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ABSTRACT: Ligand-gated channels mediate synaptic transmission through conformational transitions
triggered by the binding of neurotransmitters. These transitions are well-defined in terms of ion conductance,
but their structural basis is poorly understood. To probe these changes in structure , Géd&ftors

were expressed iKenopuocytes and labeled at selected sites with environment-sensitive fluorophores.
With labels at two different residues in tla subunit in loop E of the GABA-binding pocket, GABA
elicited fluorescence changes opposite in sign. This pattern of fluorescence changes is consistent with a
closure of the GABA-binding cavity at the subunit interface. The competitive antagonist SR-95531 inverted
this pattern of fluorescence change, but the noncompetitive antagonist picrotoxin failed to elicit optical
signals. In response to GABA (but not SR-95531), labels at the homologous residueginstitainit
showed the same pattern of fluorescence change ag;thebunit labels, indicating a global transition

with comparable movements in homologous regions of different subunits. Incorporatiomefdhieunit

altered the fluorescence changesxgfsubunit labels and eliminated themfAg-subunit labels. Thus, the
ligand-induced structural changes in the GAB#&ceptor can extend over considerable distances or remain
highly localized, depending upon subunit composition and ligand.

Ligand-gated ion channels (LGIGsre allosteric proteins  taken by the receptor when it was activated by different
that allow neurotransmitters and drugs to control the ion ligands (L0).

permeability of cell membranes. When ligands bind to these 1, GABA, receptors, along with their relatives, the

proteins, t’;heir char&ne!s ogen gnd (I:Iose as the LGIC(:jlinter]: nAChRSs, the glycine receptor, and the 54+&ceptor, are
converts between distinct functional states. Most studies o pentamers composed of homologous subunits in a circular

these interconversions employ electrophysiological tech- arrangement around a central axig)( All of the subunits

niques, Wh'ch provide relat!v_ely little |n_5|ght Into the_ that form these receptors contain a large extracellular N
structural basis of these transitions. Techniques that provide, . . .
terminus of about 200 amino acids, four transmembrane

more detailed structural insight into ion-channel gating domains (ML-M4), and a small extracellular C terminus
include the substituted-cysteine accessibility method (SCAM) The N terminus forms a sandwich 8&heets, which harbors

and a variety of photometric methods. Experiments with the bindi ites f " it d drd
SCAM identified patterns of solvent accessibility of residues € binding sites for neurotransmitters and many dr .Qs(
14). Residues in and flanking the M2 segments reside on a

that line the poreX—4), as well as residues in ligand-binding ol ; hat f h
regions 6—8). Site-specific fluorescent labeling has enabled Water-accessible surface that forms the transmembrane

photometry to be used to probe the conformational changeschannel 2, 3, 15-17).

in LGICs as they occur in real time. In the GABAeceptor, Recent crystallographic analysis of a molluscan acetyl-
this approach revealed agonist-mediated molecular rear-choline-binding protein (AChBP) provided a three-dimen-
rangements at three different locatior®).(The muscle sional structure with atomic resolutioh8). AChBP shows
nicotinic acetylcholine receptor (NnAChR) has been studied a strong homology with the large N-terminal extracellular
by similar techniques, revealing fluorescence changes duringdomain of the nAChR, and thanks to the homology among
receptor activation and desensitization. A fluorophore at- related LGICs, this structure has served as a valuable guide
tached near the extracellular end of the M2 segment of thefor structure-function studies of GABA receptors. In
NAChR channel provided insight into the gating pathways addition, fluorescent labeling, intrinsic tryptophan fluores-
cence, and molecular dynamics studies of AChBP have
T This work was supported by the UW/HHMI Research Resources provided considerable insight into the molecular rearrange-
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LGICs are symmetric or pseudosymmetric allosteric  Two-Electrode Voltage ClampRecordings were per-
proteins, for which the MonodWyman—Changeux model  formed at room temperature on oocytes voltage-clamped at
postulates cooperative transitions during which subunits —80 mV with an OC-725C Oocyte Clamp (Warner, Hamden,
preserve their symmetry2). The Koshlang-Nemethy- CT). An oocyte was placed in a chamber that allows constant
Filmer model is often taken as a contrasting theory, where flow of solution (~4 mL/min), and this flow rate was
individual subunits are postulated to move independently, maintained as solutions were changed with electronically
so that symmetry can be brokeR@3]. Recent molecular  controlled flow valves. We perfused with the control solution
dynamics simulations of the ligand-binding domain of the for at least 5 min between drug applications, and this time
o7 nicotinic receptor suggested that without acetylcholine was extended to as long as 20 min after applying higher
the five subunits adopt an asymmetric arrangement, which concentrations. The oocyte was perfused with ND96 and
becomes more symmetric when acetylcholine birzd. (To solutions of GABA, SR-95531, picrotoxin (Sigma, St. Louis,
gain insight into the structural basis of functional transitions MO), and flurazepam (RBI, Natick, MA) in ND96. Stock
in LGICs and to test some of the basic assumptions aboutsolutions of picrotoxin were prepared in DMSO.
subunit symmetry, we used site-specific fluorescent labels Glass electrodes filled wit3 M KCI had resistances of
to study conformational changes at selected locations of the0.2—2.0 MQ. Incorporation of the/, subunit was tested by
GABA, receptor. This allowed us to probe the conforma- co-application of a low concentration of GABA (E£20)
tional changes localized to these parts of the protein. and flurazepam2g). Concentratiorresponse curves were
Applying GABA along with competitive and noncompetitive fitted to the following equationy = VinadX(ECsg” + x"))
GABA, receptor antagonists indicated that different drugs using Origin (Microcal Software, Inc., Northampton, MA),
can induce conformational changes that are either restrictedwith Vnax = maximum currentx = concentration, E€ =
to the ligand-binding pocket or are distributed over a large the concentration of drug giving a half-maximal response,
portion of the extracellular domain of the receptor. and n = Hill coefficient. Antagonist concentrations were

