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nel, we studied the effect of protons on  
ionic conduction. Our findings lead us to  

u 

conclude that the P-region Glu residues are 
arranged so as to give rise to two identical 
proton-binding sites within the pore. 

Experiments were done on  the cloned 
C N G  channel from catfish olfactory epithe- 
lium, expressed in Xenopus oocytes (7). A 
single channel recorded in 130 mM NaCl 
solution (DH 7.6, a t  -80 mV) is shown in 

TWO Identical Noninteracting Sites in an Ion Fig. IA.  he open channel showed multiple 

Channel Revealed by Proton Transfer 
poorly resolved levels of conductance; a t  
least three are apparent in the amplitude 
histogram (Fig. 1B). A similar measurement 

Michael J. Root and Roderick MacKinnon made in solutions ~ r e ~ a r e d  with 'H,O 

The functional consequences of single proton transfers occurring in the pore of a cyclic 
nucleotide-gated channel were observed with patch recording techniques. These results 
led to three conclusions about the chemical nature of ion binding sites in the conduction 
pathway: The channel contains two identical titratable sites, even though there are more 
than two (probably four) identical subunits; the sites are formed by glutamate residues that 
have a pKa (where Ka is the acid constant) of 7.6; and protonation of one site does not 
perturb the pK, of the other. These properties point to an unusual arrangement of carboxyl 
side-chain residues in the pore of a cation channel. 

O n e  of the major goals of mechanistic ion 
channel studies is to understand the nature of 
ion coordination sites in the Dore that allow 
selective ion permeation. Recent progress has 
been made in the identification of amino 
acids that are responsible for ion binding in 
cyclic nucleotide-gated (CNG) channels and 
in voltage-dependent Ca2+ channels. CNG 
channels and voltage-dependent Ca2+ chan- 
nels are only distantly related in their primary 
sequences, but their ion conduction proper- 
ties are very similar. Most notably, both chan- 
nel types contain high-affinity, divalent cat- 
ion-binding sites that are important for chan- 
nel function under physiological conditions 
(1.2).  In the case of Ca2+ channels. divalent ~, , 

cation-binding sites allow the channel to 
exclude monovalent cations and conduct 
only Ca2+. In C N G  channels, which are re- 
s~onsible for the initial electrical signals un- - 
derlying visual and sensory transduction, 
binding of Mg2+ or Ca2+ in the pore reduces 
the effectivesingle-channel conductance. In 
photoreceptor cells, a small single-channel 
conductance ensures a smoothly graded elec- 
trical response to varying light intensity (2). 
In addition, the ability of Ca2+ to pass 
through CNG channels may also play a role 
in visual and olfactory sensory transduction 
(2, 3). 

A similar amino acid com~osi t ion in the 
pore-forming region (P-region) underlies 
the shared open-channel properties of 
C N G  channels and CaZ+ channels (4). In 
both, divalent cation binding is mediated 
by a set of P-region Glu residues. Four Glu 

Department of Neurob~ology and the Biophysics Pro- 
gram, Harvard Medical School, Boston, MA 021 15, USA. 

residues, one from each of the homologous 
domains of Ca2+ channels, apparently form 
a cluster of carboxyl groups that is capable 
of binding at least one (perhaps two) diva- 
lent cations (5). In a n  analogous fashion, a 
Glu residue is provided by each of the iden- 
tical subunits of a C N G  channel to form a 
divalent cation-binding site in that chan- 
nel (6). T o  further probe the chemical 
groups w i t h n  the pore of the C N G  chan- 

. . 
(deuterium oxide) is shown in Fig. 1C. 
Transitions between conductance levels oc- 
cur at  a slower rate as a result of a kinetic 
isotope effect (8). Under this condition, the 
amplitude histogram showed three distinct 
peaks defining the high, middle, and low 
conductance states (Fig. ID). All further 
experiments were carried out in solutions 
prepared with 'H,O to allow a detailed 
study of these three states. 

