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hmi¢ ~trcnl~th affects Ihc uleclr(m Ir~Hl~,pt)rl ~clivily (~1' ,;~,locllli~nl¢ ~' lln~ugh it,, cl¢clro~,hil0f illlcl;ttliol)~ ~ilh rctlu\ p~llln~:l', ;hid 
membrane lipid,.. Wc prcvi~usly r 'cp.rtcd (C~rtc.,,c. JD . .  Voglin.. A.I.. arid Ih,ckcnbr.ck. (',R, (19tH) J. ('ell l~itfl, 113. 
1331-1341)| tha! the ionic strength ( I ) . f  the intcrmcmhranc sp;tec ( I M S J )  in ist~l,ltett, inh~ct co)~den~,cd mimch~ndti;t i~ ",imilar 
to the ex!ern'd, bulk I. twer u wide range t)f bulk I. Wc now c~msidcr the po,,siblc elloots ~)t IMS-plt and IMS-~tdumc, broth 
variable p~,ramelcrs ~ll mitoch~mdrial function in siLu, on IMS-/ IMS-ptl ~lnd IMS-/ v,t'rc mca,,urcd v~ilh pll- ~|nd /-',cn~,ilivc 
fluorescent probes (highly fluorescent FITC-dcxtran h~r IMS-pli and FIT( -liSA liar IMS-/). Thc~c probc~, ~cru th.li~ulcd i,~to 
the IMS of intact mitochondria via probe encapsulation into a~olcctin vc~iclcs, followed by low pil-indu~.cd fusi~m ol the ~c,.iclc,, 
with the outer membranes of intact mitochondria. IMS-pll ~va.,. found m bc 11.4-11,5 uni!s I.~,cr than bulk p | l  ~)vcr Ihc pll range 
6,11-8.5 fo r  mitt~,:hondri~ with a large IMS-w)lumc separi,ting the two) mihxhondrial  n~cmhnmcs (condcl,~cd c~nligur:ilit~n), ;)lxd 
0-0,2 units lower h)r mitochondria with a small lMS-vt~lumc ~md mcmbr~ncs thistly l~pllo~cd (or!tlt~tlu~ ctlnhgtll~flitm). l'hi,, 
small pll  difference bc!wccn IMS-pM and bulk ptl  did not inllucncc the ,,imilafi~y hcl~ccn IMSJ  ~md bulk I. When the 
lMS-volumc was t)smotically dccrc~)sed, bringing the tw~ mi!ochondriifl n~cr)~br~tnlc~ ill cl.',c pm,J~uity ~,s in the ~rtllodox 
configuration, IMS-I IoIh~wcd the bulk I ilbty~c 11) mM but did iltd rc'~pt)lpJ hi chlmgc~ in bulk / bchw~ III inM, Fhc lack ol 
response of the IMS-I bch)w Ill mM i)ldica!c!,, II1;.|1 the clo~c I~n~ximity of the I~,'~t) unit~,chonduial mcmhr~mu,, excludes toils only. a| 
h)w. nonphy~,it,l.gical I. Since Ihc similaraly t~l IMS-I ~und bulk I is t~nallcclcd by tithe; IM~ p l |  or IMS-~lhnme ~d~o~c :t hulk / 
of I{I raM. at cym~,()lic phy,,ioh)gical / (i.c., lilts- 1511 raM) cytochromc c' c:,r~ hc cxpcclc ' m b~ ;~ h'c¢. thrcc-tlinlcn,~iOll~d dillun:mt 
in !he IMS irrespcc!ivc of Ihc pll  t)r vt)lumc tfl the IMS. 

Abhrcviatit~ns: I,II('.IISA, bt~,,inc ..cHm~ idl,umin I~d~clk.'d v,~ll that, 
rcsccin i,,tuthnocy;tn;~)c; I'l'l('.dcxtr:m. dcx)t.m laht:llcd ~l)h Iht,rc,,- 
t'tqn iM~l|lhl¢~,~llldle: II ~,~ nlt,'t|illlll. 31111 iI11}~111 ~{IJtl)ltlll C~)lll "1'~ ,~ ¢11 
2211 mM m~mniltfl. 7~1 mM ~,ucmsc. 2 mM Ilcpc~, bulfu.i (pl] 7 IL ~,~t 
0.5 nlgi 'nl l  LISA: 1, iil)lir MlCl)glh, (lelil)t.'d ;1~, till ilnlic ¢l)ll~ttll ;llittll: 
I ~ (E ~, : , : ) /?  where (, i~ the rlliltiltlt:kt~ c.nccnlvatiou~ of Ihc t-lh 
k~n and z, i', Ihc charge ol the t-th i~n. !:~r ,,alls |~)lrl)~tt ~,lth 
mo~iliv;|lell) c~li~ms .llld ; i n i onn  (C.g.. K( ' I  t~r N;n('l). ,.~it :.Xrunglh ,,. 
t.'qldiv;.llen| )o ~;i]1 c(lllCCl)ll'alil$11; |M.~, illlermelllJ'ff~lll¢ ~,|)ilC¢ o |  n|l)O. 
ch~mth'iir IM.~-FI'I('-IISA. FII'('.HSA entrapped m the interment. 
brant r.par¢ ~1 inl;ic! mih~chl~ndri'~. IMS.|,rl('-du~,lntn. }:lT(.dcx 
Iriul elllr;ipl0¢d in the in~'¢rnlembrall¢ Sl~.lcc of inl~l~.'l miloehlnldrl~l; 
KI,  appa ,:n! allinity ol ton0¢ ~lr~nglh-dcpcndcnt ch:ungu~ m FII( '-  
lISA fluorc,,cencc, ddincd ~t,~ Ih¢ ionic ~,Irt;nglh thai gb, cr. 51Y~ ~11 )he 
maximal incrciP, c in t]u.re~,cencc; pKcl t, effective overull pK rc~,ult- 
ing from the contributions of the various Iluoropho~c gmup~, lh;i) 
exhibit p|l-dcpcndcnt flut~re~ccncc changes ~,. :, result ~d IIt.I- 
rophote ionizalitm. 

('~)rrc~pondcncc: ('.R, Ih,tkcnl+r(+ck, I)cp+,mncnt .! Ccll Ih.log~, 
and Ai)id()n)y. tJnivcr~ity ~I N~rlh ('amlina I'hc Sch.t,I ol Mcd~t:mL 
II)N Taybr Ihdl. ('Fg N~. 711~11, ('hapcl Ilill, N(' 275t/~) 71It'll, l ISA.  

