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lons and other hydrophilic substances permeate
through cellular membranes by means of special
mechanisms different from simple diffusion through
the lipid bilayer. In the discussion of possible trans-
port pathways, two alternatives are usually consid-
ered: carrier and channel mechanisms. A carrier (in
its simplest form) may be defined as a transport
system with a binding side that is exposed alternately
to the left and to the right side (but not to both sides
simultaneously). A channel, on the other hand, con-
sists of one or several binding sites arranged in a
transmembrane sequence and is accessible from both
sides at the same time,

Clear-cut examples of carrier and channel mecha-
nisms in ion transport have been obtained from the
study of certain small or medium-sized peptides and
depsipeptides produced by microorganisms. Cyclo-
depsipeptides, such as valinomycin, have been shown
to act by a translatory carrier mechanism which
involves a movement of the whole carrier molecule
with respect to the lipid matrix of the membrane. A
well-characterized ion channel is the channel formed
by the linear pentadecapeptide, gramicidin A. In
these cases the distinction between a channel which is
more or less fixed within the membrane and a carrier
moving within the lipid matrix is unambiguous. The
discrimination between carrier and channel mecha-
nisms becomes less obvious, however, in the case of
large membrane proteins spanning the lipid bilayer,
which are thought to be responsible for ion trans-
port across the cell membrane. Such a protein is
unlikely to move as a whole within the membrane. It
still can act as carrier (according to the definition
given above), however, ifa conformational change with-
in the protein switches the binding site from a left-ex-
posed to a right-exposed state. A channel, on the
other hand, does not necessarily have a fixed, time-inde-
pendent structure. Proteins may assume many con-
formational substates and move from one state to the

other. Accordingly, in a channel conformational transi-
tions may occur between states differing in the height
of the energy barriers that restrict the movement of
the ion. It can be shown that such a channel with mul-
tiple conformational states may approach the kinetic
behavior of a carrier. Channel and carrier models
should therefore not be regarded as mutually ex-
clusive possibilities, but rather as limiting cases of a
more general mechanism.

In this article first the kinetic properties of well-
studied examples of carriers and channels will be
reviewed, namely, translatory ion carriers of the vali-
nomycin type and ion channels formed by peptides
such as gramicidin A. This will be followed by a
theoretical treatment of ion movement in channels
with fixed structure and a comparison of the trans-
port properties of simple carriers and channels. In the
last part of the article, the more general concept of
channels with multiple conformational states will be
discussed, which allows one to describe carrier and
channel mechanisms from a common point of view.
The same concept will also be applied to active ion-
transport systems (ion pumps) in which the state of
the channel is transiently changed by energy uptake
from an external source.

Kinetic Analysis of Translatory Ion Carriers

Incorporation of certain macrocyclic antibiotics, such
as valinomycin, enniatin B, and the macrotetrolides
into artificial lipid bilayer membranes result in a
strong increase of potassium permeability of the
membrane [20, 70]. In solution these compounds
form complexes with alkali ions in which the primary
hydration shell of the ion is replaced by ligand
groups from the macrocycle (Fig. 1). All experiments
carried out so far are consistent with the notion that-
valinomycin and related compounds act by a trans-
latory carrier mechanism. Both the stationary [66,
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Fig. 1. Structure of the valinomycin-K* complex [64]
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Fig. 2. Transport of ion M* mediated by a translatory carrier S

70] as well as the nonstationary [67] behavior of
macrocyclic ion carriers in planar bilayer membranes
could be approximately described on the basis of the
assumption that the overall transport occurs in four
distinct steps (Fig. 2): (i) association of jon M™ and
carrier S in the interface, (ii) translocation of the
complex MS™, (iii) dissociation of MS™*, (iv) back
transport of free carriers S. In the analysis of the
experiments it is further assumed that the individual
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reaction steps can be described in the same way as
chemical processes, introducing reaction rate con-
stants. These assumptions are only approximately
correct. In reality, both the association and dissocia-
tion reaction (rate constants k and kj) are multistep
processes, involving the stepwise exchange of water
molecules and ligand groups, as well as confor-
mational rearrangements of the carrier molecule. ky
and k;, are determined by the rate-limiting steps in
the overall process, probably conformational changes
of the carriers. The description of the two translo-
cation processes by monomolecular rate constants
(kys and kg) is a further approximation that may be
justified by the expectation that both the free carrier
and the complex are located in deep potential energy
minima at the membrane-solution interface for most
of the time [3, 41, 64].

The kinetics of the ion carrier may be analyzed
by studying the electrical conductance of planar bi-
layer membranes. In particular, electrical relaxation
techniques, such as the voltage-jump [67] or charge-
pulse method [18] may be used to evaluate the
individual rate constants. Such experiments have
been carried out in the last years with a number of
different carrier systems and membranes of different
lipid composition [13-15, 18, 19]. As a specific exam-
ple, we consider the results obtained for valinomy-
cin/Rb* in a monoolein/n-decane membrane (25°C,
IMRDCY [18]:

-1 —1

kp=3x10°M
kp~2x10°s ¢
kyg=3x10%s7 1
kg~4x10%s™ 1,

At one-molar concentration of the transported ion
(¢, =1m), the rate constants of association (¢, kpg),
dissociation (k) and translocation of the loaded car-
rier (kys) are approximately equal (2—3 x 10%s=1h).
The rate-determining step in this system is the back
transport of the free carrier (kg~4 x 10%*s™"). k>3
x10°s~* is the frequency by which the ion-carrier
complex crosses the central barrier; the reciprocal
value 1/k,g=~3psec is the average time required for
translocation. This time may be compared with the
diffusion time t=d?/2D of a spherical particle of the
size of the carrier across the same distance (mem-
brane thickness d~5nm) in water (diffusion coef-
ficient D ~3 x 10~ %cm?s~ "), which is about 0.04 psec.

An important quantity for the kinetic description
of carriers (and other transport systems) is the maxi-
mum turnover rate f. f is defined as the limiting
transport rate which is approached under short-cir-
cuit conditions for infinite ion concentration on the
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Table 1. Rate constants of valinomycin-mediated transport
through membranes made from monoglycerides with different fatty
acid residues [15]*

Fatty acid kg ky kars ks
10%mM~1s~t 10%*s~! 10%s7! 10%*s~!

Variation of chain length

16:1 43 13 74 8.5
18:1 37 24 27 3.5
20:1 23 12 10 1.8
22:1 24 i3 7 1.1
Variation of the number of double bonds

20:1 23 12 10 1.8
20:2 34 9 39 3.2
20:3 34 5 136 9.4
20:4 42 3 240 12.