selected to block GABA responses by at least 90%.
EXPERIMENTAL PROCEDURES Simultaneous Current and Fluorescence Recordiihgo-

Molecular Biology.Cysteines were introduced by site- rescence was measured with a photomultiplier tube (Hamamat-
directed mutagenesis into the tat(E122, L127) 3, (P120, su) coupled to a Nikon optiphot microscope. We used:a 10
L125), andy, (N135, L140) subunits in the pGH19 vector 0.50NA objective (Zeiss) and illuminated with a 100 W
(25). DNA sequencing confirmed the mutations. mMRNA was halogen lamp powered by a JQE power supply (Kepco,
prepared with the mMessage RNA polymerase transcrip-  Flushing, NY). The same fluorescence filter set (535/50
tion kit (Ambion, Austin, TX). excitation, dichroic mirror 565 LP, and 610/75 emission;

Oocyte ExpressiorDocytes were removed from anesthe- Chroma Technology, Brattleboro, VT) was used for all three
tized Xenopus lagis and prepared as described previously fluorophores. The voltage clamp and shutter were controlled
(26). We generally injected smaller amounts of mMRNA for by a Digidata interface and Clampex 8 (Axon Instruments/
studies of the concentration dependence of currendEC Molecular Devices, Sunnyvale, CA). The current signal was
determination) and larger amounts for fluorescence. For low-pass-filtered at 1861000 Hz. Data were analyzed and
expression of wild-typex3 receptors, mRNA was injected graphed with Clampfit 8 and Origin. Fluorescence traces
in a ratio of 1:1a/f (0.7 ng/subunit for E¢, determination were corrected for bleaching, which made the baseline decay
from the current and 6.75 ng/subunit for fluorescence). by an average of 0.15%/s. The pre- and postdrug fluorescence
MRNA was injected in a ratio of 2.5:@/f for as-subunit signals were fitted to an exponential function, which was
mutants (0.71.7 ng/subunit for E€ determination from then subtracted from the entire record. The gain was set at
the current and 6:718 ng/subunit for fluorescence) and a 10’ V/A, giving a time constant of 150 ms with our current
ratio of 1:6a/p for f-subunit mutants (0-74.2 ng/subunit preamplifier (Oriel Instruments, Stratford, CT).
for ECso determination from the current and 4.87 ng/ Structural ModelingThe structural model in Figure 1 was
subunit for fluorescence). When the wild-typesubunit was developed with Swiss Protein Bank Viewer (ca.expasy.ord/
included, the ratio was 1:1:8f/y; 0.7—5.4 ng/subunit for ~ spdbv) starting with the AChBP structurk8{ (RCSB Protein
ECso and 2.2-18 ng/subunit for fluorescence). Thejs/y Data Base code 1I19B). The rat GARAeceptor sequences
MRNA ratio was 8:1:8 foiy-subunit mutations, 1:8:8 for  were aligned and threaded onto the AChBP tertiary structure,
B2-subunit mutations, and 1:1:10 fgi-subunit mutations  and the structure was energy-minimized as described previ-
(0.68-6.8 ng/subunit mRNA for E§ and 1.5-13.5 ng/ ously @). A GABA, receptor pentamer of extracellular
subunit for fluorescence). Oocytes were incubated in ND96 domains f/a/flo/y viewed counterclockwise from the

solution (96 mM NaCl, 2 mM KClI, 1.8 mM Cagll mM synaptic cleft) was assembled by overlaying the monomeric
MgCl,, 5 mM HEPES at pH 7.4) at 18C for 3—6 days subunits on the AChBP scaffold. The resulting structure was
prior to experiments. imported into SYBYL (Tripos, Inc., St. Louis, MO) and
Fluorophore LabelingOocytes were incubated in LM energy-minimized with neither water nor entropy factors
Alexa Fluor 546 maleimide (AF; Molecular Probes, Eugene, included. After the global energy minimization, Ramachan-
OR) in ND96 fa 1 h atroom temperature9j. Sulfor- dran plots,y plots, side-chain positions, and cis and trans

hodamine methanethiosulfonate (MTSR; Toronto Researchbonds were all examined. PROCHECRS| was run to
Chemical, Inc.) and tetramethylrhodamine maleimide (TMRM; examine structural features against the established database
Molecular Probes) labeling was carried out on ice for 30 of protein parameters, most importantly ¢ torsions and

min with 10 uM for each fluorescent reagentdQ( 27). side-chain conformations. Problems in the structure that were
Oocytes were washed with ND96 after labeling and used revealed by these evaluations were fixed manually, and
immediately for recording. energy minimizations were run again as needed. Regions



