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Allosteric couplings underlie many cellular signaling processes and
provide an exciting avenue for development of new diagnostics
and therapeutics. A general method for identifying important
residues in allosteric mechanisms would be very useful, but
remains elusive due to the complexity of long-range phenomena.
Here, we introduce an NMR method to identify residues involved
in allosteric coupling between two ligand-binding sites in a pro-
tein, which we call chemical shift detection of allostery partici-
pants (CAP). Networks of functional groups responding to each
ligand are defined through correlated NMR perturbations. In this
process, we also identify allostery participants, groups that re-
spond to both binding events and likely play a role in the coupling
between the binding sites. Such residues exhibit multiple func-
tional states with distinct NMR chemical shifts, depending on bind-
ing status at both binding sites. Such a strategy was applied to the
prototypical ion channel KcsA. We had previously shown that the
potassium affinity at the extracellular selectivity filter is strongly
dependent on proton binding at the intracellular pH sensor. Here,
we analyzed proton and potassium binding networks and identi-
fied groups that depend on both proton and potassium binding
(allostery participants). These groups are viewed as candidates for
transmitting information between functional units. The vital role
of one such identified amino acid was validated through site-specific
mutagenesis, electrophysiology functional studies, and NMR-
detected thermodynamic analysis of allosteric coupling. This
strategy for identifying allostery participants is likely to have
applications for many other systems.

solid-state NMR | allostery | membrane proteins | ion channel |
ligand affinity

Allostery refers to changes in a protein due to perturbations
at a remote site, including structural or dynamic alterations

(1). Frequently, the change is elicited by binding of a ligand, and
is manifested in a consequent change in the affinity of another
ligand binding to a different region of the protein. Allostery is a
ubiquitous and efficient mechanism for communication in bi-
ology. In examples as diverse as enzyme regulation (2), trans-
membrane cell signaling (3), and gene expression regulation (4),
the binding of one ligand to a protein changes the affinity of
other ligands binding at distal binding sites, thus controlling
“downstream” events.
Many experimental studies have focused on elucidating the

molecular mechanism by which the perturbation is propagated
within or between the functional units (5, 6), for example, by
identifying changes in close contacts between specific residues
that are responsible for allostery. Computational methods, such
as molecular dynamics simulations, have complemented these
experimental strategies by identifying correlated motions of
residues, which further clarify the atomistic mechanism by
which these residues participate in allostery (6–8). It has been
emphasized that there may not be a single set of conformational
changes underlying the allostery; rather, ligand binding may shift
the protein’s conformational and dynamic ensemble, resulting in
changes in thermodynamics and affinity at distant sites (9–11).

Nevertheless, in many allosteric systems, there are key residues
whose participation is important to the underlying mechanism
(12). Identifying these key residues, which can be distant from
either of the binding sites, is of great interest for a mechanistic
understanding of allostery, protein engineering, and drug design.
A number of methods show promise for identifying the key

residues involved in allostery. Sequence analysis can identify
evolutionary residue pairs as allostery candidates (13). Graph
theory can be used to calculate the optimal residue connections
for the allosteric network (14). A framework to calculate coopera-
tivity between residues in protein folding was proposed to map the
cooperative interaction based on a computationally generated
ensemble of partially folded protein (15, 16). A new algorithm
called contact networks through alternate conformation tran-
sitions uses experimental X-ray data to identify contact net-
works of conformationally heterogeneous residues (17). Double-
mutation cycle methods aim to identify cooperative residue pairs
(18, 19). These approaches provide powerful insights; however,
identification of allosteric participants can often remain elusive
and challenging.
NMR has proven to be a powerful tool to analyze allostery.

The study of protein dynamics via NMR provides a unique tool
to characterize entropy-driven allostery by dissecting the con-
tribution of dynamics to the coupling energy (9, 20–29). NMR
titration studies can quantitatively measure the energetics of the
allosteric transition (22, 30, 31). Moreover, analysis of chemical
shift perturbations in various states of the protein provides a
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global snapshot of the various residues affected by a given per-
turbation, presumably reporting on the allosteric nature of the
transition. However, chemical shifts are sensitive to a variety of
effects, so methods are needed to dissect those resides whose
chemical shift perturbation is specifically due to allosteric cou-
pling. Melacini and coworkers (32) advanced previous chemical
shift analysis by introducing chemical shift covariance analysis
(CHESCA), which combines singular value decomposition and
hierarchical analysis to identify allosterically coupled residues.
CHESCA specifically highlights long-range effects of ligand
binding that are similar for a large number of ligands. Residues
are clustered based on the covariance of chemical shift changes,
invoking the assumption that residues belonging to the same
functional unit show correlated behavior in terms of NMR shifts.
We demonstrate here a method based on NMR shifts to

