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Volumes and electrochémical gradients in cglls and vesicles éan be mea sured
by several available methods.. It is important to employ at least two -independent
techniques for measuring these pArahegers-to a?qid-misinterpretatioq of data
due to artif#ctS._ Spin probe techﬁiqués coﬁplimen&ltraditional methods which
focus updn extraQeéicular‘ana extracellular water. By observing probe concen~

trations inside sealed membrane systems, these methods provide an important

“check on other techniques in terms.of criteria of complementarity, i.e., whether

inferred changes of electrochemical potentials on two sides of a membrane are

opposite and equal after correcting for volume differences. Spin probes also

give unique information: volume measurements are independent of assumptions of

.cell'shape;'prdbe binding is quantitated and corrected'for; and with several

probes, kinetic measurements appear to be feasible.

GENERAL CONSIDERATIONS

The fechnique of spin labeling [1l] has recently been extended to include
measurements of bioenergetics parameters like volume changes, pH gradients,
and electrical poténtials [2, 3]. To differentiate between the signal of spin

probes on two sides of a membrane, the phenomenon .of exchange broadening has

‘been exploited. Exchange broadening of the paramagnetic signal of a spin

label occurs when'paramégnetic molecules collide with a. high enough frequency to

allow significant exchange of unpaired electrons betweeén paramagnetic species,

. thus quenching ﬁhe_spin label signal. Quenching can be used to observe either

intracellular or extracellular spin signals. The intracellularnsignal.is

"elicited by quenching the extracellular signal with impermeable trénsition

metal complexes while enhancement of the extracellular signal can be achieved
indireétly be means of increased membrane binding of the probe resulting from
uptake or at high spin label concentrations, wherée increases in intracellular probe

concentrations lead to self-quenching of the nitroxides. When intracellular
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signal changes areiobserved, these are linearly related'to probe concentrations
under the appropfiate.experimental conditions, whereas egtracellular signal
changes haveva markedly nonlinear cdnéentration dgpendencejand require‘calibrécion
'techniques for quaniitation; Therefore, accurate probe coﬂcéntrations are .
more readily obtained by observing intracellular spin signais with impermeable
~ quenching ageqcs. The signal obserQed in tHe_electron spin.resonancé spectrometer
is proportionél to the‘total number of unqﬁen;hed spins in the sample, so .
‘considerable signal changes can occcur during energization of biological membrané
preparations. For example, in.chioroplaSts it.was shown the the intrathylakoid
signal of a 'spin laﬂeled amine iﬁcreésed more than a thousand-fold during
illuminatiqg [47. |

» . robe Probes useful for measuring bioenergetic parameters are shown below:
"~hematics : '

VOLUME MEASUREMENTS

Bulk ion transport can be measured direétly with.radioactivé isotopes in
flow-dialysis schemes, or by performing‘specific—elemént analysis of iéol&ted
cells or membrane vesicles. A considerably ﬁore convenient albeit-indiréct
mgthod for monitpring coupled ion fluxes of cétions‘aqdvanions (symport) is
to measure volume changes associated with these bulk ion movements. The spin-
probe method is ideall& suited fof this purpose bééause»vélumes can be measured
accurateiy and easily,'

;ig. 1 "~ A schematic diagram'repfesenting volume measﬁreﬁents is shown below.
The probe éf'cﬁoice for'measuring volumes shoulq satisfy the following criteria:
efficient quénchidg by paramagnetic agents'to minimize.osmotic-effects of the
quencher, rapid membrane pefmeability and inertness towérds.electrical or | . Y
ionic gradients. Efficient duenching is realized with.prbbes having narrow
intrinsic line widths since a gi&en increment of line broadéning causes relatively

more signal decrease than 1s observed with broad intrinsic line widths. This
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- requirement is met by ring nitroxides, having effectively planar structures

over the lifetimes of the excited spin state;.‘ﬂRapid permeability requires
that the probe have weak polarity,'iré., just sufficient for adequate water
solubili;y. Inertness towards electtodhemical gradients excludes probes with
chérgeband titratable groups. All>of these criteria are met by 2,2,6,6—.
tetraméphyl—4—oxo—piperidinooxy (TEMPONE).-The.kétone group on the ring confers

enough polarity to give adequate water solubility and also maintains the ring in

. a time-averaged planar configuration which gives narrow lines. ‘Permeability

of this nitroxide is rapid (half-time for equilibration is lésé ;haq 50 msec in.human
red cells).. The procedure for ;bsolute‘volume.measunemehts consists of obtaining
a TEMPONE spectrum in the presencé of,vgsicles and a seconq spegtrum'with

added quenching agent. The final aquéous.signai is expressed as a fra;tion.of ﬁhe
initial signal and gene;ally‘converféd_t0‘membrane concentration in terms of

mg of ﬁro;ein. Reiative chaﬁges can be measgred in a single sample with quenching
agent presént duriﬁg volume'Changes.‘ Control éxperimehts should be conductéd
without quenchihg_agént.preséht during.the vblume changes and by quantitating

volumes with subsequent quenching agent additions.