A closer look at  the current record re- 

Fig. 1. Fluctuat~ons of cur- A 
rent through slngle olfac- 0 ,A 

veals a precise connectivity among the 
three states. T h e  expanded trace in  Fig. 1E 
shows that most transitions connecting the 
high and low states pause for a measurable 
time at the middle state. The  sequential 
connectivity is also reflected in the tran- 
sient-mean analysis (Fig. IF). Transitions 
appear as trajectories connecting the cur- 
rent levels (9). The  double-arched appear- 
ance of the plot reflects a high density of 
trajectories connecting the middle state 

tory CNG channels (27). -2,00 
(A and C) Currents were -3,95 S 
measured at a membrane 0.01 0 

potential of -80 mV with -6.40 PA ..... 

130 mM NaCl on both 2 5 s  8 
-8 -6 -A -2 0 - -  

sides of the membrane Current (PA) 
(22). Solutions were pre- c 
pared with H,O (A) and 
2H,0 (C) titrated to a pH of 
7.6.,The closed-state cur- O PA 
rent is designated by the 0 1;:;; $ 
pA line. (B and D) Open- -4.69 
state amplitude histo- 
grams of tHe channels in 
(A) and (C), respectively. Current (PA) 

The bin width is 0.049 pA E 
(twice the resolution of the 
analog-digital converter), 
and the bins were normal- 
ized by the total number of 
measured points [39196 
for (B) and 33792 for (D)]. 
(E) Part of the trace in (C) -6 -4 -2 0 
has been expanded to re- </> (PA) 

veal the transitions between extreme conductance states. (F) For a three-point window moving along the 
trace in (C), the absolute value of the time derivative is plotted as a function of the mean current. 
Transitions between current levels in the time trace become parabolic trajectories in this transient-mean 
analysis (9). 
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with both the low and high states. The very 
low density of points connecting the two 
extreme states indicates that these transi- 
tions occur infrequently. Occasional direct 
transitions between the extremes can be 
accounted for by the limited time resolution 
of the recordings. We therefore conclude 
that transitions occur only between adja- 
cent states. 

The kinetic isotope effect and sequential 
connectivity imply that we are looking at 
the protonation of two separate sites on the 
channel. We therefore studied the effect of 
pH on single-channel behavior (10). At pH 
9.0, the channel is most likely to be in the 
high conductance state, whereas at pH 6.0, 
the channel is almost exclusively in the low 
conductance state (Fig. 2A). The amplitude 
histograms show a gradual shift in equilib- 
rium as pH is changed. On the basis of these 
results, we postulate the following sequen- 
tial reaction scheme: 

where Ch, Ch  . ( lHt) ,  and Ch  . ( lH+),  
represent the high, middle, and low con- 
ductance states, respectively. To quantify 
the equilibrium among the three states, nor- 

malized amplitude histograms were fit with 
a sum of three Gaussian functions (Fig. 2B). 
The equilibrium probability of a state cor- 
responds to the relative area under its curve. 
The pH dependences of these relative areas 
(Fig. 2C) correspond to the simplest imag- 
inable case of scheme 1: The two vrotonat- 
able sites are equivalent and independent of 
one another. Eauivalence im~lies that the 
two sites have the same pK, and that pro- 
tonation of either site has the same effect 
on ion conduction. Independence means 
that titration of one site is not influenced 
by the protonation state of the other. The 
probability that one of these sites is proto- 
nated is given by 

and the equilibrium probability of each 
conductance state is binomially distributed 
as follows: 

P[Ch] = (1 - p)l ( 3 )  

P[Ch. ('H+)I = 2p(l - p) (4)  

This set of equations has a single adjustable 

parameter, K,. The least-squares fit (Fig. 
2C) yields a pK, of 7.6. 

This simple model makes three strong 
predictions about the kinetics of protona- 
tion and deprotonation as summarized by 
the following scheme: 

where a and p are the rate constants for 
protonation and deprotonation of a single 
site. These three predictions are: (i) The 
exit rate from the high and middle conduc- 
tance states should depend linearly on 'H+ 
concentration, whereas exit from the low 
state should be independent. (ii) The exit 
rate from the high conductance state should 
have twice the 'H+ concentration depen- 
dence of the exit rate from the middle state. 
(iii) At low 'H+ concentrations, the exit 
rate from the middle conductance state 
should approach half the exit rate from the 
low conductance state. 

