho-

l i ne, Type V- E; phosphat i dyl et hanol ami ne, Type I I I ;

phosphat i dyl D- t . - gl ycer ol , Type 1 ; phosphat i dyl i onsi t ol ,

Type I I I ; and phosphat i dyl ser i ne . The l i pi ds wer e dr i ed

down wi t h ni t r ogen gas and suspended i n 0. 05 MTr i s

by soni cat i on on i ce wi t h a pr obe soni cat or f or 5 mi n .

El ect r on Mi cr oscopy

The st andar d gl ut ar al dehyde f i xat i on pr ocedur e used

t o pr epar e ei t her t he cul t ur e or t he Sephar ose beads was

t hat of Bur r y and Lasher ( 11) . The par af or mal dehyde

f i xat i on pr ocedur e used was t he same as t hat descr i bed

above, but t he gl ut ar al dehyde was r epl aced wi t h 4%

par af or mal dehyde . Sect i ons wer e st ai ned wi t h ur anyl

acet at e and l ead ci t r at e, and wer e car bon coat ed bef or e

exami nat i on wi t h a Phi l i ps 201 el ect r on mi cr oscope .

Fr eeze- Subst i t ut i on of Cul t ur es

Cul t ur es wer e gr own di r ect l y on 9- mm ci r cl es of 5 mi l

Acl ar 33C ( Al l i ed Chemi cal Cor p . , Speci al t y Chemi cal s

Di v . , Mor r i st own, N. J . ) and i ncubat ed i n 0 . 1 mg/ ml CF

f or t i me f r om 5 s t o 5 mi n . Af t er i ncubat i on, t he cul t ur es

wer e r api dl y br ought i nt o cont act wi t h t he pol i shed

sur f ace of a l ar ge copper bl ock i n l i qui d ni t r ogen ( 12) .

The cul t ur es wer e t r ansf er r ed t o 4%OsO, i n acet one at

- 70° C. Af t er 4 d t he cul t ur es wer e war med, r i nsed i n
acet one wi t hout OsOa, and embedded i n Epon 812. The
sect i ons wer e exami ned wi t hout f ur t her st ai ni ng .

RESULTS

Local i zat i on of CF, AF, and Ft on

Neur onal Membr anes

CF and AF wer e bound t o t he sur f aces of

neur onal pr ocesses at physi ol ogi cal pH i n di f f er ent

pat t er ns, dependi ng on t he i ncubat i on and f i xat i on

pr ocedur es used .

CF was f ound pr i mar i l y i n spaces bet ween ad-

j acent cel l s or pr ocesses i n i ncubat i ons of l i ve

cul t ur es ( Fi g . 2A) . The CF par t i cl es wer e seen

cl ear l y as a l i ne of el ect r on- dense par t i cl es spaced

equi di st ant bet ween adj acent membr anes . Rar el y,

cl umps of CF par t i cl es wer e seen on exposed

sur f aces of neur onal pr ocesses ( Fi g. 2A, i nset ) .
These cl umps var i ed i n si ze f r om j ust a f ew t o

many CF par t i cl es . I sol at ed CF par t i cl es on ex-

posed sur f aces wer e r ar el y seen ( Fi g . 2A) , and

most of t he membr anes of neur onal pr ocess wer e

f r ee of CF par t i cl es .

Pr ef i xed cul t ur es i ncubat ed i n CF had a pat t er n

of CF l abel i ng ver y di f f er ent f r om t hat of unf i xed

cul t ur es . The CF par t i cl es i n t hese gl ut ar al dehyde-

pr ef i xed cul t ur es wer e f ound t o bi nd t o exposed

sur f aces i n a cont i nuous, i r r egul ar l ayer f r om l t o

5 CF par t i cl es deep ( Fi g . 2 B) . The CF par t i cl es

penet r at ed ver y poor l y i nt o spaces bet ween cel l s

of <5 nm. Pr et r eat ment of f i xed cul t ur es wi t h 0. 5

MNHQCI t o cr oss- l i nk unr eact ed al dehyde gr oups

had no ef f ect , and t he bi ndi ng pat t er n was t he

same as i n gl ut ar al dehyde- f i xed cul t ur es .

AF bound i n l umps t o bot h exposed sur f aces

and apposi t i onal membr anes of unf i xed cul t ur es

( Fi g . 3) . Lar ge l umps of AF par t i cl es wer e seen on

exposed sur f aces, whi l e i n apposi t i onal spaces

smal l l umps and si ngl e par t i cl es wer e f ound ( wi t h

par t i cl es i n t hese spaces seen mor e f r equent l y t han

on exposed membr anes) . I n gl ut ar al dehyde- pr e-

f i xed cul t ur es, i ncubat i on wi t h AF di d not show

bi ndi ng on any of t he membr anes .

I n unf i xed cul t ur es, Ft bound ver y spar sel y and

par t i cl es wer e seen t oo i nf r equent l y t o at t empt a

char act er i zat i on of t he bi ndi ng si t es .

Fr eeze- Subst i t ut i on of CF- Tr eat ed Cul t ur es

I n an at t empt t o det er mi ne whet her f i xat i on

af f ect ed t he di st r i but i on of CF bound t o unf i xed

membr anes, f r eeze- subst i t ut i on was empl oyed . I n

cul t ur es pr epar ed t hi s way, spor adi c but mono-

l ayer l abel i ng of neur onal pr ocesses was seen ( Fi g .

4A and B) . Al t hough CF was r ar el y st acked t wo

deep, no cl umps wer e f ound . Thus, t he appear ance

of cl umps of CF par t i cl es on t he cel l membr anes

was f ound onl y af t er chemi cal f i xat i on and dehy-

dr at i on .

