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The ionic strength of the intermembrance space of intact
mitochondria is not affected by the pH or velume
of the intermembrane space
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lonic strength affects the clectron transport activity of wytochiome ¢ through its clectrostatic interactions with redon partners aned
membrane lipids. We previously reported (Cortese. J.D.. Voglino, AL, and Hackenbrock, C.R. (1991) 1. Celi Biod, 113,
1331-1340) that the ionic steength (1) of the intermembrane space (IMS-7) in isolated. intact condensed mitochondria is similar
to the external, bulk /. over a wide range of bulk 1. We now consider the possible cffects of IMS-pH and IMS-volunie. buth
variable purameters of mitochondrial function in situ, on IMS-/ IMS-pH and IMS-/ were measured with pH- and Fsensitive
fluorescent probes (highly fluorescent FITC-dextran for IMS-pH and FITC-BSA tor IMS-7). These probes were delisered into
the IMS of intact mitochondria via probe encapsulation into asolectin vesicles, followed by low pH-induced fusion of the vesicles
with the outer membrancs of intact mitochondria. IMS-pH was found ta be 0.4-0.5 units lower than bulk pH over the pIi range
6.0-8.5 for mitochondria with a large IMS-volume separating the two mitochondrial membranes (condensed configuration), and
0-0.2 units lower for mitochondria with a small IMS-volume and membranes closely opposed (orthodos contiguration), This
small pH difference between IMS-pM and bulk pH did not influence the similarity between IMS-7 and bulk 1. When the
IMS-volume was osmotically decrcased, bringing the two mitochondrial membranes i close prosimity as in the orthodoy
configuration, IMS-/ followed the butk [ above 10 mM but did not respond o chianges in bulk 7 below 10 mM., The lack of
response of the IMS-7 below 10 mM indicates that the close proximity of the two mitochondrial membrances excludes ions only at
low, nonphysivlogical {. Since the similanty of IMS- and bulk 7 is unafteeted by cither IMS pH or IMS-volume above a bulk f
ol 10 mM. at cytosolic physiological 7 G.e., 100150 mM) cytochromy ¢ can he expecte ' 10 be a tree, three-dimensional dilfusant
in the IMS irrespective of the pH or volume of the IMS.

Introduction
Abbreviations: FITC-BSA, bovine serun atbumin fabelled wal fluo.
rescein isathiocyanate; FITC dextran, dextran labelled with Hiores-

cein isothiocyanate: 1, medium, 36 mOsm solution com s, Lol
220 mM mannitol. 7 mM sucrose. 2 mM Hepes butfer (pH 7 D, aad
0.5 mg,/ml BSA: £, ionic strength, defined as an ionic concont ation:
I=(X ¢,25)/2 where ¢, is the mittnclar concentiation of the r-th
ion and z, s the charge of the éth don. For salts tormed with
monovalent cutions and anions (e KCEor NaCl). wonic strength s
equivalent 1o salt concentration; IMS. itermembrane space of mito-
chondria: IMS-FITC.BSA, FITC.BSA entrapped in the intermem-
brane space of intact mitochondria, IMS-FITC-dextran, FITC-dey
tran entrapped in the intermembriane space of intact mitochondri;
K, appa-cnt aftinity of jome strength-dependent changes in FITC-
BSA Nuorescence, detined as the ionic strength that gives 507 af the
maximal increase in fluorescence: pKyy,, effective overall pK result-
ing from the contributions of the various Nuorophore groups that
exhibit pH-dependent fluorescence changes as 4 result of luo-
rophore ionization,

Correspondence: C.R. Hackenbrock, Department of Celt Biology
and Anatomy. University of North Caroling. The School ot Medicne,
108 Taylor Hall, CB No. 2096, Chapel Hill, NC 27504 7060, ULS AL

Studics of mitoplasts (outer membranc-free mito-
chondria) have shown that both the diftusion and clee-
tron (ransport rates of eytochrore ¢ increase as onic
strength €F) is increased from 0 to 130 mM. and that a
parallel ionic strength-induced increase oceurs in clee-
tron iransport in isolated, intact mutochondria (1.2,
These findings are consistent with the view that cy-
tocaromie ¢ is a three-dimensional diffusant n the
intermembrane space (IMS) of intact mitochondiia
[3+]. and that in the IMS of intact mitochondria in
sitt. evwochrome ¢ is immersed 1w aa agueots environ-
me it with an 1 similar to the bulk 7 of cytosol. That
the 1 of the IMS (IMS-1) is similar to, and reflects the
wn ¢ composition of cytosolic 1, is consistent with the
permeatiity ol the mitochondrial owter membrane o
ions and small molecules [3.0)0 Alicrnatively. it has
been supgested that the IMS-/ could be very low. given
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that highly charged and closely opposed inner and
outer membrines might oxclude jons from the IMS
[78) However, recent experimental support tor the
similurity between the IMS-2 of intact mitochondria
and external. bulk 7 has been presented [9], In that
study, i soluble some strength-reporting, Hluoreseemt
protein probe (luorescein-hovine scrum albumin or
FITC-BSA)L was cncapsulated into asolectin vesicles
and dehivered into the IMS of intact mitochondria by
low ptl-induced fusion of the liposomes with the outer
membranes of mitochondria. It wus found that the
IMS-/ of intuct mitochondria was within 4209 of the
external, bulk 7, over a wide range of bulk /.