To test these kinetic predictions, dwell 
times of each conductance state were mea- 
sured at different 'H+ concentrations, and 

Fig. 2. The effect of pH on the -0 03 
conductance levels (A) S~ngle- A 
channel currents were measured pH90  
at a membrane potent~al of -80 
mV In 'H,O solut~ons t~trated to 
the ~nd~cated pH The dotted lhne 
~dent~f~es the closed-state current 
level The correspond~ng open- 

pH 8.5 state ampl~tude h~stograms were 
constructed from many such 
sweeps and normallzed by the to- 
tal number of collected mnts fB) ~, 
An open-state amplitude histo- 
gram (pH 7.6) was fit by eye to the 
sum of three Gaussian functions 
(thick line). The area between 
conductance states that falls 
above the solid line arises from 
sampling transition points and ac- 
counts for less than 5% of the to- 
tal area of the histogram. (C) The 
relative areas of the Gaussian 
functions for the low (triangles), 
middle (diamonds), and high (cir- 
cles~conductance states are plot- 
ted against pH. The points and 
error bars represent the mean 2 
SEM (or range of mean) of two to 
seven separate experiments. The 
solid lines through the data repre- 
sent fits to a model of two equiv- 
alent and independent sites (Eqs. 
2 through 5 in text) with a pK, 
value of 7.58. 

20 rns -6 -5 -4 -3 -2 -1 0 
PA 
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the resulting distributions were well approx- 
imated by single exponential functions (Fig. 
3, A and B). The reciprocal time constant, 
or exit rate, was plotted as a function of 
'H+ concentration for each state (Fig. 3, C 
through E). The exit rates from the high 
and middle states are nearlv linearlv deven- , A 

dent on 'Hf concentration and, as predict- 
ed, the slopes differ by a factor of about 2. In 
Fig. 3D, the y intercept (P) has a value of 
0.6 ms-', which is roughly half the value of 
the rate of exit from the low conductance 
state. 

In two respects, scheme 6 fails to accu- 
rately account for the data. First, the exit 
rate from the low conductance state is af- 
fected by the 'H+ concentration (Fig. 3E). 
Second, a linear fit to the exit rates from 
the high state would not have a zero inter- 
cept (Fig. 3C). However, these deviations 
can be understood if we consider the trans- 
fer of 'H+ between the buffer molecule 
Hepes and the sites on the channel (1 1). 
Exit rates from the high conductance state 
are plotted as a function of total Hepes 
concentration at fixed pH values of 8.0, 7.6, 
and 7.0 (Fig. 4A). As Hepes concentration 
is raised, the exit rate increases, an effect 
that is more pronounced at low pH. This 
behavior is expected if the acid form of 
H e ~ e s  can donate a 'H+ to the site. In that 
case, the overall single-site protonation rate 
would be given by 

where a is the second-order on-rate con- 
stant for free 'H+. a' is the transfer rate 
constant from Hepes, and O is the fraction 
of protonated Hepes [equal to [2H+]/([ZH+] 
+ K,,), where KaB is the acid constant of 
the buffer ( 12)l. The analogous ex~ression . . -  - 
for the rate of deprotonation from the low 
state would be given by 

where p is the intrinsic off-rate constant (to 
'H'O) and P' is the off-rate constant for 
transfer to the basic form of a Hepes mole- 
cule. In agreement with Eq. 8, the exit rate 
from the low conductance state increases 
with increasing Hepes concentration, and 
the dependence is greater at high pH (Fig. 
4B). The rate constants are estimated to be 
a = 6.4 X lo9 M-I sec-I, a' = 5.8 x lo4 
M-' sec-l, p = 473 sec-', and P'  = 7.1 x 
lo4 M-' sec-' (1  3). The curves in Fig. 3, C 
through E, were generated by substituting 
Eqs. 7 and 8 for a['Hf] and p in scheme 6. 
The deviations in Fig. 3, C through E from 
the predictions of the simple model can 
therefore be explained on the basis of 'H+ 
transfer between the sites and the buffer 
molecule. 