Model React i ons

The r esul t s wi t h cul t ur ed cel l s i ndi cat e t hat ar eas

of bot h aci di c and basi c gr oups can be l ocal i zed

on t he sur f aces of neur onal pr ocesses . I n addi t i on,

t he f i xat i on of membr anes appear s t o change t he

CF- bi ndi ng pat t er n of membr anes f r om a mono-

l ayer t o cl umped pat t er n . Two model syst ems wer e

used t o i nvest i gat e t he char act er of t he membr ane

sur f ace gr oups : pr ot ei n- coat ed Sephar ose beads

and l i pi d vesi cl es . By sel ect i ng a si ngl e pr ot ei n or

l i pi d, exper i ment s coul d be done t o det er mi ne t he

bi ndi ng f or CF and AF of t he speci f i c compound .

As t he i nvest i gat i ons of CF and AF bi ndi ng t o

cel l s wer e per f or med at physi ol ogi cal pH, t he r e-

act i ons wi t h t he beads and vesi cl es wer e r un at pH

7. 2 .

AF and CF Bi ndi ng t o Pr ot ei n

and Gl ycopr ot ei n

Cyanogen br omi de- act i vat ed Sephar ose 4B
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FI GURE 2

	

( A) Neur onal pr ocesses f r om a cul t ur e i ncubat ed f or 5 mi n i n 0. 10 mg/ ml CF and f i xed f or

el ect r on mi cr oscopy . The exposed sur f aces wer e unl abel ed but t he CF par t i cl es wer e seen l i ned up bet ween

t he neur onal pr ocesses . I nset : neur onal pr ocess sel ect ed t o show t he appear ance of t he r ar el y f ound cl umps

of CF on exposed sur f aces of cel l pr ocesses . x 50, 000. ( B) Neur onal pr ocesses f r om a cul t ur e f i xed i n 1 . 6%

gl ut ar al dehyde and t hen i ncubat ed f or 5 mi n i n 0. 1I mg/ ml CF . Al l exposed sur f aces wer e l abel ed wi t h

an i r r egul ar l ayer of CF par t i cl es . x 50, 000 . Bar , 500 nm.

beads wer e used t o i nvest i gat e bi ndi ng of AF and

CF t o sur f aces composed of a known pr ot ei n,

because t hey can be easi l y pr epar ed f or el ect r on

mi cr oscopy . Beads wer e coat ed wi t h an aci di c

pr ot ei n ( pol ygl ut amat e) , a neut r al pr ot ei n ( BSA) ,

or a basi c pr ot ei n ( hi st one) .
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Mor e CF par t i cl es bound t o aci di c pr ot ei n-

coat ed beads t han t o basi c pr ot ei n- coat ed beads,

and t he neut r al pr ot ei n- coat ed beads bound an

i nt er medi at e number of par t i cl es ( Tabl e 11 and

Fi g. 5) . CF, t her ef or e, bound t o t he car boxyl

gr oups of t he ami no aci ds on exposed pol ygl ut a-



FI GURE 3 Neur onal pr ocesses f r om a cul t ur e i ncubat ed f or 5 mi n i n 0. 10 mg/ ml AF and f i xed f or

el ect r on mi cr oscopy . Most of AF par t i cl es wer e f ound i n spaces bet ween adj acent pr ocesses. x 50, 000.

Bar , 500 nm.

mat e mol ecul es .

The AF par t i cl es bound t o t he pr ot ei n- coat ed

beads i n a pat t er n opposi t e t hat f or CF ( Tabl e I I ) .

The aci di c pr ot ei n- coat ed beads bound no AF

whi l e basi c pr ot ei n- coat ed beads bound subst an-

t i al amount s of AF, because of t he ami ne gr oups

of t he basi c pr ot ei n hi st one .

CF par t i cl es al so bound t o beads coat ed wi t h

f et ui n, a si al i c aci d- cont ai ni ng pr ot ei n . I n t hi s case,

271 . 3 ± 0. 3 par t i cl es/ l Lm wer e f ound, suggest i ng

t hat , i n addi t i on t o bi ndi ng t o car boxyl gr oups of

pr ot ei ns, CF can bi nd al so t o car boxyl s of si al i c

aci d .

AF, CF, and Ft Bi ndi ng t o Li pi d Vesi cl es

For i nvest i gat i on of t he bi ndi ng of t hese pr obes

t o membr ane l i pi ds, l i pi d vesi cl es wer e pr epar ed

f r om r at br ai n . When exami ned by negat i ve st ai n

or by f r eeze- f r act ur e ( Fi g. 6A and B) t he vesi cl es

wer e seen t o be l amel l ar bodi es r angi ng i n di am-

et er f r om 0. 04 t o 1 . 0 l i m, wi t h 2 mean di amet er of

- 0. 2 pm. When CF was r eact ed wi t h l i pi d vesi cl es,

t he sol ut i on became i ncr easi ngl y cl oudy and t he

l i pi d f i nal l y f or med a f l occul ent pr eci pi t at e.

Fr eeze- f r act ur e of t hese CF- aggr egat ed l i pi d vesi -

cl es ( unf i xed) showed no CF par t i cl es on t he f r ac-

t ur e f aces ( Fi g . 7) . Wi t h cr oss- f r act ur ed out er l eaf -

l et s, CF par t i cl es can be seen ( Fi g . 7, ar r owheads) .

The dr awi ng ( Fi g. 7 C) shows how CF par t i cl es

( ar r owheads) at t ached t o t he sur f ace of t he out er

l eaf l et can be seen i n t he f r eeze- f r act ur e r epl i cas .

The r i m of CF par t i cl es seen wher e t he f r act ur e

pl ane ent er s vesi cl es consi st s of CF par t i cl es at -

t ached t o t he out si de sur f ace of t he l i pi d vesi cl e .