Sinee the iome enviroument of cytochrome ¢ under
physiological conditions might be aftected by such
physiological vanables as IMS-pH and IMS volume, we
now consider the possible effects of both variables on
IMS-L IMS-pHT and IMS-T were measured with pli-
and  ssensitive fluorescent probes (FFTC-dextran for
IMS - pH and FYTC-I8A for IMS-1). These probes were
delivered o the IMS of intact mitochondria via probe
encapsulation in liposomes followed by the low pH-in-
duced fuston of the liposomes with the outer mem-
branes of mitochondria (9. The cffects of altering
wxternal bulk piH and f on tne tluorescence o1 1ivis-en-
trapped probes were tollowed as I-dependent or pH-
dependent  fluorescence  changes.  Osmotically  and
metabolicatly induced transitions between condensed
and orthodox configurat:ons of mitochondria [10] occur
with substantuil changes in IMS-volume and proximity
of the two mitachondrial membrances, and were used to
study the effects of membrane proximity on IMS-/,

It was determioned that a small pH ditference exists
between IMS-pH and bulk pH but that this does not
influence the similarity of [ IMS-/ and bulk 1. Also,
when the IMS-volume wis maximally decreased. as in
the orthodox contiguration, the IMS- 1 foltowed changes
i the bulk 1, exceot when the bulk 7 was below 10
M. This finding indicates that the close proximity of
the two muochondrial membranes can exclude ions
only at very fow, nonphysiological 1. Thus the similarity
ot IMS-7 and bulk 7 is unaficeted by cither IMS-pH or
IMSaolume above sebulk 7 of 10 mM. and ar evtosolic,
physiological [ Goe 100150 mM), evtochrome ¢ can
be eapeeted to be a free, thice-dimensional diffusant in
the IMS irrespective of the pH or volume of the IMS,

Materials and Methads

Drepecatin of mtochondr

Liver  mitochondria  were  isolated  from  male
Sprogue-Dawley rats according to Schnaitman and
Greenwalt |11 and then resuspended in H oy, medium,
Oxygen comsumption was measured at 25°C using a
Clark oxvgen clectade. Respiratory control ratios
(RO detined as the 1atio between oxvgen consump-

tion of mitochondria in respiratory state 3 (in the
presence of suceinate as the respiratory substrate and
ADP)Y and respiratory state 4 (in the presence of sub-
strate alone) were determined using data acquisition-
analysis software (Spectrofuge, Purham, NC). RCRs
were in the range 5.5-7.0 for all mitochondrial prepa-
rations used,

Deliveny of fluorescence probes into the intermembrane
space of intact mitochondria

The encapsulation and membrane fusion protocol
developed by Cortese et al. [9] was used to deliver
fluorescent probes (FITC-BSA and FITC-dextran) into
the intermembrane  space (IMS)  of intact  mito-
chondria. Briefly, FITC-BSA and FITC-dextrans were
first encapsulated in phaspholipid vesicles by sonica-
tion. Asoleetin (200 mg) was hydrated in 1.5 ml of H,y,
medium (without BSA) for at least 2 h at 0°C, then
mixed with an equal volume of a solution of a fluores-
cent probe (25 mg in 1.5 mi of 7.5-times diluted Hyy,
medium). The resulting sample was sonicated at 0°C in
three cycles (10 min cach) at 40 W with a microtip
probe. Freshly isolated, intact mitochondria (200 mg
protein in 27 mi of H,,, medium without BSA; pH 7.4)
were mixed with 3 ml of the probe-containing asolectin
vesicles (to give a ratio of 330 ug mitochondrial protein
per mg asolectin) and incubated for 1 h at 15°C to
induce adsorption of the probe-containing vesicles to
mitochondrial outer membranes. To accomplish mem-
brane fusion and delivery of the fluorescent probes
into the IMS, the pH was decreased to 6.5 for S min at
15°C. The probe-containing mitochondria were then
returned to pH 7.4, and washed to remove any fluores-
cent probe and non-fused vesicles by repeated pellet-
ing and resuspension at 4°C in 4 large volume of
probe-free H oy, medium [9]. Mitochondria loaded with
fluorescent probes were resuspended at a final concen-
tration uf 75100 mg witochondiial proicin per mi in
H 4y, medium, and assayed within 2-3 h.