Local and Global Changes in GABAReceptor Structure Biochemistry, Vol. 45, No. 23, 2006015
RESULTS

Label SitesWe selected two residues in tle subunit
for mutation to cysteine and labeling, E122 firstrand 5
and L127 ing-strand 6 18), with both residues residing in
loop E according to the terminology of Corringer et &9
Both of these residues are in the vicinity of the GABA-
binding pocket (Figure 1B) and reside at tBigos-subunit
interfaces in the extracellular domain (Figure 1A). The
homologous residues in thf® subunit (P120, L125) and in
the y, subunit (N135, L140) were also labeled. SCAM
studies have shown that GABA and the allosteric modulator,
pentobarbital, changed the accessibility of thesubunit
residues selected for the present study, suggesting that this
region undergoes a conformational change during activation
(30, 31). The residue homologous to L127 in thesubunit
of the GABA: receptor (L166) has also been labeled and
shown to change its environment in response to GABA (

GABA-Induced Fluorescence Changé&#ild-type and
mutantouf, receptors @:E122C,a,L127C, 5,P120C, and
B2L125C) were expressed in oocytes and labeled with the
fluorescent sulfhydryl reagents AF, MTSR, or TMRM (see
the Experimental Procedures). Examination of deose
response curves revealed that these mutations caused rela-
tively modest changes in basic receptor function, except for
o1L127C3, (Table 1A), where the Ef& was much larger.
Because this residue is closer to the GABA-binding site
(Figure 1), its modification is more likely to interfere with
GABA binding. Subsequent labeling produced shifts in the
ECso values, which were generally less than a factor of 2.

For each of these four mutants, the application of GABA
elicited a change in the fluorescence of labels. These changes

L/ - in fluorescence occurred simultaneously with the opening
| AN o ( ; _ _
BZ & _~ - . a1 of chanr]els (F|gure 2). In control experiments with oocytes
‘ + - expressing wild-type receptors that had been treated with a

label, no fluorescence changes were observed (see the top
Ficure 1: Structural models of the GABAreceptor. Models were of Figure 5). Labels at,L127C3; (parts A and B of Figure

based on the AChBP crystal structuré8), as adapted to the ! .
homologous extracellular domain of the GABAeceptor (see the ~ 2) @nd the homologous residue,L125C (Figure 2E)

Experimental Procedures). The ribbon representation of the back-reported increases in fluorescence in response to GABA,
bone structure is used throughout, except that the mutated andregardless of whether they were labeled with AF, MTSR,
labeled residues studied here (E122 and L127 inotheubunit, or TMRM. In contrast, labels at;E122@, (parts C and D
red; P120 and L125 in thg, subunit, green; and N135 and L140 : ' " -

in the y, subunit, dark blue) are represented as space filling. (A) of Figure 2) and the homolog_ous positiagpP120C (Flg'.“'re
Top view of the entire pentameric structure. A positive sign 2F) showed a decrease in fluorescence. The simplest
indicates the “principal” component of the binding pocket, and a interpretation of these results is that the environments of these
negative sign indicates the “complementary” compon28}. (B) residues change polarity when the receptor is activated by
Side view of theo subunitB subunit interface containing the ligand-  GABA. According to this interpretatiomy,L. 1278, andou 8-

binding pocket, with the labeled residues on ¢hesubunit as space : :
filling. The putative GABA-binding region is colored gree8).( L125 see a decrease in polarity angE1225, ando,5,P120

Note that the subunit labeleda() would be ay subunit when ~ S€€ an increase in polarity. The fluorescence traces in Figure
this subunit is included in the expression or eithenar 3 subunit 2 do not always return to baseline with the same time course

when they subunit is omitted. as the current traces, but upon examining all of our records,
we could not discern any clear trends. Although there may
with insertions were modeled by fitting structures from a be valuable information about receptor kinetics from these
loop database. Because the sequence identity between thgeatures of the fluorescence changes, analyzing these pro-
AChBP and the GABA receptor ligand-binding domains  cesses will require a more careful study under conditions
is only about 18%, caution must be used in interpreting the where drugs can be added and removed more rapidly.
absolute positions of individual side-chain residues in the  The three different labels used here showed qualitatively
model. similar behavior in reporting fluorescence changes at all four
Statistical Analysis.Statistical analysis was performed positions. Figure 3 shows the results forsubunit labels.
using thet test and one-way analysis of variance (ANOVA) The linkages between the fluorophores and the cysteine side
followed by the post-hoc Dunnett's test using GraphPad chain differed in length for these labels, with values of 15.1,
Prism (San Diego, CA). Analysis of EE values was 7.8, and 5.0 A for AF, MTSR, and TMRM, respectively
performed following log transformation. (determined with ACD/ChemSketch). Because MTSR and
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Table 1: ConcentrationResponse Data for GABA Activation, before and after Fluorescent Labelingg ¢fA) or a5y (B) Receptors

