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Allosteric regulation of protein function is a fundamental phenom-
enon of major importance in many cellular processes. Such regu-
lation is often achieved by ligand-induced conformational changes
in multimeric proteins that may give rise to cooperativity in protein
function. At the heart of allosteric mechanisms offered to account
for such phenomenon, involving either concerted or sequential
conformational transitions, lie changes in intersubunit interactions
along the ligation pathway of the protein. However, structure–
function analysis of such homooligomeric proteins by means of
mutagenesis, although it provides valuable indirect information
regarding (allosteric) mechanisms of action, it does not define the
contribution of individual subunits nor interactions thereof to
cooperativity in protein function, because any point mutation
introduced into homooligomeric proteins will be present in all
subunits. Here, we present a general strategy for the direct analysis
of cooperativity in multisubunit proteins that combines measure-
ment of the effects on protein function of all possible combinations
of mutated subunits with analysis of the hierarchy of intersubunit
interactions, assessed by using high-order double-mutant cycle-
coupling analysis. We show that the pattern of high-order inter-
subunit coupling can serve as a discriminative criterion for defining
concerted versus sequential conformational transitions underlying
protein function. This strategy was applied to the particular case of
the voltage-activated potassium channel protein (Kv) to provide
compelling evidence for a concerted all-or-none activation gate
opening of the Kv channel pore domain. An direct and detailed
analysis of the contribution of high-order intersubunit interactions
to cooperativity in the function of an allosteric protein has not
previously been presented.

activation gate � allosteric enzymes � double-mutant cycles �
voltage-activated potassium channels � non-additivity

A llosteric regulation of protein function is often achieved by
changes in protein conformation induced by the binding of

substrate or other ligand molecules (1). In multisubunit proteins,
such conformational changes may give rise to cooperativity in
ligand binding. Several mechanistic models, in particular the
Monod–Wymann–Changeux (MWC) model (2) and the Ko-
shland–Némethy–Filmer (KNF) model (3), were developed in
the 1960s to describe cooperativity in ligand binding. In both
models, cooperativity is explained by binding-induced confor-
mational changes in the subunits of the protein that may be
concerted (MWC), sequential (KNF), or a combination of both
(4). No matter the type of conformational change, cooperativity
in ligand binding in all allosteric models is manifested by changes
in intersubunit interactions along the ligation pathway of the
protein (1).

Despite the general acceptance of intersubunit interactions
playing a fundamental role in determining the magnitude of
cooperativity in ligand binding by an allosteric enzyme, struc-
ture–function analysis of such proteins through mutagenesis has
proven unsatisfactory in providing information on the contri-
bution of individual subunits and their interactions to cooper-
ativity in protein function. This is because any point mutation
introduced into a homooligomeric protein will be present in all
subunits. Furthermore, to gain mechanistic insight into the

function of the protein of interest and to assess the magnitude
of cooperativity in its ligand binding, it is common practice to fit
steady-state binding data to model-based equations. These anal-
yses, although informative, suffer from one major shortcoming,
namely that they only allow for an indirect assessment of the
nature and extent of cooperativity. Successful data fitting to a
model-based equation is not, however, a proof for a suggested
mechanism.

How then can one reveal, in a direct manner, the sequential
or concerted nature of conformational transitions of an allosteric
protein and further evaluate, in a rigorous manner, the contri-
bution of individual protein subunits and mutual interactions
thereof to cooperativity in protein function? Toward this end, we
now describe a strategy that meets these challenges by directly
exploring the nature and magnitude of cooperativity in multi-
subunit allosteric proteins. The approach adopted involves mea-
suring the effects on protein function of all possible combina-
tions of subunit mutations introduced into tandem-linked
subunits of a homooligomeric protein and the calculation of the
hierarchy of intersubunit interaction energies by using high-
order double-mutant cycle analysis (5–7). As an example of the
strength of this approach, we make use of the voltage-activated
potassium channel (8–10), an allosteric protein involved in
electrical signaling (11), as a model system. We show that
opening of the channel’s activation gate, which grants accessi-
bility of the intracellular pool of K� ions to the upper selectivity
filter inactivation gate, occurs in a concerted all-or-none manner.
Our findings thus provide a detailed example of direct assess-
ment of the contribution of intersubunit interactions to coop-
erativity in the function of an allosteric enzyme.