¢ Palmitoleoyl (16:1), oleoyl (18:1), A'!-eicosenoyl (20:1), eru-
coyl (22:1), A'!'*eicosadienoyl (20:2), A*'** 7 eicosatrienoyl
{20:3) and arachidonoyl (20:4). The solvent for membrane for-
mation was n-decane; T=25°C.

cis-side and zero ion concentration of the trans-side.
In the above example, f is about 3 x10*s~!. The
high efficiency of valinomycin as an ion carrier main-
ly results from this high turnover rate, whereas the
binding constant for the ion, kg/k;,~1.5M~", is rather
low.

For a translatory carrier mechanism the rate
constants may be expected to depend on the
structure and fluidity of the membrane. Indeed, a
stong influence of lipid composition of the membrane
on valinomycin-mediated ion transport has been ob-
served [14, 15, 19]. Some results obtained with mono-
glyceride membranes differing in the number of
double bonds and the chain length of the lipid are
summarized in Table 1. It is seen that increasing the
chain length from C,, to C,, results in a eight- to
tenfold decrease of the translocation rate constants kg
and k,,;, whereas kp and k, show little variation.
Increasing the number of double bonds from one to
four increases kg eightfold and k,;¢ 24-fold. These
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variations of kg and k,,s presumably result (at least in
part) from the increase of microviscosity with increas-
ing chain length and decreasing number of double
bonds. Another effect which may influence kg is the
increase of dielectric constant with increasing un-
saturation. Such an increase of dielectric constant
would reduce the energy barrier for the translocation
of the charged complex.

The Gramicidin Channel as a Model Channel

The finding that gramicidin A, a hydrophobic pep-
tide with known primary structure, forms alkali-ion
permeable channels in lipid bilayer membranes [32]
opened up the possibility of studying ion permeation
through channels in a simple model system. Grami-
cidin A is a linear pentadecapeptide with the se-
quence  HCO-L-Val-Gly-L-Ala-pD-Leu-L-Ala-D-
Val-L-Val-pD-Val-L-Trp-p-Leu-L-Trp-pD-Leu-L-

Trp-p-Leu-L-Trp-NHCH,CH,OH. Evidence that
gramicidin A forms channels (and does not act as a
mobile carrier) has been obtained in experiments in
which very small amounts of the peptide were added
to a planar bilayer membrane [32]. Under this con-
dition the membrane current under a constant ap-
plied voltage fluctates in a step-like manner (Fig. 3).
The size of the single conductance step is about 90 pS
in 1M Cs*, corresponding to a transfer of 6 x 107 Cs*
ions per sec. This transport rate is larger by a factor
of about one thousand than the turnover number of a
mobile carrier of the valinomycin type (see above),
making a translatory carricr mechanism highly un-
likely. Further evidence for a channel mechanism
comes from the observation that the single-channel
conductance is largely independent of the nature of
the membrane lipid [11, 32], in contrast to the be-
havior of translatory ion carriers.

A structural model of the gramicidin channel has
been proposed by Urry [72, 74]. According to this
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Fig. 3. Conductance fluctuations of a planar bilayer membrane (glycerolmonooleate/n-decane) in the presence of very small amounts of
gramicidin A. A voltage of 100 mV was applied between the aqueous solutions (1 M CsCl, 25°C). The fluctuations of membrane current arise
from the formation and disappearance of single cation-permeable channels. The observed single-channel current corresponds to a flow of 6

x 107 Cs* ions per second [8]
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Fig. 4. Structure of the n®(L, D)-helix of gramicidin A [74]. The
hole along the helix axis has a diameter of 0.4 nm and is lined with
oxygen atoms of the peptide carbonyls. Hydrophobic amino-acid
residues located at the periphery of the helix are not shown. The
transmembrane channel consists of two helices joined at the formyl
end

model now supported by many experimental findings
[5, 9, 10, 43, 77, 80], the channel consists of a helical
dimer that is formed by head-to-head (formyl end to
formyl end) association of two gramicidin monomers
and is stabilized by intra- and inter-molecular hy-
drogen bonds (Fig. 4). The central hole along the axis
of the n® (i, D)-helix has a diameter of about 0.4 nm
and is lined with oxygen atoms of the peptide car-
bonyls, whereas the hydrophobic amino-acid residues
lie on the exterior surface of the helix. The total
length of the dimer is about 2.5-3.0nm, the lower
limit of the hydrophobic thickness of the lipid bi-
layer.

The exact mechanism by which ions move
through the channel is still a matter of speculation.
The entry of the ion into the channel is made en-
ergetically favorable by interaction with the peptide
carbonyls. In the 0.4-nm wide channel, water mol-
ecules can precede and follow the ion through the
channel so that probably only part of the primary
hydration shell is stripped off. The interaction with
the ligand groups creates a series of potential energy
minima along the pathway of the ion. Superimposed
onto this potential is the dielectric interaction of the
ion with the water phase and the membrane lipid
which should give rise to a broad energy barrier with
the peak in the middle of the membrane [50, 51]. If
this picture is correct, then an energetically favorable
“binding” site for the ion should exist close to either
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Fig. 5. Hypothetical potential-energy profile of an ion in the
gramicidin channel used to analyze single-channel conductance
and biionic potential data [33]. Variations of the potential result-
ing from the geometry of the ligand systems have been omitted. In
the analysis of the model it is assumed that an ion can jump from
left to right only when the right-hand binding site is empty, and
vice versa (single-filing condition). k, and k, are the forward and
backward rate constants for the binding of the ion to the empty
channel. k% and kf are the corresponding rate constants for a
channel with the second binding site occupied

end of the channel (Fig.5). If such a channel is
occupied by two ions at the same time, the ions may
interact with each other electrostatically. Indeed, sev-
eral observations, such as concentration-dependent
permeability ratios [25, 56], blocking effects of T1*
ions [25, 58, 59], the peculiar shape of the con-
ductance-concentration dependence [5, 9-11, 25, 32,
43, 50, 51, 56, 58, 59, 72, 74, 77, 80] and deviations
from Ussing's flux ratio relation [63] support the
notion of ion-ion interactions within the channel.
These findings have been analyzed on the basis of the
model depicted in Fig. 5 [4, 33], which contains five
kinetic parameters; the forward and backward rate
constants k  and k, for the binding of the ion (second
binding site empty), the corresponding quantities k%
and k¥ (second binding site occupied), and the rate
constant k of translocation across the central barrier.
Using the concentration and voltage dependence of
single-channel conductance and the permeability ra-
tios and fitting the model to the experimental data,
the values of the rate constants given in Table 2 have
been obtained [33]. These values predict that the first
binding site becomes occupied already at ion con-
centrations in range of 1-10mm (k,/k,~8mm for
Na™). Another interesting prediction is the large in-
crease in dissociation rate after the second binding
site has been occupied (k}¥/k, ~600). Such a result, of
course, may be expected from the electric repulsion
between the ions; it is unclear, however, why a simi-
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Table 2. Rate constants of ion transport through the gramicidin
channel, according to the model shown in Fig. 5 [33]°

Cs*  K*  Na* Na*+(NMR)
k/108M~'s=t 18 16 0.55 03
k,/105 5~ 1 29 39 45 3
A0 M~ts~t 16 14 053 0.12
kE/108 51 1.6 21 2.6 0.4
kj107 s 8.2 2.7 13 >0.03

a

Values in the first three columns have been obtained from
single-channel conductance and biionic voltage data [33], values in
the last column from NMR studies with 23Na* in a micellar
system [76].

lar effect on the association rates is not seen. The rate
constants determined in this way have to be consid-
ered as tentative since the analysis is based on a
limited set of steady-state experiments (electrical re-
laxation studies of ion transfer kinetics in the channel
have not been done so far). More complicated models
with more than two binding sites have also been
applied to the analysis of conductance and biionic
potential measurements [25, 61].

