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Molecular Determinants of State-Dependent 
Block of Na+ Channels by Local Anesthetics 

David S. Ragsdale, Jancy C. McPhee, Todd Scheuer, 
William A. Catterall 

Sodium ion (Na+) channels, which initiate the action potential in electrically excitable 
cells, are the molecular targets of local anesthetic drugs. Site-directed mutations in 
transmembrane segment S6 of domain IV of the Na+ channel a subunit from rat brain 
selectively modified drug binding to resting or to open and inactivated channels when 
expressed in Xenopus oocytes. Mutation F1764A, near the middle of this segment, 
decreased the affinity of open and inactivated channels to1 percent of the wild-type value, 
resulting in almost complete abolition of both the use-dependence and voltage-depen- 
dence of drug block, whereas mutation N1769A increased the affinity of the resting 
channel 15-fold. Mutation 11 760A created an access pathway for drug molecules to reach 
the receptor site from the extracellular side. The results define the location of the local 
anesthetic receptor site in the pore of the Na+ channel and identify molecular determi- 
nants of the state-dependent binding of local anesthetics. 

Voltage-gated Na+ channels are integral 
membrane proteins that are responsible for 
the initial, rapid depolarization of the ac- 
tion potential in nerve and muscle cells. A t  
negative membrane potentials, most Nat  
channels are in closed, resting states. In 
response to membrane depolarization, the 
channels open in a few hundred microsec- 
onds, resulting in Na+ influx through a 
Na+-selective pore, and then convert to a 
nonconducting inactivated state. The rat 
brain Na+ channel consists of a (260 kD), 
p l  (36 kD), and P2 (33 kD) subunits (1). 
The a subunit is composed of four homol- 
ogous domains (I through IV), each with six 
a-helical transmembrane segments (S1 
through S6) (2, 3). The a subunit forms 
functional channels when expressed in 
mammalian cells (4, 5) or Xenopus oocytes 
(6) ,  although coexpression of P l  is required 
for normal kinetic properties in oocytes (7). 

Local anesthetics block Na+ channels 
with complex voltage- and frequency-de- 
pendent properties that are important for 
the clinical efficacy of the drugs and that 
indicate that drug binding is modulated by 
channel state (8-11). The state-depen- 
dence of block can be explained by an  
allosteric model in which a modulated drug 
receptor has a higher affinity when chan- 
nels are open or inactivated than when the 
channels are resting (8-10). Biophysical 
evidence is consistent with the hypothesis 
that this receptor site is on the a subunit in 

Depariment of Pharmacology, Un~versity of Washington, 
Seattle, WA 981 95, USA. 

the ion-conducting pore and accessible 
from the cytoplasmic side of the channel (9, 
12-1 5). Determination of the amino acids 
that form the local anesthetic receptor site 
is important for understanding the complex 
action of these drugs. The S6 segment in 
domain IV (segment IVS6) of Ca2+ chan- 
nels and the S6 segment of K+ channels 
have been implicated in the binding of pore 
blockers (1 6). We  used site-directed mu- 
tagenesis to examine the function of seg- 
ment IVS6 of the a subunit of the Na+ 
channel in local anesthetic action. Muta- 
tions in IVS6 altered the sensitivity of Na+ 
channels to local anesthetics, indicating 
that amino acids in this region are determi- 
nants of the action of these drugs. 

Rat brain type IIA Nat  channels (3) 
expressed in Xenopus oocytes (wild type) 
(17, 18) were blocked -40% by 200 FM 
etidocaine, a tertiary amine local anesthet- 
ic, when the oocytes were stimulated infre- 
quently (1 pulse per 20 s) (Fig. 1A). This 
tonic block mainly reflects drug binding to 
resting channels, the channel state that 
predominated at the holding potential of 
-90 mV (8-10). To  determine whether 
amino acids in IVS6 are involved in local 
anesthetic action, we substituted alanine 
sequentially for the native amino acids at 
each position from F1756 to L1776 (Fig. 
1A) (18). Alanine was chosen because it 
changes the size and chemical properties of 
the residues but has minimal effects on 
protein secondary structure (1 9). 