(A) aufs2 unlabeled AF labeled
receptor EGo (uM) Hill coefficient n ECso (uM) Hill coefficient n
o2 15+04 1.18+0.1 4 1.6+ 04 1.21+0.03 5
01 (L127C)- 56.84+ 9.5 151+ 0.3 6 94.6+ 22.1 0.91+0.1 5
o1 (E122CPp- 44+14 0.96+ 0.2 3 2.1+ 0.3 1.35+ 0.1 4
0132(L125C) 0.9+ 0.2 1.18+0.1 4 1.6+0.3 0.97+ 0.2 3
0132(P120C) 1.14+0.3 1.10+ 0.3 4 2.0+ 04 0.75+ 0.1 4
(B) afi2y2 unlabeled TMRM labeled
receptor EGo (uM) Hill coefficient n ECso (uM) Hill coefficient n
ooy 11.2+1.1 1.01+0.1 9 8.6+ 1.2 1.02+ 0.1 4
0a(L127C)52y2 287+ 19 1.09+0.1 6 3544 66° 1.26+0.1 5
a1 (E122CPoy2 15.6+£2.7 1.15+0.2 4 12.7£ 0.6 1.11+0.01 4
o132(L125C)- 247+ 2.0° 1.19+0.1 4 22.0+ 4.10 1.24+0.1 5
o132(P120CY» 21.1+ 3.5 1.154+0.04 6 32.4- 4.7 1.38+0.1 4
a132y2(N135C) 40.3+ 4.6° 1.04+0.1 6 49.4+ 6.4 1.10+0.1 4

aMutant and wild-type receptors were expressed in oocytes, &@ Hill coefficient values were obtained from fits to the Hill equation (see
the Experimental Procedures) of the indicated number of concentratsponse plots. Bg values were log-transformed, averaged, and anti-
log-transformed to give final Egvalues.af receptors were studied by expressing andS.-subunit MRNA and labeling with ARy receptors

were studied by expressing-, 5.-, andyz-subunit mRNA and labeling with TMRM A statistically significant difference from the wild type by
ANOVA (p < 0.05).
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Ficure 2: Simultaneous measurement of current and fluorescence changes in response to GABA. Current and fluorescence change in
parallel when GABA was applied at the indicated concentrations.ofA)1L27C3, receptors labeled with AF. (By;L127C3, receptors

labeled with MTSR. (CpyE122@3, receptors labeled with MTSR. (@)E122Q3; receptors labeled with TMRM. (E),5,L125C receptors

labeled with TMRM. (F)au,P120C receptors labeled with AF. Because this label site tends to give small fluorescence changes, the
magnitude of the change in this trace is greater than the average value indicated in Figure 5.

TMRM are both rhodamine labels, it may be significant that uishable parameter values (current: s£€ 1.5+ 0.3 uM,

the greater fluorescence changes were seen with TMRM, Hill coefficient = 1.3 + 0.03 andAF: ECso = 1.4 4+ 0.5
which has the shorter linker. A shorter linker should allow M, Hill coefficient = 1.2 + 0.1). Other labels and sites
structural changes on the receptor to impose greater changeshowed the same trend, but quantitative comparisons were
on the environment of the fluorophore. Because the responseusually more difficult because of the smaller fluorescence
was clearly larger with TMRM ad;E122Q3,, this label was changes.

employed in the majority of our experiments. A less  Movements in Homologous Regions of the Extracellular
extensive comparison between labels at other sites alsoDomain.A saturating concentration of GABA applieddgf-
showed that TMRM gave the largest signals (data not receptors produced the same pattern of fluorescence change

shown). in labels on the homologous residues of ithe and j-
Concentrationresponse curves of the current and fluo- subunits (Figures 2 and 5). This indicates that these
rescence change were obtained from TMRM-labelg- homologous locations in very different parts of the protein

122@3, receptors (Figure 4). The two curves were superim- undergo structural changes during receptor activation. The
posable after normalization, and the fits yielded indisting- labeled sites on th@, subunit are quite remote from the
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Ficure 3: Average fluorescence changes observed with three
different fluorescent labels. Mear- standard error (SE) of
fluorescence changes observed in response to GABA[B for

AF-, MTSR-, and TMRM-labeled mutantso{L127C3, and
o,E12233,). Average peak GABA-activated current and number
of oocytes are indicated on the right.
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Ficure 4: Concentrationresponse relationship of current and
fluorescence inoyE122QG3, receptors. Concentratiemmesponse
curves of GABA-activated currenia) and fluorescence®) for
TMRM-labeled 0,E122G3, receptors. Data were normalized to
maximal responses and averaged for four experiments. The plot
shows meant SE.

GABA-binding pocket lying at a subunit interface that is
not involved in GABA binding (Figure 1A); therefore, this
result indicates that the conformational transition induced
by GABA binding extends over a considerable distance from
the actual binding site. The similar pattern of fluorescence
changes in the two pairs of labels raises the possibility of a
transition with at least some degree of symmetry. However,
both of theS,-subunit labels showed smaller fluorescence
changes than the correspondingsubunit labels. This might

in part reflect more labels am, subunits, if the stoichiometry

is 30u2f3,. However, the differences probably also reflect the
environments of the labels and the nature of the structural
transition in the two subunits.