Recently, NMR techniques have been used in the
study of ion transport rates in the gramicidin channel
[75, 76]. Gramicidin A was incorporated into lyso-
lecithin micelles in aqueous phase and the chemical
shift and line width of the **Na resonance was mea-
sured. The dependence of longitudinal relaxation rate
on Na* concentration indicated the presence of a
tight and a weak binding site which were inter-
preted (on the basis of the two-site model of Fig. 5) in
terms of binding to the empty and singly-occupied
channel, respectively. From the chemical shift and
relaxation data the binding constants K=k /k, and
K*=k¥/kg, as well as the off-rate constants k, and
k¥ could be approximated. The notion that in the
micellar system gramicidin A assumes a structore
that is similar to the functional channel structure in a
lipid bilayer is supported by the finding that T1* and
Ag* which block single-channel conductance in the
bilayer have an inhibitory effect on Na* binding in
the micellar system [75]. It may be seen from Table 2
that the NMR-derived rate constants of Na™* trans-
port agree with an order of magnitude with the rate
constants obtained from conductance data.

Steady-State Behavior of Carriers and Channels

Steady-state measurements of transport rates as a
function of concentration and voltage may be used as
a source of information on transport mechanisms.
From such studies it is often possible to exclude
particular mechanisms, when the observed behavior
is at variance with the predictions of the model. What
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are the criteria a given transport process has to fulfill
in order to be classified as a carrier or a channel
mechanism? A general answer to this question is
difficult, because different versions of carrier and
channel models are feasible and certain models may
have rather complicated properties [49]. For in-
stance, a carrier may have more than one binding site
and there may be positive or negative cooperativity
between the sites. Furthermore, as will be discussed
later, intermediate transport systems are feasible that
are neither carriers nor channels in the usual sense.
Straight-forward criteria, however, may be ecasily es-
tablished for “simple” carriers or “simple” channels
[22, 45, 52, 53], e.g, channels with fixed barrier
structure and single occupancy.

In the following, we shall compare simple channel
and carrier models with respect to a number of
measurable quantities. The net flux @ (mol/sec) from
left to right of the transported ion will be given as a
function of the concentrations ¢” and ¢” and of the
membrane voltage V= —" (i is the electric poten-
tial; “ and ” denote the left-hand and right-hand side,
respectively). The net flux @ may be written as the
difference of two unidirectional fluxes @' (left to right)
and @" (right to left):

O=0'-9". (1)

Furthermore, it is useful to introduce the unidirec-
tional flux @, under equilibrium conditions:

(poz(él)c'zc”;V:O:((p”)c':c"; V=0- (2)

In some cases the unidirectional equilibrium flux &,
is related in a simple way to the ohmic conductance
A, of the transport system which is defined by

— :
o7 av V:O;c':c”. ( )

z is the valency of the ion and F is Faraday’s con-
stant. @' and @” can be measured if the transported
ion species is present as an isotope pair 4, B:

cy |y cytcp=c
Cy cg Cytcp=c’
o V=g
@' and @" are then defined in the following way:
! cl
@ :(@A)C/B:C”A :0:_r(¢A)c;;:0 (4)
€4
. C//
"= _(qu)cg:c' :O:—T(@A)c’ =0 (5)
A CA A

The second part of Egs. (4) and (5) refers to the usual
experimental situation where a small amount of a
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“hot” isotope A is added to one side and the flux of
this isotope is measured.

If ions move independently through the mem-
brane (for instance by free diffusion at low con-
centration), the ratio of the umidirectional fluxes
obeys Ussing’s relation
o
a=?exp(z u)=exp[z{u—u,]. (6)

u is the reduced voltage and u, the value of u at
equilibrium:
V I_ e 1 cl/

us———:w 4 ;o u,=—In—. (7

RT/F RITJF z ¢
For a comparison of different transport systems it is
convenient to represent the flux ratio in the form
04 In(d'/P”
2 —explnzu—u)); n=l?)
0
For systems obeying Ussing’s relation the flux-ratio
exponent n is unity. For channels with ion-ion in-
teraction and carriers, n is, in general, a function of
voltage and concentrations (see below). From the
relation

o= () ’
o—-RT “ldu \@” u=0;¢ =c”’ ()

which follows from Eqgs. (1)-(3), it is seen that 1., @,
and n are connected by [34, 36]:

(8)

z(u—wu,)

ZZFZ
°~RT

A ¢o.(n)u:0;c’:c”‘ (10)

Transport systems may be further distinguished
by their coupling properties. Let 4 and B be two
molecular species that are transported by the same
transport system. The fluxes ¢, and @ are said to be
coupled if ¢, does not only depend on the elec-
trochemical potential difference A4i, of species 4, but
also on Aji; (and vice versa). The coupling behavior
is most conveniently described in the vicinity of
equilibrium, i.e., for small driving forces 4 i, and A4 fig.
Under the condition

cy=c+Ac,;
cg=cp+Acg;
\VI<RT/F

[de <c,
[dcgl<cg

ci=c,;
A A (11)

"o .
Cp=Cp;

the difference in electrochemical potential is given by

A
AL ~RT =44 zFV (12)
Cq
A
A,aBzRT%HFV. (13)

B
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R is the gas constant and T the absolute tempera-
ture. In the vicinity of equilibrium the fluxes @, and
&, are linearly related to the driving forces Aji, and

Afig:
Q=L Af,+L,pdig (14)
Gy=Ly,4fiy+LpAfip- (15)

The phenomenological coefficients L, Ly, Lz, Lgy
are functions of concentration. The cross coefficients
L,z and Ly, which describe the coupling behavior of
the transport system obey the relations L ;=L,, and
LgLg,<L, Ly [39]. As we shall see, carriers and
channels differ in a characteristic way in the cross
coefficients L 5.

Most flux-coupling experiments are carried out
under the condition that A and B are isotopically
labeled species with identical transport properties. In
this case the phenomenological coefficients are re-
lated by [62]:

‘{‘A,S:LA cg—Lgcy )

(16)

Cq4—Cp

The total flux ¢=& ,+ P, of the isotope pair is
described by

O=L A} (17)
where L, =L ,(c;=0)=Ly{c,=0)>0.

