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ABSTRACT Like other protein conformational changes, ion channel gating requires the protein to achieve a high-energy
transition-state structure. It is not known whether ion channel gating takes place on a broad energy landscape on which many
alternative transition state structures are accessible, or on a narrow energy landscape where only a few transition-state
structures are possible. To address this question, we measured how rate-equilibrium free energy relationships (REFERs) for di-
liganded and unliganded acetylcholine receptor gating vary as a function of the gating equilibrium constant. A large slope for the
REFER plot indicates an openlike transition state, whereas a small slope indicates a closedlike transition state. Due to this
relationship between REFERs and transition-state structure, the sensitivity of the REFER slope to mutation-induced energetic
perturbations allows estimation of the breadth of the energy landscape underlying gating. The relatively large sensitivity of di-
liganded REFER slopes to energetic perturbations suggests that the motions underlying di-liganded gating take place on a
broad, shallow energy landscape where many alternative transition-state structures are accessible.

INTRODUCTION

Ion channels close and open (gate) by means of complex

protein conformational changes. Recent studies (1–5) have

provided insight into the structures of closed and open channel

conformations. However, the details of the protein motions

that make up these global changes in structure are just be-

ginning to be investigated. Recent work has shown that for

the acetylcholine receptor channel (AChR), the opening con-

formational change initiates at the transmitter binding site and

propagates through the channel structure asynchronously,

approximately as a coarse-grained wave (6). In this picture,

the transition state of AChR gating is not reducible to a single

conformation that is globally intermediate between the stable

open and closed conformations. Although gating proceeds

through a single pathway, the transition region in this path-

way consists of an ensemble of conformations, within which

some parts of the protein resemble the open conformation

whereas others resemble the closed conformation.

Given the complexity of the transition-state ensemble,

there may not be many alternative transition-state structures

that can support rapid gating. Alternatively, if large segments

of the protein can move as relatively rigid and independent

units (7), it might be possible for them to adopt many

transition-state structures that are easily accessible from the

ground state. A channel with the latter properties might have

the advantage of being robust to mutations, since it could

adopt a different transition-state structure in response to the

energetic perturbations caused by mutations.

The plasticity of the transition state to energetic pertur-

bation serves as a measure of the accessibility of alternative

transition states. If many alternative transition states are

relatively accessible, small energetic perturbations will be

able to introduce appreciable shifts in the transition-state

structure. Although the transition-state conformation is not

directly measurable, its properties can be inferred from the

analysis of rate-equilibrium free energy relationships (RE-

FERs) (8,9). When this relationship is linear, its slope (f)
gives the position of the transition state along the reaction

coordinate.

REFERs can also be used to investigate the plasticity of

transition-state structure. Curvature in REFERs implies

plasticity of the transition state (i.e., a change in its position

along the reaction surface) and provides information about

its structure. The effects of energetic perturbations on tran-

sition states have been studied extensively in physical or-

ganic chemistry (8,10,11), protein folding (12,13), enzymatic

catalysis (14,15), and other protein conformational changes

(16,17).

Previous work has shown that relatively small energetic

perturbations caused by a site-directed mutation at a single

position generally give rise to linear REFERs (6,18,19),

suggesting that such perturbations do not make detectable

changes in the position of the transition state. However, in

covalent reactions (8) and protein folding reactions (20), sub-

stitutions at remote positions can have large effects (known

as Hammond effects) on f-values. For the AChR, probing

the transition-state structure for unliganded gating, which is

highly thermodynamically unfavorable compared to di-

liganded gating, revealed that the transition state for un-

liganded gating is globally similar to the closed state (21).

The experiments of Grosman (21) suggest that there is at

Submitted June 14, 2005, and accepted for publication July 26, 2005.

This article is dedicated to the memory of Rick Tascione, who passed away

while it was being prepared.

Address reprint requests to S. Licht, Tel.: 617-452-3525; E-mail: lichts@

mit.edu.

