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ABSTRACT. The gating mechanism of the acetylcholine receptor channel (AChR) was investigated by using
rate equilibrium linear free energy relationships (LFERS) to probe the transition state between the closed
and open conformations. The properties of the transition state of gating in the second transmembrane
segment (M2) of the subunit, one of the five homologous pore-lining segments, was measured on a
residue-by-residue basis. Series of point mutations were engineered at individual positions of this domain,
and the corresponding constructs were characterized electrophysiologically, at the single-channel level.
Fully liganded AChR opening and closing rate constants were estimatedparadues (which are a
measure of the extent of the conformational change realized at the transition state) were calculated for
each reaction series as the slope of the Brgnsted relationship (log rate constant versus log equilibrium
constant). Our results indicate that, at the transition state of gating, the extracellular &R gfartly
resembles the open state-{/alues between 0.24 and 0.38) while the intracellular half completely resembles
the closed state{-values betweer-0.18 and 0.03), with a break point near the middle of the M2 segment.
This suggests that during gating the two halvesi move asynchronously, with the rearrangement of

the extracellular portion preceding (following) that of the intracellular padi\d® during opening (closing).

This particular sequence of molecular events indicates that the gating conformational change, which starts
at the extracellular acetylcholine-binding sites (when opening), does not propagate exclusively along the
primary sequence of the protein. In addition, our data are consistent withMBesegment bending or
swiveling around its central residues during gating. We also elaborate on unsettled aspects of the analysis
such as the accuracy of two-point LFERSs, the physical interpretation of fractibnallues, and the
existence of single versus parallel transition states for the gating reaction.

The acetylcholine receptor channel (AChRY a large was described in the vicinity of the centradll%®u (10, 11).
(~290 kDa) allosteric membrane protein that mediates  Although the atomic resolution structures of the AChR in
synaptic transmission at the vertebrate neuromuscular junc-the closed and open states are still not known, opening must
tion. It consists of five homologous subunitsgde in adult involve conformational changes in at least two domains: the
muscle) that form a cation-selective pathway across thetransmitter binding sites, which switch from low to high
membrane. Each subunit is thought to contain four trans- agonist affinity, and the poreJ45 A away from the binding
membrane segments (MM4), a structural feature shared sites 6, 12, 13)], which switches from ion-impermeable to
with the other members of the nicotinoid receptor super- jon-permeable. The sequence of events that links these two
family (which includes nicotinic, 5-HF, glycine, GABA, end states (i.e., the gating mechanism) is also unknown, and
and GABA: receptors). The second membrane-spanning for its elucidation, some knowledge about stable reaction
domain, M2, is of particular interest because it forms the intermediates is needed. Because gating of diliganded AChRs
pentameriax-helical bundle that contributes most of the pore appears to be a one-step conformational charigy (he
lining (1-5). only intermediate conformation that is amenable to charac-

Several lines of evidence suggest that the M2 segmentsterization is the transition state, that is, the transient
are bent §, 7) or disordered 7, 8) at their midpoints and  conformation between the end states with the highest free
that this discontinuity in the proposexthelical structure  energy.
could act as a molecular hinge or swivel during gatiflg ( Structural information about the transition state can be
Itis well-known that some degree of conformational freedom gajned from the analysis of kinetic data in the framework of
is afforded by a break in the H-bond system that stabilizes yate equilibrium linear free energy relationships [LFERS
ano-helix. Indeed, an interrupted network of hydrogen bonds 17)]. The LFER formalism rationalizes the positive correla-
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position, at the transition staté usually ranges between 0 an Axopatch 200A amplifier (Axon Instruments) at a 10 kHz
and 1, with a value of zero indicating a closed state-like bandwidth and were transferred directly into a Pentium IlI
structure and a value of 1 indicating an open state-like computer (dual processor, 550 MHz each) at a sampling
structure. We have previously obtained a low-resolution frequency of 40 or 100 kHz, using a National Instruments
LFER snapshot of the AChR at the gating transition state PCI-MIO-14E-4 acquisition board.