Finally we introduce the tracer permeability coef-
ficient P*=® /c and the ordinary permeability coef-
ficient P which is defined by P=@/4c¢ (for V=0 and
|[dc|<c), These quantities are connected by the im-
portant relation [31, 62]:

= —1- = (18)

where [ is the so-called correlation factor [28] and ¢
=c,+cp is the total concentration of the isotope
pair. It is seen from Eq. (18) that (in the vicinity of
equilibrium) a flux-ratio exponent n larger than unity
is always associated with positive flux coupling
(L>0)

Channel with Fixed Barrier Structure
and Single Occupancy

A channel may be represented by a series of “binding
sites” that are separated by energy barriers (Fig. 6).
The binding sites are the minima in the potential
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Fig. 6. Potential energy of an ion in the channel. k; and k' are the
rate constants for jumps from i-th energy minimum to the right
and to the left, respectively. ¢’ and ¢ are the concentrations of the
permeable ion species and v’ and "’ are the electrical potentials in
the aqueous solutions

energy profile which result from interactions of the
ion with one or several ligand groups of the channel.
The following discussion is restricted to ion channels
with fixed barrier structure, ie., with an energy pro-
file that is independent of time and independent of
the movement of the ion. Furthermore, we assume
that an ion can enter the channel only if the channel
is empty so that there is no more than one ion in the
channel at a time. The frequency of jumps of the ion
out of the i-th minimum to the right and to the left is
described by rate constants k; and k}, respectively
(Fig. 6). If the permeable ion species is present in
concentrations ¢’ and ¢ in the left and right aqueous
solution, the ion flux through a membrane containing
N mol channels is given by [46]:

¢ —c"exp(—zu)

O=Nk,p—— (19)
1+)Y8,+vc'Q +vc"Q" exp(—zu)
1

o=y 3 S,R, (20
v=1pu=1
n n o v—-1

Q"=)YR,+ ). ) RS, (21)
1 v=2pu=1
k!/ k// . k//

S.E 172 v

KKK, (22)
kok .k

R = 0™ v~x'

Yok k LK @3)

Forn=1, Q" is defined as Q" =R, =k/ /k|. The quan-
tity v which has the dimension of a volume is defined
by the probability p that the outermost energy mini-
mum on the solution side of the channel mouth is
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occupied by an ion:

p,=vc’; p,.,=vc’". (24)
The rate constants for ion translocation depend on
voltage. If «; is the fraction of total voltage V=y/
—1" which drops across the i-th barrier (which is to
the left of the i-th binding site) then

ki=kjexp(a;,  zu/2) (25)
k! =k exp(— o, zu/2). (26)

k; and k! are the values of k; and k!’ at zero voltage.
According to the principle of microscopic reversibility
the rate constants are not independent from each
other but are connected by the relation

k k... k, (2u) o7
—L 1 e )
Kiky .k, o DwEH @7
The unidirectional fluxes @' and @ [Eqs. (3) and (4)]
are obtained as [46]:

! ! k;

& =Nvc(l-p)— 7 (28)
1+)8,
1
k/
@"=Nvc'(1-p)——
1438,

1

exp(—zu) (29)

where p is the probability that the channel is oc-
cupied by an ion. It is seen that the unidirectional
fluxes do not only depend on the concentration of the
cis side (¢’ in the case of @) but also (via the
concentration dependence of p) on the concentration
of the trans side. According to Egs. (28) and (29) the
ratio of the unidirectional fluxes is given by

o o Py (30)
which is identical with Ussing’s flux-ratio relation (n
=1). For the channel model considered here, Ussing’s
relation still holds, although ions compete for the
binding sites of the channel.

From Eq. (28) the unidirectional flux ¢, under
equilibrium conditions [Eq. (2)] is obtained as:

“T1vcK oo G

(Here and in the following quantities referring to the
equilibrium state (¢'=c¢"=¢, u=0) are marked by a
bar). X is the equilibrium constant of ion binding to
the channel (ie, ¢K is equal to the ratio of occupied
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to empty channels) and is given by

K=v

-~ =

R,. (32)
From Eq. (19) the ohmic conductance of the channel
system is obtained as

_zZFz Novc
° RT 1+Kc

I (33)
1+3'S,
1

Comparison with Eq. (31) shows that for the model
considered here the simple relation

ZZFZ
O RT

holds. (Eq. (34) may also be obtained from Eq. (10)
with n=1.) According to Egs. (31) and (33) both @,
and 4, saturate at ionic concentrations ¢> /K.

In the presence of an isotope pair 4, B the fluxes
@, and @, are described (in the vicinity of equilib-
rium) by the phenomenological coefficients L ,, Ly,
L, z=Ly, [Egs. (14) and (15)] which are obtained as

P, (34)

1 ve k!
Ly=—r. 4__.__ o (35)
4T RT 1+(c,+cpK 1+i§v
1
LB:EIT'H(O? K e ()
C C _
AT 14YS,
i
L,z=Ly,=0. (37)

These equations may be interpreted in the following
way. The transport of ion species 4 and B does not
obey the independence principle [35], since the coef-
ficient L, describing the flux of 4 does not only
contain ¢, but also the concentration ¢y of the other
species. The origin of this nonindependence of ion
flows lies in the fact that both ion species compete for
the same binding sites in the channel. On the other
hand, as shown by Eq. (37), flux coupling does not
occur and accordingly the flux ratio equation [Eq.
(30)} agrees with Ussing’s relation. Egs. (30) and (37)
are no longer obeyed, however, when ions interact
within the channel (see below).

Carrier with Single Binding Site

We consider a neutral carrier with a single binding
site functioning according to the reaction scheme
shown in Fig. 2. This scheme, of course, is not
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restricted to translatory carriers; the processes de-
scribed by the rate constants kg and k¢ could also be
conformational transitions exposing the binding site
alternately to the left and to the right aqueous phase.
Furthermore, for generality we assume that the car-
rier is asymmetric so that, for instance, the as-
sociation-rate constant k% on the left side may be
different from the rate constant k on the right side.
As all rate constants may depend on voltage, such an
asymmetry is created even for an intrinsically sym-
metric carrier system in the presence of a nonzero
membrane potential.