MEASUREMENTS OF pH GRADIENTS

Procedures for measﬁring pH gradients arg.shown_schematicaily beiow}
Spin:labeled amine and carboxylic acidé have proven useful.for following proton
movements acfoss meinbranes.

Amines with different.Substituents can serve severai purposes: Dimethyl
TEMPAMINE and'other tertiary amiﬁes do not react with activated carbbxyl groups
and are useful for carbédiimide treated éémples'where the potential for such
reactions exists; With variouslsubstitgtioﬁs‘on the>nitrogen; partitioning
differences of spin labeled émines into lipids cén be used to demonstrate whether

the permeability.of a probe is rate limiting.
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Quaterﬁary amines éerve‘to detérmine whether a given membrane is leaky to the
charged amines. Spin labeled phosphates ana sulfates seer.a similar purpose for
the carBoxyl prébe. |

"By detetmining pH gradients at differeant probe coqcéntfations, thresholds L »~
Vfor inhibition can be ascertaingd. Decreases of pH gradients becbme>apparent at v

about ZO/LM‘of'avspin labeled carbbxylic aéid'in envelope vesicles of llalobacterium

halobium [2]. These probes are accumulated inside the vesicles during illumination

On the other hand, the - spin labeled amine, which is extruded in envelope'vesicles

of Halobacterium halobium,; does not inhibit pH gradient formation until its
concentration exceeds 1 mM.

The high sensitivity of spin probes and availability of both weak acid |

and amine labels permits measurements of steady state pH gradients of small

»magnitude (Apl<0.1). The procedure consists of an "effeC;ive Volﬁme" determination
of cells or vesicles with both acid and amine probes. 1In thg.absence of a pl
gradient these shpuid be equal to the true volume détermined with TEMPONE

after correcting for‘binding.  A smali difference in the:measured apparent

volumes 1is easily converted to a.pH graaient;'i.e.,

pH = 1/2 log(hIC>
hta/

Where hpc and hTA‘are the fractional intracellular signals of the acid and ‘
amine probes, respectively. As an additional control, it can be demonstrated

that tﬁe_difference in "effective volume" is abolished upon treating the cells

with ion exchanging agents like tributyl tin or nigericin. ' v

MEASUREMENTS OF ELECTRICAL GRADIENTS
Spin labeled phosphonium derivatives first introduced by Cafiso and Hubbell

[3] are useful for measuring equilibrium transmembrane electrical potentials although
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their permeAbility>isvinsufficient to allow them to be éxploitedlfor kinetic
measurements. Chargé effects dic;ate that anionic quencﬁing agents be used

with these probes in mgdia_of low ionic strength. There is appreciéblé

binding of“these nitroxides to mémbranes. Dué to this binding, membrane perturbatioﬁ

effects are a concern and careful control experiments to demonstrate that

vprobe uptake is directly proportonal to .the bulk probe concentration are required

to assess inhibitory effects.
Addition of the permeable spin-labeled ion to'vesicles wili generate a

transmembrane electrical potential which will oppose equilibration of the probe.

, Generally, the rate limiting process in achieving equilibrium will be the

mo?ément'of some other ion, e.g. an'electrogenic proton counterflow through
“"leaks” in the ﬁembrane."Acccordingly, equilibration may proceed slowly and
the rate constant for uptgke of.the_probe_under noﬁLenérgized conditions should
be established for any given meﬁbrane preparation prior to attempting measurements
of energized electrical gradients.

Quantitation of probe concentrations under non—energized and énergiéed
conditiohs'must take into acc&unt the apprgciable and variable fraétion of
probe molecules bound to_thevmembrane..'The maénitude of the total bound signal
af both membrane interfaces in the energized state felative»;o that in the non--
energized state is ;eadily détefmined by quantitation‘of aqueogé_signal intensities
before and afte?;energization} With a knowledge of  the energy—dependent.behavidr

of the bound population of the probe, the net change of probe concentration outside

- the vesicles can be determined by quantitating its intra-vesicular concentration

with quenching agent present. The electrical potential in millivolts will be

related to the concentration gradient of aqueous probes directly, i.e.