(17). These results suggested the existence of a spatial Gating Kinetics. Gating of diliganded AChRs can be
gradient ofd-values along the long axis of the receptor, modeled as a single-step reaction:

which led to the conclusion that during the conformational

change associated with opening the low-to-high affinity CA2<—ﬂ'— OA,

change at the transmitter-binding sites precedes the complete ¢

opening of the pore. _ . where CA is the diliganded closed receptor and O#the
Here we present a high-resolution maplefvaluesinthe  iliganded open receptor. Because in the presence of ACh
M2 segment of the) subunit of the muscle AChR, which  the opening rate constants of the wild-type and M2 mutant
illuminates the dynamics of gating of this important channel AchRs are too fast to be reliably estimated, we used choline,
domain. Our results are consistent with the notion that the 5 low-efficacy agonist that supports a slow opening rate
6M2 OL-heli_X benqs or SWiVeIS a.bOL.Jt |tS Central reSidueS constant _’(_4) To isolate d|||ganded gat|ng from the |igand-
during gating, with the conformational change of the pinding steps, the diliganded AChR opening rate constant
extracellular half preceding the movement of the intracellular (ﬁ) was estimated at a Saturating concentration of agonist
half upon opening. We also elaborate on three unsettled(20 mMm choline). To relieve fast channel blockade by the
aspects of the analysis, namely, the accuracy of two-point agonist itself (which reduces the single-channel current

LFERSs, the physical interpretation of fraction@tvalues,  amplitude and lengthens the apparent open channel lifetime),
and the existence of single versus parallel transition statesthe diliganded AChR closing rate constamj (vas estimated

for the gating reaction. at a low concentration of agonist (201 choline).
MATERIALS AND METHODS Segments of single-channel current traces were selected

by eye, excluding noisy sections, long shut intervals, and
segments containing openings of two or more overlapping
channels. An interval-based full-likelihood algorithm, which
includes a correction for missed events, was used to estimate
rate constants [www.qub.buffalo.ed®2j]. The dead time
was 25 or 62.54s (100 or 40 kHz sampling frequency,
respectively), and the analysis bandwidth was between 4.5
and 10 kHz (10 kHz in most cases). The opening rate
constant in the presence of choline is so slow that bursts of

Mutagenesis and Expressi@bDNA clones corresponding
to thea, 3, 6, ande subunits of the mouse muscle AChR
were obtained as described in 9. The a subunit had a
Val-to-Ala background mutation in the M4 segment that has
been shown not to affect channel gatira)( Site-directed
mutations were engineered on tlde subunit using the
QuikChange site-directed mutagenesis kit (Stratagene) pro-
tocol and confirmed by dideoxy sequencing. There was no
rationale behind the choice of mutations. In practice, the idead.l. ded ch | . ; | f sinal
of the LFER approach is to “move” the equilibrium constant liganded channel openings consist, mostly, of single
of a reaction in small steps to an extent that is large enoughppenmgs' The reciprocal of th? mean lifetime of.these.open
to allow an unbiased estimate of the slope of a anstedlnterval_s, measured at low I|gand concentrations, Is an
plot. However, because the relationship between the structuralovereStImate of the (true) closing rate constant because, in

features of M2 and the magnitude of the gating equilibrium addition to channel closure, agonist dissoc_igtiop from the
constant is poorly understood, we could not anticipate which open state (followed by closure) and desensitization can also

mutations would work best. Thus, the choice of mutations fé?gate ar?inopenilg%h@. Trhe n;ean “:et'hmﬁnc’f d”'?]a?k?ed b
was largely random. Despite this lack of rationale, the ppet dgs’th €p esel cfetho cho f?h cal nus te
linearity of the Brgnsted plots (an absolute requirement for approximated as the reciprocal of the sum of in€ closing rate

the application of the LFER approach) was conserved in all constant, the choline dissociation rate constant from the open
but one position state, and the rate of entry into desensitization from the open

Human embryonic kidney fibroblast cells (HEK 293) were state 3). For simplicity, the diliganded open state was

transiently transfected using calcium phosphate precipitation modeled as having a single exit pathway, and the corre-
L "sponding rat nstant estimates wer rrect tract-
A total of 3.5ug of cDNA per 35 mm culture dish in the sponding rate constant estimates were corrected by sublrac

: ) [ I f 200 .. Thi lue is the sl t t
ratio 2:1:1:1 (1:3:0:¢€) was applied to the cells for22 h, ng a vaue o S IS vallle 1 the SoWest apparen

ft hich ti h di h d. Electronhvsi closing rate constant that was observed (with $h®'A
atter which time the medium was changed. Electropnysi- construct), and therefore it is an upper limit for the sum of
ological recordings started24 h later.