Again, the eight rate constants are not indepen-
dent of each other, but are connected by the relation

Kikygs i ks
o = exp(z ). (39)
kR kMS kD kS

The net flux ¢ and the unidirectional fluxes @'
and @" through a membrane containing N carrier
molecules are given by the following expressions [45,
65]:

¢ —c”exp(—zu)

= N Ky iy K
R MSkaSa‘f’ﬁCI‘JF')}C”"'éC/C” (39)
c'+ec'c”

= Nk Ky ki k2

J R MSkaSOC_*_ﬁc/_‘_yC//_{_écrc// (40)
c'exp(—zu)+ec'c”

&' =NK. k. k' k!
R™MS DCSOH—ﬁC’—I—VC"-{—éC'C” (41)
o= (kg + k) (kp ki + kp Kygs +Kp ki) (42)
P =k Lkp(kays +kg)+ kg (Kys + Kigs)] (43)
y = kglkp(kyys + k) + ks(kyys + kiys)] (44)
o=k ki (Kyss + kiys) (45)

11 1 1L 'L

SE& (E"l"k;g) kR kMSkaS' (46)

It is seen from Egs. (39)-(41) that the flux equations
for the carrier, which contain terms proportional to
¢'¢”, have a more complicated concentration de-
pendence than the corresponding equations for a
channel. From Egs. (40) and (41) the ratio of uni-
directional fluxes and the flux-ratio exponent n [Eq.
(8)] are obtained as

> l+ec”

g_exp I:Z(u_uo)] : 1 —*—-SC” exp [Z(u_un)] (47)
1 1 P 1"

— t+ec 1. (48)

n =
zlu—u,) 1+ec’explz(u—u)]™

Equations (47) and (48) express the fact that carriers
do not obey Ussing’s relation. Flux-ratio exponents
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n<1 are characteristic for carrier-mediated transport.
It is seen from Eq. (47) that under saturation con-
ditions (ec”">1, ec’expz{u—u,)>1) the flux ratio
approaches unity, irrespective of the magnitude of the
driving force. From Egs. (39) and (40) the unidirec-
tional flux @, at equilibrium and the ohmic con-
ductance 4, are obtained as

- 1+%c
@ :NkV k? k//k/? -
0 RRMs KD SC&+(ﬂ+7)c+5cz (49)
~22F2 D, 50
° RT 1+4%¢ (50)

It is seen from Eq. (50) that in carrier-mediated ion
transport Eq. (34) no longer holds and 1,/®, becomes
concentration dependent.

In order to calculate the phenomenological coef-
ficients of Egs. (14) and (15) we assume, for sim-
plicitly, that the carrier is symmetric for V=0 (kj
=k =kyg, etc.) and that the interfacial reactions are
always in equilibrium (cky and k, much larger than
kg and k,,g). The results then read (with ky/k,=K):

L,=nks+ky,sKcgc, (51)

Ly=nlks+kysKc,)cp (52)

Lyg=Lp,=—nkysKc,cy (53)
Nk, K/2RT

"= s (54

kg+ K(kg+ky)(c+cp)+ kMSKZ(CA + CB)Z .

Equation (53) shows that (in agreement with Egs. (18)
and (48)) the carrier system has a nonzero, negative
cross-coefficient. This means that a flow of 4 drives a
flow of B in the opposite direction (and vice versa).
This phenomenon, called “negative flux coupling™ or
“countertransport”, is a characteristic property of
simple carrier systems. Its origin may be visualized in
the following way. Consider an equilibrium situation
with V=0, ¢/,=c}, ¢y=cj in which both fluxes &,
and @y vanish. If now ¢, is increased, more carrier
molecules will be in the form AS on the left side so
that a flux of AS in the membrane from left to right
occurs. But at the same time the number of carriers
in the form BS on the same side is diminished (as B is
displaced from the carrier by A4) which leads a net
flow of BS from right to left.

If the back transport of the free carrier is very
slow (kg~0), then Egs. (51)-(53) yield L ;= Ly= — L 5
which means that & ,~ — @, (compare Eqgs. (14) and
(15)). Such transport systems in which the fluxes are
completely coupled are sometimes called exchange
systems. Exchange flow is observed, for instance, in
case of the anion transport system in the membrane
of red blood cells [21].
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Ion-Ion Interaction in Channels

Much evidence has now accumulated that channels
in excitable membranes, such as the potassium chan-
nel in squid axon, may accommodate more than one
ion at a time [1, 12, 31, 36]. In such multiply-
occupied channels ions may interact with each other.
Part of the interaction results from the coulombic
field around the ions; for instance, in a medium of
dielectric constant 20 the electrostatic repulsion en-
ergy between two univalent cations 0.5nm apart is
about 6kT. In this way, dissociation of an ion from
the channel may be facilitated if a second ion is
present in a neighboring binding site. Another more
indirect interaction may occur when binding of an
ion results in a reorientation of dipolar groups of the
channel molecule, which in turn changes the energy
profile for a second ion.

A particular aspect of ion-ion interaction is sin-
gle-file transport which occurs in narrow channels in
which ions cannot pass by each other as they move
through the channel [12, 36, 29, 44]. The single-file
condition can give rise to pronounced flux coupling,
in particular, in channels with many binding sites.
Experimental tests of single-file models are not easy
because the theoretically derived flux equations usu-
ally contain many adjustable parameters; for instance,
the transport of a single ion species through a three-
site single-file channel is described by 19 independent
transition-rate constants. The simplest single-file
model is a channel with two binding sites. This
model, which has been studied in detail [71], has
been used to analyze the ionic permeability of the
gramicidin channel [33] (see above).

Some of the characteristic propertics of single-file
channels may be discussed on the basis of a simple
special case, a symmetrical two-site channel (Fig. 5)
in which the terminal barriers are rate-limiting
(k> ky, k¥, ck,,ckT). As before, the forward and back-
ward rate constants for the binding of the ion to the
empty channel under the condition u=0 are denoted
by k, and k,; k¥ and kjf are the corresponding rate
constants for a channel with the second binding site
occupied. Under these conditions, the following re-
lations are obtained from the general equations of
reference 71 (with K=k /k, and K*=k¥/k¥):

N cKQk,+ck?)

°T 4 1+2¢K +2KK* (55)

) :zz F? 0 2(ky+ck¥) (56)
RT 2k, +ck®

@ 146 _
—expla(u—u,]. LTI XPLE )] 57)

¢H 1+0
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(Rate constants for jumps across the left and right
barrier are denoted by ' and ”, respectively; for u=0:
K,=ki=k,, etc.; r=k'/k" is the ratio of jump rate
constants across the central barrier from left to right
and from right to left).

Again, the flux ratio deviates from Ussing’s re-
lation, but now the exponent n is larger than unity:

nel4 1 ln1+96xp[z(u—uu)]
2u—u,)

>1
1+0 = (59)

whereas for a carrier, as shown above, the relation
n=<1 holds. For vanishing voltage, Eq. (57) reduces to

1Lk A
ckfc

(¢/ ) _ ’ 2kb 17
" 0 _C” ¢’ k7 . (60)
1+
2k,

Thus, in the Limit c¢"k%*>2k, the relation &'/9”
=(c'/c")* holds (u=0). This corresponds to n=2
which is the maximum value of the flux-ratio ex-
ponent for a two-site channel [28, 33]. For u=0 and
¢'=c"=c, Eq. (59) becomes n=2(k,+ck})/(2k,
+ck?), m agreement with Eqgs. (10) and (56).

