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from aqueous phase to membrane-water interface
Η Ρ ΜΑΙΤΥ† and G KRISHNAMOORTHY*
*Chemical Physics Group, †Solid State Physics Group, Tata Institute of Fundamental
Research, Homi Bhabha Road, Bombay 400 005, India
MS received 17 April 1995
Abstract. The kinetics of interfacial proton transfer reaction is an important factor
in proton transport across membranes. The following experimental system was designed
in order to measure this kinetics. Sonicated liposomes having the protonophore SF6847
was suspended in Tris buffer. Application of a temperature jump (in ~ 3 μs) caused
a drop in the aqueous phase pH which was subsequently sensed by the membrane-bound
SF6847. The kinetics of this interfacial proton transfer reaction was monitored on
μs timescales. The estimated bimolecular rate constant of 2×10 11 Μ –1 s –1 for this
process show that there is no kinetic barrier for the transfer of protons from the
aqueous phase to the membrane-water interface.
Keywords. Proton transport; proton transfer; temperature jump; membrane-water
interface; chemiosmotic hypothesis.

1. Introduction
Transport of protons across membranes is intimately involved in many
membrane-based energy transducing systems (Mitchell 1979; Nicholls and Ferguson
1992). The overall transport process could be visualized as comprising of at least
three steps: (i) proton transfer from the bulk aqueous phase (on one side of the
membrane) to the membrane water interface, (ii) translocation of the proton across
the membrane and (iii) proton transfer from the membrane-water interface to the
bulk aqueous phase (on the other side of the membrane). Although the second
process, namely the translocation across the membrane, has been shown to be
rate-limiting in many situations (see for example, Kasianowicz et al 1987; Prabhananda
andUgrankar 1991) proton transfer reactions at the interface has considerable
significance in many processes. Some of these processes are as follows: (i)
protonation/deprotonation reactions of membrane proteins, (ii) some transport systems
where proton transfer at the membrane-water interface has been suggested as the
rate-limiting step (Kovbasnjuk et al 1991; Levitt and Decker 1988; Riddell et al
1988) and (iii) lateral proton conduction along the membrane-water interface (Gabriel
et al 1991; Rochel et al 1990). The last process is relevant in the localized
chemiosmotic hypothesis (Williams 1988) which requires the interfacial proton
transfer reaction to be slower than the rate of proton movement along the interface.
Although rapid diffusion of protons on membrane surface has been suggested in
some studies (Gabriel et al 1991; Heberle and Dencher 1990; Scherrer et al 1994;
Alexiew et al 1995) there are indications to the contrary also (Polle and Junge
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1989; Gutman et al 1992). Thus it is apparent that the question of the presence
of kinetic barrier for proton transfer at membrane-water interface remains unanswered.
With this view, we have now measured in a direct experiment, the rate of proton
transfer from bulk aqueous phase to a probe bound at the membrane-water interface.
Our results show that there is no kinetic barrier for the transfer of protons from
bulk to the membrane-water interface.

2.

Materials and methods

Egg phosphatidyl choline was obtained from Sigma Chemical Company (USA).
Soyabean phospholipid was purified according to Kagawa and Racker (1971). The
protonophore SF6847 was synthesized according to Horiuchi et al (1971). Phospholipid vesicles were prepared by sonication as described earlier (Krishnamoorthy 1986).
Temperature-jump (T -jump) experiments were performed using a home-made
instrument (Prabhananda 1977) as described earlier (Ahmed and Krishnamoorthy
1990). T-jump experimental details are given in figure legends. The pK of SF6487
in the membrane phase was determined from pH titration of optical absorption
spectrum (Ahmed and Krishnamoorthy 1990). The value obtained was 6·8 in the
case of egg phosphatidyl choline vesicles.

3.

Results and discussion

The experimental design is shown in figure 1. Unilamellar vesicles having the
protonophore SF6847 was suspended in Tris (tris hydroxymethylaminomethane)