Fluorescence medsurements

The intensity of fluorescein emission at 520 nm was
monitored digitally using a Perkin-Elmer 650-40 fluo-
rescence spectrophotometer (Perkin-Elmer, Norwalk,
CT) in the ratio mode a 4°C, The excitation wavelength
was cither 450 nm or 468 nm, using excitation and
emission sht widhts of § nm. No specetral shifts occured
with chunge in ionic strength. For cach measurement,
the fluorescence intensity was signal averaged for 10 s,
Quinine sultate in 0.1 M H,80, was used as a control
for stability of fluorcscence intensity before and after
cach experiment. Controls for turbidity were included,
and inner filter effect corrections were those of Geren
and Millet [12). For analysis, data were expressed as
relative fluorescence (the quotient of two fluorescence
cmissio) measurements at 520 nm obtained with the



same excitation wavelength (468 nm)) or fluorescence
excitation ratios (the quotient of two fluorescence
cmission measurements at 520 nm obtained at two
different excitation wavelengths (450 and 468 nm)).

Relative fluorescences obtained with FITC-BSA in
solution and  IMS-FITC-BSA ot Jdifferent  ionic
strengihs 1 were fitted to a hyperbolic curve using the
equation;

FI/Fllzl+{[(Fm,;\/FH)_]]/(|+KI/’)} (”

where F; is the fluorescence at a given /, F, is the
fluorescence at /= 0, F,,, is the maximal fluorescence
obtainable by increasing /, and K, is the apparent
affinity of ionic strength-dependent changes in FITC-
BSA fluorescence, defined as the ionic strength that
gives 50% of the maximal increase in fluorescence [9).
Fluorescence excitation ratios obtained with FITC-dex-
tran in solution and IMS-FITC-dextran at different pH
were fitted to a sigmoidal cquation that relates fluores-
cence at a given pH with the cffective pK of the
mixture of fluorescent species [13]. In its simplest form.
the equation is:

Roy=A+[B/(10nKm i) (

o
~

where R, is the value of fluorescence cxcitation ratio
obtained at a given pH, pK, is the effective overall
pK resulting from the contributions of the various
fluorophore groups that exhibit pH-dependent fluores-
cence changes as a result of fluorophore ionization,
and A and B are constants that define the span of
fluorescence data. A4 and B are only sensitive to the
degree of self-quenching exhibited by the probe: there-
fore, pK, is not affected by their values. For purposes
of comparison in the same scale (Figs. 2 and 3), fluo-
rescence excitation ratios are expressed as normalized
fluorescence excitation ratios (NF )

NEg = (R~ A)/ B h

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

Materials

Fatty acid free bouvine serum albumin (BSA), car-
bonyl cyanide m-chlorophenylhydrazone (CCCP),
equine muscle Na-ADP (grade 1X), p-mannitol, sodium
palmitate, sodium succinic acid, and sucrosc were pur-
chased from Sigma Chemicals (St. Louis, MO).
Asolectin was purchased from Associated Concen-
trates (Woodside, L.1., NY), and Hepes was obtained
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Fig. 1. Senstivity of the flu stescence of FITC. dextrans in solution 1
pH and sonic strength (7). Fluorescenee excitation tatios (emssion”
S20 nm; excitalion: 468 nm or 450 am) were measured st 20°C o
FITC-dextrans (M, = 30000) in 2 W00 mOsm solution contaming 30
mM sucrose, 2 mM Hepes (pH 7.0 and 0.C 0,20 (8), 100 (1) on 150
mM (@) KCL Inaer-hlter etieets were eliminated by keepang 111

dextrany absorbances Gt 450, 468, and 530 nm) below (100 | hese
Hluorescence excitation ratios were tound to e sensitive to both pkl
and /.

from Boehringer Mannheim Biochemicals (Indianapo-
lis, IN). All other chemicals were of the highest purity
available  commercially. FITC-BSA (about 6.0
FITC/protein molar ratio) and FITC-dextran (molecu-
lar mass = 40 and 70 kDa: 6.3 1TC/dextran molar
ratio) were purchased from Molecular Probes (Kugene,