� 2005 by the Biophysical Society

0006-3495/05/11/3071/08 $2.00 doi: 10.1529/biophysj.105.068783

Biophysical Journal Volume 89 November 2005 3071–3078 3071



least one accessible transition state structure that differs sig-

nificantly from the transition state for di-liganded opening.

Here, we quantify the plasticity of the transition state for

di-liganded opening itself by measuring REFERs in AChRs

having different mutational backgrounds. We use the measured

plasticity of the transition state to estimate the curvature of the

reaction surface and its approximate timescale, and compare

these values to the values derived from an independent estimate

of the timescale of AChR gating dynamics (22).

METHODS

Channel expression

All mutations of the mouse muscle AChR subunits were engineered using

the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA).

The constructs were confirmed by dideoxy sequencing. Wild-type and

mutant ACh receptors were transiently transfected via calcium phosphate

precipitation in HEK293 cells. Thirty-five millimeter cell culture dishes

were plated 24–48 h before transfection to be 50% confluent at the time of

the transfection. Fourteen micrograms of mouse muscle cDNA (5.6 mg a,

2.8 mg each b-, d-, and e-subunits), 38 ml of CaCl2, and;300 ml water was

layered on 350 ml buffer (NaCl, HEPES, and Na2HPO4). One-hundred-

seventy-five microliters of the final mixture were added to each of four

culture dishes. The medium was changed after 20–24 h and the cells patched

12–48 h later.

Electrophysiology

Single-channel recordings were made using the cell-attached patch clamp

technique. Dulbecco’s PBS was used as the bath solution and either PBS or

K1-Ringers (142 mM KCl, 5.4 mM NaCl, 1.8 mM CaCl2, 1.7 mM MgCl2,

and 10 mMHEPES pH 7.4) was used as the pipette solution (with or without

agonist). Before recording the culture medium was removed, and cells

washed once with room temperature PBS. The patch membrane potential

was �70 to �100 mV. The ambient temperature was 22–24�C for all

recordings. The data were filtered at 10–30 kHz, sampled at 40–100 kHz and

saved directly to hard disk.

Kinetic analysis

Data acquisition, rate constant estimation, and kinetic simulations were

carried out using QuB software (www.qub.buffalo.edu). In 20 mM choline,

openings occurred in clusters, with long gaps between clusters reflecting

sojourns in desensitized states. Clusters of openings were selected either by

eye or by invoking a critical closed-interval duration (tcrit) of 20–50 ms.

Selected currents were idealized into noise-free intervals using a C%O

model with a starting rate constant of 10 s�1 and segmental k-means algo-

rithm (23). The apparent opening and closing rate constants were estimated

from these idealized sequences using maximum-likelihood algorithm

(24,25) after imposing a dead-time of 33–75 ms. We used a two-state,

C%Omodel with a starting rate constant 100 s�1 for both. In some cases, an

additional, uncoupled closed state to incorporate sojourns in a short-lived

desensitized state was used (26). The apparent gating equilibrium constant

(Q) was computed as the ratio of the opening rate constant (b) and the

closing rate constant (a).

We measured the di-liganded channel closing rate constant (a) for series

of mutations at dS268 (the 129 position of the M2 transmembrane segment)

in the presence of different background, loss-of-function mutations.

Specifically, the background mutants were aT422A (in the transmembrane,

M4 segment), eP121L (in the extracellular domain), and the double-mutant

construct aT422A1eP121L. Di-liganded channel openings were elicited by
using 200 mM or 500 mM choline and a was determined from the inverse of

the open channel duration (27,28).

The opening rate constants (b) were too slow to give rise to clusters of

openings and closings even in saturating (20 mM) choline and could not be

measured directly. We therefore calculated opening rate constants from the

closing rate constant and an estimate of the gating equilibrium constant (Q¼
b/a). To estimateQ, we assumed that effects of mutations and agonists were

energetically independent. Previous work using several mutant AChRs has

shown that mutations in the AChR have the same energetic effects on

unliganded and di-liganded receptors (26,28), and that mutations in different

subunits of the channel have energetically independent effects on gating

(28). It is thus reasonable to believe that energetic perturbations due to

structural perturbations at distinct regions of the channel will typically be

energetically independent. With this assumption, we were able to use the

previously measured effects on Q of the individual background mutations

aT422A (;50-fold decrease (29)) and eP121L, (500-fold decrease (30)) to

estimate theQ for constructs containing a mutation at dS268 and one or both

background positions. These calculated Q-values and the experimentally-

determined a-values were used to obtain estimates of b for each construct.

