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ABSTRACT: 3-Azioctanol is a photoactivatable analogue of octanol that noncompetitively inhibits nicotinic

acetylcholine receptors (nNAChRs). Photolabeling

studies usidft3-azioctanol inTorpedonAChR

identified aE262 as a site of desensitization-dependent incorporation. However, it is unknown whether
photolabeling ofaE262 causes functional effects in nAChRs and what other roles this residue plays in

gating, desensitization, and channel block. We

ultraviolet (UV) irradiation to investigate the state-

used ultrafast patch-perfusion electrophysiology and
dependence of both reversible nAChR inhibition by

3-azioctanol and the irreversible effects of photoactivated 3-azioctanol. Channels with mutatiE262t

were studied to determine ACh ECS50s, desensitization rates, and sensitivities to reversible and
photoirreversible 3-azioctanol inhibition. Exposure to 3-azioctanol in the presence of 365 nm UV light
produced irreversible inhibition of wild-type nAChRs. Desensitization with ACh dramatically increased
the degree of irreversible inhibition by photoactivated 3-azioctanol. Mutatias282 that reduce diazirine
photomodification decreased the irreversible inhibition induced by photoactivated 3-azioctanol. Hydrophobic
mutations attE262 significantly slowed rapid ACh-induced desensitization and dramatically slowed fast
resensitization. In contrast,E262 mutations minimally affected 3-azioctanol channel block, and a half
blocking concentration of 3-azioctanol did not alter the rate of ACh-induced fast desensitization. Our
results indicate that positiomE262 on muscle nAChRs contributes to an allosteric modulator site that is
strongly coupled to desensitization. Occupation of this pocket by hydrophobic molecules stabilizes a

desensitized state by slowing resensitization.

Muscle nicotinic acetylcholine receptors (nACRRare

Agonist binding to muscle nAChRs triggers channel opening

among the best understood ligand-gated ion channel mem-n under a millisecond, followed by desensitization that

brane proteins, providing structural and functional insight
into the cys-loop superfamily including neuronal nAChRs,
y-amino butyric acid type A receptors (GARR), serotonin
type 3 receptors, (5HT3R), and glycine receptors (GIVR) (
Structurally, peripheral nAChRs consist of 5 homologous
subunits ¢yadp or ayaef), each containing a large N-
terminal agonist-binding domain, four transmembrane do-
mains (M1-M4), and a large intracellular domain between
M3 and M4 Q). Detailed structural models for the resting
(closed) receptor have emerged from electron photomicro-
graphic analysis of nAChRs purified froffiorpedoelec-
troplaque 8) and high-resolution X-ray crystallographic
studies of the ACh binding protein (AChBP) from snd).(

T This research was supported by the MGH Dept. of Anesthesia &
Critical Care and grants from NIH to S.A.F. (GM66724 and GM58448).

* Correspondence should be addressed to this author: Dept. of
Anesthesia & Critical Care, Jackson 4, Mass. General Hospital, Boston,
MA 02114; e-mail, saforman@partners.org; phone, 617~B14%6; fax,
617-724-8644.

* Massachusetts General Hospital.

§ Harvard Medical School.

"University of Massachusetts Medical School.

1 Abbreviations: 3-A0, 3-azioctanol [3-(2-hydroxyethyl)r3sentyl-
diazirine]; ACh, acetylcholine; EC50, 50% effect concentration; 1C50,
50% inhibitory concentration; nAChR, nicotinic acetylcholine receptor;
UV, ultraviolet.

10.1021/bi701287a CCC: $37.00

occurs in several phases over seconds to minutes. Desensi-
tized states are nonconducting, but characterized by high
affinity for agonists and a number of other ligands, including
various noncompetitive inhibitors. Nicotinic AChR desen-
sitization and allosteric sites that affect this process are
growing areas of interest because channel desensitization is
thought to play a role in myopathies, epilepsy, drug addiction,
and other central nervous system disease9.

Noncompetitive nAChR inhibitors, which include a wide
range of neuromodulatory compounds, can impair receptor
function by blocking ion conductance through open channels
and/or by allosterically stabilizing the inactive resting and
desensitized states. This study focuses on 3-azioctanol, a
photolabel analogue oh-octanol with similar nAChR
inhibitory potency {0) and very likely the same mechanism-
(s) of inhibition. The major site of 3-azioctanol photoincor-
poration into Torpedo nAChRs is known 11), but the
functional consequences of this covalent modification are
not known.