In l rodu t ' l ion  

~ludiq..",, o l  r;ti!.,opl~P,t~., ( o u l c r  r f l~ 'mbl~ tnc- l rcc  Tlli|()- 
ch()m. l r i l t )  have ~h.~wn l h ;d  b o t h  Ihu .d i f lu , , ion ',~uv..I e lec-  
t i o n  tr:.m~,port i;.ites t~l eylochror',~: ~' hlerc;.t~.' ;t'~ iollit' 

ntrcn~,tt-, ( [ )  i~ inerca~,cd f rom II t~ I~(I rnM. and ill;t! a 
paralh:l  ionic ~trer |g th- induucd incru~t~,c occur  ~, iJ~ clue- 
!roll trulY, port  ill i,'.t)l:tled, intact tm!ocllol|dli.a [I.21, 
"rhusc : indings ~lre consis tcn!  with the view thz, t cy- 

t t)c:lmn;c r i~ a Ih rcc -d imens iona[  dilhls,'llll ii1 lhc 
in l , ; rmcmbr :mc  space ( IMS)  of  inlact mitoctlond!i~l 

13.~]. a:ld that in the IMS tff intact mituchonthi~t in 
s i l t .  cyt t )ch '~m¢ c is iIllnlcr~c(l ill :30 aqtl¢Oll~ enviroll- 
mc it v~ith an I similar  to the butk / t~l' cyto~,ot. l'h~d 

the / of the IMS ( I M S - I )  i~ .~imilar tt), z)lltl rcflcct~ the 
ion c comflositi~m ot  c~,'tosulic l, is COll~,iMClll with !he 
p¢lmc;d~ilily o f  the mitochondri , i I  t)tllcl' I11C!11|lF~tnc It) 
ion ,  and snt~dl int)lcculcs [5.fl]. Al|crn~lti~,cly. it hm, 
bccr~ ~.ugg¢,,tcd th ; l t  the IMS-I  could hc vet  3 [()w. g:vct-: 
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that highly, charged and clo,,cly t3ppt~scd inner and 
outer nlcmbr;tn¢,, sl ight  exclude ion,, Irt)nl Ihc IMS 
l?,sI Itowc~¢r, It'CCIII t'M~¢l'iln¢llt~d ,.upport lot the 
simil~mly between the IM.%I ~1 inl;tCI nlih~cllondri;! 
; ind cxlCrll:lJ. I~tllk / hip, bccn  p r c s c n l c d  [I11, 111 lhal  
study, it '~4+Jul+Ic II, IIIK' nllCllglh+rcporlil lg,  IILIillC.',,ccnl 
plOICiU plObC ( lhlorcsccin-l+lwinc '.,cltllll i l lbtnnin or 
I'II('+I~ISA), wits c~Cal~',td:.ttcd intu ilsoh.'t:lirl vc~.i¢lcs 
and delivered into the IMS of intact mitochondria by 
low pll-induccd fusion of the liposomes with the ~mler 
membranes of mitochondria. It ~,::s lilund that the 
IMS-t of intact mitochondria was within + 211c,: of the 
external, bulk I, twcr a wide range nf bulk i. 

~illgC the itHIiC +,.'tlylroi+/llCnt ot  c y t o c h r o m c  (' u n d e r  
I~ll',,~loh~gical condili,~n,, n|iglll be ,tflcclcd hy stlell 
ph~iolugical sal|ablc~. ;is IMS-pll and IMS w~lumc, we 
ntw~. ctmsitlcr lhc ponsiblt' eflccts of bolh vari.'lblcs o11 
IMS-L IMS-pll and IMS-/ ,yore measured ~ith pll- 
:rod I-,,cnxitivc flnorcsccnt probes (Fl'lY'-dcxtran Iol 
IMS ptl and I:lrl'( '-!ISA lot IMS+I 1. Thcnc probes wcrc 
dcliscred to tl3c }MS tel inlacl milochondria via probe 
cncapsul~llior+ in lip~sotucs folh~wed by the low ptl-in- 
tlu~'cd hlsit+n tll lhc lillostHncs wilh the oilier menl- 
br~tllcs ol milocholldri;.t 19]. I'hc cffccls oI' altering 
cMcrnal bulk pll  ~.lnd / t m  tnc tiliorcsccnce Ol |M.'s-cn- 
tllq:,pcd probes wcrc toIh)wcd ~.~s I-dependent or pH- 
dependent fluorescence changes. Osmotically and 
metabolically induced tr:~nsitions between condensed 
~ntl orthodox confignr;d~ms of mitochondria 110] (~:cur 
with sub.st:.lllll:ll changes in I MS-volurnc and proximily 
ot Ihc two n l i lo fhol ldr ia l  Inclnhraucs, ~lntl v,'¢re tlscd to 
study thc cfh:cts ~ff membrane proximity on IMS-I. 

It wa~ dctcrmi .cd  Ihat a ~mall p i t  difference exists 
holy, ten IMS-p l l  and hulk p i t  but thai this d~t.'s not 
inliucncc the ,,imilurit~, ot IMS-I and hulk I. Also, 
v, ht'll l i l t  I MS+vnJ'tlnlC u,;|,, lrl¢tXi111~lJIs, tJccrc~sctl .  ~lS in 
the ollhndoT~, t'ollligUlillinn, the IMS I hdh~wcd changes 
in the hulk I. cxccH whcll the bulk / was bch~w I1) 
mM /h i s  finding indicutcs that the ch>sc proximity of 
the two nmochtmdrial membranes can exclude ions 
only at xe~, low. nonphysiological I. Thus the similarity 
t~l IMS-I ;llttl bulk / is unaff~.clcd b,, cilher IMS+pll or 
IM.'S-xolntuc abov~ a btllk / ol Ill InM. ~llld at c~/lo~,olic. 
phv,,iulogic~d I b .c .  I'.111. 150 InM), cytochromc ~ cau 
bc expected Iobc a free. th~c¢-dimcr, sional diffusant in 
th+~ IMS i~rcspcctivc of the ptl  or volume of the IMS. 