identify players in allostery for systems with two ligand binding
events, which we call chemical shift detection of allostery par-
ticipants (CAP). Established NMRmethods can identify residues
directly involved in the binding of a ligand and those that are
coupled to the binding of the ligand even if they are distant (33–
35), as demonstrated in many prior NMR studies of allostery (9,
36–38). We consider here a system where two separate ligand
binding events are allosterically coupled to each other. We hy-
pothesize that in a strongly allosteric protein, a handful of sites
are expected to show “multistate” behavior, as manifested in
three or more possible chemical shifts, depending on the com-
bination of binding of ligands. Functional groups in the protein
can be divided into four groups (Fig. 1A): sites that respond to
binding of the first ligand, which form a network, including sites
distant from the actual ligand binding site (I); analogously, sites
that respond to the binding of the second ligand (II); sites that
are not sensitive to either ligand binding event (III); and sites
that depend on the combination of occupation of the two ligand
binding sites (IV). The sites in the last group are expected to be
energetically coupled to both binding events, and therefore are
strong candidates for involvement in mediating allosteric cou-
pling between the two binding affinities, making them critical to
functions. We refer to them as “allostery participants.”
We demonstrate this method on the ion channel KcsA

reconstituted in 1,2-dioleoylsn-glycero-3-phosphoethanolamine/
1,2-dioleoyl-sn-glycero-3-phospho-L-serine(DOPE/DOPS) liposomes

(39). KcsA is a 64-kD tetrameric, pH-gated, bacterial potassium
channel (Fig. 1 C and D). KcsA channels, once activated by very low
pH, exhibit inactivation, a process where ion channel activity de-
creases even if the activation stimulus (in this case, exposure to low
pH) persists (40–47). Inactivation in KcsA has properties similar to
the C-type inactivation described in Shaker channels (41, 48).
Inactivation is common in many potassium channels, and it has
consequences for channel open times and for refractory periods in
action potentials, affecting the channel’s control of heartbeat (49).
Many functional and structural studies indicate that an allo-

steric coupling between the H+ binding sites (termed the acti-
vation gate or pH sensor) and the K+ binding sites underlies
inactivation (41, 44, 46, 47) (Fig. 1C). We recently characterized
this allosteric system by solid-state NMR and found that pro-
tonation of the intracellular pH sensor (which opens the in-
tracellular activation gate) allosterically reduces the K+ affinity
by more than three orders of magnitude at the selectivity filter,
which we hypothesized to be the basis for inactivation (30, 50).
Previous NMR studies show that the pKa values of the pH sensor
are also dependent on the selectivity filter (44, 47). Crystal
structures of KcsA channel constructs with open pH gates also
show a correlation between the extent of opening and ion oc-
cupancy and structural changes at the selective filter (51, 52).
The conformation changes associated with binding or release of
K+ and H+ are in slow exchange on the NMR time scale (31),
meaning that the rate constants are slower than the difference in
NMR resonance frequencies (slower than a few milliseconds).
This enables us to study all four states of KcsA with respect to
ligand binding.
NMR markers of binding of K+ and H+ in KcsA were iden-

tified in our recent studies (30). The H+ and K+ binding units are
remote (>30 Å), and the residues involved in the process of
transmitting the information between units were not well char-
acterized in our recent studies. KcsA is thus an ideal model to
illustrate the CAP method for studying allostery in systems of
two coupled remote binding sites. Here, we apply CAP to KcsA
in liposome preparations (39) and identify residues that are
likely to play a role in allosteric coupling. We subsequently
studied the functional effect of mutations in these residues using
complementary biophysical methods. Future applications to al-
losteric transmembrane proteins in native-like environments,