Most IVS6 mutants exhibited a 40 to 50% 
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tonic block by 200 |xM etidocaine at a hold
ing potential of —90 mV like wild type (Fig. 
1A). However, mutants II761 A, F1764A, 
V1766A, V1767A, and N1769A displayed 
significantly altered sensitivity (Fig. 1A). 
N1769A was almost completely blocked 
by 200 |xM etidocaine, whereas II761 A, 
V1766A, and V1767A were - 7 0 to 75% 
blocked. In contrast, F1764A was only inhib
ited 20%. The results suggest that the amino 
acids at these positions are determinants of 
local anesthetic binding to resting Na+ chan
nels. However, because of the state-depen
dent modulation of drug binding, it was also 

possible that these effects were secondary to 
changes in the voltage dependence of inacti-
vation rather than a reflection of actual 
changes in resting channel affinity. There
fore, to determine the mechanisms underlying 
the effects of these mutations, we examined 
the voltage dependence of tonic block over a 
broad range of holding potentials. 

For the wild-type channel, in the ab
sence of etidocaine, the relation between 
current amplitude and holding potential 
formed a characteristic inactivation curve 
with a midpoint (V1/2) of about —54 mV 
(Fig. IB). Etidocaine (200 |xM) reduced 

currents through wild-type channels at all 
voltages (Fig. IB). Block was enhanced at 
depolarized holding potentials because of a 
greater availability of inactivated channels 
and was relieved at hyperpolarized holding 
potentials. At potentials more negative 
than —100 mV, the block approached a 
plateau of approximately 35% that was in
dependent of holding potential. This indi
cates that inactivation was completely re
lieved at these potentials, so inhibition re
flected only drug binding to resting Na + 

channels. The dependence of this resting 
block on etidocaine concentration was de
scribed by a 1:1 binding relation with a 
resting channel equilibrium dissociation 
constant (Kr) of 325 |xM (Fig. ID). 

The control inactivation curve for 
V1766A was almost identical to that of 
wild-type channels (Fig. IB). However, mu
tations I1761A, V1767A, and N1769A 
shifted V1/2 negatively by 7 to 13 mV (Fig. 
IB), whereas mutation F1764A shifted V1/2 

8 mV positively (Fig. IB). The negative 
shifts in V1/2 for I1761A, V1767A, and 
N1769A increased the proportion of inac
tivated channels at moderate holding po
tentials, which could have caused part of 
the increased tonic block with these mu
tants. This was probably the main effect of 
VI767A because most of the increased 
block observed at —90 mV was relieved by 
strong hyperpolarization, and resting block 
was similar to wild type at —140 mV (Fig. 
IB). 

In contrast, resting block at the most 
negative membrane potentials for II761 A, 
V1766A, and N1769A was significantly 
greater than that of wild-type channels, 
indicating that these mutations altered the 
sensitivity of resting channels to etidocaine 
(Fig. 1, B through D). For I1761A and 
V1766A, resting block with 200 |xM etido
caine was 55 to 60% (Fig. IB), and Kr was 
- 1 0 0 |xM (Fig. ID). Mutant N1769A was 
almost completely blocked by 200 jxM eti
docaine at all potentials (Fig. IB), and 
there was no detectable relief from block 
even when oocytes were held at —140 mV 
for up to 1 min. At a concentration of 10 
jxM etidocaine, block reached a plateau of 
about 40% at hyperpolarized potentials 
(Fig. 1C), indicating that the inhibition of 
Na + currents was due to an increased sen
sitivity of resting channels. Kr was 20 IJLM, a 
15-fold increase in sensitivity as compared 
with wild-type channels (Fig. ID). 

In contrast to the mutations described 
above, F1764A caused a significant de
crease in resting block. With 200 |JLM eti
docaine, resting block was only 15% (Fig. 
IB), and Kr was 1 mM, threefold greater 
than for wild-type channels (Fig. ID). 

