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To clarify the fundamental meaning of 
these observations, we should consider the 
directly observable transitions among U, M, 
and I. Records as in Fig. 1 show that this 

Steady- State Coupling of Ion- Channel channel gates according to the following 

Conformations to a Transmembrane Ion Gradient cyclic scheme, in which each state directly 
communicates with the other two: 

EDWIN A. RICHARD AND CHRISTOPHER MILLER I 
0 + 

M Z  U 
Under stationary conditions, opening and closing of single Torpedo electroplax 
chloride channels show that the number of transitions per unit time between The excess of M+I+U over U--+I--+M 
inactivated and conducting states are unequal in opposite dirckions. This asymmetry, transitions means that the forward and back- 
which increases with transmembrane electrochemical gradient for the chloride ion, ward rates of interconversions between the 
violates the principle of microscopic reversibility and thus demonstrates that the pairs of adjacent states UII and MII are 
channel-gating process is not at thermodynamic equilibrium. The results imply that unequal. This time asymmetry shows that 
the channel's conformational states are couvled to the transmembrane electrochemical detailed balance does not hold here and that 
gradient of the chloride ion. therefore the three conformational states are 

not at thermodynamic equilibrium. Instead, 

I ON CHANNELS ARE A UBIQUITOUS plays three short-lived conductance levels, they are maintained in a cyclic steady state 
class of integral membrane proteins that labeled U, M, and D, which represent states in which net "clockwise" movement occurs 
catalyze the passive diffusion of specific in which 2, 1, or 0 protochannels are open, around the state diagram. The mainte- 

ions across biological membranes by form- respectively. An "inactivated" state, labeled nance of any reaction in a steady state 
ing hydrophilic pores. Channels canexist in I, is also apparent as long-lived nonconduct- always requiies the input of external ener- 
nonconducting ("closed") and in ion-con- ing intervals (hundreds of milliseconds) sep- gy to keep the system away from equilibri- 
ducting ("open") conformations, whose in- arating bursts of rapid transitions between um (3). 
terconversions may be driven by ligand U, M, and D. This inactivated state is the In these single-channel experiments, the 
binding, covalent modification, or electric result of a conformational change that shuts individual conformational histories of sin- 
fields. It is usually assumed that the opening both protochannels simultaneously; bursts gle-channel molecules are observed directly. 
and closing of ion channels represent con- of channel activity occur when the channel Therefore, the fluxes around the cycle in 
formational equilibria that are separate and complex leaves this inactivated state (2). each direction, J+ and J-, could bk mea- 
distinct from the kinetic process of ions The traces in Fig. 1B show at a higher sured directly from the channel record as the 
diffusing through the open pore. This study time resolution the seven inactivated periods number of M--+I--+U--+M and U+I+ 
provides an example of an ion channel, the displayed in the top trace. These events M+U cycles per unit time. It can be readily 
CI- channel from the electric organ of the reveal a remarkable property of the transi- shown (3) on general thermodynamic 
electric ray Torpedo californica, whose individ- tions into and out of the I state: a high grounds that the "asymmetry ratio," defined 
ual transitions among conducting and non- degree of asymmetry. In six of these seven as the ratio of these unidirectional 
conducting states display a strong asymme- 
try in time at the single-channel level and 
hence are not at equilibrium. Under our 
experimental conditions, the only free ener- 
gy sources available for keeping the system 
away from equilibrium are transmembrane 
electrochemical gradients of aqueous sol- 
utes. 