For the two-site channel with rate-limiting ter-
minal barriers, the cross-coefficient L, for isotope
flow is given by

_ N kiKc,cy
APART 142K(c +cp)+KK*(c, + )

L (61)

In agreement with Eqgs. (18) and (59), L 5 is always
positive, meaning that the flux of species A tends to
drive a flux of B in the same direction.

Summary

Transport systems may be distinguished by their
coupling properties, using isotopically labeled per-
meants. Negative flux coupling (L ,;<0) or flux-ratio
exponents n <1 are characteristic for a carrier with a
single binding site. Positive flux coupling, however,
may occur when the carrier has more than one
binding site for the transported species. A channel
with fixed barrier structure that cannot accommodate
more than one ion at a time, although it deviates
from the independence principle, does not exhibit
flux coupling. Nonzero, positive flux coupling and
flux-ratio exponents n>1 are predicted for channels
with multiple occupancy and single-filing.

Kk Kk (et k) (e, r k) kg (¢ k)

(58)

Affinity, Transport Rate, and Specificity

An efficient transport system should combine high

‘transport rates with a high affinity. These two re-

quirements are not easy to fulfill simultancously,
since as soon as the interaction energy between ion
and binding site becomes high, the rate of dissocia-
tion of the ion from the site will be low. Much has
still to be learned on how this compromise between
affinity and tramsport rates is accomplished in
biological transport systems.

The performance of an ion carrier or channel in
terms of transport rate may be described by specify-
ing the turnover number f which is defined as the
limiting ion flux &/N per single transport-unit under
the condition V=0, ¢”"=0 and ¢’ —oo0. For a sym-
metrical carrier Eq. (39) yields

=(2) - o
CWeloieme ks kys kpl ©2

The turnover number of a channel with single occu-
pancy is obtained from Eq. (19). The result for the
symmetrical two-site channel (Fig. 5) reads:

o2yt
=G+ (63
and for a channel with (n+1) identical barriers:

2k,
/= n(n+1) (64)

where k; is the rate constant of crossing the barrier.
The affinity of the transport system is described
by the equilibrium constant K of ion binding, which
for the channel is given by K =k /k,. A large value of
K can ultimately be achieved only if k, becomes
small, since the association rate constant & is limited
by diffusion of ions towards the binding site. In-
troduction of k, <k, /K into Eq. (63) yields

fK<%kf,diff‘ (65)

Thus, the product of turnover rate and equilibrium
constant of binding can never be larger than the
association rate comstant k, g in a diffusion-con-
trolled reaction, which is of the order of 10° M~ ‘s~ %
If, for instance, K is 100M~' (corresponding to a
half-saturation concentration of 10 mm), the turnover
rate can be at most 5x10°s~*. This prediction is
consistent with the properties of ion channels studied
so far. A completely analogous expression holds for
carrier-mediated transport.
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The turnover rate of a translatory carrier of the
valinomycin type is mainly limited by the translo-
cation rate constants kg and ks [Eq. (62)] which
depend on the viscous interaction of the carrier with
the lipid. Experimental values of kg and k, for
valinomycin and similar carriers are of the order of
104—10°s~! (see above). It is obvious that much
higher transport rates may be achieved in a channel.
A general distinction between carriers and channels
on the basis of transport rates seems difficult, howev-
er, since carriers may exist in which the binding site is
switched between left- and right-exposed state by
minor conformational transitions, and in this case
high transport rates are feasible.

An important property of transport systems is the
ability to discriminate between chemically similar
permeants. If two ion species 4 and B are considered,
the selectivity may be expressed by the ratio y of the
tracer permeability coefficients in the limit of low ion
concentration:

Py
=|-= . 66
X (Pl;k )CA,CB**O ( )

For the symmetrical two-site channel (Fig. 5) the
selectivity ratio y is obtained as (using Eq. (31) to-
gether with P*=9,/c):

K, k(14 2kg kD)

T K, ky(1+2k, k) (67

(K=k/k;). The corresponding expression for the
symmetrical carrier reads

Ky i1+ 2k8 g kB)
T Ky KB (14 2kE gy

(68)

(K =kg/kp). It is seen from Eqs. (67) and (68) that the
selectivity ratio is the product of a “thermodynamic”
term (containing equilibrium binding constants) and
of a “kinetic” term (containing rate constants). This
means that selectivity cannot be understood on the
basis of equilibrium binding properties alone [6]. If
binding becomes very strong (k, small and k close to
the diffusion limit) then Eq. (67) reduces to

kA
=g <k, (69)
In this case selectivity becomes small, since ions of
comparable size should have very similar values of

k

f.diff*
In the case of a translatory carrier the translo-

cation rate constant k,,¢ should not depend much on
the nature of the complexed ion; if, in addition, the
condition kj, 3k, is fulfilled for both ion species, Eq.
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(68) reduces to
K, A B
1= K. (kp > kyrss kigs = kprs)- (70)
B

. The range of conditions under which Eq. (70) holds

has been termed “equilibrium domain™ of the trans-
port mechanism [24]. The molecular basis of ion
selectivity of equilibrium binding, which is probably
more or less the same for carriers and channels, has
been discussed in considerable detail in terms of ion-
ligand interactions [23, 30, 73].

It is obvious that a transport system, in order to
be highly selective, must interact strongly with the
permeants. This in turn requires a compromise be-
tween selectivity and transport rate. High ion trans-
port rates have been observed, for instance, with
membrane pores formed by the matrix protein of
Escherichia coli in artificial bilayer membranes; these
1-nm wide, probably water-filled pores barely discri-
minate between small ions [16,17]. At the other
extreme are transport systems that distinguish sharp-
ly between structurally similar compounds, such as
D-glucose and 1-glucose; in this case the observed
transport rates are low. Highly specific transport is
often considered as indicative of a carrier mechanism.
This criterium should be applied with caution, how-
ever, since rather specific interactions between per-
meant and ligand system may occur in a channel, too
[57]. The general prediction seems to be justified,
however, that highly specific transport systems tend
to be slow, irrespective of the particular permeation
mechanism,

Channels with Multiple Conformational States:
A Unifying Concept

As discussed above, ion transport in a channel may
be described as a series of thermally activated pro-
cesses in which the ion moves from a binding site
across an energy barrier to an adjacent site. In this
treatment the energy levels of wells and barriers are
usually considered to be fixed, ie., independent of
time and not influenced by the movement of the ion.
This description, which corresponds to an essentially
static picture of protein structure, represents a useful
approximation in certain cases. Recent findings on
the dynamics of protein molecules, however, suggest
the use of a more general concept of barrier structure.

A protein molecule in thermal equilibrium may
exist in a large number of conformational states and
may rapidly move from one state to the other
[26, 54]. Evidence for fluctuations of protein struc-
ture comes from X-ray diffraction studies [26, 37],
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Fig. 7. Energy profile of a channel with two conformational states.
The rate constants for the transfer of the ion between binding site

g

and aqueous phase are v;, v,, u;, i, (state r) and vi, vy, ui, ity (state s)
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NMR [78], and optical [55] experiments and from
the kinetic analysis of ligand rebinding to myoglobin
after flash photolysis [7]. These and other studies
have shown that internal motions in proteins occur in
the time range from picoseconds to seconds. This
suggests that the energy profile of a channel (Fig. 6) is
subjected to fluctuations over a wide spectrum of
times.