Ι ΙIΙV

ΙII

A B C D

Fig. 1. Residues are clustered into functional units. (A) In an allosteric protein with two ligand binding sites, we categorize the residues into the following
groups: residues sensitive to binding a single ligand (group I for ligand A and group II for ligand B), spectator residues that are not sensitive to either ligand
binding (group III), and residues that are sensitive to both ligands and can report the combination of ligands bound (group IV). CAP analysis is designed to
experimentally cluster the NMR preorders for a protein into these four groups. (B) Typical four-state allosteric coupling system with two ligands is illustrated
using KcsA. P represents the apo protein, and H+ and K+ are the ligands. Although the four conditions are strictly defined by their ligand binding status,
electrophysiological (functional) terms are suggested for each of the four conditions. The blue dashed line indicates the inactivation process, which has a rate
in the range of 10−1–1 s−1; the red dashed line indicates the recovery process, which has a rate in the range of 10−1–10−2 s−1. Activation is a transition from D
to A, which has a rate in the range of 101–102 s−1 (51). (C) Crystal structure (Protein Data Bank ID code 1K4C) of the KcsA potassium channel is color-coded
according to the groups outlined in A: K+ binding sites (marine), H+ binding sites (orange), spectators (light blue), and allostery participants (red), where
responses are based on the combination of ligands binding. (D) With CAP analysis, we can assign individual residues or sites into groups. The results of CAP
analysis are highlighted in the crystal structure of KcsA. Residues belonging to different groups are color-coded as in C. Other residues mentioned in the paper
are also highlighted in green.
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such as G protein-coupled receptors or membrane trans-
porters, are expected to be similarly powerful.

Results
Identifying Residues That Serve as Markers. We began by acquiring
NMR spectra of KcsA in four limiting conditions with respect to
ligand binding (Fig. 1B and SI Appendix, Fig. S1). Our goal was
to use these spectra to cluster residues into the four groups
mentioned above, namely, responsive to K+ only, responsive to
H+ only, responsive to neither, and responsive to both. For
KcsA, the apo state can be achieved with 0.1 μM K+ at pH 7.5
[referred to as a deeply inactivated state (I*)], the K+-bound
state with 50 mM K+ at pH 7.5 [referred to as the resting or
deactivated state (D)], the H+-bound state with 0.5 mM K+ at
pH 3.5 [referred to as the inactivated state (I)], and the doubly
ligated K+- and H+-bound state with 100 mM K+ at pH 3.5
[referred to as the activated state (A)]. The conditions for pre-
paring these samples were selected based on our previously
measured affinity (Kd) values for K

+ at pH 7.5 and pH 3.5 (30,
31). Chemical shift assignments for these samples were made
based on a dipolar-assisted rotation resonance (DARR) (53) 13C-13C
chemical shift correlation experiment with various mixing times
and heteronuclear nitrogen-carbon double–cross-polarization ex-
periments (44) (Materials and Methods). Numerous sites in KcsA
had chemical shifts that were invariant to ligand concentrations,
confirming that the basic fold of the protein is not affected by K+

or pH over a broad range (SI Appendix, Table S1).
KcsA residues that respond to a single ligand are expected to

exhibit two chemical shift values in slow exchange, whose peak
intensities track the presence or binding of their corresponding
ligands. Comparing chemical shifts among this set of spectra in
the four sample conditions shows that, indeed, many sites in the
protein exhibit two chemical shifts whose intensities depend on a
single ligand. Many of these residues are found in the K+ binding
sites or the pH gate, and were used in prior work to study K+

affinity (30, 31) (SI Appendix, Fig. S2). It is notable that residues
quite distant from the K+ and H+ binding site sometimes exhibit
two-state behavior (SI Appendix, Fig. 1D and Table S1). Some of
the remote reporters responding to K+ binding are located be-
hind the selectivity filter, such as E71 and D80; in the outer
mouth of channel, such as Y81 and I60; or in the bilayer-
embedded helices, such as I38. Interestingly, these residues do
not show a clear physical contact network, but are spread out all
over the protein. It is worth noting that atoms within the same
residue can have a different chemical shift response to torsion or
steric interactions, so they do not always reflect the same trends
(54) (SI Appendix, Table S1). We discuss details of the assign-
ment of reporters to the two networks more below.
We also observed that a handful of functional groups in key

amino acids exhibit more than two chemical shifts, whose in-
tensities reflect the combination of ligand occupancies (Fig. 2A).
In some cases, a residue’s side chain can exhibit three distinct
shifts, while the backbone atoms exhibit two. Examples include
T74 and T75, in which the CG side chain displays three different
chemical shifts (Fig. 2B), but the CA and CB side chains only
display two chemical shifts each (Fig. 2A). We reason that the
side-chain atoms have more flexibility, or are in more direct
contact with other residues in the networks of both binding
pockets. Multistate behavior can manifest as a change in chem-
ical shift, as illustrated by T74 and T75, or as a change in dy-
namics, as illustrated by the behavior of residue I100 (44) (Fig.
2B; 1D slices of I100 peaks are shown in SI Appendix, Fig. S3).
Allostery has been shown to involve changes in the dynamic
behavior of various states as well as in the underlying structure
(26, 55). NMR is very sensitive to protein dynamics on time
scales from picosecond to seconds (56, 57). For I100, we ob-
served two sets of chemical shifts for the CB-CG2 correlation in
the apo, deactivated, and inactivated states; in the activated state