Matt'rials and Mt'ltmds 

I.ivc~ mitochondtia were bolatcd from male 
Spr ~uc+l)awlcy rats according to Sctmailman and 
(itcenwalt I1 II. and then rcsuspcndcd m tt ~,, medium. 
()X3gCII C.'*HISLlnlplh)n W;h+ n/ca~urt.'tl ;it 25"(" using a 
( ' h tk  t+xygcn clcclludt: Rcspi~;Jtory control ratio,, 
(I/,( I(L de t l t | cd  iL'~ the liHIo t/Cf~Ck'll oxygen Ct]ll~Unlp- 

lion 4~I mitochondri.'l in respiratory state 3 (in the 
presence ol suceinalc as Ihe respiratory subslratu and 
AI)P) ;llld respiratory stale 4 tin the presence of hub- 
stratc alone) were determined using data acquisition- 
unalysis ~,oftw:trc (Spcctrofugc, Durham, NC). RCRs 
v, cr¢ in the range 5.5-7.1t for all nfitochtmdrial prepa- 
rations tlsctl, 

l)elirery oj fluon,scen('e prolr,s mid the intermembrane 
.~pace of hi(act mitochondria 

The encapsulation and membrane fusion protocol 
developed by Cortesc ct al. [9] was used to deliver 
fluorescent probes (FITC-BSA and FITC-dextran) into 
the intermcmbranc space (IMS) of intact mito- 
chondria. Briefly, FITC-BSA and FITC-dextrans were 
filst encapsulated in pht~spholipid vesicles by sonica- 
(ion. Asolcctin (21111 mgl was hydrated in 1.5 ml of H3m p 
medium (withou! lISA) for at least 2 h at 0°C, then 
mixed with un equal volume of a solution of a fluores- 
cent probe (25 mg in 1.5 ml of 7.5-times diluted H~x t 
medium). The resulting sample was sonieated at II°C in 
three cycles 1111 s i n  each) at 411 W with a microtip 
probe. Freshly i~)lated, intact mitochondria (21111 mg 
protein in 27 ml of H3m~ medium without BSA; pH 7.4) 
were mixed w=th 3 ml of the probe-containing asolectin 
vesicles (to give a ratio of 330/~g mitochondrial protein 
per mg am)lcctin) and incubated for 1 h at 15°C to 
induce adsorption of the probe-containing vesicles t,~, 
mitochondrial outer membranes, ql~ accomplish mem- 
brane fusion and delivery of the fluorescent probes 
into the IMS, 111e pll  was decreased to 6.5 for 5 min at 
15"('. The prubc-ctmtaining mitochondria were then 
returned to pil  7.4, and washed to remove any fluores- 
cent probe and non-fused vesicles by repeated pellet- 
ing and resuspension at 4o( ̀  in "t large volume of 
probe-free tl um medium [9]. Mitochondria loaded with 
Iluoresccnl probes were resuspended at a final concen- 
tration uf 75-111t)n|g mit~pcl,tmdJial pJotcin l)l:r ml in 
tt ~+,~ medium, and assayed within 2-3 h. 

l"htOl'~'~('~'IH'C Itl('fJ,~,llF~'IH('tlts 
l h c  intensity of fluoreseein emiss:o, a:. 5211 nm was 

monitored digitally using, a Perkin-Elmer 6511-40 fluo- 
rescence spcctrophotometer (Pcrkin-EImer, Norwalk, 
CT) in the ratio mode a 4°C. The excitation w~,vdength 
was either 450 nm or 4t,8 nm, using excitation and 
emission sill widhts of 5 nm. No spectral shifts occured 
with change in ionic strenglh, For each measurement. 
Ihc |luorcscencc iutensity was signal averaged for i(I s. 
¢Ouinine ,~ulfdtc in (1.1 M H,SO~ was used as a control 
tbr stability of fluorescence intensity before and after 
each experiment. Controls for turbidity were included, 
and inner filter cf[eet corrections were those of Geren 
and Millet [121. For analysis, data were expressed as 
rcl;ltivc lluorcsccncc (the quotient of two fluorescence 
cmissio,, measurements at 5211 nm obtained with the 



same excitation wavelength (4@< nm)) or lluoresccncc 
excitation ratios (the quotient of two l]uorcsccnce 
emission measurements at 5211 mn obtained at two 
different excitation wavelengths (4511 aml 468 nm)). 

Relative fluorescences obtained with F1TC-BSA in 
solution ,and IMS-HTC-BSA ;,t differel~l ionic 
stren~,ths I were fitted Io a hyperbolic curve using the 
equatkm: 

6/F,, = n + fit F. , .+, /6,)-  U / I t  + K,/h} (I) 

where F t is the fluorescence at a given !. k]~ is the 
fluorescence at i = 0, F,..~ is the maxim~,l fluorescence 
obtainable by increasing i, and K t is the apparent 
affinity of ionic strength-dependent changes in FITC- 
BSA fluorescence, defined as the kmic strength that 
gives 50% of the maximal increase in fluorescence [91, 
Fluorescence excitation ratios obtained with FH'C-dex- 
tran in solution and IMS-FiTC-dextran a! different p| l  
were fkted to  a sigmoid:tl cquataon thut relates lluorcs- 
cenee at a given ptl with the effective pK of the 
mixture of fluorescent species [13]. In its simplest form. 
the equation is: 

Rpa o = A ÷ [ B / ( I I )  "x'" r " + l ) ]  (2) 

where Rr,+i is the value of fluorescence c~:citation ratio 
obtained at a givc~x pH, pkwy. is the effective overall 
pK resulting from the contrfbutions of the various 
fluorophore groups that exhibit pH-dependent fluores- 
cence changes as a result of fluorophc)re ionization, 
and A and B are constants that define the span of 
fluorescence data, A and B are only sensitive to the 
degree of self-quenching exhibited by the probe; there- 
fore, p k g .  is not affected by their values. For purposes 
of comparison in the same scale (Figs. 2 and 3), fluo- 
t e rence  excitation ratios are cxprcssed as normalized 
fluoreseencc excitation ratios ( NFi,n0 ): 

NiI;],~I = ( Rpl I -- A },[/'/ t l+) 

Statistical tests and non-linear regression fitting of 
fluorescence data were performed using routines from 
SYSTAT software (SYSTAT, Evanston, I L). Tests per- 
formed verified a low degree of correlation between 
parameters fitted, and the presence of random devia- 
lions from theoretical curves. 