OR).
Results

Similarity between IMS-pIl and butk pti

Fluorescence excitation ratios of FITC-dextran in
solution were found to be more sensitive to pH than to
I (Fig. 1). For any given [, a sigmodal curve for
FITC-dextran fluorescence as a function of pH was
obtained. This pH-sensitivity of the soluble FITC-de
xtran probe can be used to explore IMS-pH when the
probu is entrapped in the IMS, Curves of {luoreseence
excitation ratio as a function of pH were constructed
for solutions of FITC-dextran (reference) and IMS-
FITC-dextran (sample). Each curve will have a measur-
able effective pK (pK_,,; see Materials and Mcthods),
and a comparison of pK_,s for soluble and IMS-en-
trapped dextran gives a dp« = ApH. If the IMS-pH
is below the bulk pH, the IMS-FITC-dextran curve wil!
be right-shifted with respect to the curve obtained for
FITC-dextran in the bulk solution, since the IMS-
FITC-dextrans will expericnce @ fower pHl, thus
emitting less  fluorescence;  therefore, the pk
will be higher and ApK., = (DK icaevmm
PK Ms-t11Cdexran) = SPH < A ApH > 0 indicates
that IMS-pH is higher than bulk pH. FITC-dextrians
with different moleeudar mass gave similar resufts on
IMS-pH estimation; results are only presented for the
40 kDa form of FITC-dextran.



192

IMS-pH was found to be (14-0.5 units fower than
bulk pH over the pH range 6.0-8.5 for mitochondria
with a large IMS-volume separating the two mitochon-
drial membranes (condensed  configuration) in 300
mOsm medium (bulk 7=0; Fig. 2A. Table D, and
0-0.2 units lower for mitochondria with a small IMS-
volume and membranes closely opposed (orthodox con-
figuration) in 120 mCsm medium (butk [ = () cf. Fig.
2A and B). These resuits show that the IMS-pH cquals
the bulk pH when the two mitochondrial membranes
are in close proximity at low f. It was further found,
however, that the IMS-pH of the orthodox configura-
tion could be decreased by an increase in buik 7 (120
mOsm; [ = 20 mM; Fig. 2C). This finding is consistent
with proton scquestration by the negatively charged
mitochondrizl membranes in close proximity that is
overcomed by competition with ions at higher 1. A
similar effect of membrane proximity on IMS-/ is ob-
served when mitochondria in the rotenone / amimycin
A-inhibited respiratory state (condensed configuration;
Fig. 3A) are compared with mitochondria undiergoing,
active respiration in the prescrce of succinate “ortho-
dox configuration: Fig. 3B. sce Table 1.

It should be noted that the ctiects of the closely
opposed, negatively churged membranes present in the
orthodox configuration on the concentration of IMS
protons (i.c.. IMS-pH) suggested here are probably

TABLE 1

duced by mitochondrial respiration. Some indication of
this comes from experiments where IMS protons and
membrane charge were manipulated. Uncoupling of
condensed mitochondria with carbony levanide mi-chlo-
rophenylhydrazone (CCCP) collapses the small ApH
between the IMS and bulk medium (Table D). Further,
a brief treatment with sodium palmitate, a molecule
that incorporatcs spontancously into mitochondrial
membranes, increasing their fixed negative charge and
reversibly uncoupling mitochondria [14,15], produced
mitochondria with a mcasurable ApH (about —(.3)
between the IMS and the bulk medium (Table 1). This
experiment indicates that some excess of IMS-protons
can be mantained by interactions with fixed ncgative
membrane charges even for uncoupled mitochondria.

IMS-pH does not affect the similarity between IMS-1 and
bulk 1

Even though the measured difference between bulk
pH and IMS-pH is small (0-0.5 pH units), it might
affect IMS-/ measurements. Thus, the extent of effect
of pH differences en [ measurements was determined
tor FITC-BSA in solution (Fig. 4, Table 11). The appar-
ent affinitics for / or K, obtained were found to be
similar through an order of magnitude change in pro-
ton concentration (pH 7.4 + 0.5). The fluorcscence span
between 1 =0 (F,) and maximal fluorescence (F,,.)

max "

superimposcd on the presence of IMS protons pro- measured ¢ither as [F,,. — F,] or [F,,./F,]. did not
Ettectice pRy of sofuble and IMS-entrapped FITC deviran
Experiment Effective pR Eftective pK dpH "

(oluble FITC-destran)

(IMS-FITC-dextran)

0,763 + (L00Y
(s, 23
6679+ (LhS
(o 83 23)
LTS 001
(LISE; 23)
£SR3+ D033
(O3S 23)
6,443 0020
wali?. 23
6804 - 0023
{Wilo: 313
6.705 + O.01S
WG 31D

300 MmO sucTose
120 mOsm sactose

P20 mOsmi suerose
=20 M KOl

Active respiration
{succnite)

Inhibited resoiration
Cauedindte = anunnin A

Uncoupled 1CCCPY!