(protonated/K+ binding state), the peak corresponding to I100 is
missing, suggesting that it is broadened due to structural in-
homogeneity or that its relaxation times are shorter. In either
case, it is reasonable to assume that the structure or dynamics of
I100 in the activated state are distinct from those in the other
states. For these residues (T74, T75, and I100), the populations
of the NMR reporters depend on binding of both ligands such
that a distinct form is observed if and only if both ligands are
simultaneously bound. From this, we conclude that for residues
T74, T75, and I100, the local structure and energetics depend on
the combination of the binding status of the two ligands (not
simply on one ligand or the other). This observation suggests key
roles for these residues in allosteric coupling between the two
binding sites. Indeed, the role of I100 in mediating the coupling
due to its contacts with F103 has been proposed and examined by
various methods (58). Also, the importance of the T75 side chain
has been identified by showing that T75A mutant lacks in-
activation and shows an inverted coupling (59). The side chains
of T74 and T75 are similarly located between the proton and
potassium ion binding sites, which further supports their poten-
tial role in connecting the two networks (Fig. 2C). In this work
(as discussed below), we also examine the role of T74.

Identifying Networks by Chemical Shift Correlation. The majority of
the reporters exhibit two possible NMR peaks over the titration
and depend only on one of the ligand binding events. We hy-
pothesized that residues in the same functional unit will expe-
rience correlated population changes as ligands are titrated.
However, given the strong allosteric coupling, the binding of one
ligand will induce binding or release of the other in some re-
gimes, leading to an apparent correlation of the two networks
and potential confusion. We clustered the reporters into func-
tional units to identify which ligand each reporter is sensitive to.
In other words, for some experimental conditions, a straight-
forward titration of one variable (e.g., K+) can lead to changes in
binding at the other (H+) binding site. This complicates sepa-
ration of the two functional units, as residues that are only af-
fected by one ligand appear to respond to the other ligand. For
example, E118 and E120 change chemical shifts between the
high- and low-K+ spectra at neutral pH (44, 47); however, they
are known to be the proton binding markers (60). Such corre-
lated binding occurs in a restricted concentration regime. To
buttress our assignments of the various reporters distinguishing
residues that belong to one reporter network from those in the
other network, we include a broad range of conditions, including
ones where the binding of the ligands can be separately con-
trolled by concentrations. For example, for KcsA, a K+ titration
done at pH 3.5, where the pH sensor remains protonated
throughout the K+ titration, allowed us to uniquely identify K+

binding markers. Titrations carried out at pH 7.5 reflect simul-
taneous changes in both pockets, the direct effects of changing
K+ occupancy in the selectivity filter, and the secondary effects
of changing H+ occupancy in the pH sensor; as expected, both
K+ markers and H+ markers change.
Titrations were detected using 13C-13C 2D spectra of KcsA, in

which the populations for various states can be monitored at a
large number of sites by integrating the corresponding peaks since
the exchange process is slow [consistent with the millisecond-to-
second time scale of the inactivation and recovery process as
measured by electrophysiology (51, 61) and the exchange rate
estimated by NMR as <500 per second (31)]. The assignments of
the residues were verified by other 2D or 3D homo- or hetero-
nuclear correlation. Various residues show different magnitudes
of chemical shift change in terms of parts per million (0.5–2 ppm)
that are useful in this analysis and are enumerated in SI Appendix,
Figs. S4 and S5.
As demonstrated by previous NMR studies (32, 62), correla-

tion analysis is a useful tool to evaluate the relationship between two
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residues. Here, we monitored the population shifts of individual sites
as we titrated ligands through the system and then evaluated the
Pearson correlation coefficient for residue pairs (as discussed fur-
ther inMaterials and Methods):ConvðX ,Y Þ=   EðXY Þ−EðXÞEðY Þ=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðX2Þ− ðEðXÞÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðY 2Þ− ðEðY ÞÞ2

q
, where X, Y represents an

array of population percentage of bound state (peaks dominate in
high [K+] condition) in a series of titration points of the two residues
for correlation analysis. From the coefficients, we constructed the
covariance matrix of population changes in response to the ligands
(Fig. 3 A–D).
Our results show that the populations of numerous residues

are highly correlated throughout the titration: At pH 7.5, we
observed a global network, which includes residues in the K+