We examinedyy 32y, receptors using wild-type and mutant
y2 subunits. The concentration dependence of GABA-
activated current was investigated before and after TMRM
labeling (Table 1B). As iruf receptors, i3y receptors,
the mutationoL127C3,y, produced a large increase in the
EGCso value but the other mutations were closer to the wild
type. Labeling these cysteine mutants with fluorophore did
not alter the sensitivity of the receptor to GABA. With the

Biochemistry, Vol. 45, No. 23, 2006017

. o p
I opy,
20.9 yA, n=11
Wild Type 16.7 pA, n=9
*# 141 pA, n=14
o, (L127C) *# 19.1 pA, n=18
i 27 uA, n=10
o, (E122C) ﬁ 27.8 pA, n=40
* 19.5 pA, n=17
B,(L125C) 16.6 pA, n=24
* 20.2 yA, n=13
B,(P120C) 15.6 A, n=17
1,(N135C) 18.6 uA, n=20
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Ficure 5: GABA-induced fluorescence changes in labeled recep-
tors. GABA was applied at concentratiorsECqo to Obtain near
maximal fluorescence changes. The current was measured in parallel
in each experiment. When the current was belgeA7fluorescence
was not included in the average. Mean SE is shown for
fluorescence with the mean current and number of oocytes to the
right. a15,y,L140C receptors were not included because currents
were too low (300 nA). The maximal GABA-activated current
and number of oocytes are indicated to the right. The asterisk and
pound sign indicate a significant difference from the wild type by
thet test and one-way ANOVA, respectively.

032y, 140C mutant, very small currents were seer300
nA); therefore, labeling and fluorescence measurements were
not attempted.

Coexpression of thg, subunit reduced the amplitude of
the fluorescence changes in receptors with labels omthe
or 5, subunits (Figure 5). We did not observe a fluorescence
change in the label at positighL125C or$,P120C when a
y2 subunit was present. The current in oocytes expressing
this receptor was quite high (averagel8.6uA, Figure 5),
indicating that expression levels were comparable to those
seen in the absence of the subunit. A label atou32y-
N135C also showed no fluorescence change despite the large
current (Figure 5). In these experiments, labeling was
attempted for shorter time periods (1 min with MTSR) to
reduce the background and detect smaller changes. However,
in six experiments, no significant GABA-induced fluores-
cence change could be seen. We also tried labeling in the
presence of GABA and still were unable to see a signal.
Thus, this homologous residue in the subunit may not
undergo movements of the magnitude similar to that implied
by the signals arising from labels on the andf, subunits.
However, without a detectable fluorescence change, we
cannot rule out the possibility that this site on thesubunit
remains unlabeled. Indeed, we were unable to observe
changes in flurazepam potentiation following TMRM treat-
ment; therefore, failure to label this residue remains a distinct
possibility.

A Comparison of the Open and Desensitized States.
GABA, receptors, in common with the vast majority of
LGICs, undergo desensitization in the continued presence
of an agonist. The traces in Figure 2 suggest that the
fluorescence does not change much as the receptor desen-
sitizes, but in these experiments, the brief drug application
times (10 s) limited the extent of desensitization. We
therefore applied GABA for a longer time (20 s) to induce
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FiGurRe 6: Desensitization in response to GABA. Parallel measurements of current and fluorescence during prolonged application of GABA
(20 s) at the indicated concentrations. (&)L127C5, receptors labeled with AF. (B);E122@5, receptors labeled with TMRM. The
fluorescence traces remain flat as the current declined because of desensitization. Note the longer application times compared to Figure 2.
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Ficure 7: Current and fluorescence responses to GABA and SR-95531. Responses to GABA and the competitive antagonist, SR-95531,
are shown in the same oocyte. The two drugs induced fluorescence changes in the opposite directihri2(AQ5,y, receptors labeled
with TMRM. (B) ouE122@5, receptors labeled with TMRM. (G),E122G5,y, receptors labeled with TMRM.

more desensitization. The fluorescence remained steady a
the current declined by more than 50%. Bat{L127C5,

¥
C asy

receptors labeled with AF antiE122(Q3; receptors labeled ;4 Tie ’F 220uA, n=7

with TMRM showed substantial decays in the current, while 13.1 A, n=7

the fluorescence remained flat (Figure 6). Receptors with 10.3 uA, n=4

labels on thef, subunit produced smaller fluorescence wER) 1B.5pAn=14
changes; therefore, although the fluorescence appeared t 23.04A.n=8

remain flat as the receptor current decayed, the absence o%iEI220) 234 pA, =24
fluorescence changes fla-subunit labels during desensitiza- 5 (L125C) ’F HL i T2
tion was more difficult to judge (data not shown). The failure el el
of the fluorescence to decline during desensitization suggestsg p129c,) E* 18.7 pA, n=7

that the labeled residues in the ligand-binding pocket of the 1530 =8

oy subunit do not change their environment significantly ., n1asc)

during transitions between the open and desensitized states - - I PP .| o

-2 1 1] 1 2 3

However, because fast desensitization cannot be seen witt
the relatively slow rate of drug application in recordings from