The C1- channel of Tovpedo electroplax is 
unusual in that it operates by a "double- 
barreled shotgun" mechanism (1, 2). The 
channel complex is made up of two CI- 
diffusion pathways or "protochannels," 
which open and close independently of one 
another on the millisecond time scale. This 
behavior is apparent in the single-channel 
record shown in Fig. 1A; the channel dis- 

Fig. 1. Time asymmetry 
of a single Tovpedo elec- 
troplax C I  channel. (A) 
A single-channel record 
at a slow time scale, with 
the four states of the 
channel labeled (U, D, 
M, and I), and the seven 
inactivated intends 
numbered. (B) The 
same trace at an expand- 
ed time scale. Only the 
beginning and end of 
each inactivated state is 
shown, to d o w  identifi- 
cation of the states im- 
mediately preceding and 
following the inactivated 
intend. Single CI- 
channels were isolated 
by patch-recording from 

Howard Hughes Medical InstiUte, Graduate Depart. a planar bilayer (9)  containing Torpedo CI- channels (2) .  All solutions used contained 1 mM CaCI,, 0.1 
nlent of Biochemistry, Brandeis University, Wdtham, mM EDTA, 150 mM KCI, and 10 mM Mops (4-morpholine propanesulfonic acid), pH 7.4. Voltage 
MA 02254. was held at -80 mV on the "cis" side, to which the Tovpedo vesicles were added. 
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fluxes, is related to the externally delivered 
free energy, AG, coupled to the cycle of 
conformational change: 

J+IJ- 5 exp(- AGIRT) (1) 

where R is the gas constant and T is the 
absolute temperature. 

An understanding of this channel's non- 
equilibrium gating requires an attack on two 
separate issues, namely, (i) the source of free 
energy needed to maintain the cyclic steady 
state and (ii) the specific mechanism by 
which the channel's gating process is cou- 
pled to the free energy source. Plausible 
energy sources are few. All these experi- 
ments were carried out in a minimal recon- 
stituted system with planar lipid bilayer 
membranes used to separate solutions con- 
taining only buffered C 1  salts (4). No 
chemical sources of energy were available, 
such as a phosphorylation-dephosphoryla- 
tion cycle, as might operate in the intact cell. 
In fact, the only available thermodynamic 
driving forces in the system are the trans- 
membrane electrochemical gradients of the 
aqueous ions, CI- and K+.  Since this chan- 
nel allows C 1  to permeate specifically and 
since its operation is unaffected by the type 
of cation present (4), we postulate that the 
observed cyclic steady state is driven by the 
electrochemical potential difference for C1- 
across the membrane, that is, that the con- 
formational changes among I, U, and M are 
in some way coupled to the downhill move- 
ment of C I  through the channel. 

We tested this hypothesis by measuring 
the channel's time asymmetry at varying 
electrochemical gradients for CI-. Channel 
records were collected at varying transmem- 
brane voltages, in the presence or absence of 
transmembrane C I  concentration gradi- 
ents. The relation between the asymmetry 
ratio and electrochemical potential in sym- 
metrical 250 mA4 C I  solutions is shown in 
Fig. 2A. The observed asymmetry increases 
with CI- electrochemical potential gradient, 
which in this case is wholly determined by 
transmembrane voltage. At a low voltage 
(-20 mV) the observed ratio is not signifi- 
cantly different from unity, and thus the 
system is near equilibrium. As voltage is 
increased beyond -40 mV, an increasingly 
strong asymmetry around the conforma- 
tional cycle is observed. In Fig. 2, the 
dashed lines represent the asymmetry ex- 
pected for "perfect coupling," in which the 
transmembrane movement of a single CI- 
occurs obligatorily with each complete turn 
around the cycle. 

In a similar experiment (Fig. 2B) a large 
C1- concentration gradient was used across 
the membrane (250 M/5mn/l) .  These con- 
ditions allowed the recording of channels at 
zero voltage, where a small but significant 