binding sites, such as V76, T75, and T74; flanking residues, such
as I60, E71, D80, L81, and Y82; and proton binding residues
E118/E120 (Fig. 3 A and B). As mentioned above, near these

conditions, a coupled binding event occurs. By contrast, the
decoupled transition at pH 3.5 involves only K+ binding. Many
residues exhibit correlated shifts and serve as K+ binding markers,
including residues in the binding site and quite distal residues (Fig.
3C). However, the proton binding residue E118 remains pro-
tonated throughout the titration at pH 3.5, as is indicated by the
flat slope in its correlation with V76 (Fig. 3D, Upper Right). This
flat correlation allows us to filter out this residue as belonging to
the proton binding unit, rather than the potassium binding unit, by
comparison with the globally coupled network identified at pH 7.5.
We also identified I38 and E51 as residues that show chemical

shift changes, but the population changes do not show a strong
covariance with other two-state marker sites in response to [K+]
change (Fig. 3 A and C). E51 is likely a pure proton binding marker,
since its chemical shift change is mainly caused by pH change, but
not an allosteric marker. For I38, the chemical shift change is more
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Fig. 2. Two-state and multistate NMR markers are shown on NMR spectra of samples in various K+, H+ concentrations. (A) Two typical “two-state” NMR
markers for K+ binding are illustrated, namely, T74 (blue circle) and T75 (blue dashed circle) backbone CA and CB correlations. (B) Two cases of multistate
allostery participants are shown. In the first row, markers I100 CB-CG2 are shown for samples in various conditions and are labeled using a red dashed circle.
For samples at low pH and high [K+], the peak for I100 is not detected. We surmise that this may be due to dynamics or heterogeneous conformations. In any
event, the appearance of the peak depends on the combination of ligands present, and not specifically on one or the other ligand. In the second row, two
multiple-state markers are shown, the side-chain CG atoms of T74 (red circle) and T75 (red dashed circle), displaying three distinctive chemical shifts for the
four spectra of KcsA at various conditions. (C) Allosteric participants T74, T75, I100, and F103 are highlighted on a crystal structure (Protein Data Bank ID code
1K4C), indicating plausible connections between the two binding sites on the opposite sides of the membrane in KcsA.
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likely to be caused by other environmental factors, which have not
been clarified here.

Functional Tests of Putative Allostery Participants. We next studied
the allostery participant sites where the chemical shift serves as a
marker for the combination of binding states. Such sites exhibit
more than two chemical shifts for four distinct combinations of
“gates” or binding states. We propose that they are potentially
involved in energetic coupling between the two binding sites. We
sought corroborative evidence for the role of putative residues
identified through their NMR shift behaviors. We examine the
functional behavior of site-specific mutations involving the pu-
tative coupling participants and compared with WT. I100 and
F103 have previously been suggested as possibly important al-
losteric coupling residues (41, 58) (Fig. 1C). Mutagenesis, mo-
lecular simulation, and our NMR study have provided strong
evidence for the participation of F103 and I100 (30, 41).
T74 is another possible important allostery participant in al-

losteric coupling, as suggested by this CAP analysis (Fig. 3A); it
has previously been suspected to interact with F103 and I100 during
inactivation (52, 58), but without direct evidence. Its involvement is

also difficult to detect simply by comparing crystal structures of
various states (SI Appendix, Fig. S7). The observation of “multistate
behavior” of the NMR peaks for the T74 CG side chain, and its
sensitivity to the combination of binding states, led us to propose
that the side chain of T74 is important for propagating allostery. To
test this hypothesis, we mutated T74 to a serine to remove the CG
methyl group of the threonine and characterized the allosteric
coupling by NMR, namely, the K+ affinity changes, as a function of
pH. As shown in Fig. 4A, the affinity for K+ in T74S KcsA de-
creased only fourfold upon switching from pH 5 to pH 3.5 (red),
while for WT KcsA, the K+ affinity decreased 250-fold for the same
pH change (purple). Thus, the T74S mutation dramatically reduced
the pH sensitivity of the K+ affinity, indicating that the allosteric
coupling network is significantly reduced. This result suggests that
channel opening is less coupled to inactivation at the selectivity
filter.
To investigate the impact of the T74S mutation on channel

activity, we further analyzed this mutant using single-channel
recordings in lipid bilayers. As shown in Fig. 4 B and C, T74S
shows long openings and a high open probability. In contrast,
WT shows brief openings and a low open probability of 1.4 ± 1.0%