) X ) the desensitization and choline dissociation rate constants
Single-Channel RecordingRecordings were performed  from the open state.

ion the cell-attached patch-clamp configurati(ﬁi?(at ~22 Linear Free Energy Relationship8he free energy change
C. The bath and pipet solutions were Dulbecco’s phosphate-ihat the transition state of a two-state reaction experiences
buffered saline containing (mM) 137 NaCl, 0.9 CaQ@.7 upon perturbation can be expressed, in some cases, as a linear

KCI, 1.5 KH;PQ,, 0.5 MgCh, and 8.1 NaHPQ,, pH 7.3. combination of the free energy changes of the two end states
P{:ltch pipets, pulled from _borosmcate caplll_arles, were coated (15). In the context of ion channel gating, this relation can
with Sylgard (Dow Corning Corp.) and fire-polished to a g expressed as

final resistance of 58 MQ. The potential of the patch pipet

was held at+-70 mV which, in the cell-attached conflgura— (G*p_ G*) = ‘I’(Gopopen_ G open T

tion, corresponds to an estimated membrane potential of op s

~—100 mV. Single-channel currents were recorded using (1= P)C* gosea™ C°ciosed (1)
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Ficure 1: Single-channel kinetic analysis. (A, left) Example single-channel currents from the wild type and someéMRtheutants in

the presence of 20 mM choline at a membrane potentiat-6100 mV.dM2 positions are numbered-119 from the intracellular to the
extracellular end. For display purposes, the data were digitally filtered at 3 kHz. Openings are downward deflections. (B, right) Dwell time
histograms and computed density functions. The closed time histograms correspond to currents elicited by 20 mM choline. The open time
histograms correspond to currents elicited by 200 choline.

where G — G¥), (G°Popen— Gopen), aNd G Peiosed— G closed single-step reactions. In this paper, we increased the spatial
are the free energy changes upon perturbation (denoted byresolution of our previous characterization of the transition
the superscript “p”) experienced by the transition state, the state of the AChR gating conformational chand€)(by
open state, and the closed state, respectivelydaisch value engineering series of mutations along the M2 domain of the
between 0 and 1 that measures the position along the reactioomouse muscled subunit, estimating the corresponding
coordinate of the mutated site at the transition state. A opening and closing rate constants, and analyzing the results
d-value of zero corresponds to a closed state-like structure,(rate and equilibrium constants) in the context of linear free
and a value of 1 corresponds to an open state-like structure energy relationships [LFER4%, 16)]. The M2 domain is a
Thus, ® is a measure of the extent to which the transition mostly a-helical transmembrane segmeBi4, 24) oriented
state resembles the open state, in the vicinity of the mutatedwith its N-terminal end facing the cytoplasm and its
residue. From eq 1, it follows that a double logarithmic plot C-terminal end facing the synaptic cle)( Its primary

of rate versus equilibrium constants3f for a reaction series  sequence, from the N-terminal to the C-terminal end, is
(i.e., the wild type plus a number of mutants at a given

position) is a straight line, the slope of which is the parameter TYSVAISVLLYAQSVFLLLISY
o}
_ Point mutations were engineered at positiohsc2 7', 9,
log 5 = @ log flo. + constant (@ 10 11, 12, 13, 15, 17, and 19 (in bold). The opening
or (@ — 1) and closing rate constants of diliganded AChRs were
estimated from single-channel patch-clamp recordings (Fig-
loga = (® — 1) log S/a + constant 3) ure 1) using either saturating (for the opening rate constant)

or low (for the closing rate constant) concentrations of
choline, as detailed in Materials and Methods. Rate and
equilibrium constants of diliganded gating were plotted as
RESULTS AND DISCUSSION Brgnsted relationships [logversus logK; Figures 2 and 3
Linear Free Energy Relationships étM2. The description (18)], and the correspondin@-values were estimated as the
of transition states is key to understanding mechanisms inslopes of linear fits (Table 1, and Figure 4).

depending on the rate constant plotted on yhexis (15).
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FiGURE 2: OM2 LFER analysis. Brgnsted plots for most of the prob®® positions (denoted 19 from the intracellular to the extracellular
end). Wild-type residues are enclosed by a rectanblgalues are given by the slopes of linear fits to the plots. THedrd 15-position

data are omitted because, for technical reasons, dheialues could not be determined (see text). The Brgnsted plot corresponding to the
10-position is presented in Figure 3, and that corresponding to thpdstion (L7) is shown in Figure 6.