AFIF (%)

oocytes, we cannot rule out the possibility that the initial FiGURe8: Average fluorescence changes in response to SR-95531.
fluorescence changes arise from a very rapidly generatedEaCh recording was performed with SR-95531 neag t€ obtain

desensitized conformation rather than open channels.
Competitve and Noncompetite Antagonist ActionsSR-
95531 is a competitive antagonist of the GABReceptor,
occupying the GABA-binding pocket without gating the
channel. SR-95531 induced large fluorescence changes i
labeledo,L127C5,y, receptors, opposite in direction to those
induced by GABA (Figure 7). Labeled,E122@5, and o-
E122@3,y, also showed fluorescence changes in response

maximum fluorescence changes. The peak fluorescence change was
measured for each recording, and oocytes were tested with GABA
as well. When the current induced by GABA was belowA, no
further experiments were performed on that oocyig,y,L140C
receptors were not included because currents were too@0(

r{1A). The average peak GABA-activated current and number of
oocytes are indicated to the right. The asterisk and pound sign
indicate a significant difference from the wild type by théest

and one-way ANOVA, respectively.

to SR95531 that were in the opposite direction to those even though GABA produced large signals (Figure 8). These
produced by GABA. On the other hand, SR-95531 failed to results suggest that this competitive antagonist induces

induce fluorescence changes in labaled127C5, receptors

structural changes distinctly different from those that occur
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Ficure 9: Simultaneous measurement of current and fluorescence in response to picrotoxin, SR-95531, and GABA. GABA was applied
first to test for receptor expression, and then the two antagonists were applied successively to the same oocyte. Note that picrotoxin never
produced a fluorescence change, but both antagonists produced small reductions in current when receptors cotyagudultiite A)
ouL127CB,y, receptors labeled with TMRM. (B)uE122@3; receptors labeled with TMRM. (C) Picrotoxin does not block the fluorescence
change induced by GABA in;E122@3, receptors labeled with TMRM.

during activation. However, we cannot exclude the possibility of the receptor. However, it is conceivable that drug binding
of the antagonist quenching the fluorophore through close only to spontaneously open channels could reduce the current

proximity. This possibility could also explain why SR-95531

produced no fluorescence change in fheandy,-subunit

in the time observed. The fact that SR-95531 blocks
spontaneous channel opening by binding to a site distant from

labels, which are not near the GABA-binding pocket. the open channel suggests that spontaneous channel opening
Although a direct interaction between the antagonist and labelis a global transition dependent upon concomitant structural
could account for some of the fluorescence changes, it wouldchanges in the agonist-binding domains. Picrotoxin also
be difficult to explain the opposite changes in fluorescence blocked spontaneous channel opening but without producing

of labels at residues 122 and 127.

The binding site of picrotoxin is believed to be formed

by the M2 segment deep within the chanrg,(33) and far
from the GABA-binding pocket highlighted in Figure 1B.

When we applied a high concentration of picrotoxin (100

changes at these labeled sites.

DISCUSSION

We have investigated ligand-induced structural transitions

UM ~ ECss_o0) to labeled mutant receptors, no fluorescence Petween the closed, open, and desensitized states in the
change was observed (Figure 9). This indicates that picro- GABAa receptor with site-specific fluorescence labels. This
toxin alone does not cause molecular rearrangements in theapproach allowed us to monitor structural changes at selected

ligand-binding pocket of the GABA receptor. Because

locations during functional transitions in this LGIC. In this

GABA-bound desensitized receptors fluoresce with different Way, we were able to gain insight into the extent of the
intensities from GABA-free receptors (Figure 6), it would Structural transition during GABA-induced channel opening
appear that picrotoxin does not induce a conformational @nd contrast this with the very different changes resulting

transition similar to that seen during receptor desensitization. from antagonist binding.

The possibility remains that picrotoxin induces an allosteric

Origin of Fluorescence ChangeShanges in the fluores-

transition in other parts of the protein, and further labeling cence of molecules such as those used as labels here are

studies at different locations may reveal these sites.

widely interpreted in terms of a change in the polarity of

Because picrotoxin blocks the gating transition in the ion- the immediate environment of the label. This is the simplest
channel domain of the protein, we tested whether it can alsointerpretation and has been invoked in previous studies of
block the conformational changes induced by GABA in the fluorescent labels in LGICs9( 10). However, it is also
extracellular N terminus. In the presence of picrotoxin, possible that the conformational change alters the spatial
GABA still induces a large fluorescence change (Figure 9C; relation between the fluorophore and a protein side chain
N=6), indicating that the structural changes around the with quenching activity. It is also possible that a ligand could
GABA-binding site can still occur even when the current is alter fluorescence by a direct interaction. We cannot rigor-
blocked. Thus, either these two domains of the GABA ously exclude these possibilities, but quenching interactions
receptor exhibit weak, easily disrupted coupling or, alterna- usually show chemical specificity and qualitatively similar
tively, picrotoxin can block the channel without inducing a results for two different fluorophores, rhodamine and alexa
structural transition, as might be expected for an open- fluor 546, at two different sites, do not support such

channel block mechanism.

specificity. Furthermore, the different linker lengths for the

Both picrotoxin and SR-95531 produced a small diminu- two rhodamine labels (7.8 A for MTSR di5 A for TMRM)
tion of current in the absence of GABA of approximately should alter the specific environment of the fluorophore, but