The voltage dependence- of tonic block 
resulted in a concentration-dependent neg
ative shift (AV1/2) in the midpoint of inac-
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Fig. 1 . Mutations in IVS6 
alter tonic block by etido
caine. (A) Typical current 
records for wild-type (WT) 
and selected mutants in 
control (dashed lines) and 
200 |ULM etidocaine (solid 
lines) experiments are 
shown above the histo
gram. Unless indicated, 
all currents were elicited 
by 15-ms pulses to 0 mV. 
The histogram shows 
mean amplitudes of cur
rents ± SEM {n = 3 to 28) 
for wild-type and mutant 
channels after block by 
200 HJLM etidocaine. The 
data were normalized 
with respect to control 
currents elicited before 
drug application and plot
ted as deviations from the 
wild-type mean (dashed 
line). The asterisks show 
means that were signifi
cantly different from wild 
type [Student's t test; P < 
0.05]. For N1769A, acti
vation was shifted posi
tively by 20 mV, so cur
rents were evoked by 
pulses to +20 mV. (B and 
C) We assessed the volt
age dependence of tonic 
block by test pulses ap
plied after stepping to var
ious holding potentials for 10 s. Peak currents were plotted as a function of holding potential (\/H). 
Each set of symbols represents data from a representative oocyte in control conditions and after 
application of 200 (B) or 10 (C) |xM etidocaine for wild type (control, O ; with etidocaine, • ) , 11761A 
(A, A), F1764A ( • , • ) , V1766A (O, • ) , V1767A (+ , *), and N1769A (V, • ) . Data for each experiment 
were normalized with respect to the largest control currents. The theoretical curves through control 
(dashed lines) and etidocaine (solid lines) data are least-squares fits of a/[1 + exp(\/H - i/1/2)//c], 
where a is a scaling factor, \/1 /2 is the midpoint of the curve, and k is a slope factor. (D) Resting block 
as indicated by values for a determined from fits of the equation in (B) and (C) were plotted as a 
function of etidocaine concentration [Etid] for wild type (0) , 11761A (A), F1764A (•), V1766A (•), and 
N1769A (•). The theoretical curves are according to (1/(1 + [etid]/Kr)), where Kr is the midpoint of the 
dose-effect curve. (E and F) We replotted data in (B) (200 |xM etidocaine) and in (C) (10 \xM 
etidocaine) to demonstrate the shifts in \/1 /2 caused by the drug. We normalized the data and 
theoretical curves in control and etidocaine conditions to the same maximum value and shifted them 
on the voltage axis until the control curves superimposed with VV2 = 0 mV. (G) We determined block 
of inactivated channels for wild type ( • ) , 11761A (A), F1764A (•), V1766A (•), and N1769A (•) by 
stepping to - 4 0 mV for 10 s and then giving a 10-ms recovery pulse to - 1 1 0 mV, followed by a test 
pulse to 0 mV. The peak current evoked by the test pulse was normalized to control and plotted as 
a function of etidocaine concentration. The smooth line is according to 1 - (1/(1 + [etid]/K()). 

1 100 
[Etid] (LLM) 
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tivation. This shift is a consequence of en- 
hanced drug binding to inactivated chan- 
nels (9, 10). To  directly compare AVllz for 
wild type and mutants, we shifted curves in 
Fig. 1, B and C, obtained in the absence and 
in the presence of etidocaine along the 
voltage axis until the control curves super- 
imposed, and the currents in the presence of 
drug were scaled to the same maximum 
value as that of the control (Fig. 1, E and F). 
For wild type, AVlIz was about -7 mV in 
the presence of 10 pM etidocaine (Fig. IF) 
and -24 mV with 200 pM etidocaine (Fig. 
1E). The AV,,,'s for I1761A, V1766A (Fig. 
lE) ,  and N1769A (Fig. IF) were approxi- 
mately equal to those for wild type, indicat- 
ing similarly strong drug binding to inacti- 
vated channels. In contrast, F1764A re- 
duced AV,,, to -7 mV (Fig. lE), suggesting 
a decrease in the affinity of the inactivated 
channel. 