36 L, Table 1: Diliganded Gatingp-Values at Different Positions along
oM2
equilibrium  no. of
P constant  con-
mutated residife (mean+ SE) ratic® struct$
S2D,E —0.184 0.23 3 3
IST,Y —0.09+ 0.10 5 3
2.1 = r T T V7'AK —0.08+ 0.13 4 3
15 1.0 05 0.0 LOAT,I 0.03+ 0.0% 23 4
log B/o. A10C,P,S,G,T,L,N —0.054+ 0.03 33 8
Q11AS,L,T,K ND¢ ND 6
FiGURE 3: dM2 10 LFER analysis. To account for the curvature S12A,G,W,C,T,IY,V,N,Q,K  0.28+ 0.02 1016 12
of this plot, the data points were fitted with a model of two parallel V13A,C,L,T 0.24+ 0.09 1090 5
transition states (curved line) using the equation |Bg= L15S,Q,P,F,N,E\Y ND ND 8
log[Bor(Bla)®s + BoaABl0r)®2], wheref,1 and o, are the diliganded L17A,S 0.37+0.03 211 3
receptor opening rate constants corresponding to the pathways tha19A,L 0.38+0.01 11 3

traverse either transition state when the equilibrium consfia ( aResidues are numbered—1L9 from the intracellular to the

IS un||t¥] andr:bhand qc)jz lafre tEe é:orrebspondlr?@-valueds latéfMZ. | extracellular end® 6 arges02 smatiest diliganded gating equilibrium
10. Although this model fits the data better than a model of asingle ;onsiants ¢,) were calculated as the ratio between the diliganded
transition state (|:e., aflt to a straight line; not slhown), the parameter opening ) and closing @) rate constants. Including the wild type.
estlTates were |II-d(if|necﬁ_£1 =188+ 328dgﬁ e :IO + f0'5' 4The large error estimate is likely to be due to the low equilibrium
.ﬁoz - 1835.i 6.25 s @, =21+ 1.3), and theb-value of 2.1 . constant ratio obtained at this positicithe LIA construct was not

is nonsensical in the context of a}n LFER. The slope of the straight jc|yged when estimating thé@-value for this position. The corre-
line betweend thle Ala (wild type; enclosedl %Y a rﬁctanlgle),_ Cys, sponding closing rate constant)(was assumed to be unmeasurably
]I?ro, Sﬁ.r' fr_:m hG y cons_truclts wad.05 (exclu mght e IG y point 15, (see Materials and Method<)b-value calculated considering the
rom this fit C anges this slope t0.04). As anot er alternative, (wild type), C, P, S, and G constructs. See text. For these constructs,
the wild-type’s®-value a10 was calculated as the first derivative ¢ equilibrium constant ratio was 7Not determined. See textFrom

of the curved line at the wild-typ@/a value. This calculation

yielded a value of 0.16, which does not affect the conclusions of ref 17.

this paper.
to different extents in the upper and lower halves)bf2.
For residues below and including the' Josition (2, 5, The extracellular half resembles parthy30%) the open
7', 9, and 10), ® ranged betweer-0.18 and 0.03 (average state, while the intracellular half is completely closed state-
®: —0.07). For residues above and including thepdaition like.

(12, 13, 17, and 19), ® ranged between 0.24 and 0.38 The Brgnsted plots were linear (Figure 2), with the
(average®: 0.32). These values suggest that, when the exception of 10(Figure 3). This suggests that, at the mutated
transition state is reached, the gating reaction has proceedegositions, the sensitivity of the transition state’s free energy
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NH 19" s @ (GIn — Ala, GIn — Ser, GIln— Leu, GIln— Thr, and GIn
7 — H
N EXTRACELLULAR ) i . Lys), were too s.mall tq be detected. Th|s_ suggests that
i the structure of this portion of théM2, or its nearest
L . . . .
TBS pid L environment, changes little upon gating. Mutations at the
7 F 15 position (Leu— Phe, Leu— Tyr, Leu— Ser, Leu—
~ COOH ve GIn, Leu— Glu, Leu— Pro, and Leu— Asn) either did
S se not affect the gating equilibrium constant to a measurable
m| [l [ms| [ma 2 extent or caused the gating kinetics to become heterogeneous
= 10 A O . . . . . .
i LO in such a way that a single representative kinetic behavior
~ L could not be identified from the recordings.
N v o TheoM2 10 Position. The Brgnsted plot corresponding
N S to thedM2 10 position (Figure 3) was qualitatively different
INTRACELLULAR N ; © than the plots for othedM2 positions (Figure 2). While a
N v linear plot indicates that the gross structure of the transition
N s 0 state is conserved despite the mutations, a curved Brgnsted
ST plot usually suggests a reaction that changes its mechanism