Results
A Strategy for Direct Analysis of Cooperativity in Multisubunit Allo-
steric Proteins. As outlined above, cooperativity in the function of
oligomeric proteins is tightly related to changes in intersubunit
interactions (1). To gain insight into possible interactions con-
tributing to cooperativity in the function of a protein, a concat-
enated gene, encoding the n identical protein subunits connected
by flexible linkers, each harboring unique restriction sites, is used
(Fig. 1A) (12) (kindly provided by F. Sigworth, Yale University,
New Haven, CT). This tandem-subunit gene construct enables
one to ‘‘cut and paste’’ mutated subunits in any combination
desired (see supporting information (SI) Text) (12). Constructs
encoding tandem-linked subunits have been previously used to
examine different aspects of Kv channel function, including
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channel inactivation and assembly (12–14). In only a few cases
have such tandem-linked subunit constructs been used to ascer-
tain the contribution of individual subunits to cooperativity in
the function of the oligomeric protein (15–17). These studies,
however, did not exploit the full potential of such constructs to
decipher the contributions of intersubunit interactions to coop-
erativity in protein function. As will be elaborated below, we
rigorously demonstrate how such tandem-linked gene constructs
may be used to elucidate the nature of conformational transitions
underlying allosteric protein function and to allow for detailed
assessment of the contribution of individual subunits and, most
importantly, the magnitude of interactions thereof to cooperativity
in protein function. In the case of the homotetrameric allosteric
protein example considered here, namely the voltage-activated
potassium channel (Kv), such analysis is achieved by measuring the
effects on channel opening of all possible combinations of single-,
double-, triple-, and quadruple-subunit mutants (Fig. 1B), com-
bined with application of high-order double-mutant cycle analysis
(Fig. 1C) (5–7) of intersubunit coupling.

Functional measurements using tandem-linked multisubunit
proteins may reveal, in a direct manner, the nature of confor-
mational transitions of the protein of interest. For instance, a
mutation that dramatically disrupts intersubunit contacts can be
separately introduced in one, two, three, or four protein subunits by
using a tandem tetrameric gene construct. For an MWC-type
allosteric protein involving concerted conformational transition of
all four protein subunits (2), it is predicted that the effect of a single
mutated subunit on protein function would be identical to the case
where all four subunits are mutated. In other words, a mutation,
introduced into only one subunit, should induce similar structural
changes in all neighboring wild-type subunits. On the other hand,
for a KNF-type allosteric enzyme undergoing sequential subunit
transitions (3), a gradual effect on protein function is expected upon
the successive addition of mutated protein subunits.

An informative and discriminative approach to discerning the
type of conformational transitions underlying the function of an

allosteric protein may further come from considering the hier-
archy of intersubunit interactions contributing to cooperativity
in protein function, as revealed by high-order thermodynamic
coupling analysis (SI Text) (5–7). Such analysis is based on the
powerful method of double-mutant cycles coupling analysis (Fig.
1C) (18–20) and is used here to measure the coupling free
energy (�2Gi,j) between two subunits of an oligomeric protein
(Fig. 1C). Furthermore, high-order intersubunit coupling anal-
ysis can be applied to calculate the effect of a third subunit, k,
on the magnitude of coupling between the i,j subunit pair [i.e.,
third-order coupling, �3G(i,j)k] or the effect of interaction be-
tween the k,l subunit pair on the magnitude of coupling between
the i,j subunit pair [i.e., fourth-order coupling, �4G(i,j)(k,l)] (5, 7,
21). As such, the hierarchy of cooperative intersubunit interac-
tions contributing to protein function can be deciphered.