To  examine drug binding to inactivated 
Na' channels directly (Fig. l G ) ,  we first 
stepped the holding potential from -90 
mV to -40 mV for 10 s, which inactivated 
most Naf channels but caused little chan- 
nel activation. The long pulse duration en- 
sured that drug binding to inactivated 
channels reached steady state. The mem- 
brane potential was then stepped to -110 
mV for 10 ms, which allowed recovery of 
unblocked, fast-inactivated channels but 
which was short enough to prevent drug 
dissociation from most blocked channels. 
The availability of unblocked, resting chan- 
nels was then assessed by a test pulse to 0 
mV. In control conditions, this protocol 
caused a 40% reduction in current ampli- 
tude due to slow inactivation during the 
long conditioning prepulse, from which 
channels did not recover during the 10-ms 
repolarization (20). In the presence of the 
drug, there was an additional decrease in 
current amplitude due to drug binding to 
inactivated channels during the condition- 
ing pulse. For wild type, this drug-depen- 
dent decrease in current was described by a 
1 : 1 binding relation with a dissociation 
constant for inactivated channels (K,) of 1 
p M  (Fig. l G ) ,  11300 of the value of K, for 
binding to the resting state. The Ki's for 
I1761A, V1766A, and N1769A were virtu- 
ally identical to that for wild type (Fig. 1G). 
Thus, mutations that caused 3- to 15-fold 
increases in the affinity for the resting state 
had no detectable effect on K, for binding 
to the inactivated state. In contrast, Ki for 
F1764A was 130 pM (Fig. lG) .  Apparently 
the properties of the residue at this site are 
a determinant of tonic block due to drug 
binding to inactivated Naf channels. 

Use-dependent block of Naf channels 
by local anesthetics during rapid trains of 
stimulus pulses results from binding of the 
drug to open and inactivated channels dur- 
ing depolarizing pulses and from slowed re- 

Fig. 2. IVS6 mutations 
alter use-dependent 
block by etidocaine. (A) 
The histogram shows the 
ratios (mean + SEM; n = 

2 to 22; *, P < 0.05) of the 
'b 2 rns 

peak currents evoked by 
T 

the 20th and I st pulses in 
a 2-Hz pulse train in the c 
presence of 200 KM eti- 
docaine for wild-type 
and mutant channels. The n n 
traces above the graph are 
typical records showing 
currents elicited by the 1 st, 
2nd, 5th, and 20th pulses B C 
for the wild-type and se- 
lected mutants. (B) We as- 
sessed the dependence of 
use-dependent block on 
stimulus frequency for wild 
type (01, 1176014 m, 
F1764A m, or Y1771A 
(A) channels by applying 
pulse trains of varying fre- 

0.0 0.5 1.0 4.0 
Recovery (s) 

quencies in the presence D 
of 200 pM etidocaine. The 
mean ratiosofthe20tWlst 'OF-, 3 
pulses were plotted as a 
function of stimulus fre- 0.5 
quency. (C through E) We 
examined channel recov- 
ery after depolarization-in- 0.0 +- 0.0 + 
duced block by 200 pM 0.0 0.5 1.0 4.0 0.0 0.5 1.0 4.0 

etidocaine by giving a 15- Recovery (s) Recovery (s) 
ms conditioning pulse to 0 
mV, followed by a recovery interval of varying duration at -90 mV and a test pulse to 0 mV. Peak test pulse 
currenvpeakconditioning pulse current was plotted as afunction of the recovery interval. The graphs show typical 
experiments for I1 760A (C, 7,  F1764A (D, .), and Y1771 A (E, A), in each case compared with the same wild-type 
experiment (0). The smooth lines are least-squares fits of the sum of two exponentials. 

covery of drug-bound channels between 
pulses. We assessed use-dependent block by 
applying 15-ms pulses to 0 mV at a frequen- 
cv of 2 Hz in the Dresence of 200 LLM 
eiidocaine. For wild-type channels, this' re- 
sulted in a further 60% use-dependent 
block of the Naf current that remained 
after the steady state for tonic block was 
reached (Fig. 2A, wild type). A number of 
mutations in IVS6 decreased use-dependent 
block in comparison to wild type. The larg- 
est decreases in use-dependent block were 
seen for the mutants I1760A, F1764A, and 
Y1771A (Fig. 2A). 