= 60 * log([TPE3] in
‘ [TPE3] ou

where [T¢E3] refers to the aqueous concentration of the phosphonium probe.
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The following 1s an example of a membrane potential calculation carried

out for envelope vesicles of the S9 strain of Halobactetiﬁm halpbium: Membranes

at pH 6.7 were suspended at 7mé/ml of protein and the cell volume was determined

with TEMPONE as 3.12 of thé total Qoluﬁe. .An aliquot of the vesicles was spin—-. _ ' ”~
labeled with 30uM T¢E3 and_treaﬁed with 2mM sodiuﬁ ferricyanide to ensure full
bxididation of the pfobe without suffering any reductioﬁ in‘nitroxidg line heights
due to exchange broadening. The aqueous line heights in the presence of membranes
aftervequilibration were 40% of the'liﬂé heights observed in 4M NaCl, implying that.
l7.zuM of the brobe was membrane-bound under.these COnditions.;‘Under illuﬁ;nétion
there was a -substantial decrease of the total aqueous_éignal._ Careful analysis

- of Che signal igteéity of the bound cémponent revealed that the aqﬁeous Iine
height reduction was due entifely to inéreased membrane binding of the probe and-
not to conceﬁtration-depeﬁdenﬁ self~-quenching or chemical reduction.} The final
aqueous line height was equivalent to a 4.QﬂM aqﬁebus solution of}TﬁEB. Another
aliquot of vesicles lébeled with T¢E3 was tréa;ed with 100mM sodiﬁm ferricyanide
to completely quench the spin signal outSide'of the vesicles. ‘Ubon illumination
the unquenched aqueous éignal increased, reaching a fiﬁal_volume equiValent to

a 1.3&& aqueous sqiution éf T¢E3;. Subt;acting this value from tﬁe totai aqueous
liné height observed under illumination with 2mM ferricyanide, the externa;
concentration of probe is iuferred to be-2.SHM1 The calculation of internal
probe-concentratibn requires that the vesicle volume be taken into account, i.e.,
1.5uM divided by Oﬁ031vyields an-intfavesiculér probe concenﬁratiqn of 49uM.

The resulting membrane potential is

2.5

= 60 103(49 )= 78av

It is instructive to use-the same data to perform a calculation which has

been used-in calculaﬁing membrane potentials with phosphonium ion electrode



7 26 August 1981

measurements corrected for the initial binding-of the phosphonium ions (5).
One obtains a potential of 126mV, ifel,‘a 48mV ovefestimate.l The overgstimate
results.froﬁ neglécting the increased membrané bindlng_of thé probe during
‘the energization process. |

Structures. of chrréntly available phosphonium derivatives of nitroxide

include the ester-T¢E3 and corresponding amnides. The latter probes are

resistant to hydrolysis but suffer from the disadvantage that their greater '

'polarity renders them less permeable than ester.labels. Work is in progress

to synthesize other phosphonium nitroxides which -may be more permeable and

stable than TQE3.

COMPUTER METHODS

Inqreased accuracy of VOlume and.potential determinations can be achieved
with computgr manlpula&ions of.the spin reébn;nce spectra. - The most useful
aspect.of cqmputer analysis is correccionlfor spectral féatures due to incomplete
quénching of the probes. Reference spectra of partially quenched signals are
obtainedvby perforﬁing experiments with probes.and quenchér either in the
ébsence of membranes or by incorporating quenchers iﬁéide cell§ by sonication.
Membrane bound spectra are obtainea directly By.subtractlng-a spectrum of

probe and quencher in buffer from a spectfum‘of membranes sonicated in the

" presence of the probes and quenching agent. Double integration of the derived

spectrum yieldéiquantitatiVe data on how much of the probe is membrane bound

[2].

DUAL PROBElMETHODS

Thé availability of nifroxides highly.enriched ln the,lsN isotope makes.
it possible to cqnduct simultaneéusAmeasurements of two parameters sincé spectra
of the two nitrogen isotopes {n. water are clequy resolved. ‘By:having dual

probe stock solutions one can avoid the difficulties associated with variability
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of EPR signals among different samples. These dual probe methods have proven
most. useful for volume studies because volume changes asociated with lytic
events occur frequently when cells or vesicles are mixed with solutions of

~different osmotic activities.