REFER analysis

We determined the position of the transition state along the reaction

coordinate using rate-equilibrium free energy relationship (REFER) analysis

(8). The rate constant of the channel-opening reaction is plotted as a function

of the gating equilibrium constant, on a log-log plot. The slope of this plot,

called f, is related to the position of the transition state. High values of

f (i.e., close to 1) are consistent with an openlike transition state, whereas

low values (i.e., close to 0) are consistent with a closedlike transition state.

The magnitude of the shift in f after background perturbations, df/dDG,

is an index of the plasticity of the transition state (8,9).

Since channel gating is a process with an activation barrier (i.e., with

Markovian kinetics), it is reasonable to describe the rate constant for gating

using the expression

k ¼ A
�3 exp

�DG
z

RT

� �
; (1)

where DGz is the activation energy and A* is a pre-exponential factor that

depends on the timescale of the dynamics underlying the reaction. The

barrier height when the open state and closed state have the same free energy

FIGURE 1 Illustration of a Hammond effect and its relationship to the

intrinsic barrier. (A) For steep, narrow wells, the intrinsic barrier is high, and

a perturbation does not have a large effect on the position of the transition

state (narrow lines). (B) For broad, shallow wells, the intrinsic barrier is low,

and the magnitude of the Hammond effect is large.
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(i.e., the gating equilibrium constant is 1) is called the intrinsic barrier to

reaction (g).

The method used here to estimate DGz depends on the relationship

between the size of the activation barrier and the effect of energetic

perturbations on transition-state structure. A simple picture of the reaction,

based on Marcus reaction rate theory (31), uses a single reaction coordinate

(i.e., some structural parameter that differs between the open and closed

states) to describe the progress of the reaction. Fig. 1 shows a cartoon of

a free energy versus reaction coordinate diagram for the gating reaction. The

stable open and closed states are modeled as the local minima in parabolic

wells: that is, their structures fluctuate about an average structure. The tran-

sition state is the intersection between the parabolas. For a protein confor-

mational change, the shape of the potentials is not required to be parabolic;

the quantitative treatment described in the Appendix uses a parabolic poten-

tial for the sake of simplicity.

In this simple model, the width of the wells determines the effect of per-

turbations on the position of the transition state along the reaction coordinate

(i.e., the transition-state structure). The point of intersection between the

closed state and open state potentials determines the position of the transition

state. Thus, the geometry of the wells influences the effect of energetic per-

turbations on the position of the transition state (Fig. 1). When the wells are

narrow (Fig. 1 A), the effect of perturbations is small, whereas when the wells

are broad, the effect is larger (Fig. 1 B). The shape of the wells also deter-

mines the barrier height when the open state and closed state have the same

free energy (i.e., the gating equilibrium constant is 1): this barrier height is

called the intrinsic barrier to reaction. The intrinsic barrier is high when the

wells are narrow and lower when the wells are broad. Thus, the intrinsic

barrier is linked to the effect of perturbations on transition-state structure

through their mutual dependence on the geometry of the reaction surface.

RESULTS

Di-liganded gating f-value for position d269 in
the wild-type background

We measured the single-channel gating kinetics for a series

of mutations (G, C, T, I, and N) at dS268, a residue located
at the 129 position of the d-subunit M2 membrane-spanning

segment (32). Fig. 2 shows single-channel currents obtained

from a series of six side-chain substitutions at d268 position

using 20 mM choline as agonist. All the mutants increased

the gating equilibrium constant (Q), mainly by decreasing

the closing rate constant. The d268N mutation showed the

greatest increase in Q. The REFER for position d268 was

approximately linear with a slope (F) of 0.14 6 0.02 (mean

6 SD; Fig. 3). This f-value is less than reported previously

(0.28 6 0.02; (6,33). The reason for this difference is un-

clear, but may relate to the difference in the ionic composi-

tion of the pipette solution (PBS versus K1-Ringers). For the

purposes of this study, however, the relevant parameter is the

change of f-value within the series of mutant backgrounds,

and experimental conditions that may affect the f-value are
uniform within the series of experiments presented here. The

small f-value for dS268 suggests that in the wild-type back-
ground this residue moves relatively late in the di-liganded

gating reaction.