Octanol and other long-chain alcohols noncompetitively
and reversibly inhibit nAChRsia both channel block and
desensitization. Channel block byoctanol is characterized
by an IC50 near 2aM. State-dependence studies show that
n-octanol block occursfter channel activation12), and
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single-channel studies confirm that the duration of blocked
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within 2 h before use. The highest concentration of ethanol

periods within channel openings correlates with anesthetic after dilution was 0.5% v/v, which had no effect on nAChR

and alcohol potencyl@). A region near the middle of the
subunit M2 domain (L251 to V255) that largely determines
receptor sensitivity to alcohol blockl4) was mapped by

desensitization. Ethanol is known to enhance gating of
nNAChRs at low ACh concentrations, but does not alter
responses to the saturating ACh concentrations used when

hydrophobic mutagenesis. Similar mutation studies on the 3-azioctanol was studied. All other chemicals were purchased
other NAChR subunits indicate that the conductive channel from Sigma-Aldrich (St. Louis, MO)

itself is the site of block by long-chain alcohols5].

In comparison to channel block, far less is known about
the mechanism of NAChR desensitization fepctanol. In
the absence of agonists,octanol directly induces desensi-
tization of TorpedonAChRs with an EC50 of 49aM, a
concentration sufficient to perturb lipid membrand$)(
Alternatively, desensitization may be mediatedibgctanol
binding to allosteric sitesTorpedonAChR photolabeling
with [3H]-3-azioctanol has identified a potentially important
candidate site 11). The majority of PH]-3-azioctanol
radioactivity incorporated at a single residuecsubunits,
aE262. Photoincorporation at=262 was strongly enhanced

Site-Directed Mutagenesi€DNAs for a, S, y, and o
subunits of the mouse muscle nAChR were subcloned into
pSP64T plasmids. Mutant cDNAs were constructed using
oligonucleotide-directed mutagenesis and confirmed by
dideoxynucleotide sequencing.

Xenopus Oocyte Expressidiiethods for oocyte expres-
sion were previously describetld). After incubation for 48-
72 h, oocytes were stripped of their vitelline membranes prior
to patch-clamp electrophysiology.

Patch—Clamp ElectrophysiologyMultichannel currents
were recorded from excised outside-out oocyte membrane
patches at room temperature {222 °C). Patch pipettes were

under desensitizing conditions, induced with either orthosteric fire-polished to give open tip resistance 62 MQ. Oocyte

NAChR agonists or high concentrations of 3-azioctanol. Thus,

rearrangements involvingE262 or nearby structures ap-
parently occur during orpedonAChR desensitization, and
homologous sites may exist in mammalian muscle and
neuronal receptoretE262 is located at the extracellular end
of the pore-forming M2 domain, 7 to 11 amino acids from
the region thought to form the open-channel block site.
Mutations ataE262 have been reported to alter single-
channel conductance and Rigblock (17), suggesting that

it may contribute to long-chain alcohol block. Nearby

patches were voltage-clamped a0 mV, and rapid
superfusate switching (0.4 to 0.8 ms, measured with open
pipet junction currents) was achieved using a piezo-driven
quad tube as described previousBO). Pipet and outside
solutions were symmetrical K-100 (in mM: 97 KCI, 1
MgCl,, 0.2 EGTA, 5 K-HEPES, pH adjusted to 7.5 with
KOH). Currents through the patettlamp amplifier (Axo-
patch 200A or 200B; Molecular Devices, Sunnyvale, CA)
were filtered (8-pole bessel;-5 kHz) and digitized at 510
kHz. Current recordings were averaged from 3 to 12

residues in the M2M3 linker are also thought to transduce (depending on current amplitude) sweeps, with-20 s
agonist binding into transmembrane domain movements thatyqween sweeps for recovery from desensi'tization.

initiate conductance gating of ligand-gated ion chanrids (
19).

Our experiments aimed at defining the mechanism of
reversible 3-azioctanol block and the functional impact of
NAChR photomodification with 3-azioctanol. We also in-
vestigated the role ofE262 in nAChR gating and desen-

sitization, as well as 3-azioctanol channel block. We studied

recombinantly expressed wild-type and mutant muscle
nAChRs using voltage-clamp electrophysiology in excised

ACh concentration responses were assessed using a
3-solution protocol that enabled intrasweep normalization
(212). Channels were first activated with a low concentration
of ACh, and immediately after peak current was reached,
the patch was superfused with a high ACh concentration (1
mM) to elicit a maximal response. Activation rates at EC50
were all more than twenty times the fast desensitization rates,
indicating that the EC50 is accurately determined with this
technique. For each channel studied, leak-corrected and

outside-out membrane paiches. We used ultrafast (submil-nqrmajized data from at least 4 patches were combined and

lisecond) superfusate exchange to measure ACh-activated

it with a logistic equation to determine EC50 and Hill

multichanngl_ current amplitude and rates of.desensit_ization coefficient (eq 1).
and resensitization, state-dependent reversible 3-azioctanol

inhibition, and 3-azioctanol effects on fast ACh-induced
desensitization. We investigated the functional effects of
exposing wild-type and mutant nAChRs to photoactivated
3-azioctanol, by irradiation with 365 nm light.