Fig. 2. Dependence of the asymmetry ratio on  
C I  electrochemical gradient. Positive cycles were 
defined as U+M+I+U, negative cycles as U+ 
I+M+U. (A) Symmetrical 250 mM KC1 solu- 
tions, buffered with 10 mM of either Bicine- 
HCI [N,N-bis(2-hydroxyethy1)glycine-HCI] or  
Hepes-KOH [4-(2-hydroxyethy1)-1-piperazine- 
ethanesulfonic acid-KOH], in the p H  range 7.4 
to  8.5. (B) Asymmetrical CI- solutions. The "cis" 
side contained 250 mM KCI, and the "trans" side 
contained 5 mM KC1 + 245 mM potassium ace- 
tate; both solutions contained 1 0  mM Bicine, p H  
8.5. Dashed lines represent theoretical maximum 
asymmetry ratios, with one CI- moving per cycle. 
Error bars on  the abscissa represent the 95% 
confidence limits under the hypothesis that the 
gating is at equilibrium, according to  the binomi- 
al sign test. Each point represents a set of four to  
seven experiments, containing 2 3  to 130 cycles. 

asymmetry was observed. However, in con- 
trast to the symmetrical C 1  case, the asym- 
metry ratio fell far below that expected for 
perfect stoichiometric coupling between 
C1- movement and cyclic gating. 

How are the movements of CI- through 
the channel coupled to the channel's confor- 
mational changes? For heuristic purposes, 
let us consider a channel with only a single 
pore. We imagine that this pore has two 
"gates" flailking a C1- binding site located in 
the diffusion pathway (Fig. 3A). For sim- 
plicity, we postulate that both gates can 
close simultaneously only when C 1  is 
bound (5). Moreover, we consider the case 

Fig. 3. Models for time- 
asylnn~etric cyclic gating. 
(A) A single-pore model ca- 
pable of exhibiting cyclic 
gating that violates detailed 
balance. Two "gates" flank a 
C I  binding site within the 
conduction pore. When the 
"upper" gate is open, the 
site rapidly equilibrates with 
the upper solution contain- 
ing CI- (state 1) .  When the 
"lower" gate is open, the site 
rapidly equilibrates with the 
lower solution laclung CI- 
(state 3). By assumption, 
both gates can be closed 
only when CI- is in the 
binding site (state 2) .  When 
both gates are simultaneous- 
ly open (state 4) ,  the chan- 
nel conducts C I  across the 
membrane. (B) A "double- 
barreled" extension of the 

of a large transmembrane C1- gradient, in 
which the "lower" solution is CI- free. 
Under these conditions, transitions between 
states 1 and 2, 1 and 4, and 3 and 4 will be 
freely reversible. However, transitions from 
state 2 to state 3 will be effectively one way. 
The C1- trapped in state 2 will rapidly 
dissociate off the site as soon as the lower 
gate opens (state 3). Since the lower solu- 
tion is C 1  free, the back-transition to state 2 
cannot occur. Thus, with this extreme con- 
centration gradient for C1-, the model cycles 
in a clockwise sense, with a single C I  being 

single-pore model to repre- 
sent the Torpedo CI- chan- 
nel. For simplicity, binding 
of CI- and symmetrical gate - 
positions are not shown. 

gate positions are labeled to 
glustGate the states and tram L I I 
sitions observed during sin- 
gle-channel recording. Note 
that the upper gate (pointed bar), which represents the "inactivation" process, closes off both pores 
simultaneously. 
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obligatorily moved from high to low chemi- 
cal potential with each turn of the conforma- 
tional cycle. Indeed, this model shows a 
strong resemblance to a conventional solute 
transport system, such as the glucose carrier, 
in the presence of a large gradient for the 
transported solute, if it were possible to 
distinguish the various conformational 
states of single transporter molecules. Of 
course, with a single-pore channel operating 
in this way, we would not actually be able to 
observe a time-asymmetric single-channel 
record; it is the channel "substates" arising 
from the double-barreled nature of the CIp 
channel that reveal the time asymmetry. 

Although useful in rationalizing our re- 
sults qualitatively, this simple picture is un- 
realistic. The model does not predict the 
vastly different asymmetry ratios observed 
with different C I  concentrations (Fig. 2). 
We have elaborated the basic model in sever- 
al ways to introduce more realism. First, we 
have considered a double-barreled model 
(Fig. 3B), in which the two protochannels 
always inactivate together, as in the C1- 
channel. Second, we have relaxed the con- 
straint that the "upper" and "lower" gates 
can simultaneously close only when C 1  is 
bound. With these two twists on the simple 
model, Monte Carlo simulations show that 
the asymmetry depends on the many rate 
constants in the model, and that efficiency of 
coupling between CI- movement and gat- 
ing asymmetry varies with the absolute con- 
centration of C1-. We are currently investi- 
gating whether these more complex models 
can be used to understand quantitatively the 
variations in coupling efficiency we have 
observed under different C1- gradient con- 
ditions. 