A

C D

B

Fig. 3. Chemical shift correlation analysis reveals networks of residues in KcsA involved in binding. Residues that show two alternative forms are analyzed to
discern whether they report on K+ vs. H+ binding. The covariance of the populations as [K+] is titrated, as illustrated using a heat map for pH 7.5 (A) and pH 3.5
(C). To further illustrate, a cross-section at V76 is expanded to show the correlation of V76 populations compared with populations detected for other
residues. This analysis was performed at both neutral pH (B, diamonds) and acidic pH (D, rectangles). A network of potassium binding sites is revealed at
pH 3.5 (a condition where potassium binding is decoupled from proton binding in the titration) such that they all report on the same binding event with the
same apparent affinity. The network is dispersed throughout the protein and includes I60, E71, T74, T75, V76, D80, L81, Y82, and A92. The correlation
network at pH 7.5 also includes E118 because potassium binding at this pH is coupled to proton binding in the titration. E118 shows a negative correlation at
neutral pH, since the allosteric coupling causes proton release to be correlated with K+ binding over a range of solvent conditions. E118 is considered to be a
protonation marker for the activation gate. For I38 and E51, we observe very low or no correlation to other residues, such as V76, at both pH values, indicating
that the observed chemical shift changes for these residues are likely to be unrelated to binding of these ligands. (Additional correlation plots are shown in SI
Appendix, Figs. S4 and S5.)
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(Fig. 4 B and D). The low open probability of WT is consistent
with previous electrophysiological data and is a manifestation
of activation-coupled inactivation (51, 63). These results confirm
that removing the methyl group of T74 in the T74S mutant leads
to partially breaking this communication pathway, and to an es-
sentially “inactivation-less” channel variant. It is remarkable that
such a simple chemical change could lead to a large effect in
thermodynamics and function.

Discussion and Conclusion
We introduced a method, CAP, for analyzing an allosteric pro-
tein with two coupled ligand binding sites. NMR chemical shift
analysis was used to cluster the protein into distinct networks of
reporters (Fig. 1A) and to specifically highlight allostery partic-
ipants whose conformation depends on the combinations of
binding events at the two binding sites. We used ligand con-
centrations as a perturbation, based on our prior knowledge of
the system, to fine-tune our analysis of the clusters. We tested
CAP on KcsA, a model pH-gated potassium channel in which
potassium and proton binding are allosterically coupled.
We paid specific attention to the residues showing multistate

behavior in their chemical shifts, reasoning that these residues
could be important allosteric participants. A number of the pu-
tative partners in allosteric coupling that resulted from the
studies have been confirmed by functional analysis, giving strong

support for the power of this kind of analysis. For example, the
electrophysiology and NMR characterization of the T74S mu-
tation in KcsA presented here demonstrates the crucial role of
the T74 side chain in allosteric coupling, as predicted from the
CAP analysis. The critical roles of T75 and I100 in allosteric
coupling have also been confirmed by previous electrophysiology
and molecular dynamic simulations (58, 59), providing additional
examples of the veracity of the predictions from CAP analysis.
The statistical analysis carried out in CAP attempts to distinguish

function-related chemical shift perturbations from effects that are
not related to function, as illustrated in the cases of I38 and E51 in
KcsA. The analysis also clusters the functional groups into networks
related to each binding site. For example, E71 in KcsA is located
behind the selective filter and is critical for C-type inactivation. One
hypothesis is that E71 becomes protonated at low pH, breaks the
E71/D80 hydrogen bonding network, and causes inactivation. Al-
ternatively, we show here that E71 is a K+ binding marker, which is
consistent with previous results showing that this residue remains
protonated throughout the entire pH range (64).
We propose that CAP analysis may have broader utility for

studying allostery in other systems. We provide a tentative ex-
perimental workflow for carrying out CAP (SI Appendix, Fig. S1).
The time scale of the interconversion of protein forms should
influence the appearance of the NMR spectra and the details in
the approach to identify allosteric participants. In KcsA, the
conversion between states is slow in comparison to differences in
chemical shifts, so we observed individual peaks for each con-
formation and calculated their populations. For cases where the
various ligand-bound forms are in fast exchange, a single aver-
aged peak would be observed [the chemical shift itself reports on
the populations, as demonstrated by Melacini and coworkers
(32, 65)], so a hybrid of this method and CHESCA would be
more appropriate.
The CAP method, and chemical shift perturbation analysis in