EXPERIMENTAL PROCEDURES

Animal Use.FemaleXenopus lagis were housed in a
veterinary-supervised environment in accordance with local
and federal guidelines and with the approval of the institu-

tional research animal care committee. Oocytes were har-

vested via minilaparotomy from frogs anesthetized with cold
0.2% tricaine.

Chemicals3-Azioctanol was a gift from Shaukut Husain,

I 1

= TSO)H 1)

Imax _
1 ([ACh]

Rapid reversible 3-azioctanol inhibition was studied using

a 3-solution “notch protocol.” Channels were activated with

a maximal ACh concentration (1 mM), and superfusate was

then switched to one containing 1 mM ACh plus 3™

3-azioctanol (approximately IC50 in wild-type), and then

back to ACh alone. The fraction of block was estimated from

the ratio of currents immediately before adding 3-azioctanol

and after inhibition reached steady-state-{® ms later). In

the experiments assessing rapid block in single versus double-

PhD (Massachusetts General Hospital, Boston, MA). Stock mutant channels, notch experiments were performed with

solutions in ethanol were kept in dark glass vials-80 °C

different 3-azioctanol concentrations to construct a concen-

and used to prepare aqueous solutions in extracellular buffertration—response curve. Normalized data from multiple
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patches were combined and analyzed by nonlinear least- n
squares fitting to an inhibitory logistic function (eq 2). AT
=
| 1 Tw = 4)
s 2
Imax 1+ ([3 — AO])n ( ) ZAI
IC50 =

All results are reported as meanstandard deviation, unless
Photomodification with 3-Azioctanoltreversible modi- otherwise indicated. Results for 3-azioctanol reversible
fication by photoactivated 3-azioctanol was performed on inhibition, irreversible photoinhibition, and fast desensitiza-
individual excised patches during voltage-clamp electro- tion 7, data for wild-type and mutant nAChRs were
physiology experiments. Maximal currents were first elicited compared using ANOVA with Tukey's post-hoc multiple
with 50-100 ms pulses of 1 mM ACh at 2 min intervals comparisons test in MS Excel (Microsoft Corp., Remond,
until minimal rundown €1% per minute) was observed. WA)_ W_lth an add-on statistical toolkit (StatistiXL; WWW-
Patches were then exposed to (a) UV light and K-100 buffer .Statistixl.com). AC_Zh _EC_SOS f_or_ m_utants versus wild-type
for 5 min, (b) 3-azioctanol for 5 min followed by 5 min wash Were compared pairwise in logistic fits (eq 1) using GraphPad
in K-100 buffer, or (c) 3-azioctanol plus UV light for 5 min  Tism software (GraphPad Software, San Diego, CA).

followed by 5 min wash. Three brief maximal ACh-elicited
currents (at 30 s intervals) were recorded after each treatmen
to establish the fraction of the original current remaining.  Reversible Inhibition of Wild-Type Receptor@utside-
Irradiation of patches was achieved using a long-wavelengthout voltage-clamped membrane patches were excised from
(365 nm peak) UV lamp (0.16 ampere handheld; model Xenopusocytes expressing wild-type mousgad nAChRs
UVL-56, UVP, Upland, CA) that was positioned 5 cm above and multichannel currents were stimulated with submilli-
the flow chamber on the pateftlamp setup. 3-Azioctanol ~ second superfusate switching using a custom-built quad 2
was superfused onto the patch via one of the four capillaries x 2 capillary array. Brief pulses of saturating ACh (1 mM)
of the quad superfusion device. To study the impact of €licited rapid inward currents (Figure 1, top) that desensitized
desensitization on irreversible 3-azioctanol photoinhibition, With time constants ranging from 80 to 180 ms (a\6D =

we established baseline maximal current and then exposedt40 £ 55 ms;n = 9). Reversible channel inhibition was

patches first to 1 mM ACh for 10 s followed by 1 mM ACh studied using a “notch” protocol as described in Experimental
plus azioctanol for 5 min during UV irradiation. Current Frocedures (Figure 1, middle). Inhibition by 8M 3-azio-