0.5—1 uA when receptors contained the subunit (Figure

the fluorescence changes seen by these two labels were

9). This presumably reflects the block of current through qualitatively similar (Figure 3). For the label at E122C of

spontaneously open GABAreceptor channels. The time

the oy subunit, a direct quenching by the ligand is less likely

course for this change indicates that picrotoxin binds in about because this residue is further from the binding site (Figure
1 s. Because this current block occurs in the absence ofl) (14) and labels at this site still showed a large fluorescence

GABA, picrotoxin probably binds rapidly to the inactive form

change. Moreover, the labels on thgsubunit are clearly
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too far away for a direct ligand interaction, and these labels proposed to initiate channel gating. According to this
showed the same qualitative pattern of fluorescence changesypothesis, the fluorescence changes ingtseibunit labels
in response to GABA as labels on the homologous sites of would likely follow channel opening. An alternative hypoth-

the a; subunit. esis can be put forward that an initial structural transition
The AF fluorophore differs from the rhodamine moiety occurs cooperatively in the extracellular domains of all of
of MTSR and TMRM in carrying a formal charge efl. In the subunits, and this creates tension on all of the M2

a fluorometry study of the Shaker potassium channel, segments to open the chanrigd);, Determining the temporal
opposite fluorescence changes were seen in a mutant proteinelationship between channel gating and the movements in
labeled with two different fluorophores34) and it was the homologous regions of the extracellular domains of
suggested that the different charges might result in slightly different subunits could then distinguish between these two
different positions of the fluorophores and thus slightly distinct hypotheses for receptor activation.
different environments. Because in our study every com- Symmetry of Conformational Change$he GABAa
parison of AF with the other two labels showed qualitatively receptor is a hetero-oligomer, and in our study, we examined
similar behavior, it is likely that the charge of the label has receptors composed from andg; subunits with and without
a smaller effect on the environment taken up by labels at they, subunit. The stoichiometry affy GABAa receptors
the sites studied here in the GARAeceptor. The twa;- is 2:2:1 @0—42), but in 03 GABA, receptors, they and
subunit labels changed fluorescence in the opposite directions, subunits could be in ratios of either 3:23( 44) or 2:3
when GABA was applied, and fluorescence changes of both (41, 45). Monod et al. 22) postulated a symmetrical
of these labels reversed sign when the competitive antagonistfransition in multisubunit proteins, but perfect symmetry
SR-95531, was applied. These results are all consistent withcannot be realized in a hetero-oligomeric LGIC. The pseu-
the interpretation that these labels are reporting changes indosymmetrical character of these receptors raises questions
the polarity of their environment. about the extent of symmetry during the allosteric transitions

Structural Changes and Receptor Aetiion. The inter- of these proteins. Our study showed that residues ofiihe
pretation of fluorescence in terms of environment polarity subunit and homologous residues of fhesubunit of the
offers some interesting insights into the nature of structural a5 GABAA receptor reported a similar pattern of fluores-
changes during ligand binding. The side chain of residue cence changes in response to GABA (Figures 2 and 5). Thus,
127 of thea;-subunit faces into the GABA-binding cavity, in these domains, the transition shows some degree of
and the fluorescence increase could indicate that ligandsymmetry. However, the magnitudes of the fluorescence
binding induces some degree of closure of this cavity through changes in the labels of th& subunit were smaller, and
a shortening of the distance between loop E ofdarseibunit this difference is more difficult to interpret because of
and the adjacent part of th& subunit. SCAM studies of  uncertainty regarding subunit stoichiometry (fewksub-
the GABA. receptor supported a similar ligand-binding units), subunit nonequivalence within the pentameric struc-
pocket closure®). A movement of this form is consistent ture, and labeling efficiency of different sites. Thus, we
with the idea that receptor activation entails a shortening of cannot distinguish between the two alternatives of smaller
the distance between binding determinants residing on twochanges in the environment of tife-subunit labels during
adjacent subunits36). A similar ligand-induced domain transitions and equal changes in environment, with other
closure has also been observed in the GIuR2 glutamatefactors accounting for the difference in fluorescence changes.
receptor 86), which belongs to a family of LGICs unrelated It is nevertheless significant that in these experiments some
to the GABA, receptors and nAChRs. The side chain of degree of symmetry is indicated between homologous sites
residue 122 of they; subunit is predicted to protrude from  on the two subunits.
a loop linkingg-strands 5 and 6, and residues in this region  Incorporating they, subunit changed the magnitudes of
have been shown to influence receptor sensitivay).(If fluorescence changes in response to both agonist and
this side chain faces away from the cavity, then cavity closure antagonist at most of the sites labeled (Figures 5 and 8),
could increase the exposure of a label at this site and thuswith both a; and 3, subunits reporting nearly 3-fold lower
account for its fluorescence decrease. The pattern of fluo-fluorescence changes in response to GABA. The pattern of
rescence changes of labels at these two sites is thus consistefiiuorescence changes seen in labels at homologous sites on
with the idea that GABA binding initiates a rigid-body the oy and 3, subunits in theaj GABAA receptor was
movement of this section of thiesheet. The opposite pattern essentially lost inafy GABA, receptors. The reduced
of movement, opening of the cavity, greater aqueous fluorescence changes i-subunit labels indicate that the
exposure of residue 127, and less exposure of residue 122, subunit induces structural changes that propagate through
would then account for the pattern of fluorescence changesadjacent subunits of the GABAreceptor. The higher &g
elicited by SR-95531. These results thus indicate that the values in GABA\ receptors containing the subunit (Table
position of this element of the putatiyesheet with respect 1) (46, 47) thus may result from a change in binding as well
to the adjacenf subunit serves as an important determinant as a change in the gating equilibrium. The observation that
of the energetics of channel opening. This domain-closing fluorescence signals in both the and f, subunits were
motion may serve to initiate a conformational wave propa- reduced suggests that taesubunit can allow gating to occur
gating to the channel domain, as envisioned in the nAChR with smaller structural changes in the extracellular domains.
(38). A label at a homologous site in the subunit showed no