general, can be powerfully used to study membrane proteins, as
illustrated in this study. Allostery is central to the function of many
membrane proteins, and is often difficult to analyze at atomic
resolution. Moreover, lipids are important to the function of
membrane proteins and are expected to have effects on allosteric
coupling in membrane proteins. This was demonstrated for KcsA,
for which the potassium affinity shifts by several orders of magni-
tude between lipid bilayers and detergent solubilized forms (31).
This approach may be amenable to many other membrane systems
along with other emerging methods, such as strategic isotope la-
beling or fast magic angle spinning, both of which have been ap-
plied on the outer membrane protein G from E. Coli (66).
CAP can be compared with a number of other methods for

analyzing allosteric couplings. For example, in CHESCA, resi-
dues can be clustered into groups for ligand binding and allostery
based on their chemical shift change (essentially population
change) in response to a library of agonists and antagonists (27,
32). A similar analysis was obtained for a barrel enzyme by in-
troducing Ala-to-Gly mutations at various sites and clustering
the results based on responses to the mutations (67). In another
study of an allosteric system, mutations were specifically in-
troduced at the catalytic site, causing chemical shift change at the
hidden allosteric sites due to the reciprocal interactions between
an allosteric site and its coupled orthosteric site (68). We add to
these prior analyses the emphasis on correlated or joint responses
to two different binding sites, and the multiple environments that
result, which connect NMR analysis to one of the essential ener-
getic and functional features of allostery. We expect that multiple
NMR lines from allostery participants will likely be observed in
many other systems. One recent example has been observed in the
GTPase atlastin: Residue F151 displays multiple conformation
states in the crystal structures collected in various states and is
reasoned to be the connecting residue between the active and
nucleotide binding sites (69). Such a “multiple-states” behavior

A B
1.0

0.8

0.6

0.4

0.2

0.0

T74
S

-K
cs

A 
W

T-

Kcs
A 

P
ro

b
a

b
ili

ty
 o

f 
O

p
e

n
in

g
 (

P
o

)

P
op

ul
at

io
n 

of
  B

ou
nd

 s
ta

te

T74S pH5.0 T74S pH3.5
WT pH5.0 WT pH3.5

C

D
1 second

+100  mV10 pA

WT

T74S

[K+]/mM

1.0

0.8

0.6

0.4

0.2

0.0

0.001 0.01 0.1 1 10 100

Fig. 4. Mutation of T74S causes a strong reduction of allosteric coupling,
indicating that the side chain is a crucial player for propagating allosteric
interaction and C-type inactivation. (A) NMR-detected titration of T74S with
respect to K+ indicates that the effect of pH on the K+ affinity (i.e., coupling
strength) is much weaker for the T74S mutant compared with WT. A prior
titration study on WT shows that the affinity of K+ is around 250-fold
weaker at pH 3.5 than that at pH 5.0. (i.e., 4 mM vs.16 μM, the purple
symbols in the plot; taken from ref. 30). Titration of T74S in this study in-
dicates that the affinity for K+ is only fourfold weaker at pH 3.5 than that at
pH 5.0. (i.e., 4 μM vs. 1 μM, the red symbols) The extremely high affinities for
K+ at both pH values suggest that T74S is not only a coupling mutant but
also an affinity mutant similar to E71A (42). (B) Opening probabilities of T74S
and WT-KcsA are 0.89 ± 0.12 and 0.014 ± 0.010, respectively. The values are
mean ± SD from nine and three experiments for T74S and WT-KcsA, re-
spectively. The lack of inactivation is consonant with our analysis that this
mutant has weak allosteric coupling. (C and D) Representative single-
channel traces for the T74S mutant and WT-KcsA at a voltage of +100 mV.
The much higher open probability of T74S than WT is interpreted to mean
that the loss of a methyl group has led to failure of inactivation.
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takes advantage of the inherent plasticity of proteins in their re-
sponse to multiple external stressors. Clearly, not every allosteric
participant will be detected in an analysis like CAP, but we pro-
pose that this analysis could produce a useful set of hypotheses for
functional testing.
Although allostery and activation-coupled inactivation in KcsA

have been studied in the past, CAP analysis allowed us to obtain a
better understanding of the molecular underpinnings of the cou-
pling (Fig. 1D) and the roles of specific residues. Remarkably, we
observed a high overlap between the residues identified as ener-
getically or structurally connected to both binding events and those
residues whose mutants show functional changes in allosteric
coupling strength, demonstrating the power of CAP analysis as a
tool for detecting allosteric participants.