. : ctanol was complete within 5 ms, and recovery from
response was reassessed followingl® min wash. o o ’
P 5 inhibition was complete within-810 ms. Recovery currents

Fast desensitization rates were estimated from tracesfollowing “notch” applications of 3-azioctanol closely matched
recorded during long (520 s) pulses of saturating (1 mM) those elicited with ACh alone (Figure 1, middle), demon-
ACh. Recovery from fast desensitization (induced with a 5 strating that the rate of ACh-induced rapid desensitization
s ACh pulse) was studied with standard double pulse was unaltered by 3-azioctanol blockade. Some patches were
protocols, where the amplitude of the second ACh pulse also subjected to a “pre-exposure” protocol where exposure
following a variable recovery period was normalized to that t0 3-azioctanol preceded activation by ACh (Figure 1,
of the desensitizing pulse in each sweep. Sweeps (total ofbottom). Currents elicited following 3-azioctanol pre-
10 s) were initiated at 30 s intervals. Recovery from slow exposure.dlsplayed biphasic current decay immediately after
desensitization (5 min) was studied by manually switching ACh application. The fast phase represents development of
to 1 mM ACh superfusate during the 5 min desensitizing 3-azioctanol inhibition, showing that 3-azioctanol inhibition

exposure and then immediately initiating a recording protocol ][nostly ct>ccu|rs gfte_lthchalnnel a;]ctlvatlon, I?SI pgawousl_;; shtpwn
of 12 short (100 ms) ACh activation sweeps at fixed intervals. for n-octano (l.)‘ € slow phase parallels desensitization

_ o _ in notch experiments and is characterized by similar time
Data Analysis and StatisticSweeps were examined and constants (100 to 180 ms) during longer pulses with ACh

analyzed off-line. Desensitization and resensitization (re- plus 3-azioctanol.
covery) time constants were determined from nonlinear least- \vj|d-Type Receptor Regery from Desensitization In-
squares fits with one, two, or three exponential component duced by AChs 3-Azioctanol Exposuré&ull agonists, such
equations: as ACh, induce desensitization of wild-type nAChRs in
several phases: a fast phase with a time constant of about
| =A, gl A, e U2 A, e B4 (3) 140 ms, and a slow phz_ase with a time constant of seconds.
Recovery from agonist-induced desensitization is also mul-
) ) tiphasic (Figure 2, top). Following desensitization by 1 mM
The number of fitted exponential components was deter- pcp exposure for 5 s, we found that recovery is mostly
mined by comparing models using F-testsRat> 0.98  complete within 5-6 s (rfast= 0.8 + 0.38 s; Afast= 0.85
(Clampfit 9.0; Molecular Devices, Sunnyvale, CA, or Graph- 1+ 0.08; n = 5) with a second slow recovery component
Pad Prism; GraphPad Software, San Diego, CA). To comparecharacterized byslow = 6 + 1.2 s and Aslow= 0.15+

desensitization or resensitization when there were different0.07 f = 5). Recovery following 5 min of ACh exposure
numbers of exponential components, a weighted average timevas slower due to a dominant slow component (Astow
constant was calculated: 0.80+ 0.12;n = 5) with a time constant of & 2.3 s =

FESULTS
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Ficure 1: Reversible nAChR channel inhibition by 3-azioctanol.

Three current traces are shown, recorded from the same patch
expressing wild-type muscle nAChRs. Open bars above traces

indicate application of 1 mM ACh, and solid bars indicate:30
3-azioctanol. Top: A current trace elicited with a 250 ms pulse of
ACh, showing rapid activation of inward current, desensitization
(r = 140 ms), and rapid deactivation following cessation of ACh.
Middle: A “notch” protocol showing rapid onset and recovery from
inhibition by 3-azioctanol. Note that following recovery from

Forman et al.
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Ficure 2: Reversible wild-type nAChR Desensitization by ACh

inhibition, the trace is indistinguishable from the control (dotted and 3-azioctanol. Top: Data is from a single patch studied using a
trace), indicating no change in desensitization rate. Bottom: After “double pulse” protocol wh a 5 sdesensitizing pulse (P% peak)
pre-exposure to 3-azioctanol, ACh-activated currents show two of 1 mM ACh followed by variable wash periods and then a 50
phases of inhibition. The fast phase is the onset of open-channelms pulse (P2= peak) to test recovery. The plotted recovery ratios
block, and the slower phase parallels desensitization in the absencé®2/P1 were combined from two experiments on the same patch

of inhibitor (dotted trace).

using recovery time increments of either 100 ms or 1 s. Multiphasic
desensitization is evident in the traces shown in the inset, along

5). High concentrations of 3-azioctanol also desensitize with recovery pulses spadd s apart. The weighted average time

muscle nAChRs. Followigp a 5 sexposure to 60Q«M
3-azioctanol, ACh response was-286% of maximum after

50 ms of wash and recovery proceeded in two phases (Figur

2, bottom) with time constants of 08 0.14 s (Afast=
0.43+ 0.064;n=5) and 3+ 1.3 s (Aslow= 0.51+ 0.10;

n = 5). Recovery of full ACh response following 5 min
exposure to 3-azioctanol (16800 M) was complete in
about 15-30 s with a dominant component characterized
byr=6+20s =05).