Palmitate-treated *
GH) mOsm sucrose!

2770026
(0.0075: 23)
6,683 = (LOR2
(0.0238: 28}
TUSY - 1.027
{0.028: 26)
6103 - 0.027
(BN23; 23
B2 - D024
10.0096: 30)
T 127 - 0058
(.0031: 21
6.674 + (L0343
(.01 31

(~ 051+ 00033

026 +0.120
{~ (L3S + 0038
(= 0220+ 0060
(= 399+ 0035
- 1263 - 0081

0035 +0.062

5

m Fig 2

Bata were analyzed by nortinear regression using Egns. 2 und 3 in tert
CThe difterenc (DR 0 v T PR s T v ! = PR, = ApH e the pH difference between IMS and bulk).
Muasurements tor mitechondria in 300 mOsm sucrose. 120 mOsm sucrose. and 120 mOsm sucrose plus 7= 20 mM medium were carried out as

C8S 0w the minimal sum of squares Vs the aumber of experimental duta points fitted with Eqo. 2.
© Mewsurements for mitochondria with § mM sodium succinate Gictive respiration) and with rotenone Santimyein Unhibited 1o piration) were

carried oud as in Fig. 3.

n B 2

Measurements tor mitochondria suspended in 300 mOsm sucrose nediom. and uncoupled by the addition of 1 uM CCCP. were carried cut as

S Measurements for autochondrig briefh exposed to 80 LM palmitate (10 mun ot 1570 were carrizd out as in Fig. 2



change substantially in the same pH range (pH 6.9-7.9).
These re-ults suggest a negligible pH-dependent differ -
ence between K, measurements for FITC-BSA in so-
lution and IMS-FITC-BSA (Fig. 5; see also Ref. 9),
and no correction of the published K, values obtained
with IMS-FITC-BSA is needed, even for the largest
JdpH between IMS and bulk medium measured (ie.,
= ().5; Table D.
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Fig. 3. Effect of respira.ory state-induced changes ot IMSaolume
(membrane proximity} on IMS-pH estimated with FITC-dextrans
entrapped in the IMS (IMS-FITC-dextrans) of intact mitochondria.
Effects of IMS-volume during mitochondrial function were deter-
mined as in Fig. 2 by comparing bulk pH eftects on the normalized
fluorescence excitation ratios of FITC-dextrans in solution () aund
IMS-FITC-dextrans (B) for: (A} mitochondria during inhibited res-
piration (5 mM sodium succinate as substrate and kept in the
conde-ned configuration with T gg/mi rotenope and 1 gg,mil an-
timycin A); and (B) mitochondria in active respiraiory state (5 mM
succinate as substrate results in transition 1o orthodox configuration
during 10 mun at 15°C). Mceasurements of tluorescence excitation
ratios were performed at 15°C. Results are summarized in Tuble 1

Fig. 2. Effect of IMS-volume (membrane proximityt on IMS-pH
estimated with FITC-destran~ entrapped in the IMS (IMS-FITC-
dextrans) of intact mitochondria. IMS-pH was estimated by compar-
ing chuanges in normalized fluorescencs excitation ratios (emission:
520 nm: excitation: 468 nm or 450 nm) of FITC-dextrans in solution
(2 ) and IMS-FITC-dextrans (@) ay a response to changes of bulk pH.
(A) Mitochondria maintained in the condensed configuratior with
large IMS-volume at a medium osmolarity of 306 mOsm (pelk 1= 0).
IMS-pH is =05 units lower thun bulk pH. (BY IMS-volume s
decreased by lowering the medium osmolarity to 120 mO.m giving
the orthodox configuration (bulk §=0) IMS-pH increased ap-
pruoaching tie value for FITC-dextrans in solution (dpfl =) (C)
IMS-pH for orthodox mitochondria was decreased by increasing bulk
I (120 mOsm; 7= 20 mM). Measarements of normalized tluares-
cence excitition ratios were performed at 4°C. Results are summa-
nzed in Table 1
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Fig. 4. Effect of pH on the jonic strength sensitivi v of the fluores-
cence of FITC-BSA in solution. The eticet of pH o -measurement.
obtained from refative fluorescence was dewnanined at 21°C for
FITC-BSA in 300 mOsm solutions of sucrose at pH 6.0 (), 6.4 (@),
69() 74 (. 7Y () and 8.4 (a ) The apparent affinities of the
change nduced by [ (or K,) obtained and the fluorescence spans
temission: 520 nm; exciiation: 468 nm) between fluorescence at /=0
(F,) and maximal fluorescence (F ) - measured as [F,, — F,] or
(F. / k) ~ are summarized in Table H. The small pH-dependent
difference between Ays for FITC-BSA in solution in the range of pH
7.4 £0.5 indicates that no corrections of K, values of Fig. 5 are
needed. Apparent affinity of ionic streagth-dependent changes in
FITC-BSA fluorescence (Ky) is detined as the ionic strength that
gives S0 of the maximai increase in fluorescence.