FIGURE 2 (A) Representative single-channel

currents obtained from a series of six side-chain

substitutions at position d268. Currents were

elicited with saturating choline (20 mM) in

a wild-type background. Openings are down-

wards. Capital letters indicate the identity of the

substitution at dS268. (B) Open and closed time

histograms and fitted probability density func-

tion of the d268I mutant series.
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Di-liganded gating f-values for position d269
with background mutations

To study the effect of energetic perturbations on the tran-

sition state as probed by d268 mutant series, we studied the

single channel behavior of the d268 mutants in the context of

various loss-of-function background mutations (Table 1).

These background mutations are single-point mutations in

different subunits, and are located far from the d268 position
in the channel structure (34). The aT422A mutation is lo-

cated at the 149 position in the aM4 transmembrane segment

and results in a 35-fold reduction in Q (f ¼ 0.54; (29)). In

the presence of this background mutation, the REFER plot of

the dS268 constructs had an approximately linear slope, with

f ¼ 0.31 6 0.04 (Fig. 4). A comparison of the REFER plot

of the dS268 constructs in the wild-type background and

those of the dS268 constructs in the aT422A background

mutation gives a df/dDG0 of 0.048 6 0.01 kBT
�1 (although

this value must be interpreted with caution, because it comes

from only two REFER plots).

The gating behavior of the dS268 mutant series in the

presence of the background mutation eP121L, which is in the
extracellular domain of the e-subunit and which by itself

causes a;500-fold reduction inQ (30), was also determined

(Fig. 4). In this background, the observed channel closing

rate constants were similar for all d269 mutants, ;12,000

s�1. By recasting the estimated gating rate constants of the

dS269 mutant series as a REFER, we obtain f ¼ 0.78 6
0.03. For the eP121L background mutation, df/dDG0 cal-

FIGURE 3 REFER plot for the d268 mutant series. Each point represents

the average of greater than three patches.

FIGURE 4 (A) Representative single-channel currents
obtained from a series of different side-chain substitu-

tions at position dS268 in the presence of aT422A

(35-fold loss-of-function), eP121L (;500-fold loss-of-

function), and eP121L1aT422A (;25,000-fold loss-of-

function) backgrounds, respectively. Currents were

elicited with a low concentration of choline (200 mM for

aT422A and 500 mM for eP121L and eP121L1aT422A

backgrounds). Openings are downwards. (B) REFER

plots for the dS268 mutant series on different back-

grounds. (Top) aT422A, (middle) eP121L, and (bottom)

eP121L1aT422A.
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culated from two REFER plots was 0.103 6 0.006 kBT
�1,

which is greater than twofold larger than the corresponding

value for the aT422A background.

Finally, we studied the gating kinetics of the d268 mutant

series in a background construct having both the aT422A
and the eP121L mutations (Fig. 4). Assuming independence,

we expect this combination to cause a 17,500-fold reduction

in Q. As was the case for the eP121L background alone,

observed channel-closing rate constants were similar for all

d269 mutants, ;12,000 s�1. The overall level of channel

activity in the eP121L1aT422A patches was much smaller

than with either background mutant alone, suggesting that Q
was indeed smaller in the double-mutant construct than the

single-mutant constructs. A REFER analysis for the double-

mutant background series showed f¼ 0.836 0.02, which is

not significantly different from the value obtained with the

eP121L background.