Irreversible Inhibition of Wild-Type Receptors by Photo-
activated 3-AzioctanoFive minute exposure to desensitizing
concentrations (60@M) of photoactivated (365 nm light)
3-azioctanol irreversibly inhibited wild-type nAChRs (Figure
3 top). No irreversible inhibition was evident following 5
min exposure to 365 nm light alone or to 5 min exposure to
3-azioctanol alone followedyba 5 min wash. When both

constant ) for desensitization of this patch (20 sweeps) was 150
ms. ACh application is depicted by the open bars above the traces.
Resensitization shows 2 phases characterizedfdst = 0.87 s,

€Afast= 0.84,7slow= 5.8 s, Aslow= 0.17. Bottom: Data is from

another patch subjected to the following 5-part protocol: (1) 50
ms prepulse of 1 mM ACh; (2) 100 ms buffer wash);, $3 exposure

to 600uM 3-azioctanol; (4) variable buffer wash period; (5) 50
ms recovery test pulse. Application of ACh and 3-azioctanol are
depicted respectively by open and solid bars above the traces in
the inset. The plotted recovery ratios P2/P1 were combined from
three experiments on the same patch using recovery time increments
of 250 ms, 500 ms, and 1 s. Recovery from desensitization induced
by 3-azioctanol shows two phases characterized bsfdst= 0.20

s, Afast= 0.40,zslow = 2.7 s, Aslow= 0.47.

response following cumulative exposures of 30 min under
these conditions (not shown).

Irreversible inhibition of NAChRs was sensitive to both
the concentration of 3-azioctanol and to the presence of ACh

3-azioctanol and UV light were present together, subsequent(Figure 3 middle and bottom). Five minute exposure to 200

patch currents were reduced on averaget3®.1% ( = 6)
from pretreatment controls. Further washing (up to 20 min)
did not result in more recovery of peak currents (not shown).

uM photoactivated 3-azioctanol resulted in a modest amount
of irreversible inhibition of wild-type currents (1% 5%; n
= 4), which was significantly less than that produced using

Repeated exposures to photoactivated 3-azioctanol produce®00uM (p < 0.001). When 20@M photoactivated 3-azio-

more nAChR inhibition, with near complete loss of ACh

ctanol was coapplied with 1 mM ACh for 5 min followed
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3-AO sitization inotE262L. In comparison to wild-type receptors,
Waléx — oE262L mutant channels recovered much more slowly from
4000 desensitization (Figure 4). TheE262L recovery time
E—a—n constant following ACh-induced desensitization was &.3
New/ s (h = 3), and a fast recovery component was absent.
~3000Patch oE262 Mutant Effects on Rersible Inhibition by 3-Azio-
ctanol. For all but one of thexE262 mutant channels the
degree of fast reversible inhibition by 3M 3-azioctanol
/ '/ was not significantly different from wild-type. TheE262T

i

5

-2000 4

mutation modestly, but significantlyp(= 0.03), reduced
reversible inhibition by 3-azioctanol (Figure 5; Table 1). The
| reduced inhibition in receptors containing theE262T

o = mutation suggests about a 2-fold increase in IC50 relative

-10004 {

Maximum current (pA)

0 5 10 1

Time (min) to wild-type (50uM for aE262T vs 2xM for wild-type).

Previous studies have shown that M2 mutations2252
L andolL251 dramatically affect nAChR sensitivity to revers-
/ ible inhibition by long-chain alcoholsld). This is also the
2&‘3;’4‘\’5 case for inhibition by 3-azioctanol (Figure 5 top). Receptors
< containing thenS2521 mutation were much more sensitive
éL than wild-type to 3Q:M 3-azioctanol, displaying 9& 5.7%

200 ms (n=4; p < 0.001) reversible inhibition. In addition, receptors
containing theaL251V mutation were reversibly inhibited
only 294+ 5.2% (= 4; p < 0.001) by 3QuM 3-azioctanol.