IMS-rolume affects IMS-1 orly at low. nonphysiological

An effect of IMS-volume on IMS-/ compatible with
ion sequestration was found when [/ is changed at
constant bulk pH (Fig. 5). The fluorescence of both
IMS-FITC-BSA and FITC-BSA in solution 1s affected
by 7 [9]. This effect of I on IMS-FITC-BSA was
compared for mitochondria osmotically mantained in
the cordensed (300 mOsm) and orthodox (150 mQOsm)
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Fig. 5. Effect of osmolarity induced configurational change (con-
densed-orthodox) on IMS-7 estimated with FITC-BSA entrapped in
the IMS (IMS-FITC-BSA) of intact mitochondria. The effects of 7
on the relative fluorescence of IMS-FITC-BSA (emission: 520 nm;
excitation: 468 nm) were compared for: (A) mitochondria osmotically
maintained in the condensed configuration at 300 mOsm (O), and
(B) for mitochondria maintained in the orthodox configuration at 150
mQsm (®). Relative fluorescence was determined at 15°C as F
(fluorescence at a given [) divided by F,, {fluorescence at /= 0).
Measarements of relative fluorescence were performed at 4°C. The
experiment shown was carried ou! at pH 7.4, but similar curves are
obtained at pH 6.0 and 8.0 (not shown). For FITC-BSA in solution,
K, was (96111090 mM and the maximal relative fluorescence
obtainabie by increasing I [(F,,, /F,)} was 1.171+0.012 (minimal
sum of squares or §5,,, = 0.00098; number of experimental points
fitted or N = 20). For IMS-FITC-BSA and for the rising part of the
curve, K, was (1095 +2.90) mM and (F,,, /F,) was 1.220+0.010

(S5, = 0.00221; 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 [ is saturable (i.¢c.. hyperbolic). For
mitochondria in he 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 apparenti affini-
ties (= 10 mM) similar to FITC-BSA in solutior,, ap-
proaching the same maximal fluorescence at high [
(Fig. 5). This result indicates that the fluorescent probe

Eftects of pH on wonic strength-dependent changes of FITC-BSA fluorescence

pH F. " S [Fpw - Ful [F,. F.} Affinity (K¢ 5SS (NYE
(mM)

o0 1,342+ 0007 1.526 + 0009 0.184 + 0006 1137+ 0.611 14.93 2,50 0.001605 (23)
6.4 1.367 + 0.008 1385 £ 0012 0218 =000y 1159+ 0014 7404153 0.002078 (24)
] 1,495 + 0007 1540 = 0.008 (J.345 + 0.6 1.231 + 0400 $.41+052 0.001628 (24)
74 730+ 0.013 2068 £ 0,013 0,338+ 0014 1.195 £ 0016 #.36+ 058 0.003536 (27
79 1993 + 0000 23120013 038+ 001 L1594 0013 8354125 0.005465 (24)
54 233+ 0008 2558 0013 0.215~0.010 LOR2 + 11010 13024243 0.004205 (23)

* Dati were taken from Fig. 4 and analyzed by nonlinear regression using Eqn. 1 in text.
® Fluorescenee at zero 10aic strength.
5 Muximal fluorescence obtainable by increasing ionic strength,
* Apparent affinity of J-dependent changes in FITC-BSA fluorescence. calculated as the 7 that gives 307 of maximal fluorescence.
© 88 s the munimal sum of squares: Vs the number of experimental data points fitted with Eqn. 1.