The effects of the background energetic perturbations on

thef-values of d269 for di-liganded gating are illustrated in
Fig. 5. Background mutations that make opening less ther-

modynamically favorable (i.e., decrease the gating equi-

librium constant) also increase the f-value. This observation
is consistent with the transition-state structure (probed at

position dS268) becoming more openlike as the opening

reaction becomes more thermodynamically unfavorable; i.e.,

a Hammond effect (8). The slope of the plot in Fig. 5 B, which
includes all of the background mutations used, is df/dDG ¼
�0.075 6 0.02 kBT

�1.

DISCUSSION

Effect of background mutations on the transition
state for gating

For di-liganded gating, we observe that large energetic per-

turbations due to background mutations exert a significant

effect on the f-values measured for position d268. This re-

sult is qualitatively consistent with energetic/structural per-

turbations of the AChR ground states (open and closed) having

a significant effect on the energetics/structure of the transition

state, as has previously been observed through comparison of

di-liganded and unliganded AChR gating (21). The magnitude

of the observed shift in f for all of the backgrounds, �0.075

kBT
�1, is large compared to analogous parameters measured

for reactions of small molecules (8,10,11), but comparable to

those measured for protein folding reactions (20,35,36). This

suggests that the transition-state structure for di-liganded

AChR gating is more sensitive to changes in free energy than

typical transition states for covalent reactions, but comparable

to those for protein folding.

Although changes in conformation within folded states are

likely to be mechanistically different from folding transi-

tions, both kinds of reactions are similar in that they involve

large-scale polypeptide motions. Both folding reactions and

TABLE 1 Gating rate and equilibrium constants

Construct

Opening

rate

constant (s�1)

Closing

rate

constant (s�1)

Gating

equilibrium

constant (Q)

d268S 120 2170 0.055

d268G 131 967 0.136

d268C 143 200 0.715

d268T 164 190 0.863

d268I 177 143 1.23

d268N 228 45.8 4.98

d268S 1 aT422 11.0 7020 1.57 E�3

d268G 1 aT422 13.9 3600 3.86 E�3

d268C 1 aT422 28.0 1373 0.020

d268T 1 aT422 20.9 846 0.025

d268I 1 aT422 27.2 770 0.035

d268N 1 aT422 46.2 325 0.142

d268S 1 eP121L 0.75 4780 1.57 E�4

d268C 1 eP121L 3.60 2530 1.42 E�3

d268T 1 eP121L 5.00 2450 2.04 E�3

d268I 1 eP121L 8.10 2300 3.52 E�3

d268N 1 eP121L 26.4 1850 0.014

d268S 1 aT4221 eP121L 0.03 9890 3.03 E�6

d268G 1 aT4221 eP121L 0.05 6880 7.26 E�6

d268C 1 aT4221 eP121L 0.25 6090 4.11 E�5

d268T 1 aT4221 eP121L 0.28 5570 5.03 E�5

d268I 1 aT4221 eP121L 0.38 5480 6.93 E�5

d268N 1 aT4221 eP121L 1.18 4140 2.85 E�4

FIGURE 5 Change in REFER f with

the di-liganded gating equilibrium constant

for the dS268mutant series. (A) REFERplot

of d268 (six side chains; each point

represents at least three patches) for all four

backgrounds: wild-type (circles), aT422A

(squares), eP121L (triangles), and

eP121L1aT422A (diamonds). As the gat-

ing equilibrium constant is reduced there is

a corresponding increase in f (slope), from

0.14 (for wild-type background) to 0.83 (for

eP121L1aT422). This curvature is consis-

tent with a Hammond effect. (B) The f-

values obtained from linear fits for each

background. The f changes by �0.075 6
0.02 kBT

�1.
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allosteric conformational changes may thus take place on

potential energy surfaces that are broad and malleable com-

pared to those observed for covalent reactions. Miyashita

et al. have recently argued that allosteric conformational

changes in proteins can be directly analogous to protein

unfolding: they model the allosteric conformational change

as a partial unfolding, or cracking, process (37,38).