Not e t hat onl y a si ngl e l ayer of CF par t i cl es i s

seen on t he out er sur f ace of t he unf i xed l i pi d

vesi cl es si mi l ar t o t he t hi n l ayer seen on unf i xed

f r eeze- subst i t ut ed cel l s ( Fi g . 4) .

I n addi t i on t o t he CF par t i cl es seen on out er

exposed sur f aces, CF par t i cl es wer e al so seen be-
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Val ues r epr esent t he number of f er r i t i n par t i cl es per mi cr omet er of l i near sur f ace, count ed 0 . 5 pmi nt o t he bead . The
number s ar e means of 3- 8 beads ± SEM. ND i ndi cat es r eact i on not done .

CF appl i ed at 0. 11 pg/ ml f or 5 mi n . AF appl i ed at 0 . 34 f i g/ ml f or 5 mi n .

t ween adj acent bi l ayer s of l i pi d ( Fi g . 7, ar r ows) .

These CF par t i cl es bound t o t he adj acent bi l ayer

sur f aces wer e al so seen onl y i n cr oss- f r act ur e . The

dr awi ng ( Fi g. 7 C) shows how CF par t i cl es ( ar -

r ows) bet ween l i pi d bi l ayer s can be seen.

When l i pi d vesi cl es wer e t r eat ed wi t h ei t her AF

or Ft , no changes wer e f ound ei t her i n t he t ur bi di t y

of t he sol ut i on or i n t he el ect r on mi cr oscope ap-
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FI GURE 4

	

( A) Neur onal pr ocesses i ncubat ed i n 0 . 11 hg/ ml of CF f or 5 mi n bef or e f r eeze- subst i t ut i on ;

no gl ut ar al dehyde f i xat i on was used. The CF par t i cl es ar e di st r i but ed on exposed sur f aces i r r egul ar l y i n

a l ayer one or t wo par t i cl es t hi ck . No cl umps of CF par t i cl es wer e f ound . I n spaces bet ween adj acent cel l s,
t he CF par t i cl es ar e bound i n a uni f or mr ow. x 50, 000 . ( B) Neur onal pr ocess i ncubat ed and pr epar ed as
descr i bed i n Fi g . 4A . x 50, 000. Bar , 500 nm.

TABLE I I

Label i ng of Coat ed Sephar ose Beads
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pear ance of t he l i pi d vesi cl es f r om unt r eat ed l i pi d

vesi cl es .

As seen i n Fi g. 8A, t he OD of t he l i pi d sol ut i on

i ncr eased as mor e CF was added . When l i pi d

vesi cl es wer e t i t r at ed wi t h HCl ( Fi g . 8 B) an i n-

cr ease i n OD occur r ed onl y when t he pH was

bel ow 3 . 0 . Pr eci pi t at i on occur r ed at a pH of 1 . 9,

suggest i ng t hat t he t i t r at ed aci d gr oups had a pK

Type of f er -

r i t i n' Pr epar at i on Pol ygl ut amat e

Beads

BSA

coat ed by

Hi st one Uncoat ed

CF Unf i xed 187 . 5 ± 13 . 6 120. 3 ± 18. 3 14 . 4 ± 2. 1 20 . 1 ± 6 . 6
AF Unf i xed 0 1 . 8 ± 1 . 0 364 . 2 ± 92. 0 ND
CF Gl ut ar al dehyde f i xed 192 . 5 ± 25 . 3 517 . 3 ± 55 . 6 24 . 0 ± 6 . 8 21 . 2 ± 2 . 7
CF Par af or mal dehyde f i xed 173 . 3 ± 25 . 3 243 . 0 t 45 . 7 42 . 5 ± 14 . 7 ND
CF Osmi um t et r oxi de f i xed 274 . 8 ± 26 . 0 406 . 5 ± 10. 5 306 . 0 ± 30. 4 130 . 7 ± 10. 2



FI GURE 5

	

( A) Pol ygl ut amat e- coat ed Sephar ose bead r eact ed f or 5 mi n wi t h 0. 10 mg/ ml CF and f i xed

f or el ect r on mi cr oscopy . Beads pr epar ed i n t hi s manner had a mean of 223 CF par t i cl es/ i m of l engt h . x

75, 000 . ( B) BSA- coat ed Sephar ose bead r eact ed f or 5 mi n wi t h 0. 10 mg/ ml CF and f i xed f or el ect r on

mi cr oscopy . Beads pr epar ed i n t hi s manner had a mean of 85 CF par t i cl es/ t Lm of l engt h . x 75, 000 . ( C)

Hi st one- coat ed Sephar ose bead r eact ed f or 5 mi n wi t h 0 . 11 mg/ ml CF and f i xed f or el ect r on mi cr oscopy .

Beads pr epar ed i n t hi s manner had a mean of 18 CF par t i cl es/ t t m of l engt h . x 75, 000 . Bar , 100 nm.

of - - 2 . 0 . Af t er adj ust ment of t he pH of t he l i pi d

vesi cl es t o 3, t he addi t i on of even 3 j i g of CF

caused pr eci pi t at i on of t he l i pi d vesi cl es . The l i pi d

vesi cl es wer e al so r eact ed wi t h Ca" ( Fi g . 8 C) .

Addi t i on of Ca" caused a shar p r i se i n OD wi t h

aggr egat i on of t he vesi cl es . Fr eeze- f r act ur e showed

t hat t he Ca" - aggr egat ed vesi cl es had no par t i cl es .