100 To test whether 3-azioctanol inhibition was additively
affected bynE262 andxS252 mutations, we created a double
aS2521 + E262T mutant and compared its sensitivity to
3-azioctanol with that of theS252I single mutant (Figure

5, bottom). In notch experiments, theS2521 + E262T
mutant was inhibited 93t 6.3% f = 6) at 30 uM
3-azioctanol and 3-azioctanol IC50s estimated from concen-
UV +3A0 UV + ACh + 3A0 tration—response studies iaS2521+ E262T andoS252I

Ficure 3: Irreversible nAChR inhibition by photoactivated 3-azio- Werle not significantly different (1.4 0.3uM vs 2.1+ 0.4
ctanol. Top: Peak response data from a single patch expressing“Mx p = 0.23).

wild-type muscle nAChRs is shown. Responses were first shown  oE262 Mutant Effects on Ireeersible Inhibition by Pho-
to be stable for 5 min (0 time point), and peak currents were retestedigactiyated 3Azioctanol Irreversible UV-dependent inhibi-

at intervals following 5 min exposure to 365 nm light (5 min time . A . . .
point), 5 min exposure to 60@M 3-azioctanol followed by 5 min tion by 600uM 3-azioctanol was investigated in fouf262

buffer wash (15 min time point), and 5 min exposure to both 365 Mutants. Because diaziryl photolabels preferentially react
nm light plus 3-azioctanol followed by 5 min wash (25 min time  with nucleophilic atoms in their environment, we studied one
point). A reduction in peak current was only observed following mutant that maintained side chain electronegativif262D,
expok?ure t(: %hotoacrt]lvatec.jlI3-z;t\2|?ctargﬁl. Mlddlet: 'fl'réreg traces from g three that reduced this properE262V,aE262Q, and
another patch are shown illustrating the impact of 5 min exposure . AT

to photogctivated 3-azioctanol (ZQ%M) in t%e absence Vefsus oE262L. We found that UV-dependent irreversible |nh|b|t|pn
presence of ACh. The pretest response is shown on the left andof E262D by 3-azioctanol was the same as that in wild-
8% inhibition is observed following photoactivated 3-azioctanol. type, while significantly less irreversible inhibition was

Additional exposure to photoactivated 3-azioctanol plus 1 mM ACh gpserved in the mutants that reduced side-chain electrone-
resulted in a 91% drop in current response. Bottom: Summary of gativity ato262 (Table 1)

irreversible inhibition by 20Q«M photoactivated 3-azioctanol in
the absence versus presence of 1 mM ACh.
by 5-10 min wash, 844+ 7% (h = 4) of current was
irreversibly lost, an 8-fold increase in inhibition relative to ~ We investigated the functional role of£262, an outer
that in the absence of ACh. In control experiments where M2-domain residue of nAChR, in two different modes of
3-azioctanol and ACh were coapplied without UV light, inhibition by 3-azioctanol, a photoactivatable noncompetitive
currents recovered fully following wash. inhibitor, as well as in ACh-induced gating and desensitiza-
oE262 Mutant Effects on ACh EC50 and Fast Desensi- tion. Our results reveal that 3-azioctanol inhibits nAChRs
tization. Seven mutations were introducedog?62, and the via two mechanisms associated with distinct sites. The
impact of these mutations on ACh sensitivity (agonist EC50), aE262 residue contributes to a site that is coupled to nAChR
fast ACh-induced desensitization, and reversible inhibition desensitization/resensitization, but is not involved in rapid
by 30 uM 3-azioctanol was investigated. Results are sum- reversible channel block, which is mediated by a previously
marized in Table 1. Three mutations reduced ACh EC50: described site1(4).
aE262Q,0E262T, andaE262D. One mutationpE262L, To investigate the effects of 3-azioctanolE262, we
modestly increased EC50. Five mutatiomE262V,0E262L, utilized mutagenesis and photomodification in combination
oE262W, aE262T, andaE262Q, significantly prolonged  with ultrafast patch perfusion electrophysiology. Photoacti-
desensitization. We also studied recovery from fast desen-vatable ligands provide tools for real-time functional modi-

40

Percent Inhibition
3

20

DISCUSSION
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Table 1: Summary of Results fatE262 Mutation3

3-A0 inhibition (%)