FiGURE 4: High-resolution map ofb-values indM2. Schematic &S @ function of the equilibrium constanity. We therefore
representation of the AChR subunit topology. The transmitter fitted thed10 Brgnsted plot with a model of a reaction with
binding sites (TBS) are~45 A away from the middle of the  two alternative transition states jrarallel (Figure 3). Such
membrane§, 12, 13). The channel pore is lined, for the most part, 5 model predicts that the reaction mechanism switches from

by the five M2 segments. Point mutations were engineered at . L L S
positions indicated in boldc{) ®-value range.-0.18 to 0.03; ®) traversing one transition state at limiting low equilibrium

®-value range, 0.24 to 0.38. This pattern suggests that, during theCOnstant values to traversing the other transition state at
opening reaction, the movement of the extracellular haldR limiting large equilibrium constant values. At intermediate

(12 to 19) precedes that of the intracellular half (@ 10). equilibrium constants, a mixture of both mechanisms occurs,
the composition of which depends on the equilibrium
to mutations is a linear combination of the sensitivities of constant of the reaction. Although the experimental points
the closed and open states (eq 1). Insofar as energy andvere fitted closely with this model, the parameter estimates
structure are relatedl16), this further suggests that the \ere ill-defined and lacked physical significance: the
structure of M2 and its environment, at the gating transition ¢-value estimates of the two putative transition states,
state, is intermediate between the structures it adopts in themeasured at th&10 position, were G+ 0.5 and 2.1+ 1.3.
closed and open states (see FractichaValues, below). Although a ®-value of zero suggests a closed state-like
General Obserations. The effect of the mutations on  environment for they10 position at the transition state, a
gating (measured as the ratio between the largest and smallestalue larger than 1 cannot be attached any physical meaning
equilibrium constant values in a given reaction series) was in the framework of an LFER. Whether this lack of parameter
greatest in the extracellular half of M2 (Table 1). This definition and physical significance is simply due to the
suggests that the extracellular part of M2 undergoes a morelimited amount of data, or to the model of two parallel
pronounced change in environment between the closed andransition states being inappropriate, is not known.
the open conformations. This observation is consistent with A ®-value larger than 1 cannot be interpreted easily. If
the results of cysteine-scanning mutagenesis in the GABA the estimate of® = 2.1 were accurate, all that could be
receptor, which showed a greater tendency of disulfide bridge said is that the change in free energy experienced by the
formation when Cys residues were engineered in the uppertransition state upon the Ale Thr, Ala— Leu, and Ala—
portion of M2 @5). Asn mutations is not simply the linear combination of the
Another intriguing pattern was that, out of the 34 mutations corresponding changes experienced by the two ground states
that affected the diliganded gating equilibrium constant, 28 (i.e., the basic LFER premise; eq 1). That is, the transition
increasedhis value. Previous experimentsd] have shown state would be stabilized by these mutations to an extent
that, at least in the M2 12osition of thed subunit, this that is larger than that expected solely as the result of the
increase in gating is due to an increased unliganded gatingstabilization of the closed and open states. Although the data
equilibrium constant (i.e., the intrinsic ability to gate) rather are limited, thed10 Brensted plot suggests that such a
than to an increased affinity ratio (i.e., the ratio between the “catalytic” effect would be more pronounced the more the
affinities of the ligand for the open and closed states), and energy landscape of gating is tilted toward the open state.
it is reasonable to assume that the same is true for the other To estimate th&b-value for the wild-type AChR adM2
gain-of-function mutants in M2. On the other hand, three 10, we calculated the slope in the region of the plot where
mutations near or at the ACh-binding sites were shown to an LFER appears to hold, which are the points corresponding
decreasethe unliganded gating equilibrium constad®) to the Ala (wild type) and the Cys, Pro, Ser, and Gly mutants.
Although the effect of more binding site mutations needs to These constructs are well aligned, and the slope of a linear
be studied to make a firm generalization, it appears as thoughfit was —0.05. We conclude that, in the wild-type AChR,
the primary sequences of the different domains of the wild- the 610 position has ab-value of approximately zero.
type AChR are differentially optimized with respect to Two-Point LFERSsA thoroughd-value analysis of a large
unliganded gating. protein with multiple different subunits, like the AChR,
Two out of the 11 probedM2 positions (11 and 15) would require the detailed analysis of a very large number
could not be assigned-values. The changes in the gating of mutants. Indeed, the complede-value characterization
equilibrium constant caused by mutations at thepbkition of the AChR’s gating reaction using Brgnsted plots with,