Materials 
Fatty acid free bovine serum albumin (BSA), car- 

bonyl cyanide m-ehlorophenylhydrazone (CCCP), 
equine muscle Na-ADP (grade IX), D-mannitol, sodium 
palmitate, sodium succinic acid, and sucrose were pur- 
chased from Sigm,'l Chemicals (St. hints, MO)+ 
Asolectin was purchased from Associated Conccn. 
tratcs (Woodsidc, L.L, NY)+ and Hopes was obtained 
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from Boehringer Mannht:im Biochcmicals (Indianapo- 
lis, IN). All other chemicals were of the highcsl purity 
available commercially, FITC-BSA (about fi.() 
FITC/pmte in  molar ratio)and FITC-dcxlran (molccu- 
lar mass = 411 and 711 k[)~,; 6.3 ; : lT( ' /dcxtran molar 
ratio) were purchased from Molecular Prubcs (I,mgcnc, 
OR). 

Results 

.~'imilarily between IMS-pll und hulk ldl 
Fluorescence exci tat ion ration of  H T ( ' - d e x t r a n  in 

solut ion were found to be more sensitive to pH th~n to 
/ (Fip. !). For  any given 1, a s igmoidal  curve for 
FITC-dcxtran Iluorescenc¢ as a function ul pll was 
obtai,|cd. Thin ptl-scnsilivity o/ the ~,~duble I,l'/('+dc 
xlnln probe can he used to cxpk~rc IMS-pll wheH Ihc 
probu is entrapped in the IMS, ('urves of fluore~,cence 
cxcitalion ratio iJs a function of pti were constructed 
fl)r solutions of ITF('-dcxtran (reference) and IMS- 
FITC-dexlran (sample). l:~ach curve will have a measur- 
able effective pK (pKcj~; scc Malcrials and Methods), 
and a comparist,n of pKc, s for soh,ble and IMS-en- 
trapped dextran gives a ApK~t ~ = dpH. If the IMS-ptl 
is below the bulk pH, the IMS-FIT('-dcxtran curve wil! 
be right-shi[ted with respect to the curve obtained lot 
FITC-dextran in the bulk solution, since the IMS- 
FITC-dextrans will cxpcricncc a lower pit. thus 
emitting less fluorescence; therefore, Ihe pK~,. 
will be higher and ApKv, = (pKlll~,l~,,~ ..... 
PKiMs.l.llC.d,:x.,,, ,) = JpH  < 1). A Apit > 0 indicatc+, 
that IMS-pH is higher than bulk ptt. FITC+dcxtrans 
with different m~dccul:,r mass gave simil,.  renults on 
IMS-pll estimation; results are only presented for the 
411 kDa form of FiTC-dcxtran. 
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I.MS-f)ti was h)und to bc 11.4-0.5 units h)wcr than 
bulk pH ~)~er the pH range r).11-8.5 for mitoehondrk, 
v, ith a large IMS-,,~htmc separating the t~,o mitochon- 
drial membranes (condensed configuration) in 31111 
mOsm medium (bulk I = I); Fig. 2A. Table I), and 
I)-11.2 units lower for mitochondria with a small IMS- 
volume and membranes closely opposed (orthodox con- 
figuration) in 1211 mCsm medium (bulk ! = 0; of. Fig. 
2A and B). These results show that tl,~ IMS-pH equals 
the bulk pH ~,hen the two mitochondrial membranes 
arc in close proximity at low !. It was further fcmnd, 
ho~ever, that the IMS-pH of the orthodox configura- 
tion could be decreased by an increasc in bulk I 1120 
mOsm; / = 211 raM; Fig. 2C). This finding is consistent 
with proton sequestration by the negatively charged 
mitochondrial membranes in close proximity that ix 
ovcrcomcd by competition with ions at higher /. A 
similar effect of membrane proximity on IMS-I is ob- 
sernvd ~hcn mitochondria in thc rotcntmc/andmycin 
A-inhibited rcspiratoD' state i condcnscd configuration; 
Fig. 3A) arc compared with mitochondria umiergoin,t. 
active respiration in the nrcscnce of succinatt 'ortho- 
dox configuration: Fig. 3B. see Table 11. 

It should be noted that the effects of the .'loscly 
opposed, n .'gativcly charged membranes present in the 
orthodox configur:ttion on the concentration of IMS 
protons (i.e.. IMS-ptt) suggested here arc probably 
superimposed on the presence of IMS protons p r o -  

duccd by mitochondrial respiration. Some indication of 
this comes from cxpcrimcnts whcrc IMS protons and 
membrane charge wcrc manipulated Uncoupling of 
condensed mitochondria with carb,)n~Icyanide m-chlo- 
rophenylhydrazone (CCCP) collapses the small ..IpH 
between the IMS md bulk medium (Table I1. Further, 
a brief treatment with sodium palmitate, a molecule 
that incorparatcs spontaneously into mitochondriai 
membranes, increasing their fixed negative charge and 
reversibly uncoupling mitochondria [14,15], produced 
mitochondria with a measurable ._lpH (about -(l .3) 
between the IMS and the bulk medium ('Fable I). This 
experiment indicates that some excess of IMS-protons 
can be manta(ned by interactions with fixed negative 
mcmbranc charges even for uncoupled mitochondria. 

IMS-ptt &)es nut affect the .~imilari8' between IMS-! and 
hMk I 

Even though the mea,:ured difference between bulk 
pH and IMS-pH is small (0-0.5 pH units), it might 
affect IMS-I measurements. Thus, the extent of effect 
of pH differences cn /mcasuremcnts  was determined 
for F1TC-BSA in solutian (Fig. 4, Table 111. The appar- 
ent affinities for / or K t obtained were found to be 
similar through an order of magnitude change in pro- 
ton concentration (pH 7.4 +_ 0.5). The fluorcscencc span 
between / =  0 (F  o) and maximal fluorcsccnce ( F ~ ) ,  
measured cithcr as [F,,~,,-F~)] or [Fm:,,/Fo], did not 

T, . \BI .F  I 

Et~i'( ttt (' pK~ ~,t ,~,l.hh" and I.%IS-(',ztr.lq)Cd [ I T (  "d,~tto,I " 

E x p e r i m e n t  E f f c c l k c  p K  El fcc t i , . c  p K  . l p l t  h 

( - o t u b l c  l : l ' l ' ( ' - d c \ t r a n  I ( l M F , - F l ' g C - d e x t r a n )  