The Tovpedo CI- channel provides an op- 
portunity to explore nonequilibrium chan- 
nel gating driven by electrochemical gradi- 
ents. Previous investigations on nonequilib- 
rium gating, based on current flow through 
open channels, are either wholly theoretical 
(6 )  or have been described only anecdotally 
(7). The CI- channel studied here provides a 
crisp example of a gating process with a 
clear, manipulable dependence on electro- 
chemical potential of the permeating ion. It 
is worth noting that a well-documented 
and puzzling property of a different channel, 
the inward rectifier K+ channel of excitable 
membranes, is the ability of its gating ma- 
chinery to "follow" the electrochemical gra- 
dient for K', opening only when net 
K+ movement is inward ( 8 ) .  The mecha- 
nism presented here, which provides a con- 
crete example of the coupling of ion-channel 
gating to the transmembrane gradient of 
the conducting ion, may therefore have a 
wider relevance than to the C1- channel 
alone. 
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Conserved Residues Make Similar Contacts in Two 
Repressor-Operator Complexes 

Comparison of a A repressor-operator complex and a 434 repressor-operator complex 
reveals that three conserved residues in the helix-turn-helix (HTH) region make 
similar contacts in each of the crystallographically determined structures. These 
conserved residues and their interactions with phosphodiester oxygens help establish a 
frame of reference within which other HTH residues make contacts that are critical for 
site-specific recognition. Such "positioning contactsy' may be important conserved 
features within families of HTH proteins. In contrast, the structural comparisons 
appear to rule out any simple "recognition code" at the level of detailed side chain-base 
pair interactions. 

T HE A AND 434 REPRESSORS, WHICH main of 434 repressor (69 residues), and 
are produced by related Eschevichia 434 repressor lacks an NH2-terminal arm or 
coli phages ( I ) ,  recognize very dis- any region that corresponds to helix 5 of A 

tinct operator sites, but both use the HTH repressor. 
unit for recognition (2-4). Alignment of the Comparing the HTH units from the two 
amino acid sequences reveals significant sim- cocrystal complexes (residues 33 to 52 of A 
ilarities (S), and there also are clear strucmr- repressor and residues 17  to 36 of 434 
a1 similarities between the proteins: Helices rehressor) shows that these regions are ex- 
1 to 4 of A repressor correspond to helices 1 tremely similar (Fig. 2). The a-carbons of 
to 4 of 434 repressor (4). In each case, these units can be superimposed with root- 
helices 2 and 3 form the conserved HTH mean-sauare irms) deviations of 0.48 to 

\ 3 

unit that participates in operator recogni- 0.59 A i6) depending on which subunits are 
tion and 7 of the 20 residues in the HTH used. These values are similar to the devi- 
unit are identical (Fig. l). The NH2-termi- ations observed when comparing the two 
nal domain of h repressor (92 residues) is 
somewhat larger than the NH2-terminal do- 
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halves of the same repressor (0.31 A rms for 
A and 0.59 A for 434). In this region, the 
polypeptide backbones of the two proteins 
are essentially indistinguishable, consistent 
with previous observations that the H T H  
units of the A Cro protein, the E. coli CAP 
protein, and the A repressor are almost 
identical (7, 8). 

Although the structures of the A and 434 
repressors are similar in the HTH regions, 
there are significant differences if one com- 
pares the other helices or compares the 
relative orientation of the protein dimers. 

*Present address: College of Physicians and Surgeons, When superimposing of the 
Columbia University, New York, NY 10032. two repressors, it seems most appropriate to 
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