Use-dependent block of wild-type chan- 
nels was just detectable when pulses were 
applied at 0.2 Hz, was half maximal at 1 to 
2 Hz, and approached 100% at 20 Hz (Fig. 
2B). Mutants I1760A, F1764A, and 
Y 177 1A exhibited less use-dependent block 
over this whole range of stimulus frequen- 
cies: however. the different mutants showed 
different frequency-dependence profiles. 
Use-dependent block in I1760A was depen- 
dent on frequency like wild type but was 
shifted to five times higher frequencies (Fig. 
2B), whereas block in Y1771A was less 
frequency-dependent (Fig. 2B), and F1764A 

was virtually insensitive to use-dependent 
block up to 20 Hz (Fig. 2B). These differ- 
ent profiles suggested that the mutations 
altered use-dependent block through dif- 
ferent mechanisms. 

In principle, mutations could alter use- 
dependent block during a pulse train either 
by altering the amount of drug that binds to 
open and inactivated channels during the 
depolarizing pulses or by altering the rate at 
which the drug dissociates between the 

u 

pulses as the channels convert back to the 
resting state. We  examined these parame- 
ters for wild-type, I1760A, F1764A, and 
Y 17 7 1A channels bv determining the frac- 
tion of channels blocked during l'j-ms con- 
ditioning pulses to 0 mV and the time 
course of recovery of these blocked chan- 
nels after the holding potential was re- 
turned to -90 mV. Recovery in control 
conditions simply reflected the rate of re- 
coverv from fast inactivation. which was 
monoexponential, with a time constant of 2 
to 6 ms at - 90 mV (1 5). In the presence of 
200 p M  etidocaine, recovery had two ki- 
netic components, one reflecting the fast 
recovery from inactivation of channels that 
were not blocked during the conditioning 
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Fig. 3. Block of wild-type and A 
mutant channels by QX314. 
We studied the action of inter- 
nally applied QX314 by micro- 
injecting 50 nl of a 4 mM solu- 
tion of QX314 in oocytes ex- 
pressing (A) wild-type, (B) - 
11760, and (C) F1764 chan- 
nels. We assumed an averaae ! O.O I I I I 

oocyte volume of 1 C L I ,  SO thjs ! 
resilted in an intracellular 
QX314 concentration of -200 7 C D External QX314 
pM. The oocytes were then 1.0 
voltage-clamped at -90 mV, 
and 10 min after microiniec- 
tion, a 1 -Hz train of 15-hs- n 5 l  1 11760A ,f, 

long pulses to 0 mV was ap- t ,  , , I I , , , ,  I 
F1764A 

plied, resulting in use-depen- 
dent block (open symbols), 0.0 
We then assessed the rate of o 5 10 0 5 10 
repriming at -90 mV by giving Recovery (mln) 
infrequent stimulus pulses 
(filled symbols). Each panel shows peak currents from a single experiment, normalized with respect to the 
current elicited by the first pulse in the train. The smooth lines through the recovery data are exponential 
fits. (D) Action of externally applied QX314. QX314 (500 p.M) was applied by superfusion to oocytes 
expressing wild-type (0) or 11 760A (V) channels for the time indicated by the bar. Currents were evoked 
by pulses applied at 20-s intervals. At the arrow, a 2-Hz pulse train was applied to the oocyte expressing 
11760A channels. The data in each experiment were normalized with respect to the control currents. 

I 

Fig. 4. Proposed orientation of amino acids in 
IVS6 with respect to a bound local anesthetic mol- 
ecule in the ion-conducting pore. Segment SSI- 
SS2, which also contributes to the pore (27), is 
shown as well. Amino acids at positions 1760, 
1764, and 1771 are shown facing the pore lumen. 

pulse, and a second, slower component re- 
flecting the slow dissociation of drug from 
channels that were blocked during the condi- 
tioning pulse. The time constant of the slow 
component of recovery gives a measure of the 
rate of drug dissociation from blocked chan- 
nels at hyperpolarized potentials, whereas the 
proportion of slow recovery gives a measure of 
the fraction of channels that bound drug dur- 
ing the conditioning pulse. 