In all experiments in this study, pH was 
adjusted on both sides of the membrane 
simultaneously. However, the degree of pro- 

tonation is governed by the extracellular, 
not the intracellular, pH. This result led us 
to focus on externally located residues as 
candidates for forming the titratable sites. 
The P-region Glu residues are known to 
form a divalent cation-binding site near 
the extracellular side (6). The same residues 
also account for the conductance states in- 
duced by protonation (Fig. 5). When 
G ~ u ~ ~ ~  is replaced with Gly, the channel no 
longer exhibits pH-dependent subconduc- 
tance levels (Fig. 5A). Interestingly, the 
current-voltage (i-V) relation of the mutant 
channel is curved like that of the low con- 
ductance state in the wild-type channel 
(Fig. 5B). Therefore, neutralization by ei- 

ther mutagenesis or protonation seems to 
have the same effect on ion conduction 
through the channel. 

When the Glu residue is replaced with 
an Asp, the channel shows pH-dependent 
fluctuations as reflected in the open chan- 
nel noise (Fig. 5, C and D). However, the 
titration occurs over a significantly lower 
pH range. As a result of the reduced 'Hf 
affinity, discrete conductance levels are not 
completely resolved. 

In this study, we demonstrated three un- 
expected properties of proton interaction 
with the pore of the channel. First, two 
equivalent protonatable sites were ob- 
served, even though the channel is com- 

0 2 4 6 8 1'0 12 
Dwell time (ms) 

D E 

Fig. 3. Kinetic analysis of the transitions between current levels. (A) For a single-channel current trace 
(-80 mV, filtered at 2 kHz) in "H,O solutions at a pH of 7.6, the dwell times in the high conductance state 
are marked. Transitions between the three conductance states were determined with a manual 50% 
threshold criterion and cutoff times of 0.28 msec for 2-kHz data and 0.56 msec for 1 -kHz data (1 6 5  times 
the filter rise time) (23). (B) The dwell time histogram of the high conductance state for the recording in (A) 
is shown. The solid line is a single exponential probability density function with a time constant equal to 
the arithmetic mean of the dwell times minus the cutoff time (0.28 msec). (C through E) The reciprocal of 
these calculated time constants (mean i SEM for three to six experiments) are plotted against W +  
concentration for the high (C), middle (D), and low (E) conductance states. The solid curves repregent an 
independent-equivalent two-site model that includes buffer participation in the 'H+ transfer (Eqs. 7 and 
8 in text). 

Fig. 4. The effect of buff- High Low 
er concentration on the 
rates of "+ transfer. 2.0 

A& 8.0 

The exit rates from the 
high (A) and low (B) con- 
ductance states are plot- 
ted against Hepes con- 
centration for three pH 
values: 8.0 (triangles), 
7.6 (diamonds). and 7.0 
(circies). The solid lines 

I , , , , , , , , , , ,  
0 5 10 0 5 10 

are linear regressions. Hepes concentration (mM) 
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posed of more than two (probably four) 
identical subunits. Second. each of the two 
sites formed by Glu carboxyl groups had an 
anomalous pK, of 7.6. Third, protonation of 
one site was unaffected by the protonated 
state of the other. In summary, the equilib- 
rium and kinetic description of protons in- 
teracting with the channel predict the pres- 
ence of two identical and independent sites 
in the pore. 

A free glutamic acid side-chain carboxyl 
has a pK, of 4.3, but the sites in the channel 
titrate with a pK, of 7.6. In proteins, Glu 
and Asp carboxyl groups have been found 
with a pK, as high as 8.0 (14). In fact, the 
physical picture of several carboxyl groups 
in a confined Dore ~rovides a straightfor- 

A - 
ward explanation for strong pKa pertuba- 
tion: Through superposition of electric 
fields, a charged residue will perturb the pKa 
of a nearby residue. But this explanation 
does not adequately account for the pKa of 
sites in the CNG channel because of their 
inde~endent behavior-the two sites do 
not experience each other's electric field. 
This independence is highly unexpected 
and implies that a more subtle mechanism, 
perhaps one related to the precise arrange- 
ment of carboxyl side chains in the pore, 
must contribute to the anomalous pK,. 

