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acid, MES; N-2 hydroxyethylpiperazine-N'-2-ethanesulfonic acid. HEPES; 

2-hydroxy-l ,l-bis-hydroxymethylamino-l-propanesulfonic acid. TAPS. 





INTRODUCTI ON . 

The light-induced formation of a proton gradient across Halobacterium 

halobium vesicle membranes results from the activity of bacteriorhodopsin, 

a light-driven proton pump (1). The electrochemical gradient of H+ thus 

established provides energy which may be used to form secondary ion 

gradients such as for sodium and potassium (2,3). Light-induced trans

membrane proton movement will, therefore, monitor cation transport, pro

vided that the cation movement is linked to proton transport. The probes 

and methods commonly employed to detect proton movement and to quantitize 

pH gradients, however, have inherent limitations. Valid data on sta

tionary-state pH gradients are provided by the flow dialysis technique 

(4.5) but the time course of the initial stages of the energization pro

cess is generally inadequately resolved. A fluorimetric technique, which 

rapidly monitors the kinetics of membrane energization, uses fluorescent 

amines such as acridine to determine pH gradients (6). These dyes, 

however. interact with membrane surfaces and the observed fluorescence 

changes may not necessarily be the result of ~pH-driven amine uptake into 

the intravesicular space (7). 

The introduction of spin-labeled pH probes (8,9). has proved advan

tageous because EPR spectroscopy monitors probe partitioning between the 

aqueous and the membrane phases, which result in different signals. It 

is possible.by means of paramagnetic broadening agents in the extra

vesicular phase, to specifically visualize the intravesicular spin probe 

population. whose change in concentration is easily and rapidly recorded. 

We report here the application of two nitroxide spin probes. a 

carboxylic acid (CA), and a primary amine. Tempamine (TA), to determine 

pH gradients across H. halobium vesicle membranes. It is found that 



the transmembrane equilibration of spin probes rapidly and precisely 

monitors light-induced proton extrusion from the vesicleso The intra

vesicular volume was also determined by spin probe methods. These two 

measurements permit quantitation of light-induced pH gradients, which 

reach up to 2 pH units over the external pH range covered (pH 5 to 9)0 

~'1ETHODS 

Ho ~lobiu~ (strain R 1) cell envelope vesicles were prepared as 

in (10) and stored in 3.6 M KCl at 40 C. The extravesicular pH of 

vesicle preparations was adjusted by addition of 50 ~l pretitrated 

1 M buffer solutions dissolved in 3 M KCl to 450 ~l of the vesicle 

suspensiono To permit equilibration of pH in the dark, samples were 

incubated for 30 min at 40 C, and the pH then measured with a glass pH 

electrode (Sensorex S gOoe). The external medium was buffered with ~1ES 

below pH 608. with HEPES for the pH range from pH 700 to 8.2. and with 

TAPS for pH values higher than pH 8.2. None of the subsequent additions 

altered the external pH. 

The spin-labeled probes, CA (Eastman Chemical Coo) and TA (Aldrich 

Chemical Coo) were purchased, CAT, was synthesized as in (11) and Tempone 

was a gift from A. D. Keitho TA and CA were dissolved in 3 M KCl (pH 7.0) 

at a stock concentration of 40 mg protein/ml, 0.5 to 2 ~1 of the spin 

probe stock solution and 5 to 20 ~1 of a 1 M potassium ferricyanide 

solutiono The final KCl concentration varied between 2.2 and 303 M. 

Additions were made under dim light and the mixture kept in the dark for 

at least 2 min before use. 40 ~1 samples in 100 w1 microcapilaries were 

illuminated in the cavity of a Varian E-109 E spectrometer with a 

Quartzline lamp at = 12.5 mW/cm2. 
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Room temperature EPR measurements were made at a microwave power of 

10 mW, modulation amplitude 1 G (0.4 G for 15N-Tempone measurements), 

time constant 0.128 sec, and scan rate 0.4 G/sec. A PDP 11/34 computer 

was used for subtraction and double integration of spectra and for 

drawing the difference spectra on the EPR recorder. 

Intravesicular pH values were calculated as in (12) from values of 

the internal and external TA and CA concentrations; pKa values, deter

mined by titration, were found to be 9.37 (TA) and 4.40 (CA) in 3 M KC1. 

RESULTS 

Typical experiments showing TA and CA EPR spectra in the presence 

of vesicles are shown in Figure 1. Ferricyanide was employed to quench 

the EPR signal arising from the extravesicular spin probe population 

(9,13). Even in the presence of 100 mM ferricyanide, spin probe signals 

were unaffected for several hours indicating that the vesicles are 

highly impermeable to ferricyanide. Both spin probes diffuse rapidly 

into the vesicles and their intravesicular EPR signal is clearly super-

imposed on the broadened extravesicular component. 