3HO m()~,m ",uclo',c ' t~.7~ ~ f O.OIN 7.277 ± I1.1~26 t - 0.5141 ~ 11.1135 

(().{t()]g; 231 d ( 0 . 0 0 7 5 : 2 3 1  

12tl m(}~n) ~ucro~c 6 h ' r q  * (I.()i~S 6.(~53 - IUI52 {k(126 ± O. 120 

(~, gS: 231 (IL023S: 2S} 

121! mO~,m , uc ro~c  :~ "711"~ +[ i . i l l  I 7 I ) 8 8 -  i1.027 { - I).3,~31+ 0 .038  

2)) m M  K( ' l  tI).H35: 23)  (O.02S: 26) 

Act ive  r e s p i r a t i o n  ' ,*- 5 ,R3-  0.~133 8.,' ( ) 3 - 0 . 0 2 7  ( - t) 221))+11.(~D 

(,~lccill : t tu) I(1.11115 h 23)  111.n25:231 

Inh ih i tc t l  tc~91 [~lltt'~l f~.443 + 11.11211 f).S42 + l) 02q ( - 1) q Y g ) +  (LORD 

ln|ICCIII,tIC * Zllllinl~.Clll A )  Ill .Ill  17 :231  Ul.l)llq,~: 3111 

t:ncoklpm~d ( ( (  ( P )  ' (~.S~,4 -.0.()23 7 127 * ().1158 ( - 0.2f,31 .L i).(I,Rl 

(i).t)l I(); 31 ) {0 0i)41 ; 21 ) 

[ ) a l n l i t a l c - l r c a l c d  c 6 .709  -, ().Ill S /~ 67,4 ~--11.1)44 11.1)35 ± 0.116] 

131)0 m O s m  sucro ' , c ,  (11.0045:31 ) (O.lllll h 31 ) 

t)ala 'acre ~tl]alyzud p5 ntAhhllt2dr [C~rC~siOn LI~iT~ Eqll"~. 2 Blld 3 il] I ¢ ' t  
111C di l lc rcw, /c  (P/~'t l  t &.~r m -- P/~'tM'~ l i t (  ,..t,.,~: ) -- ' i P g . ! t  = ADII  (i .c. .  lh¢  p i t  d i f | c r c n c c  bctv,  e c n  I M S  a n d  bu lk) .  

'klc~,.ur, :mcntr,  h)r  rail, . h t m d r i ; t  iii 3!11) Tll(.)-ITl ~,LK.I'O.C. l " l )  IIIO~,~1 "~tIC[O~C atad 121t gll() , l l l  :.,re.rose plu ' ,  / = 211 m M  m e d i u m  '¢.cic c a r r i e d  ou t  as  

m Fig  2. 

S 3 r  ~:: i .  the  tn inmla l  sun]  of  sqlJal '¢n x" ~., t b:.: i~UZlibcl ol  e x p e r i m e n t a l  d a l a  po in t s  f i t t ed  a i t h  E q n .  2. 

M e a s u r e m e n t ,  l o t  m i ' o c h o n d r i a  v, i th 5 I~IM , , od ium \BccIn;t|t2 (;IC|i~,C r c . , p m l l i o n )  and  '.ailh r o l c n t m c / a n t i m , . c i n  h n h i b i t c d  r c : p i r a t i o n }  ~ e r e  

u a r r i cd  o m  a., ira Fig.  3. 
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changc substantially in the same pH range (pH ~.9-7.9). 
Thcsc re" ~lts suggest a negligible pH-dependcnt diffel- 
ence between K t measurements fi)r FITC-BSA in so- 
lution and IMS-F/I'C-BSA (Fig. 5: see also Ref. 9), 
and no correction of the published Kt values obtained 
with IMS-FITC-BSA is needed, even for the largest 
J p H  between IMS and bulk medium measured (i.e.. 
= 0.5; Table I). 
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Fig. 3. Eflect of respira,or~ r, tate-induced change.,, t)l lMS-',olumc 
(membrane  proximiL',') t~n IMS-pft  estimated ~'-ilh FITf ' -dc 'qrans  
entrapped in the IMS ( IMS-FlTC-dex l rans )o f  intact mitoehondria. 
Effects of IMS-volume during mitoehondrial function ~ere  deter- 
mined ~t ~, in Fig. 2 by comparing bulk p i t  eflccl~, on the normali~'ed 
fluorescence excitation ratio,, tff FIT('-dcxtran~. in solution ~_ ) ~Jnd 
I MS-FITC-dextrans (11) for: (A! mitochondria during inhibited res- 
piration (5 mM sodium suceinatc a~ sub~,trate and kept in the 
condc-,-,cd configuration with I # g / m l  rotenonc and 1 u g / m l  an- 
lin4.cin A): and (Bt mitoehondria in acti',e re, ,pira:ou ,,tatc 15 mM 

succinatc as sub,,trate i-esu[l~ in transitinn It) orthodox COl|hgtlr;llRm 
during I0  mln at 15:(£1. Mea~urem,.'nt~ of l]uorer,¢,.znce excitatlon 

ratios were perh~rmed ~lt 1 5 C  Re,.tdls arc summari; 'ed in Table l 

Fig. 2. Eff,:ct of IMS-~olume (membrane proximiL~t on IMSopH 
c~,tim~tcd vdth FITC-dextr:m- entrapped in the I.MS (IMS-FITC- 
dcxtrzlns) of intact rnitochondria. IMs-pt l  ',~a~, e',timatcd b'. c,.;mpa~- 
ing changes in normalized fluore.;cenc,: excitation ratio~ (emission: 
520 nrn: excitalion: .1~8 nm or 450 nm) of FITC-dextran~ in solution 
( 7 )  and lMS-FlTC-dextrans (e) at, a rcs~;t;n',c to ch mgcs  ;,f bulk t0H. 
L'~) Mitochondria maintained in the condensed ct,'nfiguration ~ith 
large IMS-,,olume at a medium osmol~rit_~ oi 300 m O , m  (bl,lk I ~- I}). 
IMS-pH is =1).5 units hw, er than b~dk pH. (B) IMS-'.t~lumc i, 
decreased by lowering the medium osmolarit~, to 121) n~O,m gi,.ing 
the orthodox contigurution (bulk i =0) .  IMS-pH increased ap- 
proaching d~e value for FITC-dextranr. in solution ( J p l t  ~ 0) (C) 
1MS-pH for orthodox mitochondrk* ~a~ dec~c:iseJ b5 incieasing bulk 
/ (12(t mOsm:  I =  21) mML Mea,,a~emcnts of normalized flu~re,- 
,.:ence excitation catio, '.,.ere perlormcd ~t 4 C. Rc,ult,. ztrc ,umnla- 

r.e~ed in ]: lblc I 



194 

2.8 
0 

7 

_o ~.4 
I,- 
< 

X~ 2.0 

ig 
/ lJlilllllll~ FI||t ~ 

! ul 
0 

.°°, U / 
0 5 0  1 0 0  1 5 0  

I O N I C  S T R E N G T H  r m M )  