Fi xat i on of Pr ot ei n- Coat ed Beads

When gl ut ar al dehyde- f i xed beads wer e i ncu-

bat ed wi t h CF, a si xf ol d i ncr ease was f ound i n t he

bi ndi ng of CF par t i cl es t o neut r al beads, whi l e t he

aci di c and basi c pr ot ei n- coat ed beads showed no

si gni f i cant change ( Tabl e I I ) . To det er mi ne

whet her t hi s i ncr ease r esul t ed f r om f r ee al dehyde

cr oss- l i nki ng CF t o t he BSA- coat ed bead, t hr ee

di f f er ent bl ocki ng ami nes wer e r eact ed wi t h gl u-

t ar al dehyde- f i xed beads bef or e i ncubat i on i n CF.

As seen i n Tabl e I I I , t hese compounds had no

ef f ect on t he number of CF par t i cl es . Fi xat i on

wi t h par af or mal dehyde bef or e i ncubat i on wi t h CF

pr oduced a sl i ght i ncr ease i n l abel i ng of neut r al

pr ot ei n- coat ed beads ( Tabl e I I ) . These r esul t s con-

f i r m t hose f ound wi t h f i xed cul t ur es t hat wer e

pr et r eat ed wi t h NH4Cl .

Osmi umt et r oxi de ( 080 4 ) f i xat i on changed t he

pat t er n of CF bi ndi ng t o t he beads ( Tabl e I I ) . I n

cont r ol uncoat ed beads, an i ncr eased amount of

CF bi ndi ng occur r ed, i ndi cat i ng t hat some com-

ponent of t he Sephar ose bead bound t he OS04 and

i ncr eased t he aci di c char ge of t he bead . One mech-

ani smof OS04 addi ng acr oss doubl e bonds l eaves

an exposed oxygen whi ch may act as an aci di c

gr oup ( 30) . Bot h neut r al and basi c pr ot ei n- coat ed

beads showed st r ong i ncr eases i n CF bi ndi ng over

uncoat ed beads, i ndi cat i ng an addi t i onal r eact i on

of OS04 wi t h t hese pr ot ei ns .

These r esul t s suggest t hat ( a) gl ut ar al dehyde

f i xat i on may change t he t er t i ar y st r uct ur e of at

l east neut r al pr ot ei ns, exposi ng mor e aci d gr oups ;

( b) par af or mal dehyde f i xat i on had sl i ght ef f ect on

t he char ge of t he pr ot ei ns ; and ( c) OS04 f i xat i on

added aci d char ges t o some of t he pr ot ei ns .

Fi xat i on of Li pi d Vesi cl es i n t he Pr esence of

AF, CF, or Ft

To det er mi ne t he ef f ect of f i xat i on on t he i nt er -

act i on of phosphol i pi ds wi t h t he Ft pr obes, l i pi d

vesi cl es f r om t he r at br ai n wer e r eact ed, i n t he

pr esence of gl ut ar al dehyde, wi t h AF, CF, or Ft .

For r ef er ence, Fi g. 9A shows t he r eact i on of t hese

t hr ee Ft pr obes wi t h r at br ai n l i pi d vesi cl es wi t hout

gl ut ar al dehyde . When gl ut ar al dehyde ( 1 . 6% f i nal

concent r at i on) was added t o t he l i pi d vesi cl es f or

30 mi n bef or e t he r eact i on, al l of t he pr obes r e-

act ed wi t h t he vesi cl es ( Fi g . 9 B) . Gl ut ar al dehyde

up t o a concent r at i on of 10%had no ef f ect on t he

t ur bi di t y of t he l i pi d vesi cl e sol ut i on al one . The

AF par t i cl es r eact ed as st r ongl y as t he CF par t i -

cl es, and even t he Ft par t i cl es showed some i n-
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FI GURE 6

	

( A) Li pi d vesi cl es pr epar ed f r om t he l i pi d f r act i on of adul t r at br ai n . The l i pi d vesi cl es wer e

negat i vel y st ai ned wi t h 2%phosphot ungst i c aci d . The vesi cl es r anged i n di amet er f r om 0. 05 t o l f t m wi t h

a medi um di amet er of - 0 . 2 j Lm. Some mul t i l ayer ed vesi cl es wer e pr esent . x 75, 000 . ( B) Li pi d vesi cl es

pr epar ed as i n Fi g. 6A but exami ned wi t h f r eeze- f r act ur e. The shadowi ng was f r omt he bot t omof t hi s and

al l f r eeze- f r act ur e mi cr ogr aphs . Ar r ow i ndi cat es cr oss- f r act ur e of membr ane l ayer s . x 75, 000 . Bar , 500

nm.

cr ease i n t ur bi di t y . Thi s or der of r eact i vi t y does

not cor r el at e wi t h t he char ge of t he Ft pr obes ( i . e . ,

Fi g . 10A ; Tabl e 1) but does cor r el at e wi t h t he

number of pr i mar y ami nes avai l abl e t o r eact wi t h

gl ut ar al dehyde ( Tabl e 1) .

Fr eeze- f r act ur e of gl ut ar al dehyde- CF- pr eci pi -

t at ed l i pi d vesi cl es ( Fi g. 10) r eveal ed sever al

734

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 82, 1979

changes f r om unf i xed l i pi d vesi cl es pr eci pi t at ed

wi t h CF ( Fi g . 7) . No CF par t i cl es wer e seen on

cr oss- f r act ur ed membr ane sur f aces i n t he gl ut ar -

al dehyde- and CF- t r eat ed l i pi d vesi cl es . The r i m

of CF par t i cl es obser ved ar ound t he f r act ur ed edge

of l i pi d vesi cl es was never seen . Many CF par t i cl es

wer e seen i n cl umps bet ween aggr egat ed l i pi d



FI GURE 7

	