Of particular interest is the possibility that tran-
sitions between conformational states of the channel
protein may be coupled to the movement of the jon
within the channel [27]. Such a coupling may result,
for instance, from electrostatic interactions between
ion and ligand system. When an ion jumps into a
binding site, the strong coulombic field around the
ion tends to polarize the neighborhood by reorienting
dipolar groups of the protein. This reorientation is
likely to shift the energy level of the binding site and
the height of adjacent barriers. If the rate of confor-
mational change induced by the ion is comparable to
or smaller than the jump rate, the ion may leave the
binding site before the protein structure has relaxed
to the polarized state. Likewise, after the ion has left
a binding site, a certain time is required for the
channel to return to the original conformation, and
the next ion may find the structure still in a partly
polarized state [2,79]. Changing the ion concen-
tration in the aqueous phase (and thus the average
occupancy of the channel) may shift the distribution
of conformational states of the channel and affect its
permeability. As will be shown below, this behavior
can lead to a nonlinear concentration dependence of
permeability different from the simple saturation
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Fig. 8. Transitions between the four substrates of a channel with
one binding site (C,: conformation r, empty; C¥: conformation r,
occupied; C_: conformation s, empty; C¥: conformation s, oc-
cupied)

characteristics predicted for channels with fixed bar-
rier structure and single occupancy.

It is obvious that a channel with variable energy
profile is intermediate between a carrier and a chan-
nel with fixed barrier structure and includes the car-
rier mechanism as a limiting case. If a channel has in
one state a low barrier at the left mouth and a high
barrier at the right mouth whereas in another state
the left-hand barrier is high and the right-hand bar-
rier low, then transitions between these two confor-
mations correspond to the switching of a binding side
from a left- to a right-exposed state, a characteristic
feature of carrier function.

Two-State Channel with Single Binding Site

A general treatment of multistate channels is, of
course, rather complicated; in the following we dis-
cuss the simple case of a two-state channel with a
single binding-site (Fig.7), which already exhibits
some of the basic properties of channels with vari-
able barrier structure [48]. It is assumed that the
channel molecule may exist in four distinct substates:

C,: conformation r, empty;
C*: conformation r, occupied;
conformation s, empty;
C#: conformation s, occupied.

The rate constants for transitions between these sub-
states are indicated in Fig. 8. Transitions between
empty and occupied states may occur by exchange of
an ion between the binding site and the left or right
aqueous phase. Thus (Fig. 7):
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= = B ) )
Ve = Vet vi=c p+ctpg (72)
o=+ (73)
Py = M+ 1. (74
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The jump rates v,, v/, v, v, of ions into the empty
side are assumed to be proportional to aqueous ion
concentration (c’, ¢”), whereas y, w/, p., p, are true
monomolecular rate constants.

The principle of microscopic reversibility requires
that the rate constants obey the following relation
[48]:

VKL Vil VKK
1 144 = 4 1’ = rr " . E3 :exp [Z(u—uo):l. (75)
vl‘ul’ vSlLLS vsufkrks

The ion flux @ is obtained as [48]:

@ :g {l-exp[ —z(u—u,)]}

D (v kS R kS k)

+V p (v, kF 4k K k)

Tk I vk K (76)
o=(k, k), u+p, kf + p k)

(kK HEE) (v, v+ v,k +v k)

0, 1+ 1)+ v, K, KE). (77)

¥

This gives for the mean single-channel conductance A
the expression (¢'=c"=c; p.+p./=p,; pi+pl=p,; L
is Avogadro’s constant):

252
A=p, k(g +kE) + pi sk, (i, + k)

+ P sk K+ p kK (79)
B=p,p i ki +pp, uoky (80)
C=(k, +kg (u, o+ p b+ p ke (81)
D=(kf+k) (o, k+po k) +p, py(k+ k)

+ps bk, + k) (82)
E=p,p(kf+kf). (83)

(According to the definition of 2,, the rate constants
refer to voltage u=0 in these equations). It is seen
from Eq. (78) that A(c) is a nonlinear function of ion
concentration containing terms which are quadratic
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in ¢. This behavior may be compared with the pro-
perties of a one-site channel with fixed barrier struc-
ture which, according to Eq. (33) always exhibits a
simple saturation characteristic of the form

Aley=22=" - 20 (84)

- (Eq. (84) is obtained from Eq. (33) by the substi-

tutions n=1, vck,=v, kK, =u,k{=i"; c(v' +v")=p).

It can easily be shown that for certain com-
binations of rate constants A(c) goes through a maxi-
mum with increasing ion concentration. Such a non-
linear concentration dependence of conductance is
usually taken as evidence for ion-ion interaction in
the channel or for the existence of regulatory binding
sites. In the channel model discussed here the non-
linearity of A(c) is connected with the fact that the
distribution of channel molecules between states r
and s depends on ion concentration and that both
states have, in general, different (concentration-de-
pendent) conductances.

For the further discussion of Eq. (78) it is useful to
consider two limiting cases in which conformational
transitions are either much slower or much faster
than ion-translocation.

Case 1. k,, k, k¥ k¥<v,, v, 1, U

¥ Vs Tr 2 Vs r? s

Under this condition the mean lifetime of a given
state is much longer than the time an ion spends in
the energy well. Equation (78) then reduces to

A=p,A,+(1=p) A (85)

where A, and A, are the conductances of the channel
in states r and s, respectively, which have the form of
Eq. (84). p, is the probability of finding the channel in
state r (under equilibrium conditions) and is given by

(with K, =v/u, K =v/u, x=k/k, x*=k¥*/k*
0=ke/k,):

: 1+cK,)(1+cK, 0

) (1+cK)( ) )

(I+cK)(14+cK0)+(1+cK)(xk+cK,0x*¥)

Thus, when the transition rates are small, 4 becomes
equal to the weighted average of the conductances in
states r and s. In this case many ions enter and leave
the channel during the life-time of the individual
state. (When the mean life-times of the two states
become sufficiently long, transitions between r and s
may be directly observed in a single-channel experi-
ment.) Since p, depends on ion concentration, a non-
linear concentration dependence of A results which is
different from the simple saturation behavior [Eq.
(84)] of A, and A,.
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Case 2: k,, ko, k* kK*>v,, v, 10, ..