Independent titration of two sites is dif- 
ficult to explain in terms of the standard 
view of electrostatic interactions in the 

pore of an ion channel. In a confined pore, 
our intuition tells us that electrostatic forc- 
es should be strong. How then can two sites 
be independent? The difficulty here is best 
demonstrated through a simple calculation. 
From the analysis of Fig. 2, we would be 
able to detect a perturbation of one site by 
the other as small as 0.2 pH units. Using 
Coulomb's law and assuming an isotropic 
dielectric environme~t of 80, 0.2 pH units 
would require a 15 A separation between 
the sites. If the effective dielectric constant 
is lower, then the sites would have to be 
even further apart. But studies on the inter- 
action of the Glu residues with permeant 
blockers Ca2+ and Mg2+ place the carboxyl 
groups along the ion conduction pathway 
and therefore in close proximity. 

The absence of interactions between the 
two sites, so strongly supported by the data, 
can be explained if the sites are nearly 
always associated with a counterion. If at 
any moment there is either an alkali metal 
cation or a proton bound, then the sites will 
be relatively insulated from each other. A 
similar concept underlies single-vacancy 
and ion exchange conduction mechanisms 
(15). A Na+ ion would only be loosely 
associated with a site as the ion diffuses 
rapidly through the pore, but a proton 
would dwell for a longer period of time and 
be detectable on the single-channel record 
as a change in the Na+ conduction rate. 

How can one account for the Dresence of 

Fig. 5. Mutations of G I u ~ ~ ~  
A E333G 

B 
affect the pH dependence of - 5 p A  

only two protonatable sites? If the channel 
has four identical subunits surrounding a 

the channel. The sequence PH 7.6 

" 

central pore, then the four Glu side chains 
must be arranged in a precise way to form 
only two sites. Breakdown of the anticipat- 
ed fourfold symmetry could come about in 
several different ways. For example, two 
Glu side chains might point into the pore 
whereas the other two point away. A sec- 
ond possibility is that four Glu residues 
could form two carboxvl-carboxvlate  airs 

0 
0 v 

(16). A carboxyl-carboxylate consists of 
two carboxylate groups sharing a single pro- 
ton. The unit carries a charge of minus one. 
Carboxyl-carboxylates occur in proteins, 
generally at subunit interfaces or where dis- 
tant segments of a polypeptide chain come 
in contact (17, 18). Although pH titration 
data for carboxyl-carboxylates is limited, 
they can have an anomalously high pKa 
(16, 17, 19). Because the formation of a 
carboxvl-carboxvlate should be sensitive to 

of the P-region in the olfac- 
tory channel is Tyr-Trp-Ser- 
Thr-Leu-Thr-Leu-Thr-Thr- 
Ile-Gly-m-Met-Pro ( G I u ~ ~ ~  pH 5,5 
is underlined). (A) Currents - 40 80 mV 
of the mutant channel G I u ~ ~ ~  
+ Gly333 (E333G) at -80 
mV in 2 H 2 0  solutions at the o 
indicated pH (24). The dot- o - -5 
ted line represents the 
closed state of the channel. C E333D D 
The scale bar in (C) also re- 
fers to the current traces in 7.6 

6 7  2.0 
(A). (B) Current-voltage rela- 
tion of the, three conduc- 
tance channel states (open of symbols) the wild-type and i 5 1.0 1.5K/ 0.18 5 .E u 
the one level of the E333G o) 

mutant channel (filled dia- 
P 

% 0.5 
'7 

0.16 g 
monds) in 2 H 2 0  solutions 9 
(130 mM NaCI, pH 7.6). 

8 
"L ' 6 7 8 9 1 0  

W 

Lines are second-order re- m 
gressions (of no theoretical 30 ms PH 

significance). For the wild-type channel, current amplitudes were determined by identifying the peaks of 
the amplitude histograms at each voltage for a single patch. For the mutant channel, the current 
amplitude was taken as the average of many direct current measurements from a single patch. (C) 
Currents of the mutant channel G I u ~ ~ ~  (E333D) at -80 mV in 'H20 solutions. (0) Open-channel 
current variance (at -80 mV) for the wild-type (circles) and E333D mutant (squares) channels plotted 
against pH. Variance was calculated by subtracting the mean-squared deviation of the closed-channel 
current from that of the open-channel current. Data points and error bars represent the mean 2 SEM of 
10 to 12 measurements from one patch. For the experiments carried out at pH 5.5, MES was substituted 
for Hepes. 

side-chain leng;h, this possibility would 
naturallv account for the verv different ti- 
tration behavior of the wild-iype and Asp 
mutant channels. 