( A) CF- aggr egat ed l i pi d vesi cl es t r eat ed wi t h 25% gl ycer ol but not f i xed i n pr epar at i on f or

f r eeze- f r act ur e . The ar r owheads i ndi cat e CF par t i cl es pr esent on sur f aces of t he aggr egat e. The ar r ows

i ndi cat e CF par t i cl es pr esent bet ween l ayer s of t he l i pi d bi l ayer . Shadowi ng was f r om t he bot t om of t he

mi cr ogr aph . x 75, 000 . Bar , 100 nm. ( B) CF- aggr egat ed l i pi d vesi cl es . x 150, 000. Bar , 50 nm. ( C)

Schemat i c dr awi ng of t he pr oposed r el at i onshi p bet ween t he unf i xed l i pi d vesi cl e membr ane and CF . A

f r act ur e pl ane i s i ndi cat ed by t he dashed l i ne . The ar r owhead i ndi cat es a CF par t i cl e at t ached t o t he out er

sur f ace of t he membr ane and seen wher e t he out er l eaf l et of t he bi l ayer was cr oss- f r act ur ed . The ar r ow

shows a CF par t i cl e bound by t wo adj acent bi l ayer s . The l i pi ds i n t he bi l ayer ar e i ndi cat ed by t he ci r cl es

( l i pi d head gr oups) and t he wavy l i nes ( l i pi d t ai l s) .

735



0
0

0 . 15

0. 10-

0. 05-

A B

TABLE I I I

C

TTTTi TT-TTTI ~TTTTTTI
0 10 20 30 7 6 5 1 3 2

	

1 6 8 10 12 11

kg CF

	

pH

	

pmCa"

FI GURE 8

	

( A) Gr aph of t he r eact i on of 0. 15 I t mol / ml
of phosophol i pi d vesi cl es wi t h CF . The st ar ( * ) i ndi cat es

f or mat i on of a f l occul ent pr eci pi t at e. ( B) Gr aph of t he

change i n OD wi t h decr ease i n pH wi t h 0 . 1513mol / ml of

phosphol i pi d vesi cl es i n 0 . 05 MTr i s buf f er , pH 7 . 3 . The

pH was r educed wi t h 0 . 5 MHCI . The st ar ( * ) i ndi cat es

f or mat i on of a f l occul ent pr eci pi t at e . ( C) Gr aph of

change i n OD wi t h i ncr ease i n Ca" . The l i pi d vesi cl es

wer e pr esent wi t h 0. 15 ymol / ml of phosphol i pi d i n 0. 05

MTr i s buf f er pH 7 . 3 . The Ca" i on was added as CaC1 2 .

The st ar ( * ) i ndi cat ed f or mat i on of a f l occul ent pr eci pi -

t at e .

Ef f ect of Post f f xat i on Tr eat ment on CF Bi ndi ng t o

BSA- Coat ed Beads

BSA- coat ed beads wer e f i xed i n gl ut ar al dehyde and

i ncubat ed as i ndi cat ed above . The f er r i t i n l abel i ng i s t he

mean of 3- 6 beads as det er mi ned i n Tabl e 1 .

vesi cl es ( Fi g . 10, open ar r ows) . These cl umps of

CF par t i cl es wer e seen onl y i n gl ut ar al dehyde-

t r eat ed l i pi d vesi cl es and not i n unf i xed l i pi d

vesi cl es . These r esul t s cor r espond t o t hose ob-

t ai ned wi t h t he f i xed and unf i xed ( f r eeze- subst i -

t ut ed) cul t ur es .

I n addi t i on, CF par t i cl es wer e now seen as

par t i cl es i n t he f r act ur e f ace of t he l i pi d vesi cl es

( Fi g . 10, ar r owheads) . I n f r eeze- f r act ur e r epl i cas

of t he l i pi d vesi cl es, par t i cl es wer e not seen on t he

f r act ur e f aces except f or gl ut ar al dehyde- CF-

t r eat ed l i pi d vesi cl es . As seen i n t he dr awi ng ( Fi g .

10 D, ar r owhead) , t he CF par t i cl es wer e embedded

i n t he l i pi d bi l ayer af t er t he gl ut ar al dehyde t r eat -

ment .

I ndi vi dual pur i f i ed phosphol i pi ds and gangl i o-
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si des wer e al so t est ed, i n t he pr esence of gl ut ar al -

dehyde, f or r eact i on wi t h t he pr obes . Gl ut ar al de-

hyde by i t sel f had no ef f ect on t he t ur bi di t y of any

of t he l i pi ds . As seen i n Fi g . 11 A- C, gangl i osi des

and t he phosphol i pi ds wi t h no pr i mar y ami ne di d

not r eact wi t h t he pr obes i n t he pr esence of gl u-

t ar al dehyde. The r eact i on of phosphat i dyl ser i ne

vesi cl es ( Fi g . 11 D) wi t h CF wer e si mi l ar wi t h or

wi t hout gl ut ar al dehyde .

Phosphat i dyl et hanol ami ne di d not r eact wi t h

AF or Ft i n t he pr esence of gl ut ar al dehyde ( Fi g .

I 1 E) , but t he r eact i on of t hi s l i pi d wi t h CF i n t he

pr esence of gl ut ar al dehyde was gr eat l y i ncr eased .

Phosphat i dyl chol i ne, whi l e r eact i ng wi t h CF

wi t hout gl ut ar al dehyde, di d not r eact wi t h CF,

AF, or Ft i n t he pr esence of gl ut ar al dehyde ( Fi g .

l 1 F) .

Par af or mal dehyde ( 4%) f i xat i on was al so t est ed,

and t he r eact i on pat t er n wi t h t he r at br ai n l i pi d

vesi cl es was t he same as t hat f or gl ut ar al dehyde

( Fi g . 9 B) .