Nicotinic Receptor Gating Mechanism Biochemistry, Vol. 41, No. 17, 2005553

g 124 4.0
g 104 . ]
£ osq " 3.5
o . . Q.
g 0671 "o 2 30]
04 L0 e e =7
‘T ORI . Yo AT " PG
S oz NN I CAM 2.5
S o0{ o7
© . o
Z 024" 2.0
& 021, . . .
1 10 100 1000 2 . 0 ! 2
log P/o

Equilibrium-constant ratio

FiGure 5: Effect of the ratio of equilibrium constants on the Ficure 6: Rate equilibrium linear free energy relationships and

accuracy ofd-values calculated from two-point LFERs. The data Physical interpretation of fractionab-values. The LFER data
points corresponding to the wild type and 12 mutants (4, corresponding to thé12 mutant series were fitted with a straight

17) were combined in all possible pairs (66 combinatiods)alues line of slope (P) 0.275; this corresponds to a single transition state
were calculated for each pair using the corresponding rate andMedel (dotted line). The predictions of alternative models, consisting
equilibrium constants and were plotted as a function of the Of €ithertwo [b, =0 and®, =1 (labeled as "a”), = 0 and®,
respective ratios of equilibrium constants. T2 data were used . 0-8 ("€"); ®1 = 0.075 and®, = 0.475 (‘d"); @, = 0.175 and

for this analysis because it is the most extensive LFER in our data, $2 = 0-375 (*0")] or 10 parallel transition states [equally spaced
The horizontal dashed line is & = 0.275, the slope of the linear ~ ®-Values between 0 and 0.55 (“c”) and between 0.5 and 1 (*f)]
fit to the entire data setl(). As expected, the larger the ratio of Were superimposed on the experimental points. Although the

equilibrium constants, the more accurate the pairwise estimate. TheT€aning of fractionalb-values is not unambiguous, some inter-
point corresponding to the Tyr-Val pai®pamise = —1.82; pretations can be ruled out. The predictions of the different models

i : ; _ k . .

equilibrium constant ratie= 1.13) was omitted from the plot to ~ were calculated as log = logy_f.i(8/c)®, where B is the

allow a higher magnification scale. diliganded receptor opening rate constant corresponding to the
pathway that traverses transition statavhen the equilibrium

for example, four experimental points (the wild type plus constant §/a) is unity, ®; is the corresponding-value, andk is

. . ) . the number of parallel transition states in the model. For the model
three different mutant residues at any given position) would %6 competing transition states df, = 0 and®, = 1 (a"),

require the recording and analysis of single-channel data fromtne g, values were set so that the wild-type channel visits transition
~5500 mutant receptors~@470 residues per subunit, four state 2 @ = 1) 27.5% of the time and transition state® & 0)

different subunits, three mutants per residue). To investigatethe remaining 72.5% of the time (the probability of going through
how the accuracy of thé-value estimates would be affected one or the other transition state is a function of the equilibrium

it instead | tant iti . d constant in models with competing mechanisms). For the other
IT, Instead, only one mutant per position were engineered yoqels with multiple parallel transition states, fhgvalues were

(i.e., if two-point Bragnsted plots were used), we calculated arbitrarily considered to be identical, and equapigk, where/3,
the ®-values between all possible pairs of constructs for the is theobsevedopening rate constant (i.e., due to all transition states)

012 mutant series and plotted them as a function of the whenf/a = 1.

corresponding gating equilibrium constant ratios (Figure 5). o ]