does not detect any increases of IMS-/ for bulk 7 <10
mM, but it detects increases of IMS-I for bulk 1 higher
than 19 mM whether it is in solution or entrapped in
the IM3. This observation resembles the effects of
IMS-volume and IMS-/ on IMS-pH (Figs. 2 and 3,
Table ). For the orthodox mitochondrial configuration
at low /, proximity of the closely opposed, ncgatively
charged inner and outer mitochondrial membranes can
sequester protons (i.e., the pH increases) or K* ions
from KC! (i.e., the I does not increase). With an [
higher than 10 mM, the ionic excess could contribute
to IMS-/ (I increases). At physiological 7 (i.e., 100-150
mM), IMS-/ and bulk [ 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
I of 100-150 mM [5,14] or a very low I {7.8] to the
IMS. More recently, the IMS-/ has been measured for
isolated, intact rat liver mitochondria in the condensed
configuration, and found to be similar to the external,
bulk 7, over a wide range of I [9]. However, sincc the
inner and outer mitochondrial membranes have a net
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Fig. 6. DonLan equilibrium ion exclusion ratios at various values for
the excess charge from nonpermeable ions. Culcuintions of the
Donnan ion exclusion ratio were performed for a situation where
nonpermeable ions contained in a semipermeable compartment equi-
librate with a solution of permeable monovalent ions. Here (int)
refers to the compartment that contains the nonpermeable ions. and
is analogous to the IMS that contains proteins and lipids with
nonzero charge that cannot diffuse into the bulk medium (ext). Egn.
2 from the footnote on this page was solved fo: excess charges of —
mM (- ). +i mM ( ). +2 mM (——-—) +10 mM
(SRt ), and +50 mM (--------), and the exclusion ratio (i.e.
[cation,,, ) /lcation ,,]) found for varicus values of the external cation
concentrution in the range 0-100 mM. The exclusion ratio for the
system studied here (mitochondria exposed to solutions of different
KC1 concentration) will be K™}y /AK ™ Iy . Monovalent cation
cancentration 1s identical to I.
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negative surface charge [16], the close apposition of the
t'0 membranes in the orthodox configuration could in

rinciple cxclude free ions from the IMS compartment
through a Donnan equilibrium [8]. In addition. the
presence of a large pH difference between the IMS
and the bulk medium could affect our previously re-
ported measurements of IMS-/.

The data presented here show that ihe volume of
the IMS, thus the proximity of the two membranes,
does not affect the similarity between IM3-/ and exter-
nal, bulk J higher than 10 mM. Only at very low,
nonphysiological bulk /, and only for mitochondria in
the orthodox configuration, is the IMS-/ differen from
the bulk 1. Thus, there is a defined range for bulk 7
(0-10 mM) where the IMS-I does nut equilibraie with
the bulk /, indicating that ion titration of a relzctively
constant number of nicmbrane negative curface charges
is responsible for the effects observed at low /. Any
excess of cations in the bulk I over this small fixed
number of membrane charges wili contribute to the
IMS-I When the IMS-volume is very large as in the
condensed configuration, even at very low /. there are
sufficient cations in this compartment to titrate all
inembrane surface charges. Our results are consistent
with lon sequestration operating in the IMS of intact
mitochondria at low, nonphysiological JMS-/, and only
when the membranes are in close apposition. An alter-
native cxplanation is that membrane proximity causes
ion exclusion via a Donnan equilibrium *. lon 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 J

* A typical Donnan equilibrivm [17] is established across a semiper-
meable membrane that separates two compartments 1 and 11 both
containing permeable ions (catica M ™ and anton X7 initially at a
concentration C), but only one of them there compartment I
contdining @ nonpermeable lon {cation N”7 at u concentration
[N"" . When ion activities equilibrate in both compartments. this
ionic disttibution originates an equilibrium characterized by the
equation:

C=M ] (M L= [N T (H
For a mixture of positiveiv {IN"7 ;) and negativelh (dA° )
churged ions confined in vompurtment Tl 4 modified cquation 13
obtained:

C=M (M T (e INTT e (A )} )

The term (n-IN" "1 — a-[A" 7 ;) 1 the net ficed charge of com-
partment Ii (cationic and anionic charges involved could be mem-
brane-bound or present as fons that caanot cross the cuter mem-
brane boundary). The solution of this quadratic ¢quation for the
cation concentration {M " Ij; is piotted in Fig. 6 (as the Donnan
exclusion ratios (IM " ];; 7[M ™ J) that correspond to the ratio of
concentrations of monovalent cation in the IMS with respect to
hulk cation concentration? for different values of the net fixed
charge tie., - [N*" §; —a A7 b
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would be apparent for the catire vange of 1. not just
below a bulk 7 of 10 mM. Under a narrow ranec of
conditions. 4 Donnan cquilibrium can produce ion
exclusion phenomena with similar characteristics to ion
sequestration at low 7 (Fig. 6). Depending on the net
fixed charge of the IMS (total charge from IMS-mem-
branc lipids plus IMS-proteins). cations can be ex-
cluded for 7 <20 mM. The net fixed charge should be
hetween + 1 to +2 mM (Fig. 6). This net fixed charge
is probably unreasonable for mitochondria. considering
that a balance inclined toward a net negative charge
could be expected by the large number of negative
surface charges on mitochondrial membrancs [16}. and
the tendency to avoid significant interactions between
soluble. positively charged IMS-proteins and negatively
charged IMS-membrane lipids. An additional predic-
tion for a Donnan cquilibrium is that some depen-
dence on IMS-volume or IMS-pH occurs. The net fixed
charge concentration should change with IMS-volume;
if the net tixed charge s negative and its concentration
increases when the IMS-volume decreases. curves 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 assoctated with IMS-protein change with
pH: the “lag’ on equilibration of bulk / with IMS-J
should change and fluorescence curves for IMS-FITC-
dextran at different pH should approach those of
FITC-dextran in solution at low pH. None of these
effeets have been detected experimentally, Therefore,
a Donnan equilibrium affecting IMS-ions at low [
seems to be a less hikely explanation than ion scques-
tration to account for the effect of IMS-volume on
IMS-1.