DI SCUSSI ON

Membr ane Component s Cont r i but i ng t o t he

Sur f ace Char ge

The r esul t s pr esent ed her e show t hat , besi des

t he car boxyl and t he ami ne gr oups, t he phosphat e

gr oups on cel l membr anes shoul d be consi der ed

0
0

12g f er r i t i n

	

Lt g f er r i t i n

FI GURE 9

	

( A) Gr aph of t he r eact i on of r at br ai n l i pi d

vesi cl es wi t h t hr ee f er r i t i n pr obes . The l i pi d vesi cl es wer e

pr esent at 0 . 15 I t mol of phosphol i pi d/ ml . AF ( A) , CF

( " ) , and Ft ( " ) wer e added and t he change i n OD was

f ol l owed. The st ar ( * ) i ndi cat es f or mat i on of a f l occul ent

pr eci pi t at e . ( B) Gr aph of t he r eact i on of l i pi d vesi cl es

wi t h t he t hr ee f er r i t i n pr obes i n t he pr esence of 1 . 6%

gl ut ar al dehyde . The l i pi d vesi cl es wer e pr esent at 0 . 15

pmol of phosphol i pi d/ ml . AF ( L) , CF ( O) , and Ft ( O)

wer e added and t he change i n OD was f ol l owed. The

st ar ( * ) i ndi cat es f or mat i on of a f l occul ent pr eci pi t at e .

Phosphol i pi d and gl ut ar al dehyde wi t hout t he f er r i t i n

pr obes showed no r eact i on ( O) .

I ncubat i on Fer r i t i n l abel i ng

None 478 . 3 +36. 3

1 MNH, CI 465 . 0 ± 27 . 7

I Ml ysi ne 433 . 3 ± 76 . 5

I Met hanol ami ne 515 . 0 ± 5 . 6



FI GURE 10

	

( A) Gl ut ar al dehyde- f i xed CF- aggr egat ed l i pi d vesi cl es t r eat ed wi t h 25%gl ycer ol f or f r eeze-

f r act ur e . The open ar r ows i ndi cat e CF par t i cl es pr eci pi t at ed bet ween l i pi d vesi cl es . The ar r owheads

i ndi cat e CF par t i cl es t hat wer e f ound i n t he f r act ur e pl ane . No CF par t i cl es wer e seen on exposed sur f aces .

x 75, 000. ( B) Gl ut ar al dehyde- f i xed CF- aggr egat ed l i pi d vesi cl es as i n Fi g . 10A . x 75, 000 . ( C) Gl ut ar al -

dehyde- f i xed CF- aggr egat ed l i pi d vesi cl es as i n Fi g . 10A . x 75, 000. Bar , 100 nm. ( D) Schemat i c dr awi ng

of t he r el at i onshi p bet ween t he gl ut ar al dehyde- t r eat ed l i pi d vesi cl e membr anes and CF . A f r act ur e pl ane

i s i ndi cat ed by t he dashed l i ne . The ar r owhead i ndi cat es a CF par t i cl e seen i n t he f r act ur e f ace of t he l i pi d

bi l ayer . The open ar r ow i ndi cat es CF par t i cl es aggr egat ed i nt o a cl ump bet ween l i pi d bi l ayer s . The l i pi ds

i n t he bi l ayer ar e i ndi cat ed by t he ci r cl es ( l i pi d head gr oups) and t he wavy l i nes ( l i pi d t ai l s) .
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FI GURE 11

	

Gr aph of r eact i ons of i ndi vi dual l i pi ds wi t h

t he t hr ee f er r i t i n pr obes . The f ol l owi ng symbol s appl y t o

al l gr aphs . * - CF no gl ut ar al dehyde, O- CF pl us gl ut ar -

al dehyde, A- AF pl us gl ut ar al dehyde, 0- Ft pl us gl ut ar -

al dehyde, * - f or mat i on of a f l occul ent pr eci pi t at e . ( A)

Phosphat i dyl gl ycer ol vesi cl es, 0 . 33 Pg/ ml . The pr esence

of gl ut ar al dehyde di d not af f ect t he r eact i on of CF wi t h

t he vesi cl es . ( B) Phosphat i dyl i nosi t ol vesi cl es, 0. 17 t t g/
ml . The pr esence of gl ut ar al dehyde di d not af f ect t he

r eact i on of CF wi t h t he vesi cl es . ( C) Gangl i osi de vesi cl es,

0 . 33 I t g/ ml . The pr esence of gl ut ar al dehyde di d not

af f ect t he r eact i on of CF wi t h t he vesi cl es . ( D) Phospha-

t i dyl ser i ne, 0 . 33 I t g/ ml . I n t he pr esence of gl ut ar al de-

hyde, bot h AF and Ft r eact ed wi t h t he vesi cl es . The

r eact i on wi t h CF was unchanged by gl ut ar al dehyde . ( E)

Phosphat i dyl et hanol ami ne, 0 . 08 pg/ ml . I n t he pr esence

of gl ut ar al dehyde, t he r eact i on of CF was gr eat l y i n-

cr eased . ( F) Phosphat i dyl chol i ne, 0. 17 Ng/ ml . I n t he

pr esence of gl ut ar al dehyde, CF no l onger r eact ed wi t h

t he vesi cl es .

as pot ent i al l y cont r i but i ng t o t he sur f ace char ge of

cel l s at physi ol ogi cal pH.