When one considers the MWC and KNF allosteric mecha-
nisms described above, different high-order intersubunit cou-
pling profiles would be expected in each case. Whereas for a
tetrameric KNF-type enzyme, �2Gi,j � �3G(i,j)k � �4G(i,j)(k,l), for
a MWC-type enzyme, �2Gi,j � �3G(i,j)k � �4G(i,j)(k,l). These
distinct intersubunit coupling patterns result from the concerted
versus sequential nature of conformational changes described by
the MWC and KNF models, respectively. Because, in the case of
the MWC model (2), a functionally-sensitive mutation in even
one subunit triggers a similar structural change in all other
subunits so as to achieve the full potential of the functional
effect, mutations in the third and fourth subunits would not be
expected to affect the magnitude of coupling between a subunit
pair any further. On the other hand, the increase in binding
affinity attained upon the successive ligand binding typical of
KNF-type allosteric enzymes (3) dictates increased contribu-
tions for high-order intersubunit coupling terms. Thus, differ-
ences in high-order intersubunit coupling profiles may further
serve to discriminate between possible allosteric models. What
follows is a detailed example of such an analysis applied to the
case of voltage-activated potassium channel protein.

∆G1

∆G2
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B
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Fig. 1. Strategy for a direct analysis of cooperativity in multisubunit allosteric proteins. (A) Schematic representations of monomeric and tandem tetrameric
gene constructs giving rise to assembled tetrameric protein particles, one in which the subunits are not linked to each other and another where the identical
subunits are tandem-linked. The identical subunits of the tandem tetrameric gene are separated by unique restriction sites, as indicated by the lowercase letters.
(B) Such a gene design allows the construction of all possible combinations of mutated subunits. Lowercase letters w and m designate wild-type and mutated
subunits, respectively. (C) Thermodynamic double-mutant cycle analysis applied to calculate the magnitude of intersubunit coupling free energy between
subunit pairs. According to this analysis, the equilibrium effect on protein function upon mutating one protein subunit is evaluated once, when the other subunit
is native (�G1) and again when it has been mutated (�G2). If the two subunits operate independently, then the conformational change of one subunit is
independent of the conformational state of the adjacent subunit and �2Gi,j (� �G1 � �G2) equals zero. Otherwise, the two subunits under question can be
considered as being coupled, and �2Gi,j � 0.
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Cooperativity in Pore Opening of Voltage-Activated Potassium Chan-
nels. The voltage-activated potassium channel is an interesting
example of an allosteric membrane protein comprising, primarily,
an ion-conducting pore domain and a voltage-sensing domain (11).
Kv channels are homotetrameric pore-forming proteins that open
and close in response to changes in membrane potential, thereby
regulating the flow of potassium ions across the membrane (8–10),
a process underlying the generation of nerve and muscle action
potentials (11). Amenable to rapid and highly-accurate functional
characterization without the need for protein purification, the
allosteric Kv channel protein represents an excellent model system
for studying the contribution of intersubunit interactions to coop-
erativity in protein function. Indeed, cooperative interactions play
a fundamental role in determining the voltage sensitivity of the Kv
channel (16, 22–25). Based on steady-state and kinetic analyses (26,
27), a detailed mechanism of action has been suggested for the
Shaker Kv channel in which transitions of the four voltage-sensor
domains occur in a sequential but independent manner. Once such
transitions between closed channel states are completed, a late
concerted pore-opening transition ensues. This later transition can
be isolated by introducing uncharged mutations into the S4 segment
of the voltage-sensing domain (28). The assertion of concerted pore
opening implies that no intermediates exist along the pathway
leading to the last channel opening transition and that all subunits
switch from the final closed to the open state in an all-or-none
fashion. Earlier evidence by others, using a tandem tetrameric
channel construct, offers support for such sequential voltage-sensor
gating transitions (15, 16). No direct evidence, however, supporting
a late concerted pore-opening transition has, thus far, been pro-
vided. Moreover, refined analyses revealed intermediate and se-
quential gating steps associated with selectivity filter movements
during pore opening of the Shaker Kv channel, even on a time scale
where (C-type) inactivation gating does not yet occur (17, 29). This
observation undermines, apparently, the assertion of a concerted
pore-opening transition by the Kv channel. It is possible that this
assertion is a reflection of a concerted opening of the lower
activation gate, in particular, when considering the major vs. subtle
conformational changes associated with the activation (30) and
(selectivity filter) inactivation gates (31, 32), respectively.