Figure 1. Scheme for T -jump induced increase in the concentration of bulk phase protons
and subsequent interfacial reaction with the proton transporter, SF6847 bound to the
membrane (P m). B w H + represents protonated Tris buffer.
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buffer. SF6847 (3,5-di-tert-butyl-4-hydroxybenzylidenemalanonitrile) is a very
efficient protonophore which transports protons by a carrier mechanism
(Krishnamoorthy 1986; Terada 1981; Krishnamoorthy and Ahmed 1992). The
concentration of the vesicle and SF6847 were adjusted such that the membrane-water
partition of SF6847 was largely (> 90%) in favour of the membrane phase
(Krishnamoorthy 1988; Ahmed and Krishnamoorthy 1990)· Application of a T- jump
(~ 5°C) generated a pH jump to a lower value in the aqueous phase with a time
constant of 2·5 μs (Krishnamoorthy 1986). The pH jump is due to the large negative
temperature coefficient of pK of Tris buffer (– 0·031/°C). The drop in bulk phase
pH is then sensed by SF6847 located in the membrane. Although the exact location
of membrane bound probes is still unclear (Das et al 1993) it is very likely that
protonation of SF6847 involves interfacial proton transfer reaction. Since the pH
of membrane-bound SF6847 is 6 · 8 (see §2) the rapid protonation event could be
monitored via changes in the pH dependent absorption spectrum of SF6847.
Figure 2A shows some typical results of experiments described above. Following
the application of T-jump, the transmittance (at 465 nm) increased in an exponential
manner with a time constant (τ) of ~ 19 µs. This increase in transmittance could
be ascribed to a decrease in the concentration of the deprotonated form of SF6847
which has absorption maximum at 465 nm. That the increase in the transmittance
is due to a decrease in the concentration of the deprotonated SF6847 caused by
a drop in the bulk pH and not by any other process was shown in the following
way. Replacement of Tris buffer in the medium by phosphate buffer caused a very
significant reduction in the amplitude of the relaxation process (figure 2B). Phosphate
buffer has a substantially smaller temperature coefficient of pK (–0·003/°C) and
hence the T-jump induced pH jump will be reduced by a factor of 10 when
compared to Tris buffer. The proton transfer reactions could be represented as
(1)

(2)
where Bw and Ρm refer to deprotonated forms of the Tris buffer (in the aqueous
phase) and SF6847 (in the membrane phase) respectively· The first reaction is a
homogeneous one and is coupled to the second reaction which represents the proton
transfer at the membrane-water interface. The T jump causes a larger perturbation
of the first equilibrium resulting in increased concentration of H+. By assuming
(see latter for justification) that this reaction equilibrates faster than the second,
we can derive (Bernasconi 1976) the following expression for the exponential time
constant τ associated with the shift in the second equilibrium,
(3)
where K1= k1/k-1. The relaxation traces (figure 2A) were analysed according to the
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Figure 2. Typical traces of changes in transmittance at 465 nm following T-jump in a
vesicle suspension having SF6847. Egg phosphatidyl choline vesicles were suspended in
150 mM KCl, 30 mM buffer, pH 7·5 to a final lipid concentration of 2 mg/ml· The suspension
had 15 μΜ of SF6847· The buffer was Tris in (A) and KH2PO4 in (B). The arrows mark
the time of application of T jump (~ 5°C) by discharging 17 kV through the sample. The
initial oscillations in the signal are probably due to cavitation effects. The heating time
constant was ~ 2·5 μβ and the instrument response time constant was 0·2 μs.The measured
relaxation time constant (A) is 19 μs. Each trace is an average of five experiments.