React i ons of l i pi d vesi cl es wi t h CF showed t hat

i ndi vi dual phosphol i pi ds can bi nd t hese basi cal l y

char ged par t i cl es . I n t he l i pi d vesi cl es made wi t h

ei t her phosphat i dyl gl ycer ol or phosphat i dyl i no-

si t ol , t he phosphat e gr oup r epr esent s t he onl y

char ged mol ecul e i n t he head gr oups t hat coul d

r eact wi t h CF. Wi t h phosphat i dyl et hanol ami ne,

despi t e t he pr esence of bot h a char ged ami ne and

phosphat e i n t he head gr oup, t he l i pi d bi nds bas-

i cal l y char ged CF. St ol l er y and Vai l ( 54) f ound
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t hat phosphat i dyl et hanol ami ne vesi cl es wer e

weakl y aci di c and el ect r ost at i cal l y bound pol y-

basi c pr ot ei ns . The st udy of Phi l l i ps et al . ( 43) has

shown t hat t he t er mi nal ami ne por t i on of t he head

gr oup l i es par al l el t o t he pl ane of t he membr ane .

Thi s or i ent at i on coul d expose t he phosphat e gr oup

t o ext r acel l ul ar i ons and ot her char ged gr oups .

Phosphat i dyl chol i ne r eact s i n a l i mi t ed manner

wi t h CF, i ndi cat i ng t hat i t s phosphat e gr oup i s

onl y par t i al l y accessi bl e . I n spi t e of t he per pendi c-

ul ar or i ent at i on of t he chol i ne head gr oups wi t h

r espect t o t he l i pi d bi l ayer , sever al aut hor s ( 10, 43,

52) have shown t hat posi t i vel y char ged i ons can

i nduce changes i n t he or i ent at i on of t he chol i ne .

The chol i ne head gr oup i s not r i gi d, but i s capabl e

of bendi ng t o expose t he phosphat e gr oups . Phos-

phat i dyl ser i ne possesses, i n addi t i on t o t he phos-

phat e gr oup, a car boxyl and a pr i mar y ami ne . The

bi ndi ng of CF t o t hi s l i pi d coul d be vi a ei t her t he

car boxyl gr oup of t he ser i ne or t he phosphat e .

Ef f ect of Gl ut ar al dehyde on t he Sur f ace

Char ge Cont r i but i on by Pr ot ei ns

I n el ect r on mi cr oscope anal ysi s of sur f ace

char ge usi ng gl ut ar al dehyde- f i xed cel l s, t he ef f ect

of t he f i xat i on pr ocedur e has been mi ni mi zed by

t he use of f r ee ami nes t o i nact i vat e unr eact ed

al dehyde gr oups ( 25, 61) . The ef f ect of gl ut ar al -

dehyde f i xat i on on membr ane pr ot ei n sur f ace

char ge has been assumed t o be onl y t hat of addi ng

f r ee al dehydes .

Resul t s pr esent ed i n Tabl es I I and I I I show t hat

t hi s assumpt i on i s not t r ue . The number of CF

par t i cl es t hat bound gl ut ar al dehyde- f i xed BSA-

coat ed beads was f our t i mes t hat f or unf i xed BSA-

coat ed beads . To det er mi ne whet her t hi s i ncr ease

was a r esul t of unr eact ed al dehydes bi ndi ng CF t o

t he f i xed BSA- coat ed bead, t he beads wer e t r eat ed

wi t h sever al di f f er ent ami nes af t er f i xat i on . As

seen i n Tabl e I I I , t hi s t r eat ment had no ef f ect on

t he number of CF par t i cl es t hat wer e bound t o t he

f i xed BSA- coat ed beads . These r esul t s ar e si mi l ar

t o t hose f ound f or CF bi ndi ng t o f i xed cel l s . Thus,

t he enhanced CF bi ndi ng t o f i xed pr ot ei n was not

caused by al dehyde cr oss- l i nki ng of CF.

Asecond expl anat i on mi ght be t hat t he gl ut ar -

al dehyde cr oss- l i nked ami nes on t he BSAwer e no

l onger cont r i but i ng t o t he sur f ace char ge, and t hus

t hat t he aci d gr oups pr esent wer e pr edomi nant .

Thi s expl anat i on al so i s pr obabl y not val i d. Bi shop

and Ri char ds ( 8) f ound t hat gl ut ar al dehyde bound

t o 86%of t he al pha- l act ogl obul i n l ysi ne r esi dues



but di d not af f ect t he appar ent pKof t he mol ecul e.

Thus, al t hough gl ut ar al dehyde r eact s wi t h pr i mar y

ami nes, i t has a mi ni mal ef f ect on t he pK of t hese

char ged gr oups and r educes t he pKby a maxi mum

of one or t wo pH uni t s . Evi dence f or t hi s concl u-

si on f r om t he pr esent st udy can be seen i n Tabl e

I I wher e gl ut ar al dehyde i ncr eased t he bi ndi ng of

CF t o BSA- coat ed beads but di d not af f ect t he

bi ndi ng of CF t o hi st one- coat ed beads .

The most l i kel y expl anat i on f or t he i ncr eased

bi ndi ng of CF t o BSA- coat ed beads af t er gl ut ar -

al dehyde f i xat i on i nvol ves t he addi t i on of new

aci d gr oups t o t he exposed sur f ace of t he mol ecul e .

I n cr oss- l i nki ng pr ot ei n, gl ut ar al dehyde may al t er

t he t er t i ar y st r uct ur e, exposi ng mor e aci di c gr oups

t han wer e pr esent bef or e f i xat i on . Thus, i t i s not

possi bl e t o assume t hat t he sur f ace char ges bot h

of t he unf i xed membr anes and of t he gl ut ar al de-

hyde- f i xed membr anes ar e t he same . Gl ut ar al de-

hyde has t he pot ent i al f or changi ng t he sur f ace

char ge of membr anes .