This plot makes explicit a rather intuitive relationship, {trajectories linking the two end states might converge at two
namely, that the slope of a linear function is more accurately Saddle points, one wittb = 0 and the other one witl =
estimated when the two experimental points are farther apart.1 (29—31). In this framework, fractionaib-values would
This analysis suggests that, at least for this position18- reflect the probabmty of_ the chanln_el traversing the_ free
fold change in equilibrium constant upon mutation is required €nergy barrier through either transition state. According to
for the error in ad-value, calculated from only two points, ~ this view, a value of, say, 0.3 would indicate that 30% of
to be <0.1. We conclude that although drastic mutations can the openings (and 30% of the closings) occur via a transition
affect the protein to the extent that an LFER no longer holds State that is open-liked{ = 1) at the mutated site, whereas
(for example, Figure 3), mutations that are too mild (in the the remaining 70% of the barrier crossings occur via a
equilibrium constant) can lead to considerable errors in the The occurrence of a Brgnsted plot that is linear over a
estimation of®. The use of two-point Brgnsted plots to Wwide range of equilibrium constant values is compelling
estimated values is the standard practice in studies exploring evidence in favor of the first interpretation, namely, that

the transition state of protein folding (see r&6 and 27, fractional ®-values reflect an intermediate structure that is
for example), the field in life sciences that has been impacted neither totally open (high ligand affinity and ion permeable)
the most, thus far, by the LFER approach. nor totally closed (low ligand affinity and ion impermeable).

Fractional ®-Values.A ®-value of zero (or 1) strongly ~ This argument, which has also been used to interpret
suggests that the structure of the transition state near thefractional®-values in the context of protein foldingg 32),
mutated residue closely resembles the structure of the closeds elaborated here in Figure 6 for the case of AChR gating.
(or open) state. The interpretation of fractiodaivalues is, Singleversus Parallel Transition StateA.related question
however, less straightforwar@®). Two different interpreta-  to that of the physical interpretation of fractiordatvalues
tions have been put forward. According to one of them, a is that of the number of transition states connecting the two
fractional ®-value indicates the extent of a reaction at the end states. Linear Brgnsted plots are interpreted as an
time when the transition state is reaché8, 28). Thus, the indication of the existence of a single transition state
value of 0.24-0.38 estimated here for the extracellular part (although not necessarily a singtathway while curved
of M2 would indicate that, at the transition state of gating, plots can result from the existence of alternative, parallel
the structure of this region of the protein is-288% of what transition states. As shown in the previous section and Figure
it is in the open and 6276% of what it is in the closed 6, the curvature is predicted to be maximal when the
state. Alternatively, it has been suggested that all the different®-values of the alternative transition states are 0 and 1.
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with our previous work 14, 17), suggest that the different
___________________ domains of the AChR attain the open state conformation in
031 3 } the following sequence: transmitter binding sitesM2—

0.4 1 ;e

o 027 M3 loop — extracellular half of M2— intracellular half of
= M2 (with the reverse sequence taking place during closing).
T 0.1 A . : . S
> { This particular ordering of events indicates that the confor-
S 00 mational change associated with opening does not reach M2

o1d e § through the primary sequence (i.e., through the intervening

M1 segment). If it did, then the intracellular half of M2 would
02 =Tt T T T T T T be expected to be more open-like at the transition state (i.e.,
1" 3 5 7' 9 11 13 15 17 19" .
intracelluiar N extracellular to have a higherb-value) than the gxtracellular half.
end 6M2 position end Several models of the conformational changes undergone

FIGURE 7: ®-Values define two halves 0dM2. There is an DY the M2 transmembrane segments during gating have been
apparent clustering ob-values into two groups delimited by the  proposed. Although all of these models derive from experi-
middle of thedM2 transmembrane segment. The corresponding ments that probed very different properties of the M2 domain,
averageb-values, indicated with horizontal dotted lines, a®07  they || converge to the idea that this transmembrane segment

(2,5, 7,9, and 10; “the intracellular half”) and 0.32 (1213, L. . . .
17, and 19, “the extracellular half’). This discontinuity in the ~d0€S not move as a rigid body during gating. Using

®-values near the midpoint of this mostly-helical structure  Cryoelectron microscopy, Unwin7( 33) described the
suggests that the rearrangement of the extracellular half precedeexistence of a kink, near the midpoint of M2, that changes