On the basis of an electron microscope structure of the significant fluorescence change, even though this receptor
NAChR, agonist binding was proposed to initiate a domain expressed very well (N135G in Figure 5). This further
rotation within the principle ligand-binding subung9). A indicates that the,3y receptor fails to conserve the partially
mechanical link to the M2 segment of the same subunit was symmetric character of the transition seerujf receptors.
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The fact that thex; subunit is more homologous to the are more limited. Limited structural changes induced by
subunit than to th@, subunit 48) makes this a particularly  picrotoxin are further supported by the failure of picrotoxin
intriguing result because it implies that sequence homology to reverse the fluorescence changes in the label induced by
does not translate into homology of structure nor does it GABA (Figure 9C). If picrotoxin does induce a global
translate into homology of the structural changes induced transition, this transition differs from that seen during
by ligand binding. desensitization, especially in the ligand-binding pocket of
Molecular Rearrangements during Desensitizatidaring the extracellular domain. The structural transition induced
transitions from the open to desensitized states, the labelsby picrotoxin may be confined to the channel-forming
on thea; subunit (Figure 6) and homologous residues of domains of the protein.
the 32 subunit show relatively little change in their environ- SR-95531 and picrotoxin both blocked spontaneous open-
ment. Because both the open and desensitized states arimgs of the GABA receptor (Figure 9). In the case of SR-
induced by ligand binding, they should have a high affinity. 95531, the structural changes in the ligand-binding pocket
From that perspective, the absence of structural changes irinferred from the fluorescence changestisubunit labels
or near the GABA-binding pocket is reasonable. Presumably, (Figures 7 and 8) may raise the energy barrier to spontaneous
structural changes occur during this transition but in different channel opening. Thus, spontaneous opening is still a global
parts of the protein. Changes must occur in the pore-lining transition, accompanied by changes extending to the ligand-
M2 segment because the channel is closed in the desensitizedinding pocket. However, picrotoxin can block spontaneous
state. However, a similar experiment in the nAChR showed opening without producing such extensive structural changes.
that a label at the extracellular end of the M2 segment of
the 8 subunit increased its fluorescence during channel CONCLUSIONS
opening and also failed to change its fluorescence further
during desensitizatioriL(). Knowing which residues undergo
structural changes during this transition will clarify the
mechanism of LGIC desensitization, and it is hoped that
further experiments with fluorescent probes will
these parts of the protein.

Fluorescent labels in and near the ligand-binding pocket
of the oy subunit and homologous sites on thgand y»
subunits far from the ligand-binding pocket have provided
) . insight into how different parts of the GABAreceptor
identify protein change during functional transitions. The structural
- changes associated with transitions induced by GABA are

Antagonist-Induced Fluorescence Changle.tested tWo )56 extensive for,s receptors than fow3y receptors and
antagonists with different modes of action, SR-95531 and i qre extensive than for transitions induced by antagonists.
picrotoxin. The competitive antagonist SR-95531 induced e capacity of ligands to influence the function of LGICs

large fluorescence changes dn-subunit labels that were ¢4 thys result from structural changes that vary in extent.
opposite in sign to those produced by GABA, and these pjjosteric transitions are generally viewed as more extensive
fluorescence chan_ges at 'Iea.st partly reflect changes in theg|oba| changes in the protein structure. The relative contribu-
structure of the ligand-binding pocket. A SCAM study on of global and local changes may be an important
showed that SR-95531 increases the accessibility of a residugnaracteristic of the modulation of function of LGICs. Further
lining the ligand-binding pocket in thé subunit 7), further g, gjes with fluorescent labels will advance our understand-
supporting the interpretation that this drug induces a sig- ing of this important aspect of LGIC function.
nificant structural change in the ligand-binding pocket. These
results argue that this antagonist does more than simplyACKNOWLEDGMENT
occlude the binding site and prevent GABA binding. This ,
then implies some conformational flexibility in the binding _ We thank Andrew Boileau and other members of the
pocket, with motions not restricted solely to those associated Jackson and Czajkowski research groups for valuable dis-
with channel opening. Competitive antagonists have also CUSSIONs and advice throughout the course of this study. We
been reported to induce changes in the fluorescence of labeldhank Ken Satyshur for computer modeling and Jeff Walker
in the AChBP (9) and the GABA receptor 9). and Gerard Marriott for helpful discussions.
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