To probe for the nature of conformational transitions under-
lying activation gate opening in the archetypical Shaker Kv
channel, a mutation that dramatically perturbs intersubunit
contacts at this region must be chosen. Based on comparison of
the crystal structures of two voltage-independent K� channel
pore domains in the closed (KcsA) (32, 33) and open (MthK)
(30) states, a conformational change for gating has been pro-
posed. The inner helix (M2) of the pore domain bends at a
glycine hinge point to open the pore and straightens to close it
(Fig. 2A) (30). This conformational change leads to the disas-
sembly of the bundle crossing activation gate formed from the
four M2 helices of the different channel subunits and, therefore,
results in a dramatic rearrangement of intersubunit contacts
(Fig. 2 A). It has been shown previously that mutation of the
glycine gating hinge residue of the voltage-dependent Shaker K�

channel (position 466) to any other residue but proline yields a
nonactive channel, owing to a decrease in flexibility at this
position (34, 35). The functional G466P mutation that confers
rigidity at the gating hinge point was found to dramatically
stabilize the open channel state (34). Accordingly, we chose the
G466P perturbation as a reliable probe for describing intersub-
unit interactions contributing to activation gate opening of the
Kv channel pore domain.

Initially, the G466P gating hinge mutation was introduced into
all four subunits of a tandem tetrameric Shaker Kv channel
protein and the effect on voltage-dependent gating of the
channel was measured. This profile was then compared with that
realized with a mutant Shaker channel assembled from four
separate G466P mutant monomers. The voltage-activation

curves obtained, describing the probability of the channel to be
open as a function of voltage, are analogous to initial reaction
velocity curves of allosteric enzymes, as a function of substrate.
Fig. 2B presents voltage-activation curves from four channel
proteins: The wild type (w) Shaker Kv channel assembled from
four monomeric subunits (w4), the tandem-linked wild-type Kv
channel (wwww), the G466P mutant (m) channel assembled
from four separate mutated subunit monomers (m4) and the
tandem-linked tetrameric Kv channel mutated at the G466
position in each of its four linked subunits (mmmm). In line with
earlier work (12) and reaffirmed here upon comparison of the
m4 and mmmm G466P mutants activation curves (indicating a
dramatic open-state stabilization effect), no functional conse-
quences were observed as a result of the linking of wild-type or
mutant channel subunits. The very similar shapes of the activa-
tion curves of the corresponding wild-type or mutant pairs imply
proper targeting and folding of one tandem tetrameric channel
polypeptide within the membrane, as clearly demonstrated by
others (12, 13, 16).

Direct Demonstration of a Concerted All-or-None Activation Gate
Opening in Kv Channels. To reveal the concerted or sequential
nature of the conformational transitions leading to activation
gate opening, we used the tandem tetrameric channel constructs
to next examine effects on voltage-dependent gating of all four
possible combinations of single-subunit (G466P) point muta-
tions (mwww, wmww,wwmw, and wwwm), of all six possible
double-subunit mutant combinations (mmww, mwmw, mwwm,
wmmw, wmwm, and wwmm) and of all four triple-subunit
mutant combinations (mmmw, mmwm, mwmm, and wmmm)
(Fig. 1B). The resulting voltage-activation curves of all three
groups of single-, double-, and triple-subunit mutants were
compared with those of the wild-type (wwww) and quadruple-