LI RS S

When interconversion of states r and s is much faster
than ion transfer between binding site and water,
states r and s are always in equilibrium with each
other, even for nonzero ion flow through the channel.
This equilibrium may be described by introducing
the probability a, that an empty channel is in state r
and the probability a* that an occupied channel is in
state r:

1 1
- ar= : 7
o= e (87

Under the condition of fast conformational tran-
sitions, Eq. (78) reduces to the simple form of Eq. (84)
when the following substitutions are introduced:

p =ap,+(1—a)p, (88)
W o=at (L a})K, (89)
W=t () . (90)

This means that in the limit of fast interconversion
the equation for A becomes formally identical to the
corresponding equation derived for a channel with
fixed barrier structure, provided that the rate con-
stants are replaced by weighted averages of the rate
constants in the two states. This result (which can be
generalized to multi-site channels with more than
two conformational states [48]) had to be expected
since under the above conditions the lifetime of a
given conformation is much shorter than the time an
ion spends in the binding site and therefore the ion
“sees” an average barrier structure. Despite the for-
mal identity of the conductance equation with Eq.
(84), the interpretation of the transport process in a
channel with variable barrier structure is different,
since an ion will preferably jump over the barrier
when the barrier is low; this means that the jump
rate largely depends on the frequency with which

conformational states with low barrier heights are .

assumed.

The Carrier Mechanism as a Limiting Case

When in one state the barrier to the right is very high
(binding site mainly accessible from the left) and in
the other state the barrier to the left (binding site
mainly accessible from the right), then the transport
model approaches a carrier mechanism. Indeed, in
the limit u =0, p/~0, p/=0, p;~0, Eq. (76) trans-
forms into Eq. (39) for carrier-mediated ion flux when
the following substitutions are introduced: p, =kp, 1,
=y, pl =K i, =Ky K=Ky, k,=Kg, kF=kis, k*
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=kys- The idea that carrier operation may involve
conformational transitions switching a binding site
from a left-exposed to a right-exposed state has exten-
sively been discussed in the literature [38, 42, 49, 601,
experimental evidence for the existence of confor-
mational states differing in the orientation of the
binding site has been obtained in the case of the
ATP/ADP exchange system in mitochondria [42].

Ion Pumps

The concept of channels with multiple confor-
mational states may also be applied to ion pumps.

An ion channel functions as a pump when the energy

profile of the channel is transiently modified in an
appropriate way by an energy-supplying reaction [38,
47, 607. Absorption of a light-quantum, transition to
another redox state, or phosphorylation of the chan-
nel protein may alter the binding constant of an ion-
binding site in the channel and, at the same time,
change the height of adjacent barriers. In this way an
ion may be preferentially released to one side of the
membrane, while during the transition back to the
original state of the channel another ion is taken up
from the opposite side.

As a specific example we consider the light-driven
proton pump in the purple membrane of halobacteria
[69]. A minimum model [47, 68] of the pumping
cycle is depicted in Fig. 9. It is assumed that in the
ground state (HP) of the pump a proton is located in
a binding site which is accessible from the left (cyto-
plasmic) phase but separated from the right (external)
phase by a high barrier. Absorption of a photon
creates an activated state HP* (via short-lived in-
termediates) is which the energy level of the binding
site is shifted upward (corresponding to a decrease of
binding strength). In the activated state the barrier
heights are changed in such a way that the proton is
released preferentially to the right (external) solution.
After dissociation of the proton, the channel mol-
ecule relaxes back to a conformation with a low
barrier on the left (cytoplasmic) side (P*— P). The
original state is restored by uptake of H* from the
cytoplasmic side (P— HP). The whole cycle is equiva-
lent to a net transfer of a proton from the cytoplasm
(phase’) to the external medium (phase”).

The rate constant p for transitions from the
ground state to the excited state depends on light
intensity J:

p=p,+yJ. 91)

p, is the rate constant of spontaneous transitions
HP—HP* in the dark, and 7 is the absorption cross
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Fig. 9. Channel mechanism for a light-driven proton pump. The
energy profile of the channel is transiently modified by absorption
of a photon. In the ground state HP the proton binding site is
exposed to the left-hand aqueous phase (phase’) and in excited
state HP* to the right-hand phase (phase”). During the decay of
the excited state back to the ground state (via P* and P) a proton
is released to phase” and another proton is taken up from phase’

section. If the pump starts to work at zero initial
voltage (V =y’ — " =0) and equal proton activities in
both aqueous phases (a'=a"), a difference in the
electrochemical potential iy of H* builds up, which
consists partly of a voltage V and partly of a pH
difference. With increasing 4/, the rated of the re-
verse processes (P¥*+H*" —HP* HP—-P+H™")
are enhanced so that eventually a limiting value of
Afy is reached at which the net rate of proton
transfer vanishes. In the absence of leakage pathways
this limiting value is given by [47]:

(4 B = — (RTln%JrFV)
pot+vd

_RTI .
. 477 exp(— hvkT)

©2)

(4 fy) ai/ F 18 the so-called proton-motive force of the
pump. As the photon energy hv is much higher than
the thermal energy kT, the term yJ exp{—hv/kT) in
the denominator can often be neglected. On the other
hand, it is seen from Eq. (92) that (4fig),,. can never
exceed the value Lhyv (L=R/k is Avogadro’s con-
stant).

The maximum turnover rate f of the pump may
be defined as the proton flux (referred to a single
pump molecule), observed under the condition a' =a”
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=q, V=0, Jooo. Using the rate constants as in-
dicated in Fig. 9, f is obtained as [47]:

f—[l +i+i+ k:’ (1+ ‘ )K+il
Clkx Tk Cak, Kk, \  K*|a K*k!

] 9y

K=k,/k, and K¥=k}/k* are the proton dissociation
constants in the ground state and cxcited state, re-
spectively.

It is interesting to note that the expression for
(A fy)max [Eq. (92)] does not contain the proton dis-
sociation constants K and K*. This means that a pK
difference between ground state and excited state is
not a necessary condition for a large proton-motive
force. The essential feature of the pumping mecha-
nism is a light-induced change of barrier structure
which switches the proton binding site from a left-
exposed to a right-exposed state. On the other hand,
as seen from Eq. (93), a low pH of the excited state
(K*3>a) and a high pK of the ground state (K <a) is
favorable for a high turnover rate of the pump. In
fact, the highest rate is achieved when the dark

reactions become virtually irreversible (ak}=0,
k,~0, k,~0):

1 1
=\—+—=+—) . 94
f (kj‘+k;’+aka> 94)
Conclusion

A unified description of ion carriers, channels, and
pumps seems possible based on the concept of chan-
nels with multiple conformational states. The notion
of a channel with variable energy profile is suggested
by recent work on the dynamics of proteins. With the
exception of mobile, translatory carriers of the vali-
nomycin type which represent a separate class of ion
translocators, most transport systems in biological
membranes seem to be built-in proteins. Transmem-
brane proteins may differ in their mode of operation
by the extent to which conformational changes are
involved in the tramslocation of the permeant. While
carriers and channels in the usual sense are limiting
cases of a multistate channel, many real transport
systems probably function by an intermediate mecha-
nism,
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