262 side chain ACh EC5Q(\) desensitization,, (Ms) reversible irreversible
glutamate (E); (wild-type) 1821 140+ 45 (5) 55+ 7.1 (9) 39+ 6.1 (6)
aspartate (D) 9 3.5% 90+ 25 (4) 41+ 7.4 (4) 41+ 12 (4)
threonine (T) 3.1 0.4% 440 + 110** (4) 38+ 4.4 (4) ncb
valine (V) 1445.2 390+ 97** (5) 53+ 11 (5) 20+ 3.5** (5)
leucine (L) 29+ 3.5* 280+ 44* (4) 524 10 (5) 19+ 5.7%* (5)
tryptophan (W) 23t 4.8 240+ 35* (4) 53+ 4.7 (4) nd
giutamine (Q) 4 1.2%* 380 + 85* (5) 45+ 7.6 (5) 25+ 4.8 (5)
lysine (K) 27+ 7.8 90+ 21 (4) 55+ 11 (4) nd

aData are reported as meanSD (number of patches)p*< 0.05. **p < 0.005. Desensitization weighted time constam§g (vere calculated
with eq 4 (Experimental Procedures). Reversible inhibition was measured uspid 3fazioctanol (3-AO) and irreversible inhibition using 600

uM 3-azioctanol plus UV light® Not determined.

1.04 —— -
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0.0 . . . . T E262T E262Q
0 2 4 6 8 10
Recovery time (s) 260
Ficure 4: Desensitization recovery imE262L mutant nAChRs. F202K
ACh-induced desensitization and recovery were studied using a ]ms
“double pulse” protocol as described in Figure 2. ACh application 1.0
is shown as open bars above traces in the inset. Desensitization et
during the 5 s ACh pulse is characterized by a weighted average )
rdes= 230 ms (24 sweeps). Recovery ratio (P2/P1) data are shown g 0.8-
from 3 experiments on the same patch using 250 ms, 500 ms, and (5
1 sincrements in recovery intervals. Recovery is monoexponential — —
with a fitted time constant of 5.9 s (solid line). For comparison, g 0.6-
wild-type recovery, based on average values, is shown as a dashed -Z
line.
é 0.4
fication with further potential for providing spatial control 8
of modification within cellular networks. The specificity of B 02.
the photoactivatable ligand for its target is important, and in &
this study, we addressed specificity by incorporating muta- L.
tions at the presumed molecular site of incorporation (see 0.0 T r .
below). The combination of photomodification with pateh 0 107 10 10% 104
clamp electrophysiology has previously been reported using 3-Azi-octanol (M)

agonists at both CNG channef®2( 23) and nAChRs 24,

Ficure 5: Effect on reversible nAChR inhibition of mutations at

25). We are unaware of other studies where photoactivated aE262 versusiL 251 andoS252. Top: Panels depict sweeps from
ion channel inhibitors have been studied using a combination“notch” inhibition experiments using 3@M 3-azioctanol for seven

of electrophysiology and incorporation-site mutations.
Our results demonstrate that the irreversible inactive state
produced by 3-azioctanol photomodificationce£262 is a

aE262 mutants as well agL251V and aS2521. Two mutants,
alL251V andoE262T, show significantly less inhibition than wild-
type nAChR, and one mutariS2652I, shows significantly more
inhibition than wild-type. Results are summarized in Table 1.

desensitized state. We found that exposure of NAChRs toBottom: 3-Azioctanol inhibitory concentratierresponse data
3-azioctanol in the presence of 365 nm light causes irrevers-(meant SD; n = 3) is shown for thexS26521 mutant (open circles)

ible loss of function (Figure 3). This irreversible inhibition
is dependent on 3-azioctanol concentration in the concentra
tion range associated withoctanol desensitizatiori ) and

and theaS2652H-aE262T double mutant (solid squares). Lines
_through the data represent logistic fits. The fitted IC50s are not
significantly different (see text).

is also enhanced about 8-fold when ACh was used to promotein desensitization/resensitization as well as 3-azioctanol

desensitization, paralleling results frorfH]-3-azioctanol
photoincorporation attE262 inTorpedonAChR (11). The

modification. Mutations attE262 alter both desensitization/
resensitization rates and the degree of irreversible inhibition