The EPR signal of TA and CA are influenced by increasing ionic 

strength; KCl concentrations higher than 500 mM led to a decrease in the 

EPR line heights (7% at 1 M KC1, 23% at 3 M KC1). Therefore, measurements 

of line heights and integrated signal intensities were conducted at 

fixed ionic strengths. 

Membrane vesicles did not reduce the nitroxide radical, either in 

the dark or when illuminated, but starved cell preparations still con

tained sufficient oxidizable substrate to rapidly reduce either of the 

nitroxide spin probes, 

To test the possibility that the membrane is permeable to the 

charged form of the amine, a permanently charged analogue of TA, CAT,. 
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was added to the vesicles but no free internal signal was observed either 

in the light or in the dark, It is concluded that protonated TA is not 

permeable, Another paramagnetic broadening agent, NiC1 2, which very 

effectively quenches the EPR spectrum of CA at a low concentration (30 mr'n, 

was unsuitable for quantitative determinations as it caused a continuous 

decrease of the internal EPR signal, likely due to a slow permeation of 

the bivalent cation into the vesicles, 

Light-induced H+-release from tl, halobium vesicles results in the 

accumulation of CA, a weak acid, inside the membrane-enclosed aqueous 

space, and in the extrusion of the weak base, TA, into the medium, These 

changes in internal spin probe concentration are reflected in the EPR 

spectra (Fig, 1 light spectra). The uptake of CA into and the release of 

TA from the vesicles during illumination can be observed directly as an 

increase or decrease in the low field line height (Fig. 2). The effect 

is fully reversed in the dark. At an external pH of 7,0, the full extent 

of spin probe uptake on release was reached after about 20 sec of 

illumination. This compares closely with independent measurements of 

H+ release using a glass pH electrode under similar light intensity. The 

total amount of spin probe that traverses the membrane upon illumination 

was found to be linearly proportional to the vesicle concentration 

between 2 and 20 mg protein/ml, Therefore, light attenuation did not 

limit the extent of probe movement at any of the vesicle concentrations 

used in these experiments, Since addition of proton-conducting 10no

phores, such as 25 nmoles/mg protein carbonylcyanide trifluoromethoxy 

phenyl hydrazone together with 10 nmoles/mg protein Nigericin completely 

abolished light-induced probe movement, it can be concluded that only 

transmembrane pH gradients are detected. 
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Spin probe uptake or release was independent of the total concen-

tration of probe up to 20 )J~1 CA and 1 m~1 TA (Fig. 3). It was found that 

the vesicles could withstand highferricyanide concentrations, as the 

1 i ght-i nduced pH gradi ent was unaffected by as much as 400 mr1 ferri-

cyan; de. 

The operational vesicle volume vIas determined as the ferricyanide-

impermeable space (9) using either TA or 15N-Tempone as spin probes. 

Tempone, which is an uncharged molecule, does not show a pH-dependent 

distribution between external and internal space. A residual EPR signal 

of the extravesicular spin probe population remains with ferricyanide 

concentrations of 200 m~1 or less (Fig. 1, curve 2). To correct for this 

the ferricyanide-quenched signal obtained in the absence of vesicles was 

computer-subtracted from the spectra exhibited by spin-labeled vesicles 

in the dark (Fig. 1, spectrum 2 minus spectrum 1). A difference spectrum 

of this kind is presented in Fig. 5 curve A. The low field line height 

of the difference spectrum was then expressed as percent value of the 

total spin probe present and directly taken as the ferricyanide-inaccessible 

intravesicular volume (internal volume as percent of the total sample 

volume). The low field line height of the unquenched spin probe at com

parable ionic strength served as the 100% value. Identical results were 

obtained when either TA or Tempone were used, thereby excluding 

the existence of measurable pH gradients in the dark. The absence of a 

dark pH gradient was also confirmed by the finding that uncouplers had 

no effect on the dark TA spectrum. Increasing ferricyanide concentra

tions lead to a decrease in the operational vesicle volume (corrected 

for osmotic effects), probably because of effects on the structural 

integrity of the membranes dueing ferricyanide addition to the sample. 

r 
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Also the addition of acid or alkaline buffer solution (or dilute Hel and 

KOH) resulted in a rapid and irreversible decrease in the apparent internal 

volume (Fig. 4). This finding emphasizes the importance of determining 

both 6pH and internal volume under identical assay conditions in each 

sample to obtain accurate quantitative data for pH gradients. The 

volume of unbuffered vesicles under most conditions was calculated to be 

3 v1/mg protein which agrees with previous values (10,14). No light-

. d d 1 h ld b d t t d . 15N T 1 1 n uce vo ume c anges cou e e ec e us 1 ng I - empone as vo ume 

probe and 20 ~M acetate or 1 mM NH 4Cl as EPR-silent pH probe analogues. 