Quantitative analysis of the effect of background
mutations on the gating transition state

Chakrapani and Auerbach (22) estimated the intrinsic barrier

and timescale of di-liganded (by ACh) AChR gating from

the asymptote of the burst duration in mutants having a large

opening rate-constant. These estimates were g ¼ 6.1 kBT and

A ¼ 8.63 105 s�1 (22). In principle, it should be possible to

link the curvature of REFER plots to the size of the intrinsic

barrier and the timescale of the reaction (31). Magnitudes of

intrinsic barriers (the barrier height when the equilibrium

constant is 1) have been estimated in this way for covalent

reactions of small molecules. Analyzing rate-equilibrium

behavior of proton exchange between substituted benzoic

acids (11), Grunwald calculated intrinsic barriers to reaction

of;17 kT (10 kcal/mol). These reactions have rate constants

;105 s�1, so, using Eq. 1, we can estimate a pre-exponential

factor of ;1012 s�1 for these reactions. Although the

magnitude of the pre-exponential factor is not strictly

identical to the speed-limit for a reaction (39), this value is

consistent with the underlying dynamics of proton transfer

occurring on the picosecond timescale, the timescale of

molecular vibrations (defined by kBT/h). Spectroscopic

experiments on covalent reactions have provided experi-

mental support for dynamics occurring on this timescale

(40). Thus, for covalent reactions of small molecules, esti-

mates of the intrinsic barrier from rate-equilibrium relation-

ships can generate accurate order-of-magnitude predictions

of the pre-exponential factor and thus the timescale of the

dynamics underlying the reaction.

It is necessary to have a model of the reaction surface to

estimate the intrinsic barrier from df/dDG. In the Appendix

we derive an equation that relates df/dDG to the intrinsic

energy barrier, g, for a reaction surface having two orthog-

onal parabolic reaction coordinates, with one reaction co-

ordinate representing the motions of the residue probed by

the REFER analysis and the other reaction coordinate

representing the motions of the residue of the background

mutation. If motions along the two reaction coordinates have

similar mechanical properties (i.e., the curvature of the free

energy surface is similar along both reaction coordinates),

@f=@DGB ¼ 1=4g: From this equation and the observed

overall df/dDG value of �0.075/kBT for di-liganded gating,

g¼ 3.36 0.9 kBT. From Eq. 1 we calculate A¼ 53 104 s�1,

which is of the same order of magnitude as the opening rate

constant for wild-type AChR activated by ACh (41).

These estimates are different from those obtained by

Chakrapani and Auerbach. However, for a protein conforma-

tional change, the shape of the potentials is not required to be

parabolic (42,43). Therefore, one possible reason for this

discrepancy is that the quantitative treatment described in the

Appendix is not applicable to the AChR gating reaction, which

leads to an underestimation of g. Another possibility is that

a limit in the channel-closing rate constant influences the

measured f for the eP121L and eP121L1aT422A. A limit for

the closing rate constant (;12,000 s�1) would produce arti-

ficially high f in constructs that reached the limit, since their

opening rates could still decrease, but their closing rates could

not increase. If we exclude the eP121L and eP121L1aT422A
constructs and use the df/dDG value of �0.048/kBT derived

from comparing the wild-type background to the aT422A
background, we estimate g ¼ 5.2 kBT and A ¼ 3.73 105 s�1,

which are closer to the values estimated by Chakrapani and

Auerbach using the burst duration asymptote.

The results of this study are consistent with a view of the

AChR gating reaction in which shallow potential energy

surfaces give rise to a relatively small intrinsic barrier to gating.

A shallow potential energy surface allows the transition state to

be plastic, responding to energetic perturbations by altering its

structure. It thus appears that during gating, the channel struc-

ture is somewhat fluid and able to sample multiple conforma-

tions.

APPENDIX

Here we present a simple model that uses two reaction coordinates to

account for the effects of energetic perturbations on AChR gating kinetics.

We assume that mutations are energetically independent of each other, and

that the motions of each individual residue constitute a reaction coordinate.