A

B

Fig. 2. The tandem tetrameric Kv channel is properly assembled and is func-
tionally indistinguishable from the wild-type channel. (A) The G466P mutation
dramatically disrupts intersubunit contacts. Helix rods representations of the
KcsA (closed) (Left) and MthK (opened) (Right) pore structures, with M1, P, and
M2labelingtheouter,pore,andinnerhelices, respectively. (B)Voltage-activation
curves of the monomeric and tandem tetrameric wild-type (w4 and wwww) or
mutant (m4 and mmmm) channels. Lowercase w and m represent the wild-type
or G466P mutant Shaker Kv channel subunit, respectively.
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mutant (mmmm) tandem tetrameric channels, as presented in
Fig. 3 A–C, respectively. Several important observations are
revealed by these curves. First, as shown in Fig. 3A, all four
single-subunit mutant combinations exhibit quite similar volt-
age-activation curves that differ by no more than �2 mV from
their averaged midpoint activation voltage (Table S1). This
outcome further strengthens our assertion that the tandem
tetrameric channel is properly assembled within the membrane,
as also reported by others (12, 13, 16). Second, the activation
curves of the single-subunit mutant combinations are very
similar to that of the tandem tetrameric channel mutated in all
of its four subunits (mmmm). An averaged change of �4 mV is
obtained between the midpoint activation voltages of the
mmmm and single-subunit mutant combinations. Third, the
activation curves of all six double-subunit mutant combinations
are comparable and similar to those of the single- and quadru-
ple-subunit mutant combinations (Fig. 3B and Table S1). It is
worth noting that double-subunit mutant combinations in which
the two subunits are adjacent to each other or across from each
other in the assembled channel structure exhibit similar activa-
tion curves. Hence, it seems that for all intents and purposes,
subunit order does not significantly matter. This conclusion is
further supported by the results on the single-subunit mutant
combinations. Finally, the activation curves of all four possible
triple-subunit mutant combinations are comparable and similar
to curves of the single-, double-, and quadruple-subunit mutant
combinations (Fig. 3C, Table S1). For simplicity, and as previ-
ously justified in detail (7), the effects on voltage-dependent
gating of all 15 mutant subunit combinations were parameter-
ized by using gating shifts and slopes (see SI Text). As can be
clearly seen in Fig. 3D describing the free-energy change of
channel opening upon mutation, all mutant subunit combina-
tions exhibited a similar and dramatic open state-stabilizing
effect on the order of 6 kcal/mol upon mutation, as compared
with the wild–type tandem tetrameric channel (Table S1). Taken
together, our steady-state measurements strongly imply that move-
ments underlying activation gate opening and closing occur in a

concerted all-or-none fashion, with respect to the four channel
subunits. This assertion is further strengthened when one notes that
overall similar activation and deactivation time constants are ob-
tained for all mutant subunit combinations upon a fitting of the data
to an oversimplifying single-exponential equation (measured over
identical voltage protocol; data not shown).

High-Order Thermodynamic Coupling Analysis of Intersubunit Inter-
actions. As outlined above, the pattern of high-order intersubunit
couplings of an oligomeric protein, obtained through the use of
double-mutant cycles analysis, can further serve to discriminate
between sequential vs. concerted conformational transitions of
an allosteric protein. After calculation of the free-energy change
of channel gating of the wild type and the 15 possible combi-
nations of subunit mutations, we calculated the six possible
intersubunit coupling energy [�2G(i,j)] values describing the
relation between any two subunits, by using double-mutant
cycles analysis (Fig. 1B). As presented in Fig. 4A, a high value for
intersubunit coupling energy is obtained in all cases, regardless
of the identity and/or order of subunits examined (Table S2). The
high intersubunit coupling values obtained (�6–7 kcal/mol) are
expected for conformational transitions involving large, con-
certed quaternary rearrangements. To reveal the pattern of
hierarchy in intersubunit couplings contributing to activation
gate opening, second-, third-, and fourth-order coupling free en-
ergies for the six possible subunit pairs were calculated (SI Text) by
quantifying the extent to which each pairwise intersubunit interac-
tion [�2G(i,j)] is affected by the presence of an adjacent subunit k
[�3G(i,j)k] or interacting subunit pair (k,l) [�4G(i,j)(k,l)] (Table S3 and
Table S4, respectively) (Fig. 4B). For all six intersubunit interaction
pairs considered, �2G(i,j) � �3G(i,j)k � �4G(i,j)(k,l). Averaged inter-
subunit coupling profile of all subunit pairs is shown in Fig. S1. The
high-order intersubunit coupling profile obtained by using the
G466P gating hinge mutant of the Shaker Kv channel [�2Gi,j �
�3G(i,j)k � �4G(i,j)(k,l)] is thus coherent with a concerted opening
(and closing) of the Kv channel pore domain activation gate, as
qualitatively realized above.