Materials and Methods
Protein Sample Preparation. KcsA protein expression and purification pro-
tocols and reconstitution into bilayers (DOPE/DOPS = 9:1) for NMR are as
described in a previous study (30). To adjust pH and [K+], the proteolipo-
somes were first dialyzed against pH 7.5 buffer with appropriate [K+] (two to
three changes), and then further dialyzed at 4 °C against 10 mM sodium
citrate buffer at pH 3.5 with the appropriate [K+] until the pH reached
equilibrium (typically 5 h). The pH of the supernatant was confirmed to be
within 0.1 unit of the desired value. For all dialysis buffers, the total ion
concentration ([K+] + [Na+]) was maintained at 50 mM, with the exception
of the 80 mM [K+] sample at pH 3.5. The samples were centrifuged to form
hydrated pellets and packed in 3.2-mm Bruker rotors for NMR experiments
after three rounds of freeze/thaw cycles to remove extra buffer solution.

The plasmid for the T74S mutant was made using gene synthesis, and its
sequence was verified by Genewiz. On Coomassie-stained SDS gels, the
mutant shows a similar band withWT-KcsA around 70 kDa (SI Appendix, Fig. S6),
which indicates that themutant maintains the characteristic tetrameric structure.

NMR Experiments. Approximately 10-mg 13C-15N KcsA samples were used for
each NMR experiment. NMR spectra were collected on a Bruker 750-MHz or
600-MHz spectrometer, and spinning rates of 12 kHz or 14 kHz were applied
to avoid side-band overlap with regions of interest. For protein assignment,
DARR with various mixing times (15 ms, 50 ms, 100 ms, and 200 ms) and
NCOCX (N-C’-Ci-1,sidechain), NCACX (N-Cα-Ci,sidechain), and DREAM (dipolar
recoupling enhanced by amplitude modulation) (70) were applied. For ti-
tration curves, DARR (15-ms mixing time) was used, with a calibrated sample
temperature at 0 ± 2 °C.

Typical 90-pulse lengths are ∼2.5 μs for proton, ∼5 μs for carbon, and ∼8 μs
for nitrogen. We employed 95- to 100-kHz decoupling using two-pulse
phase-modulated (TPPM) (71) in proton channels during acquisition. Carbon
chemical shifts were referenced externally to the downfield adamantane
line at 40.48 ppm, and nitrogen chemical shifts are referenced accordingly
by calculation. The spectra were processed in NMRPipe with −30-Hz Lor-
entzian and 90-Hz Gaussian apodization. Sparky (72) was used for spectral
visualization and integration of cross-peaks.

Electrophysiology. T74S and WT KcsA purified protein was reconstituted into
liposomes [3:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine/1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPE/POPG)] at a
concentration of 1 μg/mg of lipid, and stored at −80 °C. Liposomes, thawed
on the day of use and sonicated briefly, were applied to artificial lipid bi-
layers made of 3:1 POPE/POPG dissolved in decane at a concentration of
10 mg/mL. The lipid bilayers are formed over a 100-μm-diameter hole in a
transparency partition separating two aqueous chambers in a horizontal
lipid bilayer setup, as described by Posson et al. (60). The trans recording
chamber contained a buffer solution with 10 mM succinate (pH 4.0) and
100 mM KCl, and the cis chamber (where liposomes are applied) contained a
buffer solution with 10 mM Hepes (pH 7.0) and 100 mM KCl. Current traces
were recorded under voltage clamp at +100 mV with an Axopatch 200B
amplifier (Molecular Devices), sampled at 20 kHz. The data were further
filtered offline at 2 kHz, processed, and analyzed using Clampex and
Clampfit v10 (Molecular Devices).

Single-channel current amplitudes were measured by hand from record-
ings lasting longer than 15 s, and NPo (N, number of channels; Po, open
probability of a single channel) values were determined from nine traces for
T74S mutant and three traces for WT-KcsA with the Single-Channel Search
module from Clampfit. Single-channel open probabilities for T74S mutant
were then determined by dividing the NPo by the total number of channels.
For WT-KcsA, due to the low opening probability, the total number of
channels is difficult to determine; therefore, only the NPo is reported in
this paper.

Data Processing. The normalized population ratios were used for K+ affinity
measurement and correlation analysis. The Kd values were measured in Igor
Pro (WaveMetrics) by fitting to the titration curve using the following
equation: θ= ½K+ �n=½K+ �n +Kd, where θ is the normalized bound-state pop-
ulation ratio and the Hill coefficient n is fixed to be 1. Pearson correlations
analysis was calculated in Mathematica (Wolfram). The values are used to
plot the heat map covariance plot in Fig. 3. The linear fitting is done in Igor
Pro. The error reported in the paper mainly comes from the fitting, as well as
the population integration and averaging between several marker peaks.
The crystal structures presented in the paper were prepared with Pymol
(Schrodinger).
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