effects of mutations atE262 are also consistent with arole caused by photoactivated 3-azioctanol (Table 1). We studied
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an insufficient number of mutations to reach conclusions 5). Thus, our data show that 3-azioctanol amdctanol
regarding side-chain properties associated with changes indisplay the same mechanism of channel block. Only one
fast receptor desensitization, but it is notable that replacing aE262 mutant ¢E262T) demonstrated modestly altered
glutamic acid with the hydrophobic side chains valine, sensitivity to reversible inhibition by 3-azioctanol, and this
leucine, and tryptophan caused slowing of fast desensitiza-effect was not additive with that of another mutation near
tion. Hydrophobic mutations atE262 also dramatically  the middle of then-M2 domain. We conclude thatE262
slowed recovery from fast desensitization, apparently by does not contribute to the midchannel alcohol blocking site
reducing or eliminating the fastest recovery component or form a second block site.
(Figure 4). This observation provides a direct correlate with  Our observation that some mutationso&i262 alter fast
the irreversible desensitization associated with 3-azioctanol ACh-induced desensitization without significantly changing
modification, and strongly suggests that long-chain alcohols ACh EC50 (Table 1) provides further evidence that agonist-
also slow recovery from desensitization. induced gating and desensitization are associated with distinct
Our strategy of hydrophobic mutagenesis to reduce or structures that can be uncoupled. Previous studies have
eliminate diazirine photomodification atE262 was based provided evidence that ion channel gating (opelose
on evidence that photoactivated alkyl diaziryls are electro- transitions) and desensitization are associated with indepen-
philic, explaining the large numbers of tyrosines, glutamates, dent structural rearrangements, while desensitization of wild-
and aspartates, but little or no aliphatic side chains identified type nAChRs appears to be coupled to the open sifie (
using such photolabel®2). Reducing electronegativity at We and others have previously describedM2 channel
0262, by mutation to valine, leucine, and glutamine, was mutants that change ACh EC50 by altering the gating
associated with significantly reduced irreversible inhibition equilibrium @4, 30). Some of these mutants (e.gL251T)
by photoactivated 3-azioctanol (Table 1). Based on our also profoundly affect fast ACh-induced desensitization rates,
observation that theE262L mutation slows resensitization indicating that portions of the-M2 domain couple to both
far more than desensitization, we infer thdf262L desen-  gating and desensitization. Similar observations have been
sitizes more completely than wild-type in the presence of made in GABA\ receptors 21, 31, 32), suggesting that all
agonists. Furthermore, the reduced irreversible desensitizatiodigand-gated ion channels in the cys-loop superfamily have
by photoactivated 3-azioctanol seendft262L and other  independent gates for ion conductance and desensitization.
mutant channels cannot be attributed to a reduced tendencyOur data further demonstrate that block by 3-azioctanol does
to desensitize, because wild-type and mutant nAChRs wenot affect the fast ACh-induced desensitization rate, indicat-
studied all reversibly desensitize more than 95%. Thus, ing that blocked channels can desensitize at the same rate
reduced irreversible desensitizatiomiB262 mutants likely as open channels. Previously, Purohit and Grosng (
reflects a reduced ability to form covalent bonds with reported that NAChR desensitization is unaffected by choline
photoactivated 3-azioctanol, and may also reflect altered channel blockade, leading to a similar conclusion.
binding of azioctanol at this site. In addition, tlod=262 Photomodification ottE262 with 3-azioctanol stabilizes
mutations that we studied did not fully eliminate irreversible the desensitized state on the time scale of tens of minutes or
inactivation by 3-azioctanol. This result could reflect a simple longer, whereas the262L mutation slows recovery on the
reduction in the degree of modification, perhaps by reacting time scale of seconds. This comparison suggests that the size
with other less electronegative amino acids at the mutatedof the aE262 side chain may be a determinant in stabilizing
site. Alternatively, other sites of 3-azioctanol modification the desensitized state. Bond formation between 3-azioctanol
(11) may irreversibly influence receptor function. and the carboxylate moiety of glutamate lengthens the
The results discussed above demonstrate thatTmiedo original 3 carbon side chain, adding 6 carbons. This
electroplague and mammalian muscle nAChRs have ho-photomodified side chain is much longer than that of valine
mologous alcohol binding sites that includ&262 and that (2 carbons), leucine (3 carbons), or tryptophar§=xarbon
are coupled to desensitization. Other noncompetitive nNAChR effective length). The photomodifiead262 side chain may
inhibitors are known to induce or affect the degree of NnAChR be long enough to reach the alcohol blocking site, about 3
desensitization. In the case of quinacrine the major effect is helical turns distant. However, because photoinhibition by
to accelerate the forward rate of desensitizat®r).(Other 3-azioctanol is desensitization-dependent, but desensitization
desensitizing inhibitors, including crystal violet, have been and channel block are independent, we find it unlikely that
proposed to interact atE262 @8). Indeed, theo subunits the resulting inactive receptors are irreversibly blocked.
of neuronal nAChRs all include a glutamic acid at thé 20 Studies using aliphatic diazirines of varying length may be
position of the M2 domain, suggesting the possibility that useful in further testing this possibility.
homologous desensitization-linked sites exist on neuronal
receptor subtypes. ACKNOWLEDGMENT
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