Fig. 4. Effect of pl l  on the ionic strength sen>iti~i y ot the fluores- 
cence of FIT( ' -BSA in soluti(m. The elf,-c" ,ff pH o:~ /-measurement. .  
obtained trom relati',c llnnrcsccrlcc ~,as det~'r,nincd at 2IX" fl)r 
FITC-BSA in 300 mOsm ~,~,lutit)n,. ~f ,uerose at p i t  0.0 ( ) ,  ¢).4 to). 
e,.* ( C: ). 7.4 { II ). ~,.9 t m 1. and S.J ( • I. The apparent affinities of  the 

change nduccd b} ! (t)r K~) nhtained and the fluorescence spans 
(emi, , : , inn: 5211 nm;  excitation: 468 r im) bury, con Iluorc.')ccnee at l = 0 
( F , )  and maximal tlm,rc~eence (Fn,,, , ) - measured as [Fm,,, - Fo] or 
(/'i,,,, / / ' i l l  - arc summarized in ] 'able II. The small pH-dependent  
difference betv, een K t s  for F1TC-BSA in solution in the range of pi t  
7.4±0.5 indicates that no correction., o f  K t values of Fig. 5 are 
needed. Apparent  aflinily of ionic strength-dependent changes  in 
FIT( ' -BSA fluorescence (K t) i~ defined a~ the ionic strength that 

gi~.es 50%- of the maximal increase in fluorescence. 

l/~lS-rohmw affec:.s IMS-I ot:,'y at hm', nonphysiological I 
An effect of IMS-volume on IMS-I compatible with 

ion sequestration was found when I is changed at 
constant bulk pH (Fig. 5). l-he fluorescence of both 
IMS-HTC-BSA and FITC-BSA in solution is affected 
by I [9]. -[his effect of / on IMS-FITC-BSA was 
compared for mitochondria osmotically mantained in 
the cor, dcnsed (30(J mOsm) and orthodox {150 mOsm) 
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Fig. 5. Effect of osmolarity induced configurational change (con- 
denscd-orthodoxl on IMS-I est imated with FITC-BSA entrapped in 
the IMS ( IMS-FITC-BSA) of  intact mitochondria The effects of  ! 

on the relative fluorescence of IMS-FITC-BSA r, emission: 520 rim: 
excitation: 468 nm) , se re  compared for: (At  mitochondria osmotically 
maintained in the condensed configuration at 300 m O s m  (©). and 
(B) for mitochondria maintained in the orthodox configuration at 151J 
m O s m  (o). Relative fluorescence v, as determined at 15°C as F 
(fluorescence at a given / )  divided by F o (fluorescence at I =  0). 
Measarcments  of relative f luore~ence were performed at 4°C. The 
experiment shown ~.as carried out at pl-t 7.4. but similar curves are 
obtained at p t l  6.0 and 8.0 (not shown). For FITC-BSA in solution, 
K I was (0.61± l.I)tJ} mM and the maximal relative fluorescence 

obtainable by inerea.,,ing I I(/",,,,,~/Fn)] was 1.171 ±0.012 (minimal 
sum of ~ a a r e s  or SSmm - 0.00098; number  of  experimental  points 
fitted or  N ~ 2tl). For IMS-FITC-BSA and for the rising part of  the 
curve. Kj  was 110.95+2.9()) mM and ( F , , , , ~ / F o )  was 1.220_+0.010 

(SSm, n = 1}.0022h N = 27). 

configuration (Fig. 5). For mitochondria in the con- 
densed configuration (the two membranes are sepa- 
rated), the response of IMS-FITC-BSA fluorescence to 
changes of bulk I is saturable (i.e,. hyperbolic). For 
rnitochondria in the orthodox configuration (mem- 
branes close), bulk I below 10 mM does not affect 
IMS-FITC-BSA fluorescence. Above 10 mM, IMS- 
FITC-BSA fluorescence increases with apparent affini- 
ties ( =  10 raM) similar to FITC-BSA in solutior., ap- 
proaching the same maximal fluorescence at high ! 
(Fig, 5). This result indicates that the fluorescent probe 

TABLf:  II 

E fh'cts ~(( I)ft on trmll ~trengtt - h'prt t 'r t , / a*  ~ 'v d FITC-BS. , t  f luoresccnte  ~' 

pl t /i,,, ~' /:',,, ,, ' {F ...... F,,,,] [F ..... ' F,, ,] Aflinit~ ( K; ) e .S'S.,, n ( N ) ' 
(mM) 

oO 1.342 + O.P07 1.520 * 0.009 O. 184 -- O.(X)(b 1.137 ± 0.011 14.93 _+ 2.50 0.001605 (23) 
6.4 1.3h7 +_' [).O()S I '~8#' at} I)12 0 21S ~ t).(~) t) 1.159± 0.(}14 7.4°_+ 1.53 0.(}02078 (24) 
t,.t~ 1195 m 0.11{15 1.840 :'-t).OO,S {).345 ± O.tX)6 1.231 ,+ O.(X)9 8. I I _+ 0.52 O.OOl fi28 (24) 
7.4 [ ."30 z 0.013 2068 ~ 0.1~ 13 0.338 ~ O.t) 14 I. 195 ± 0.016 8.36 ± 0.58 0.0(.)3530 (7=7) 
70  I .t~q4 + 00~ )() 2.312 -g).O 14 0.318 7:0.011 1.159 _+ (').013 8.35 -+ 1.25 0.005405 (24) 
,~.4 2 343 + t).(X)S 2.558 ~0 .0 i3  0.215 =I).01() 1.1192 + 0.010 13.02+ 2.43 0.004205 (24) 

' Data ~,.ere taken from F i g  4 and anal.~zed b~, nonlinear regression using E q n  1 in text. 
~" Fluorescence al zero ionic strength. 
< Maximal fluore..cence obtainable b~. increa.dng ivnic ,,trength. 