As a working model, we propose that the 
CNG channel has two identical, diagonally 
opposed sites in its pore. This twofold sym- 
metric arrangement provides a structural 
basis for the functional eauivalence of the 
sites. We further propose that these sites are 
located near the extracellular entrvwav. as , , ,  
they are affected by extracellular protons. 
These sites can be occu~ied bv metal cat- 
ions or protons. When they are protonated, 
or removed through mutagenesis, Na+ ions 
still permeate, albeit at a slower rate. The 
i-V relations shown in Fig. 5B are consis- 
tent with this picture. Removal of Na+ 
binding sites near the extracellular entry- 
way induces an upward curvature accounted 
for by a reduced Na+ entry rate from the 
extracellular solution. 

Discrete proton-mediated conductance 
levels, with properties similar to those 
described here, also occur in CaZ+ chan- 
nels conducting monovalent cations (20). 
The CaZ+ channel displays only a single 
~roton-induced subconductance level, 
rather than two, which indicates the pres- 
ence of only a single protonatable site. 
This difference may be related to the fact 
that CaZ+ channels contain nonidentical 
domains. A conformational change has u 

been proposed to account for the reduced 
conductance in the ~rotonated CaZ+ 
channel, because the rates'deviate from a 
simple bimolecular scheme. However, we 
show here that the deviations can be 
accounted for by proton transfer from a 
buffer molecule. In both channels, the 
mechanism underlying the subconduc- 
tance levels is undoubtedly the same. We 
predict that Glu residues in CaZ+ chan- 
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nels, in a ,manner analogous to  those in 
CNG channels, will be responsible for 
their proton sensitivity. 
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RPS2 of Arabidopsis thaliana: A Leucine-Rich 
Repeat Class of Plant Disease Resistance Genes 

Andrew F. Bent,* Barbara N. Kunkel,t Douglas Dahlbeck, 
Kit L. Brown,$ Renate Schmidt, Jerome Giraudat, Jeffrey Leung, 

Brian J. StaskawiczS 

Plant disease resistance genes function in highly specific pathogen recognition pathways. 
RPS2 is a resistance gene of Arabidopsis thaliana that confers resistance against Pseudo- 
monas syringae bacteria that express avirulence gene avrRpt2. RPS2 was isolated by the 
use of a p~sitional cloning strategy. The derived amino acid sequence of RPS2 contains 
leucine-rich repeat, membrane-spanning, leucine zipper, and P loop domains. The func- 
tion of the RPS2 gene product in defense signal transduction is postulated to involve 
nucleotide triphosphate binding and protein-protein interactions and may also involve the 
reception of an elicitor produced by the avirulent pathogen. 

Disease resistance genes control recogni- 
tion of invading pathogens and subsequent 
activation of defense resDonses (1. 2).  Indi- ~, , 

vidual resistance genes are highly specific in 
function, being effective only against par- 
ticular strains of a viral, bacterial, fungal, 
or nematode pathogen. For more than 80 
years, crop breeding programs have used 
disease resistance genes because of their 
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effectiveness in  reve en tine disease and " 
their ease of handling as single Mendelian 
loci. However, the molecular basis for 
resistance gene function is only starting to 
be elucidated. 

Many plant pathogens produce specific 
elicitor compounds that are recognized by 
resistant plants, thereby triggering active 
defense responses that curtail   at hog en 
growth (1-3). The pathogen genes that 
control production of these elicitors are 
known as avirulence genes, and the activity 
of a plant resistance gene is dependent on 
the presence of the specific, corresponding 
avirulence gene in the pathogen. Defense 
responses observed in infected tissue in- . . . . 
clude production ot antimicrobial com- 
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as the hypersensitive response (4). The  
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SCIENCE VOL. 265 23 SEPTEMBER 1994 