About 40% of wild-type channels 
bound drug during the conditioning pulse, 
and these channels recovered with a time 
constant of 2.4 s (Fig. 2, C through E). 
For I1760A, the proportion of slowly re- 
covering channels was almost identical to  
that for wild type (Fig. ZC), indicating 
that this mutation did not  alter the affin- 
ity of the open or inactivated states for 
etidocaine. However, the recovery rate 
for drug-bound channels was eight times 
faster than for wild type. Thus, I1760A 
accelerated the escape of drug from closed 
channels at negative potentials, account- 
ing for the altered frequency dependence 
of block. 

In contrast to wild type and I1760A, 
only about 15% of the F1764A channels 
bound drug during the conditioning pulse, 
and the recovery of drug-bound channels 
was 20 times faster than for wild type (Fig. 
2D). This indicates that the F1764A muta- 
tion reduced the affinity of open and fast 
inactivated channels for etidocaine, result- 
ing in almost complete abolition of use- 
dependent block. This result is consistent 
with the high & value determined for 
F1764A (Fig. lG) .  Y1771A also reduced 
drug binding during the conditioning pulse 
and speeded recovery of drug-bound chan- 
nels (Fig. ZE), but the effect was less than 
for F1764A. Thus, Y1771A also reduced 
open or inactivated channel affinity but to 
a lesser extent. The K, for Y177 lA ,  deter- 
mined by the conditioning pulse protocol in 
Fig. l G ,  was 35 pM. 

Quaternary amines like QX3 14 are local 
anesthetic derivatives that are permanently 
positively charged and are impermeant to 
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cell membranes. They are ineffective when 
applied extracellularly but are potent use- 
dependent blockers when applied intracel- 
lularly (1 2, 13). These drugs act mainly on 
open Nat channels through a cytoplasmic, 
hydrophilic pathway that is occluded by the 
activation and inactivation gates (9, 13, 
14). Intracellularly applied QX314 was a 
use-dependent blocker of wild-type Naf 
channels during a 1-Hz stimulus train (Fig. 
3A). The time constant for recovery from 
QX3 14 block at -90 mV was approximate- 
ly 12 min (Fig. 3A), which was 11300 of the 
rate of recovery from etidocaine block. This 
slow recovery was probably caused by trap- 
ping of the charged drug when the activa- 
tion or inactivation gates closed (1 3, 21, 
22). I1760A displayed similar sensitivity to 
use-dependent block by QX314 (Fig. 3B); 
however, the time constant for recovery was 
only 0.8 min (Fig. 3B). Thus, complete 
recovery of I1 760A channels blocked by 
QX314 took only a few minutes, as com- 
pared with more than 30 min for wild- 
type channels. The  wild-type and I1760A 
channels exhibited similar voltage depen- 
dence for activation, indicating that the 
fast recovery of I1760A was not  due to 
greater frequency of channel openings 
during the recovery intervals (21, 22). 
Apparently, the mutation created another 
pathway or lowered the energy barrier of 
an  existing pathway for drug escape from 
closed channels. 

Because I1760A is close to the extracel- 
lular side of IVS6, the mutation at this site 
might allow QX314 to escape from closed 
channels into the extracellular bath. If so, 
then this mutation would also create an  
access pathway for extracellular drug. T o  
test this, we examined the action of extra- 
cellular QX314 on wild-type and I1760A 
channels. Bath-applied QX314 had no  ef- 
fect on wild-type channels (Fig. 3D) (12, 
13); however, it rapidly blocked I1760A 
channels (Fig. 3D). Thus, mutation I1760A 
created an  access pathway between the drug 
binding site and the extracellular medium 
that is normally occluded for quaternary 
drugs. This pathway probably also explains 
the rapid recovery of I1760A channels 
blocked by tertiary drugs. A 2-Hz train of 
pulses (Fig. 3D, arrow) applied after the 
drug did not produce use-dependent block 
of I1760A channels by extracellular 
QX314, suggesting that the extracellular 
pathway bypasses the channel gates, which 
regulate access through the intracellular 
pathway (9, 13, 14). 