Fig. 3. The effect on voltage-dependent gating of all possible combinations of single-, double-, and triple-subunit mutations of the tandem tetrameric Shaker
Kv channel. (A–C) Voltage-activation curves for the four single-subunit mutant combinations (A), six double-subunit mutant combinations (B), and four
triple-subunit mutant combinations (C). Smooth curves correspond to a two-state Boltzmann function, as described in SI Text. The gray smooth curves correspond
to the voltage-activation curves of the tandem tetrameric channel where all four linked subunits are either wild type (wwww) or mutant (mmmm). (D) Effects
of all possible combinations of subunit mutations on the free-energy change of channel opening, shown as differences (wild type � mutant).
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Discussion
Cooperativity in the function of homooligomeric allosteric
proteins is often achieved by changes in intersubunit interac-
tions (1). However, analysis of the contribution of individual
subunits and their interactions to nonadditivity in protein
function is hampered by the fact that such oligomeric proteins
are assembled from several copies of a single gene product. In
principle, the use of a hybrid (chimeric) protein approach in
which wild-type and phenotypically-distinct mutant subunits
are combined partially overcomes this limitation. This ap-
proach, however, is indirect because it usually yields all
possible combinations of hybrid proteins assembled from
distinct numbers of wild-type or mutant subunits. When
combined with data-fitting analyses that incorporate binomial
considerations for oligomeric protein assembly, this approach
was found to be particularly useful in determining subunit
stochiometry of an oligomeric protein (36). However, when
applied to the study of allosteric systems, this approach fails to
reveal the individual contribution to protein function of all
possible hybrid protein particles. In only a handful of cases
reported in the literature, one particular hybrid species was
separated from all possible combinations, yielding valuable
insight into the function of the allosteric protein under study
(37, 38). The indirect nature of such a hybrid/chimeric ap-
proach, combined with the complexity in functional data
interpretation, call for a rigorous and direct method for
assessing the contribution of intersubunit interactions to co-
operativity in protein function.

In the present study, we have described a general strategy for
the direct analysis of cooperativity in multisubunit allosteric
enzymes that combines measuring the effects on protein func-
tion of all possible combinations of mutated subunits introduced

in the framework of a functional subunit-linked protein, together
with analysis measuring high-order intersubunit thermodynamic
coupling. We emphasize the assertion that the pattern of high-
order intersubunit interactions can serve as a discriminative
criterion for defining the concerted versus sequential nature of
conformational transitions underlying protein function. The
strength of this discriminate criterion is its robustness, because
it takes into account all combinations of mutant subunits rather
than merely relying on only a few subunit mutations that might
lead to inconclusive results. In applying this strategy to the
particular case of the allosteric voltage-activated potassium
channel, we provide direct and compelling evidence for a
concerted all-or-none transition of the Kv channel activation
gate leading to pore opening. This major quaternary structural
transition (Fig. 2 A), involving dramatic rearrangements in in-
tersubunit contacts, is reflected by the high (�6–7 kcal/mol)
values obtained for the various pairwise intersubunit coupling
free energies. The high-order intersubunit coupling pattern
[�2Gi,j � �3G(i,j)k � �4G(i,j)(k,i)] further argues for a MWC-type
concerted transition for Kv channel activation gate opening.