PRODUCTION OF SUSTAINED pH AND ELECTRICAL GRADIENTS ACROSS VESICLE MEMBRANES
IN THE DARK , : ' :

Prior to attempting to understand light-induced ion moVements across membranes,
"passive as well as coupled ioh movemeﬁts shodld be éharacteriéed in thg dark.
In halobacterial vesicles suspended in concentrated salt solutions, substantial
and stable pH gradients can be induced eésily'and rapidly by adding either
ammonium chloride or sodium acetate solutions to the Qesicleé. Only the uncharged
ammonia or acetic acid species are‘membrane-permeableg hence tﬁe interior
vesicle cdmpartmentsvwill be rendered alkaline or acidié, respectively. Spin
lébeled acids or amines can be used to quantitate”the resulting pH grédients;
as weli as Ehe kinetics of tﬁeir collapse,‘the latter providing an index of
proton leakage: |

"For example, addition of a sodium acetate‘solutién to vesicles equilibrated
at pH 7 produces a pH-gradient as freely permeable acetic acid carries'pfotons
into’the vesicle iﬁferior with é.concomitant alkalinization of the vesicle
exterior. The magﬁitude of the resulting pH gradient is difficult toreétimate
_méthematicaily due to the uhknpwn concenﬁrations of bufféring substances at
membrane. interfaces and in the équeoﬁs‘phases. However, these gradiénts can
Be determined experiméntally. Thus with spin labeled amines it was observed
that addi;ion of 400 mM sodium acetate at pH 7 to eﬁvelbpe vesicles of S9, a

wild type strain of Halobacterium'hélobium suspended in 4 M NaCl, generated

a pH gradient of 0.8. The subseqﬁenp collapse of this pil gradient.@as slow -
the time required for the gradient to diminish to half its initial maximum -

value. was about one hour.
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RAPID DETERMINATION OF MEMBRANE SURFACE AREAS
Amphiphilic nitroxides partition between aqueous and membrane domains

giving rise to easily resolVed narrow aqueous and broad .membrane-bound spectral

components, respectively. Membrane translocation of quaternary amine probes is slow

(several hours for 50% uptake. in envelope vesicles of halobacteria) so their
bound signal can be ascribed to the membrane surface facing the extravesicular
aqueous phase. To determine the aqueous and membrane fractions of probes,

quantitatively, the aqueous signal is determined by direct measurement. of the

‘high field aqueous line in the presence of méﬁbranes. The membrane -fraction

.is deduced by subtfaction of this éompdnent from the measured line height of

the probe in the absence of membranes. In concentrated salt solutions surface

" potential effects are negligible and partitioning is a direct fuaction of the

membrane concentration. This was confirmed for several envelope vesicles

preparations derived from wild-type and mutant strains of Halobacterium halobium

‘where serial dilutions of several sets of membranes were spin labeled with the

cationic nitroxide CATlQ [6].

This is reflected in the table below whiéh summarizes partitiéning data
obtaingd as a function. of binary volume diiution;;of different celi envelope
vesicle;preparagions of several strains of halobaéterié. The ratio of bound-
to-free signal fractions was'piotted against protein concentfatioﬁSvof the

samples diluted serially from the initial concentrations shown in the .table.
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10
Cell L-33 . L-33 L-33% | RyoW $9
Strain
Protein - 48 7.7 4 20 28.3
mg/ml
Slope 0.21 0.54 0.16 0.20 0.34
Coefficient of 0.999 0.996 0.998 0.988 0.997
determination : ‘ ' ’

L-33* vesicles were prepared in 3.8M qholide chloride, 0.2M NaCl; all others in '

4M NacCl.

An exéellentAlidéar fit to the data wa s obtained by leaét squares aé reflected

in the coefficients of determination in the table and all lines passed through

the origin Qifhin the experimental error. |
Assumiﬁg that membréne surface areas-are prbportional to membrane'protéiﬁ

concentrations, the slopes in the table should be equal (except for the

choline chloride solution which may solubilize CATIO differently than sodiuﬁv

chloride solutions). llowever, slopes shown in the tab1e>va£y significantly, ﬁerhaps

due to différing amounts‘of cytoplasmic proteins entrapped in the vesiclé

»du:ing the membrane.isolatioﬁ prodecures, or, less likely, due to variaﬁility_

in membrané composition.