Our method of delivery of pH-sensitive molecules to
the IMS now allows the direct probing of IMS-pH and
the cvaluation of the possible eftect of pH on IMS-/
under ditterent metabolic and osmotic conditions (Figs.
2 and 3. Table I} Previous measurements of the pH
differenee between mitochoadrial matrix and suspend-
ing medium showed a ApH of 0.3-0.5 units (matrix
alkaline) with respect 10 the bulk medium [18-23]
These studics assumed that the ApH between the IMS
and bulk medium was zero. However. our data reveals
that the IMS-pH can be lower :han balk pH by about
0.2-0.5 units, depending on condiijons. and that it can
be made similar to bulk pH either by bringing mito-
chondria to the erthodox configuration osmotically (Fig.
IB) or by collapse of the proton gradient with an
uncoupler «Table 1) Changes of IMS-volume affect
IMS-pH (Figs. 2 and 3). and the underlying mechanism
scems ta be the sume as for the cffect of IMS-volume
on IMS-1. IMS-protons are sequectered when the
IMS-volume is decreased as in the orthodox configura-
tion. and this effect is overcome by an increase in butk

1 (KCT concentration > 1) mM). This finding also indi-
cates that IMS-pH at physic.ogical 1 is approximately
constant. and at most (.4 urits lower than the bulk,
external pH. when mitochondria are in the orthodox
configuration. This difference is not large enough to
require corrections in our previous report revealing the
similarity between bulk 7 and IMS-/. as indicated by
similar values of the apparent affinity for ! or X,
found for pH 6.9-7.0 (see Fig. 4 and Table ). but
suggests that the IMS is capable of sustaining a pH
that differs from cytosolic pH. This would provide
1aittal support for the idea of a barrier to proton
diftusion between the inner mitochondrial membrane
and the bulk cytosol medium {24]. It should be noted
that J-induced pH changes 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
tluorescent probe. At the low concentrations of IMS-
FITC-dextran in our experiments (5-6 uM calculated
as in Ref. 9), and the low negative net charge of the
FITC-dextran (criginating 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 support are IMS-/ that is similar
to the bulk, external 7 in both extreme configurational
states of rat liver mitochondria. for bulk 7 higher than
10 mM. Although we cannot conclude directly from
this similarity betweea IMS-/ and bulk I that cy-
tockrome ¢ diffuses in three dimensions in the IMS of
intact mitochondria (given the ~omplex nature of the
interactions of cvtochrome ¢ with its redox 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-
teractions in the IMS compartment, which could occur
at nonphysilogical 1. will be quenched considerably,
and in some cascs totally, by an IMS-/ in the range of
100-1530 mM. The findings of many previous studies
(reviewed in Ref. 29), which showed nounlinear
Scatchard piots for the binding of cytochrome ¢ to its
reductasc and oxidasc at low [ indicative of the pres-
ence of multiple binding sites [8,30-32]. are most likely
irrelevant at physivlogical conditions consistent for in
situ mitochowdria (re.. IMS-1 of 100-150 mM). where
binding will be characterized by linear Scatchard plots
indicating a single binding site. and lower affinities
between cytochrome ¢ and redox partners. Thus, many
ionic strength-dependent protein-protein aad lipid-
protein intcractions of cytochreme ¢ which occur at
nonphysiological { will be minimized in intzct mito-
chondria at a physiological IMS-I equal to cviosolic 1,
pcrmitting cvtechiome ¢ to diffuse in three dimensions
to collide with its redox partners at random. To ap-
proach this question mcere directly, our research in
progress is addressing the dvnamics and tunction of



exogenous cytochrome ¢ delivered through the encap-
suladon-fusion protocol into the IMS of functionally
intact rat liver mitochondria [33).
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