J Apparent  affinit.,, of /-dependent changes in FITC-BSA fluorescence, calculated as the I that gises 50% of maximal fluorescence. 
• Sgm.~, i~ the minimal ,urn of '.quares: N i', the number of experimental date I~/ints fitted v.ith Eqn. 1. 
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does not detect any increases of IMS-I for bulk / < 10 
mM, but it detects increases of IMS-I for bulk I higher 
than i(I mM whether it is in solution or entrapped in 
the IMS. This observation resembles the effect,,; of 
lMS-volume and IMS-/ on IMS-pH (Figs. 2 and 3, 
Table 1). For the orthodox mitoehondrial configuration 
at low I, proximity of the closely opposed, negatively 
charged inner and outer mitochondrial membranes can 
sequester protons (i.e., the pH increases) or K + ions 
from KCI (i.e., the ! does not increase). With an ! 
higher than 10 mM, the ionic excess could contribute 
to IMS-I ( !  increases). At physiological 1 (i.e., 100-150 
mM), IMS-I and bulk I are similar for mitochondria in 
the orthodox configuration, as was previously reported 
for the condensed configuration [9]. 

Discussion 

Previous hypotheses have ascribed either a cytosolic 
1 of 100-150 mM [5,14] or a very low I [7.8! to the 
IMS. More recently, the IMS-I has been measured for 
isolated, intact rat liver mitoehondria in th- condensed 
configuration, and found to be similar to the external, 
bulk /, over a wide range of I [9]. However, since the 
inner and outer mitochundrial membranes have a net 
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Fig. 0. Dora,an equilibrium ion exclusion ratios at various values for 
the excess charge from nonpermeahle ions. C~tlcuiations of the 
Donnan ion exclusion ratio were performed for a situation ~,here 
nonpermeable ions contained in a semipermeable  compartment  equi- 
librate with a solution of  permeable  monovalent ions. Here  (int) 
refers  to the compar tment  that contains the nonpermeable ions. and 
is analogous to the IMS that contains proteins and lipids ~i th 
nonzero charge that cannot diffuse into the btAk medium (extl. Eqn, 
2 from the footnote on this page v.as solved fo:  excess charges of - 1 
mM ( . . . . . .  ). + i  mM ( ). + 2  mM ( - - - - - - ) .  * 1 0  mM 
t . . . . .  ). and +50  mM ( . . . . . . . .  ). and the exclusion ratio (i.e.. 
lcationim!/[catione,,])  found for various values of  the external cation 
concentration in the range 0 100 mM. The exclusion ratio for the 
system studied here (mitochondria exlx~sed to solutions of  different 
KCI concentration) will be [K"  I1Ms/ IK"  ]h~l~- Monos'alent cation 

concentration ~s identical to I. 

negative surface charge [ i  6], the close apposition of the 
t'.-o membranes in the orthodox configuration could in 
principle cxcludc frce ions from thc IMS compartmcnt 
through a Donnan equilibrium [8]. in addition, the 
presence of a large FH difference between the IMS 
and the bulk medium could affect our previously re- 
ported measurements of IMS-I. 

The data presented here show that ;he volume of 
the 1MS, thus the proximity of the two membranes, 
does not affect the similarity between IMS-/and  exter- 
nal, bulk I higher than 10 mM. Only at very low, 
nonphysiological bulk I, and only for mitoehondria in 
the orthodox configuration, is the IMS-I different from 
the bulk I. Thus, there is a defined range for bulk I 
(0-10 mM) where the IMS- /does  nut equilibrale with 
the bulk 1, indicating that ion titration of a relatively 
constant number of nlcmbrane negative ,:urface charges 
is responsible for the effects observed at low I. Any 
exees.~ of cations in the bulk 1 o~'er this small fixed 
number of membrane charges wili contribute to thc 
IMS-I When the IMS-volume is very large as in the 
condensed configuration, even at very low I. there are 
sufficient cations in this compartment to titrate all 
i,~embrane surface charges. Our results are consistent 
with ion sequestration operating in the IMS of intact 
mitochondria at low, nonphysiological IMS4, and only 
when the membranes are in close aoposition. An alter- 
native explanation is that membrane proximity causes 
ion exclusion via a Donnan equilibrium *. Ion exclu- 
sion would be gradually eliminated through a displace- 
mcnt of this equilibrium by higher bulk concentrations 
of ions, and a difference between IMS-I and bulk I 

A typical Donnan equilibrium [17] is e,,tablished :~eross a ' ,emiper- 
meable membrane thal separates two compartmenls l arld II, h,3.lll 
containing permeable ion~ (cation M - and anion X initiall? at a 
concentration CL but only one of th~:m (here compar tmem ID 
containing a nonpermcablc ion (cation N " "  at u ~.oncentratkm 
[N ~" }). When ion activities equilibrate in both compartments,  lhb, 
ionic distribution originates an equilibrium characterized h~. the 
equation: 

c-" = [ M  ],, I [M-  ] , , -  , ,  [ ~ "  1,,) ( ~ 

For a mixture of po~HicelF ( I N ' - ] r i )  and neg:,live].~ [!A ~' JH) 
~.hargcd ions confined in ,omp~rlmcnt  II, a modified cqudtlOU ~S 

obtained: 