Intracellular QX3 14 produced almost n o  
use-dependent block of F1764A channels 
(Fig. 3C). Because use-dependent block by 
internal QX314 occurs through open Na+ 
channels, this result provides further evi- 
dence that F1764A lowered the affinity of 
the open state for local anesthetics. The  
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small amount of block that did develop 
recovered slowly (Fig. 3C), like block of 
wild-type channels, indicating that F1764A 
did not alter the escape pathway, so the 
drug was trapped when the activation or 
inactivation gates closed. 

Our results lead to a model of the local 
anesthetic receptor site in the pore of the 
Na + channel. Mutations F1764A, Y1771A, 
and 11760A, which had the strongest effects 
on use-dependent block, are oriented on 
the same face of the IVS6 helix (Fig. 4). 
F1764A and Y1771A reduced open and 
inactivated channel affinity by one to two 
orders of magnitude, and F1764A also had a 
smaller effect on resting channel affinity, 
suggesting that the native residues at these 
positions contribute to the free energy of 
drug binding. F1764 and Y1771 are hydro
phobic (23), aromatic residues separated by 
two turns of the S6 helix (Fig. 4), so they 
are about 11 A apart. Effective local anes
thetics are approximately 10 to 15 A in 
length (24), with positively charged and 
hydrophobic moieties at either end that 
could interact with these residues through 
hydrophobic (25) or TT electron (26) inter
actions. Therefore, we propose that F1764 
and Y1771 are determinants of the local 
anesthetic binding site and that substitu
tion of these residues with alanine destabi
lizes drug binding by reducing the hydro-
phobicity and aromaticity at these posi
tions. 11760 is oriented on the same face of 
the helix as F1764 and Y1771 and is there
fore well positioned to modulate extracellu
lar access to the local anesthetic binding 
site. Replacement of the bulky isoleucine 
residue at position 1760 with alanine allows 
QX314 to reach the site from the extracel
lular medium, perhaps by passing directly 
through the pore from the outside. Thus, 
11760 likely corresponds to a narrow region 
in the pore, just to the extracellular side of 
the local anesthetic binding site. The mu
tations I1761A, V1766A, and N1769A in
creased resting block without altering inac
tivated state affinity. Because these amino 
acids are oriented away from the face con
taining F1764, Y1771, and 11760 (Fig. 4), 
they may be oriented away from the chan
nel pore. Mutations to alanine at these 
positions may increase channel sensitivity 
to drugs through indirect effects on the 
local anesthetic site, perhaps by partially 
inducing the inactivated binding site con
formation in functionally resting Na + 

channels. 
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odd- and even-numbered units; however, 
cells can mix when even- or odd-numbered 
rhombomeres are grafted adjacent to each 
other, which suggests that the formation 
and maintenance of boundaries are depen
dent on signaling between odd and even 
segments (3). Some of the Hox homeobox 
genes important for regulating axial pat
terning have limits of expression that coin
cide with rhombomere boundaries (4, 5). 
For example, expression of the Hoxb-1 gene 
is progressively restricted to r4 in the hind-
brain (4, 6-8). These patterns of expres
sion, combined with mutational analysis (9, *To whom correspondence should be addressed. 

SCIENCE • VOL. 265 • 16 SEPTEMBER 1994 

Role of a Conserved Retinoic Acid Response 
Element in Rhombomere Restriction of Hoxb-1 

Michele Studer, Heike Popperl, Heather Marshall, 
Atsushi Kuroiwa, Robb Krumlauf 

After activation in mesoderm and neuroectoderm, expression of the Hoxb-1 gene is 
progressively restricted to rhombomere (r) 4 in the hindbrain. Analysis of the chick and 
mouse Hoxb-1 genes identified positive and negative regulatory regions that cooperate 
to mediate segment-restricted expression during rhombomere formation. An enhancer 
generates expression extending into r3 and r5, and a repressor limits this domain to r4. 
The repressor contains a conserved retinoic acid response element, point mutations in 
which allow expression to spread into adjacent rhombomeres. Retinoids and their nuclear 
receptors may therefore participate in sharpening segment-restricted expression of 
Hoxb-1 during rhombomere boundary formation. 