I n par af or mal dehyde- f i xed beads, onl y smal l

di f f er ences wi t h BSA- coat ed beads wer e seen i n

t he CF bi ndi ng pat t er ns wi t h ei t her f i xed or un-

f i xed beads . Thus, par af or mal dehyde f i xat i on

pr obabl y has a l ess dr ast i c ef f ect on pr ot ei n mol -

ecul es and al t er s t hei r t er t i ar y st r uct ur e mi ni mal l y .

Thi s expl anat i on i s suppor t ed by cur r ent i mmu-

nocyt ochemi cal met hods whi ch empl oy par af or m-

al dehyde f i xat i on because i t has a l esser ef f ect on

t he ant i geni ci t y of pr ot ei ns t han does gl ut ar al de-

hyde .

OsO, f i xat i on i nvol ves addi t i on of t he mol ecul e

acr oss a doubl e bond, wi t h a si ngl e oxygen mol e-

cul e r emai ni ng unr eact ed ( 30) . Thus, i t i s possi bl e

t hat t he i ncr eased number of aci di c gr oups ob-

ser ved i n Os0, - f i xed beads ( Tabl e I I ) may r esul t

f r om t he pr esence of t he unr eact ed oxi de whi ch

can bi nd CF.

Ef f ect of Gl ut ar al dehyde on t he Sur f ace

Char ge Cont r i but i on by Phosphol i pi ds

Sever al aut hor s ( 22, 41, 49, 64) have shown t hat

some phosphol i pi ds cannot be ext r act ed f r omgl u-

t ar al dehyde- f i xed ner vous t i ssue . The phosphol i p-

i ds t hat wer e r et ai ned i n t he f i xed t i ssue wer e t hose

wi t h pr i mar y ami nes, phosphat i dyl et hanol ami ne,

and phosphat i dyl ser i ne . Our r esul t s show t hat

bot h of t hese phosphol i pi ds had i ncr eased r eact i v-

i t y wi t h t he Ft pr obes i n t he pr esence of gl ut ar al -

dehyde .

Phosphat i dyl ser i ne r eact ed wi t h bot h AF and

Ft , but onl y i n t he pr esence of gl ut ar al dehyde,

whi l e t he CF r eact i on wi t h t hese l i pi d vesi cl es was

unaf f ect ed by gl ut ar al dehyde . The phosphat i dyl

et hanol ami ne r eact i on wi t h CF was gr eat l y en-

hanced i n t he pr esence of gl ut ar al dehyde, whi l e

AF and Ft showed no r eact i on. Phosphat i dyl cho-

l i ne r eact ed wi t h CF wi t hout gl ut ar al dehyde but

f ai l ed t o r eact when gl ut ar al dehyde was pr esent .

Thi s pat t er n of r eact i vi t y of gl ut ar al dehyde wi t h

t he di f f er ent l i pi ds and Ft pr obes conf i r ms t he

mul t i pl i ci t y of r eact i ons avai l abl e wi t h gl ut ar al -

dehyde ( 42) . Despi t e t he l ack of a si mpl e expl a-

nat i on f or t hese r esul t s, t hey do show t hat gl ut ar -

al dehyde can change t he way t hat CF i nt er act s

wi t h membr ane l i pi ds dur i ng f i xat i on . Thus, even

i f CF wer e bound el ect r ost at i cal l y t o t he l i pi ds

bef or e addi t i on of gl ut ar al dehyde and par af or m-

al dehyde, i t i s possi bl e t hat al dehyde f i xat i on af t er

CF i ncubat i on woul d al t er t he di st r i but i on of par -

t i cl es .

Wi t h r at br ai n l i pi d vesi cl es i ncubat ed i n CF,

si ngl e par t i cl es wer e seen on out er membr ane sur -

f aces ( Fi g . 7) . When t he l i pi d vesi cl es wer e t r eat ed

wi t h gl ut ar al dehyde i n t he pr esence of CF, no CF

par t i cl es wer e f ound on out er membr ane sur f aces

( Fi g . 10) . I n t hese f i xed vesi cl es some of t he CF

par t i cl es wer e f ound i n t he f r act ur e f aces of t he

l i pi d vesi cl e membr anes, i ndi cat i ng t hat t he CF

par t i cl es wer e now seen as par t i cl es wi t hi n t he

membr ane bi l ayer ( Fi g . 10 D) . Whi l e CF par t i cl es

may have r eact ed el ect r ost at i cal l y wi t h t he l i pi d

head gr oups bef or e f i xat i on, t he addi t i on of gl u-

t ar al dehyde can evi dent l y change t he r eact i on

mechani sm. Because CF par t i cl es wer e f ound i n

t he f r act ur e f aces, t he CF par t i cl es wer e nowpr ob-

abl y coval ent l y cr oss- l i nked t o some of t he l i pi ds

by t he gl ut ar al dehyde .

The r ough i r r egul ar r egi ons seen i n f r eeze- f r ac-

l ur e of gl ut ar al dehyde- f i xed CF l i pi d may r epr e-

sent r egi ons of l i pi ds cr oss- l i nked t o CF. The

cl umps of CF par t i cl es seen on exposed sur f aces

of CF- i ncubat ed f i xed cel l s may al so r epr esent

cl umps of l i pi d cr oss- l i nked t o CF . Addi t i onal

evi dence f or t hi s i nt er pr et at i on comes f r om t he

f r eeze- subst i t ut i on r esul t s . I n cul t ur es i ncubat ed

and f r ozen but wi t h no gl ut ar al dehyde f i xat i on,

cl umps of CF par t i cl es wer e not f ound on t he

exposed sur f ace .

The r esul t s suppor t t he concl usi on t hat CF par -

t i cl es bound t o unf i xed cel l membr anes wer e ag-

gr egat ed i nt o cl umps by subsequent gl ut ar al de-

hyde f i xat i on .
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