QUENCHING AGENTS

\

Line broadening of nitroxides by trqnsiti&n'meﬁal jons and chelaﬁes ié
 proportional to';he concentration of the transitibn metal (7). The observed

| linewidth, w, is thé SUﬁ of the in:rinsic linewidth, w,, and the‘linebréadening,
Aw, caused-by the brdaaening.agent. The iineheight of "a broadened spectrum

h, is related approximately to the intrinsic line height, h,, by the expression:

A RS
w

Therefore, at sufficiently high concentrations of a quenching agent, quenching
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éffectiveness is proportional to the square of its concentrdtion, Linebroadening
data for.several"nitroxides an& two useful queqching agents are presented in

Fig. 4. Intrinsic linewidﬁhs‘fot the ﬁrobes shownvare:. TEMPONE, wo=d.4G;
TEMPACID, w;=1.6G; TEMPAMINE, wo=1;8G; T¢E3, wo=1.5G. | |

Generally, 100 mM of quenching agent ié-requirgd for efficient eradication

‘of the extrace;lular concentration of nitroxides in .the. absence of charge effects.

However, suboptimal quencher concentrations can.be used in cqnjunction'with>
careful mathematical analysis, of quenched'agd unquenchéd spectfal components
prefgrablylwith a computer, to aséertain that the quenching agent dbes not |
exhibit inhibitory effects on activity af higﬁ conéeﬁtrationé.

The ﬁqstlimporgaht feature of useful quénching agents is impermeability in the

membrane system_being-studied."Uptake of the quenching agent into cells should

;cause negligible broadening effects inside the cells on the time scale of a given

.experiment. This constraint is most difficult to meet for volume change studies

because such phenomena geuefally occur over long time spans. -Other impottant

requirements of a quenching agent include: that no interfefing resonances be produced

'by the agent, that quenching occur at the lowest poésiblé concentrations so as

to minimize osmotic effects; énd for work with pH sensitive probes, -that
the quenchiﬁg agent have negligibie buffering cépaéity iﬁ.the pH rangé'of interest.
Alternatively, extracellular buffering can_be'made lgrge so that obsérved pH
changes can be ascribed to the iﬁ;racellular'compartment. Finally,.the quenching
agent should not inhibit or proﬁote the reactionsfbeing assaygq, e.g. by altéring o
electron transport. 'Iﬁ_practice, not all of these'critefia are met by a siangle
quenching ageht éo a combination of aéents orlotber control.experiments‘must
‘be employed'for accufate.work; |

Many of the above.criteria are met by ferricygnide and nickel chelates. These
agents exhibit no ESR signéls"td interfére,with the niﬁroxidegu Ferrigyanide

is quite impermeable while a number of nickel chelates are only slightly permeable.

- However, most effective nickel complexes, unlike ferricyanide, suffer from the
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disadvantage that they have appreciable bufferihg capacity at physiological pil

values.
. A

N
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FIGURE LEGENDS

Fig. 1: Imperméable ferricyanide‘broadens the external spin probe signal and the
remaining unbroadened spin signal intensity is directly proportional.

to the cell or vesicle volume.

Fig. 2: 'Unprotonated amines and:pfdtonated carbo#ylafe spin probes are freely
‘ meﬁbrape permeable whereas ;he'cﬁgrge species are not; hénce, as protons
are pumped acrosé.membranes a redisﬁribution of the amine or acid
prbbes occurs and the equilibrium concentration gradient AE the

probes provides a direct measure of the pH gradient.

Fig. 3: " The large phosphonium ion, whose charge center is surrounded by
hydrophobic groups, is membrane permeable and thus responds to
~electrical transmembrane potentials by being accumulated within the

more negative aqueous compartment.

Fig. 4: Linebroadening, Aw, of several nitroxides by ‘paramagnetic quenching

agents in 4 M NaCl. ([J TEMPACID, A T¢E3, O TEMPONE, OTEMPAMINE.
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Volume Measurements with ,ereely Perme'ablevNitroxide

"
q O- Fe(CN)G
- : : ' _ Fe(CN)s
Fe(CN)F f : , — N
o _ 0. N—-O0 _ |
Fe(CN)E 4'
R ~ J N
o Fe(CN)g_'
& Free Signal
Fe(CN)E
¥

Exchange Broadened Signal
(100mM Ferricyanide)

XBL 813-8547



17

 Measurement of pH Gradient
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Measurement OfA«l/j
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