c ~-- [ M - ] , , - { [ M  ] , , + ( , , - [ h ' ~  ]n - ~ [A  ° 1,,)} (-'~ 

The term ( n ' [ N "  " I n -  a ' tA~ Its) is the net hxed charge of com- 
partment 11 (cationic and anionic char,~es insolved could be mcm- 
brane-~mnd ot prusent as ions thai cannol cross the outer mem- 
brane bounda~'). The solution of this quadratic equation fl)r the 
cation ¢oncentTaoon [M " ]ll is plotted in Fig. 6 (as the Donr~an 
exclusion ratios ([M " I n / [ M  - jr) that correspond to t he  ratio ot 
concentrations of mono~.alent calion in Ihe ]MS ~ilh respect lo 
bulk catiori concentrationl R~r different ~alu¢,~ of the net fixed 
charge q.e.. n-[N':" j .  - a'[A ~' j. ~. 
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~ould bc apparent for the entire ~ange of I. not just 
b¢lov, a bulk I of 111 m M  Under a narro~ raF;~e of 
conditions, a Donnan equilibrium can produce ion 
exclusion phenomena ~ ith ~imilar characteristics to ion 
sequestration at low 1 i Fig. 6l. Depending on the net 
fixed charge of the IMS (total charge from IMS-mcm- 
brant  lipids plus IMS-proteins), cations can bc ex- 
cluded for / < 211 mM. The net fixed chz;rge should bc 
between + t to +2 mM (Fig. ~). This net fixed charge 
is probably unreasonable for mittxhondria, considering 
that a balance inclined toward a net negative charge 
could be expected by the large number of negative 
surface charges on mitochondrial membranes [16]. and 
the tendency to avoid significant interactions between 
soluble, p¢~sitKely charged IMS-proteins and negatively 
charged IMS-membrane lipids. An additional predic- 
tion for a Donnan equilibrium is that some depen- 
dence on lMS-volume or IMS-pH occurs. The net fixcd 
charge concentration should change with IMS-volume; 
il the net fixed charge is negative and its concentratior, 
increases when the IMS-~o!ume decreases, eurv'~s for 
fluorescence of IMS-FITC-dextran such as those in 
Figs. 2 and 3 should depart more from those of FITC- 
dextran in solution for the orthodox configuration. 
Some dependence on IMS-pH would also be expected, 
as charges associated with IMS-protein change with 
pH; the "lag' on equilibration of bulk I with IMS-/ 
s~,ould change and fluorescence curves for IMS-FITC- 
dextran at different pH should approach those of 
Fl-I'C-dextran in solution at low pH. None of these 
effects have been detected experimentally. Therefore, 
a Donnan equilibrium affecting IMS-ions at low / 
seems to b c a  less likely explanation than ion seques- 
trati~m to account for the effect of IMS-volumc on 
IMS-L 

Our mctht~d of delivcra' of pH-sepsitivc molecules to 
the IMS now allows the direct probing of IMS-pH and 
the evaluation c,f the possible effect of pH on IMS-/ 
under different metabolic and osmotic conditions (Figs. 
2 and 3. Table U. Prc '%us measurements of the pH 
difference between mitochondrial matrix and suspend- 
ing medium shtm, ed a ~pH of I).3-(t.5 units (matrix 
alkaline) with respect to the bulk medium [18-23]. 
These studies as~,umed that the ApH bet~ecn the IMS 
and bulk medium ~as zero. lip-sever, our data reveals 
that the IMS-pH can bc lower :han bulk pH by about 
I.).2-(1.5 units, depending on condi:;ons, and that it can 
be madc similar to bulk pH either b.~ bringing mito- 
chondria to the orthodox configuration osmotically ~ Fig. 
2B) or by collapse of the proton gradient with an 
uncoupler ~Tab[e 11. Change.,, ot IMS-volume affect 
IMS-pH {Figs. 2 and 31. and tee mlderlying mechanism 
seems to be the .,ame .is for the effect of IMS-volume 
on IMS-I. IMS-protons are scque:tercd '~hcn the 
IMS-,,o!ume is decreased a~, in the orthodox configur~- 
lion. and thb, effect is o~.rcome by an increase m bulk 

I (KCI concentration > I0 mVIL This finding also indi- 
cates that IMS-pH at physit~a~gical I is approximately 
constant, and at most 0.4 tmlts lower than the bulk, 
external pH. when mitochondria arc in the orthodox 
configuration. This difference is not large enough to 
require corrections in our previous report revealing the 
similarity between bulk i and IMS-I. as indicated by 
similar values of the apparent affinity for I or K t 

fimnd for pH 6.9-7.0 (see Fig. 4 and Table !11. but 
suggests that the IMS is capable of sustaining a pH 
that differs from cytosolic pH. This would prnvide 
initial support for the idea of a barrier to proton 
diffusion between the inner mitochondrial membrane 
and the bulk cytosol medium [24]. It should be noted 
that /-induced pH change~ have been also detected in 
chloroplasts [25.26]. Also, our measurements of IMS- 
pH are not influenced by the use of FITC-dextran as a 
tiuorescent probe. At the low concentrations of IMS- 
FITC-dentran in our experiments (5-6 ~ M  calculated 
as in Ref. q). and the low negative net charge of the 
FITC-dextran (originating from fluorescein dissocia- 
tion), closing of the mitochondrial outer  membrane 
channels as was reported using dextran sulfate [27] or 
various polyanions [27,28] is unlikely to occur. 

Overall, our results ',uppolt ar~ IMS-! that is similar 
to the bulk, external i in both extreme conhgurational 
states of rat liver mitochondria, for bulk I higher than 
10 raM. Although we cannot conclude directly from 
this similarity betw'ee~l IMS-I and bulk I that cy- 
tochrome c diffuses in three dimensions in the IMS of 
intact mitochondria (given the -omplex nature of the 
interaction., of Wtochrome c with its rcdox partners 
and membrane lipids), our present data and previous 
studies [1,2] strongly support such a diffusional mode. 
Our studies suggest that ionic strength-dependent in- 
tot-actions in the IMS compartment, which could occur 
at nonphys:)logical i.  wilt, be quenched considerably, 
and in some eases totally, by an 1MS-/ in the range of 
100-150 mM. The findings of many mcvious studies 
(reviewed in Ref. 291, which sho~ed nonlinear 
Scatchard plots for the binding of cytochrome c to it~ 
reductasc and oxidase at 1o~ 1 indicative of the pres- 
ence of multiple binding sites [8,30-32], are mo.,,t likely 
irrelevant ~t physiological conditions consistent for in 
situ mitocho~,dria (i.c., IMS4 of 100-150 raM). where 
binding will be characterized by linear Scatchard plot~ 
indicating a single binding site. and ~ower affinities 
be t~een ~' tochrome c and redox partners. Thus, many 
ionic strength-dependent protein-protein and l ipid- 
protein interactions of ca"tochrome c which occur at 
nonphvsiologi~:al I ~ill bc minimized in intact mito- 
chondria at a physiological IMS-I equal to o'msolic !, 
permitting cytt;ch~ome c to diffuse in three dimensions 
to collide with its redox partners at random. To ap- 
proach this question mere directly, our research in 
progress is addressing The dynamics and function of 
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exogenous cytochromc c delivered through the encap- 
sulation-fusion protocol into the IMS of functiomdly 
intact rat liver mimchondria [33]. 
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