The amount of spin probe that traverses the membrane in equili-

bration with the pH gradient was obtained by computer-subtraction of the 

light and dark EPR spectra (Fig. 1 :spectrum 3 minus spectrum 2) or by 

direct measurement of the light-induced change in the line height of the 

internal signal. Again the low fie'ld line height was taken as a measure 

of the percentage of spin probe that traversed the membrane. Results 

obtained with both methods were identical. In a typical example. at a 

vesicle concentration of 9 mg/ml protein and a 6pH of 0.6 units, 7.5% of 

the total CA was taken UP. compared to 1.9% of the total TA released 

from the vesicles. In another experiment. conducted at a bulk pH of 5.0 

and at an operational vesicle volume of 1.63%, 60.3% of the total CA was 

taken up into the vesicles. This increased the intravesicular probe 

concentration from an initial value of 20 ~1'1 in the dark to 571 ~r1 in 

the light and correspondingly decreased the extravesicular concentration 

from 20 to 7.73 uM. 

At an external pH of 5.0 the uncharged population of CA must be 

considered. The formula which can be used for this purpose (12) is: 
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(CA) in 
(CA) out 

= l/Ka + l/(H+)in 
+ l/Ka + l/(H )out 

With the experimental values given above and in the ~ethods section, 

this becomes 

This yields l/(H+)in = 9.24 x 106 and hence 6pH = 1,97. 

Light-induced pH gradients across KC1-loaded vesicles decreased 

sharply with increasing external pH reaching zero above pH 9 (Fig. 4). 

These data confirm values reported previously for whole cells (15,16) and 

vesicles (16,17). The calculated steady state intravesicular pH increased 

continually over the range of external pH examined, At internal pH values 

lower than pH 7.0, the calculated pH derived from TA measurements deviated 

from that obtained with the CA probe, pH gradients larger than one unit 

could not be monitored accurately by the apparent distribution of TA. as 

discussed below, 

Figure 5A represents the dark difference spectrum obtained by sub

tracting the ferricyanide quenched TA signal in the absence of vesicles 

from the spectrum in the presence of vesicles, yielding the signal 

exclusive of the broadened probe in bulk water. The spectrum is essen

tially identical to a spectrum of TA obtained in water, indicating that 

most of the probe is tumbling freely in the intravesicular aqueous 

compartment. When these envelopes were sonicated in the presence of 

ferricyanide. the spectrum shown i~ Figure 5C resulted. A reference 

spectrum of the probe with ferr-icyanide in the absence of vesicles is 

shown in Figure 58. A computer subtraction of these two spectra is 

presented in Figure 50. This spectrum has the asymmetrically broadened 
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lines are characteristic of an intermediate state of immobilization of 

the probe as might be expected fi it were intercalated among lipid 

headgroups (similar spectra of TA are observed in asolectin lipid vesicles). 

Figure 5E shows a computer subtracted spectrum of CA that was obtained 

by procedures analogous to those used in producing Figure 5D except that 

nickel chloride was substituted for ferricyanide. It is suggested by 

the very asymmetrical nature of this spectrum that the bound CA is 

extremely immobilized in this instance. A careful analysis of line 

heights of the probes for sonicated versus unsonicated vesicles 

in the presence of quenching agents (representative spectra are shown 

in Figure 5) has revealed that 8% of the TA line height is due to bound 

probe while less than 2% of CA is due to a bound component. Another 

approach towards estimating binding of the probe is to note that the 

bound component is sufficiently immobilized to exhibit a substantial 

reduction of the third line height relative to the low field line height. 

This characteristic of binding allows the contribution of the bound 

component to the line height to be estimated from the spectra of the probe 

during illumination by assuming that the line heights of free and bound 

probe are additive. Using this assumption it was demonstrated that in 

the light less than 2% of the line-height represents bound CA. 

The experiments reported here do not discriminate between spin 

probes bound to the extravesicular and intravesicular membrane surfaces. 