above equation using the values of pK of bound SF6847 and Tris to get the
bimolecular rate constant k 2 associated with the binding of protons to the
membrane-bound SF6847. The analysis gives a value of 2 × 10 11 M –1 s –1 for k 2 .
Similar results were obtained in the case of soybean phospholipid vesicles also
(data not shown). This value is in the range of the rate constant associated with
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diffusion controlled processes in aqueous solutions (k~1×l0 10M –1s –1
–2× 1011 M–1 s–1) (Hague 1971). Since the rate of interfacial proton transfer reaction
obtained here is also diffusion controlled, one could question the validity of the
assumption of faster equilibration of reaction (1) which is also diffusion controlled,
in deriving the equation (3). However, in our experimental system
[Bw] ~ 1000 [Pm ] and hence our assumption that the reaction (1) would equilibrate
faster than reaction (2) would be justified.
What is the implication of k2 having the value in the range of diffusion-controlled
reaction rate constants? The answer is that this shows clearly the absence of any
kinetic barrier for the transport of protons from the bulk aqueous phase to
membrane-water interface· Similar result has been obtained by Kotlyar et al (1994)
in mitochondrial membranes using laser pulse-generated pH jumps· However, our
experimental system produces step perturbation in pH [unlike the laser pulse method
(Kotlyar et al 1994) which generates pH pulses] which makes the mathematical
analysis less complicated and hence more reliable·
References
Ahmed I and Krishnamoorthy G 1990 Enhancement of transmembrane proton conductivity of
protonophores by membrane-permeant cations; Biochim. Biophys. Acta 1024 298–306
Alexiev U, Mollaaghababa R, Scherrer P, Khorana Η G and Heyn Μ Ρ 1995 Rapid long range proton
diffusion along the surface of the purple membrane and delayed proton transfer into the bulk; Proc.
Natl· Acad· Sci· USA 92 372–376
Bernasconi C F 1976 Relaxation kinetics (New York: Academic Press)
Das Τ Κ, Periasamy Ν and Krishnamoorthy G 1993 Mechanism of response of potential sensitive dyes
studied by time-resolved fluorescence; Biophys· J· 64 1122–1132
Gabriel B, Prats Μ and Teissie J 1991 Lateral proton conduction in mixed monolayers of
phosphatidylethanolamine and cetyltrimethylammonium bromide; Biochemistry 30 9359–9364
Gutman M, Nachliel Ε and Kiryati S 1992 Dynamic studies of proton diffusion in mesoscopic
heterogeneous matrix; Biophys· J· 63 281–290
Hague D Ν 1971 Fast reaction Chapter 3 (London: Wiley-Interscience)
Heberle J and Dencher Ν A 1990 Bactcriorhodopsin in ice accelerated proton transfer from the purple
membrane surface; FEBS Lett· 277 277–280
Horiuchi F, Fujimoto K, Ozaki Τ and Nishizawa Υ 1971 Synthesis of an active protonophore SF6847;
Agrit: Biol· Chem· 35 2003–2006
Kagawa Υ and Racker Ε 1971 Partial resolution of the enzymes catalyzing oxidative phosphorylation;
J· Biol· Chem· 246 5477–5487
Kasianowicz J, Benz R and Mclaughlin S 1987 How do protons cross the membrane-solution interface?
Kinetic studies on bilayer membranes exposed to the protonophore S-13; J· Membr· Biol· 95 73–89
Kotlyar Α Β, Borovok Ν, Kiryati S, Nachliel Ε and Gutman Μ 1994 The dynamics of proton transfer
at the C side of the mitochondrial membrane: Picosecond and microsecond measurements;
Biochemistry 33 873–879
Kovbasnjuk Ο Ν, Antonenko Υ Ν and Yaguzhinsky L S 1991 Proton dissociation from nigericin at the
membrane-water interface, the rate-limiting step of K + /H + exchange on the bilayer lipid membrane;
FEBS Lett· 289 176–178
Krishnamoorthy G 1986 Temperature jump as a new technique to study the kinetics of fast transport of
protons across membranes; Biochemistry 25 6666–6671
Krishnamoorthy G 1988 Mutual inactivation of valinomycin and protonophores by complex formation in
liposmal membranes; FEBS Lett· 232 199–203
Krishnamoorthy G and Ahmed I 1992 Rapid transport of protons across membranes: Its significance,
measurement and control; Biomolecular structure and function—The state of the art (eds) Β Ρ Gaber
and Κ R Κ Easwaran (New York: Adenine Press) pp 195–207
Levitt D G and Decker Ε Ρ 1988 Electrostatic radius of the gramicidin channel determined from voltage
dependence of H+ ion conductance; Biophys· J· 53 33–38

578

Η Ρ Maity and G Krishnamoorthy

Mitchell Ρ 1979 Keilin's respiratory chain concept and its chemiosmotic consequences; Science 206
1145–1159
Nicholls D G and Ferguson S J 1992 Bioenergetics 2 (London: Academic Press)
Polle A and Junge W 1989 Proton diffusion along the membrane surface of thylakoids is not enhanced
over that in bulk water; Biophys· J· 56 27–31
Prabhananda Β S 1977 Design and construction of temperature jump instrument; in Proceeding of the
symposium on fast reaction (Department of Atomic Energy, India) pp 317–343
Prabhananda Β S and Ugrankar Μ Μ 1991 Nigericin-mediated Η+,Κ + and Nα + transports across vesicular
membrane: T jump studies; Biochim· Biophys· Acta 1070 481–491
Riddell F G, Arumugam S, Braphy R J, Cox Β G, Payne Μ C Η and Southon Τ Ε 1988 The
Nigericin-mediated transport of sodium and potassium ions through phospholipid bilayers studied by
23
Na and 39K NMR spectroscopy; J· Am· Chem Soc· 110 734–738
Rochel S, Nachliel E, Huppert D and Gutman Μ 1990 Proton dissociation dynamics in the aqueous
layer of multilamellar phospholipid vesicles; J· Membr· Biol· 118 225–232
Scherrer P, Alexier U, Marti T, Khorana Η G and Heyn Μ P 1994 Covalently bound pH-indicator dyes
at selected extracellular or cytoplasmic sites in bacteriorodhopsin; Biochemistry 33 13684–13693
Terada Η 1981 The interaction of highly active uncouplers with mitochondria; Biochim· Biophys · Acta
639 225–242
Willaims R J Ρ 1988 Proton circuits in biological energy interconversions; Annu· Rev· Biophys· Chem·
17 71–97
Corresponding editor: SAMIR Κ BRAHMACHARI