that of the intracellular half during opening (and follows during  during gating in a manner that is consistent with its being a
closing). Thus, we infer that the conformational changes assomatedswive”ng or bending point. Using the substituted cysteine
with gating include the deformation of the backbone structure near S .
the middle ofsM2. accessibility method, Karlin and Akaba8) (proposed the
transition from an extended structure (in the closed state) to
Because this curvature is predicted to decrease as theano-helical structure (in the open state) at the level of the
difference between these-values gets smaller, we simulated 8—10 residues of M2. We note that this short nonhelical
a variety of models with parallel transition states and segment would afford a higher flexibility to this part of M2,
superimposed the predicted Bransted plots on the experi-perhaps allowing the formation of a molecular hinge. Using
mental data points corresponding to %2 mutant series.  unnatural amino acid mutagenesis, England eB4). found
A cursory examination of the different plots suggests that that amide-to-ester backbone mutations in thel® M2
the curvature predicted by a model of two alternative region affect the channel’s function in a way that is consistent
transition states of very differerb-values (for example, 0  with the secondary structure of this part of M2 changing
and 1 or 0 and 0.8) is inconsistent with the experimental during gating. Also, using molecular dynamics simulations
data, as expected. On the other hand, a model of twoof a pentameric helix bundle of M2 segments embedded in
transition states of very similar fractiond®-values centered  a phospholipid bilayer, Law et al9Y added further evidence
on 0.275 (e.g., 0.175 and 0.375) is practically indistinguish- for this proposed backbone rearrangement in the vicinity of
able from the straight line of slope 0.275, also as expected.the central 9 Leu. Our observation of a discontinuity of
Perhaps surprisingly, Figure 6 shows that a model with two ®-values around the 1@osition (Figures 4 and 7), derived
transition states havin@-values as different as 0.075 and from analyzing the correlation between rate and equilibrium
0.475, or a model consisting of 10 transition states in parallel constants of mutant series #M2, strongly supports this
with ®-values equally spaced between 0 and 0.55 (i.e., general concept. That i8§M2 does not move as a rigid body
centered on 0.275), describes the experimental points re-during the closed= open reaction. Further, as discussed
markably well. Thus, on the basis of the analysis in Figure above, our results suggest a temporal order for the rear-
6, we cannot distinguish whether the report®dvalues rangement of the two halves @M2 during gating. The
represent a property ofsingletransition state or an average LFER approach, however, does not provide any information
property of an ensemble of transition states visited during as to the magnitude of the motion about the midpoirnip.
gating. In contrast with structural models of gating that posit
Although this limitation of the LFER approach adds some conservedx-helical structures above and below tHe-80
ambiguity to the interpretation of our data, it does not region (7/—9, 33), the results of England et al34) suggest
compromise the conclusions. To emphasize this point, Figurethat the backbone deformation in the upper halibf2 (13,
6 shows that a model consisting of 10 transition states in 16, and 19 positions) islarger than that in the middle of
parallel, with ®-values equally spaced between 0.5 and 1 M2. All of these models would be consistent if the backbone
(i.e., centered in 0.75), for example, would have not fitted conformational changes abové—80 did not introduce
our data. Thus, our decision of interpretidgvalues as a  additional kinks, did not alter the-helical pattern of solvent
property of asingletransition state is, at least for the time accessibility, and did not affect the rigidity of the extracellular
being, based on parsimony. half of M2 observed in the molecular dynamics simulations.
Structural Implications.A simple interpretation of the  Moreover, our results using an LFER approach are also not
pattern of®-values we obtained idM2 (Table 1 and Figures  inconsistent with a model invoking extensive backbone
4 and 7) is that the two halves of this transmembrane segmentearrangements during gatir@d. Rather, our data add new
move as distinct units during gating. On opening, the maotion insight as they suggest that changes in secondary structure
of the C-terminal (extracellular) part precedes that of the undergone by the different residues in the extracellular half
N-terminal (intracellular) portion while, on closing, the of dM2 must take place almost synchronously, all being
reverse mechanism takes plad®)( These data, combined ~30% complete when the transition state is reached.
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However, at that same point in time, the conformational

changes in the intracellular half of M2 (backbone or
otherwise) would have not yet started (Figure 7).
The existence of a flexure point, within an otherwise well-

ordered secondary structure, may be needed to lower the free

energy of the transition state in order for AChR gating to

meet the physiological requirements of fast synaptic trans-

mission. The 9and 10 positions are well conserved in the

superfamily of pentameric ligand-gated ion channels, and
thus, it is likely that other neurotransmitter-gated ion channels
also have flexible pore-lining segments that optimize their

function. Interestingly, a flexure point near the middle of a
transmembrane-helix has been suggested to play a crucial
role in the function of the light-driven ion pump bacterio-
rhodopsin 85, 36). Application of the LFER methodology

to other ion channels is needed to determine whether the

bending of a pore-liningi-helix is a common feature of the
mechanism of gating.
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