The results presented here, moreover, highlight the impor-
tant role played by the glycine gating hinge point of Kv
channels in driving the conformational transitions leading to
pore opening (30, 34, 35), a contribution pointed out to be only
secondary to that of the lower (activation gate) PVP sequence
hinge point characteristic of Kv channels (39). Only a single
mutated gating hinge is sufficient to induce channel opening
in a manner identical to the effect of a channel mutated in all
four of its gating hinge positions (34). Thus, the glycine and
PVP gating hinge points act synergistically to achieve con-
certed opening of the Kv channel activation gate (39). Our
results thus support the notion that the concerted pore-
opening transition, discussed in the elegant papers by Aldrich
and Sigworth and their colleagues (26, 27), is a ref lection of the
concerted nature of movements associated with activation gate
opening and closing.

The use of the tandem-linked Kv channel construct, also
employed in numerous studies in the past, exemplifies the
modular design of the Kv channel protein. Whereas introduc-
ing the voltage-sensor R365N mutation (second voltage-
sensor gating charge-carrying arginine) in an increasing num-
ber of channel subunits revealed the sequential nature of
conformational transition this domain undergoes (16), the
G466P mutation analyzed here, in the context of the tandem
tetrameric channel, revealed the concerted nature of (lower)
activation gate opening. Moreover, the T449S mutation at the
base of the selectivity filter also revealed sequential gating
transitions probably associated with the upper selectivity filter
gate (17, 29). Thus, chosen carefully, different mutation sites
in the protein sequence can offer insight into the nature of
conformational transitions associated with distinct domains or
functional modules (e.g., channel gates).

Our results further reflect on the symmetry of Kv channels.
The invariance of both the second- and third-order intersubunit
couplings to the identity or order of the subunit analyzed, combined
with the identical effects on voltage-dependent gating of the
single-subunit mutant combination, reflect the fact that, from a
functional channel gating perspective, the Kv channel is, apparently,
a truly symmetric tetrameric particle. In such a case, intersubunit
interaction energies involving adjacent or diagonally opposed sub-
unit pairs are expected to be similar, as was indeed found (Fig. 4A).
Interestingly, the pathway for assembly of the four Kv channel
subunits is that of a dimer of dimers, giving rise to the functional
fourfold symmetric Kv channel protein (13).

To summarize, we have presented a general strategy for the direct
analysis of cooperativity in multisubunit allosteric proteins that
relates cooperativity in protein function to the magnitude of
intersubunit interactions. Moreover, we have identified an objective
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Fig. 4. High-order intersubunit coupling pattern of the Shaker tandem
tetrameric Kv channel is consistent with a concerted all-or-none activation
gate-opening transition. (A) Pairwise intersubunit coupling free energies
(�2Gi,j) of the six possible i,j subunit pairs. (B) Comparison of the second-,
third-, and forth-order intersubunit coupling free energies associated with the
subunit pairs indicated in A. Third- and fourth-order intersubunit coupling
energies (�3G(i,j)k and �4G(i,j)(k,l), respectively) represent the effect of a third (k)
subunit or interacting subunit pair (k,l) on the magnitude of coupling be-
tween an adjacent i,j subunit pair.
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discriminative criterion for assessing the nature of conformational
transition a protein undergoes, be it sequential or concerted. This
criterion is based on the profile of high-order intersubunit inter-
actions contributing to function of the protein under study. Prin-
cipally, direct analysis of cooperativity in protein function, de-
scribed here for the Kv channel protein as a test case, is general and
may be applicable for the study of other allosteric proteins.

Materials and Methods
For descriptions of molecular biology techniques, high-order coupling anal-
ysis, data analysis, and coupling dataset refer to SI Text.

Essentially, electrophysiology recordings techniques were performed as

described (7). Briefly, K� currents were recorded under two-electrode voltage
clamp (OC725B, Warner Instruments) 1–2 days after monomeric or tandem
tetrameric Shaker mRNA injection (�50 ng) into Xenopus laevis oocytes. For
all mutant subunit combinations and the m4 channel mutant, oocytes were
typically held at �90 mV and stepped to different test voltages (�V � 3 mV)
for �500 ms, followed by repolarization to the holding voltage. Tail-current
amplitude was typically measured 2–4 ms after repolarization. All experi-
ments were carried out at room temperature (22°C).
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