Hence it is not possible to infer accurately the correct probe concentra

tions inside and outside the vesicles. However, by using the computer 

to perform double integrations of bound and free spectra line heights of 

the different spectra were related to probe concentrations in the different 

environments and the maximum possible error in the pH calculation, which 

would arise if all the CA were bound to the cytoplasmic membrane 



Sa. 

interface, was estimated as 0.08 pH units. Unlike CA, TA is extruded from 

the vesicles upon illumination and under these conditions the residual 

signal observed in the light includes contributions from a substantial 

admixture of membrane-bound TA. Hence, TA is not useful for estimating 

large pH gradients in systems where the probe is extruded from the 

intravesicular compartment. Thus. CA is the probe of choice for proton 

extruding vesicular systems which bind TA and large pH gradients. 





Sodium Transport Across H. halobium vesicles 

Upon illumination, 
+ 

KC1+NaCl-loaded vesicles will extrude Na via 

. t (2) Figure 6 shows that the a 6wH-driven sodium/proton antlport sys em , 

activity of the sodium/proton antiport influences the light-induced TA 
+ 

extrusion from.ti: halobium vesicles. The initial light-induced TA (H ) 

extrusion is followed by a TA (H+) influx. This continues until the onset 
+ 1· f 

A . which is the result of Na -dep etlon rom of a final phase of T extrusl0n 

within the vesicles and the establishment of steady state 6pH. With 

+ d vesicles show only the acidifi-subsequent illuminations the Na -deplete 

cation pattern which is also observed with KC1-loaded vesicles. 

SU~~~1ARY 

It is shown that a) the EPR-detectab le distribution of a spin-labeled 

weak acid provides an accurate method to determine the intravesicular 

pH in li. halobium whereas a spin labeled amine is of more limited utility 

for such measurements because spectra obtained need to be corrected by 

computer subtraction mehtods for amounts of the probe that are membrane 

bound; b) precise quantitation of the pH gradient necessitates the simul-

taneous determination of the intravesicular volume, which is readily 

measured as the ferricyanide-inaccessible space using the spin probe 
15 N-Tempone; c) spin probe movement rapidly monitors light-induced cation 

transport, provided this movement is linked to or causes proton movement. 

The quantitative data obtained with this technique reveal a maximum 

light-induced pH gradient of 2 units across H. halobium membranes at 

acidic bulk pH values. 

9. 
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LEGENDS TO FIGURES 

Fi g. 1. 

Spin probe distribution across H. halobium vesicle membranes in the dark 

and light. 

Cand; ti ons as i ndi cated wi th 14 mg protei n/ml 3 ~1 KC1, 50 mM MES buffer. 

(XBL 796-3501) 

Fi g. 2. 

Kinetics of light-induced spin probe movement across H. halobium vesicle 

membranes. 

Conditions as in Fig. " vesicles (5.2 mg protein/ml) were externally 

buffered at pH 7.0. 

F; g. 3. 

(XBL 796-3504) 

Light-induced pH gradients measured as a function of spin probe and 

ferricyanide concentration. 

Vesicles (16 mg protein/ml) were externally buffered at pH 5.0. 

(XBL 796-3499) 

Fi g. 4. 

Calculated changes in internal pH and 6pH as a function of external pH. 

Vesicles: (13.3 mg protein/ml), CA:20 )J~~, TA: 1 m~'1, ferricyanide: 100 m~1. 

(XBL 796-3502) 

Fi g. 5. 

EPR spectra demonstrating the extent of membrane binding by spin probes. 

Vesicles: 18 mg protein/ml in 3 M KCl in the dark with 1 mM TA or CA 

and 300 mM ferricyanide or NiC1 2 as indicated. 

A. Intravesicular TA signal, obtained by computer subtraction of a 

ferricyanide quenched spectrum in the absence of membranes (shown 

in curve B but taken at a lower gain) from a ferricyanide quenched 

signal in the presence of intact envelope vesicles. 
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B. Signal of TA in the presence of ferricyanide. 

C. The spectrum obtained when envelope vesicles and TA are soni

cated in the presence of ferricyanide. 

D. The membrane-bound spectrum of TA obtained by subtraction of B 

from C. 

E. The membrane-bound spectrum of CA obtained by sonicating envelope 

vesicles in the presence of NiC'2 and subtracting a spectrum in the 

absence of membranes. (XBL 796-3531) 

Fig. 6 

Demonstration of sodium/proton antiport activity by following light-induced 

TA release. 

Vesicles (9 mg protein/ml) were incubated in 2.9 M KC1/0.l M NaCl for 

48 h. TA: 0.5 mM. ferricyanide~ 100 mM. (XBL 796-3503. 
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