We consider two residues, A (the residue probed in the REFER analysis) and

B (the background mutation). We will call the closed state CACB and the

open state OAOB (Fig. 6) to indicate that in these states, residues A and B are

both in their closed/open conformation. We can also define states OACB and

CAOB, where one residue is in its open conformation while the other is in its

closed conformation. It is important to note that these intermediate states are

not directly observable: with a dead-time of ;25 ms, AChR gating appears

as a two-state process with no observable intermediates. These intermediate

states can be thought of as local maxima on the free energy surface, or per-

haps local minima that are sufficiently high in energy that the reaction does

not proceed through them.

To describe the free energy surface defined by our two reaction

coordinates, we define a number of free energy differences (Fig. 6). DG is

the free energy difference between the open and closed states. It can be de-

termined experimentally from the gating equilibrium constant (DG ¼ �kT

lnQ). DG9 is the free energy difference between OACB and CAOB (which

cannot be determined directly). The free energy differences associated with

either residue A or residue B changing conformation, but not both, are

defined as DGAC, DGBO, DGBC, and DGAO as in Fig. 6. These free energy

differences correspond to the contribution of each individual residue to the

gating free energy; they, too, cannot be determined directly.

With the assumption that the sites are energetically independent so that

the free energies associated with mutations are additive, we obtain

DG ¼ DG
AC 1DG

OB ¼ DG
BC 1DG

AO
; (2a)

DG9 ¼ DGAO � DGOB ¼ DGAC � DGCB
: (2b)
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The assumption of energetic independence also implies that DGAC ¼ DGAO

and DGCB ¼ DGOB. Defining DGA ¼ DGAC ¼ DGAO and DGB ¼ DGCB ¼
DGOB, we obtain

DG ¼ DG
A 1DG

B
; (3a)

DG9 ¼ DG
A � DG

B
: (3b)

For two reaction coordinates, the equation relating equilibrium free energies

to the activation energy is (11),

DG
z ¼ g1 1=2ðDGÞ1 ðDGÞ2

16g
� ðDG9Þ2

16m
; (4)

where DGz is the activation energy and g and m are parameters representing

the curvature of the free energy surface. The g-parameter is the intrinsic

barrier for gating.

Substituting Eqs. 3a and 3b into Eq. 4, we obtain

DG
z ¼ g1 1=2ðDGÞ1 ðDGA 1DGBÞ2

16g
� ðDGA � DGBÞ2

16m
:

(5)

The f-value is defined as f ¼ @DGz=@DGA: Energetic independence of

sites implies that @DGB=@DGA ¼ @DGA=@DGB ¼ 0; so

f ¼ 1=21
ðDGA 1DGBÞ

8g
� ðDGA � DGBÞ

8m
: (6)

In the absence of a background mutation, the curvature of the REFER plot,

@f=@DGA; is thus given by

@f=@DGA ¼ 1

8g
� 1

8m
: (7)

Experimentally, these curvatures are not significantly different from zero.

It is likely that curvatures of magnitude .0.01 kT�1 (either positive or

negative) would be observable (a difference of 0.1 in f, over three orders of

magnitude in the equilibrium constant). For values of g , 10 kT, this means

that g and m differ by a factor of 5 or less. Here, we will make the

simplifying assumption that m¼ g. It is consistent with the REFER data and

allows us to obtain a rough estimate of g. Physically, this assumption is

equivalent to assuming that the mechanical stiffness associated with gating is

equal for the two residues.

The dependence of f on energetic perturbations at a background residue

is @f=@DGB: This is the slope of the plot in Fig. 5. Differentiating Eq. 6 with

respect to DGB, we obtain

@f=@DGB ¼ 1

8g
1

1

8m
: (8)

Using the assumption that m ¼ g, this gives @f=@DGB ¼ ð1=4gÞ; the

expression used in the main text.

Of course, if m 6¼ g, this expression does not hold. In the limit where m�
g, @f=@DGB ffi ð1=8gÞ; the same as in the one-dimensional analysis. In the

limit where m � g, @f=@DGB ffi ð1=8mÞ: In that case, the effects of the

background mutation on f would be due to a change in transition state

structure/energetics along the reaction coordinate representing the motions

of residue B, the background residue.
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