residues. This structural model, experimen-
tally based on side chain interactions alone,
places residues in three-dimensional space
on a single subunit (hence a 90° sector) of
the homotetrameric K* channel and shows
the extent of side chain exposure to the
pore lumen or external vestibule. As a
structural hypothesis, the model is necessar-
ily crude, but its consistency with the local-
ization of residues gathered by independent
methods is encouraging (7, 21, 25, 26).
Although the model eschews explicit sug-
gestions about backbone secondary confor-
mation, the exposure pattern of the NH,-
terminal side of the P region (residues PO to
T9) is consistent with a-helical periodicity,
as has been suggested in some models of the
K™ channel pore (28); the exposure pattern
is inconsistent with a pore formed as an
eight-stranded B barrel, as envisioned in
other models (3, 29).

With respect to ion selectivity mecha-
nisms, these results allow us to draw two
specific conclusions about a subset of P
region residues. First, the residues project-
ing inward to line the narrow part of the
pore begin beyond residue F3, at W4 or W5,
not at PO. Second, it is now clear that
among the P region’s four aromatic side
chains, three point toward the pore lumen:
W4, W5, and Y15. Thus, the proposal (7,
30) that K* in the pore is coordinated in a
cage of m electrons, though in contention
(4, 9), remains viable.
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Revealing the Architecture of a K* Channel Pore
Through Mutant Cycles with a Peptide Inhibitor

Patricia Hidalgo and Roderick MacKinnon

Thermodynamic mutant cycles provide a formalism for studying energetic coupling be-
tween amino acids on the interaction surface in a protein-protein complex. This approach
was applied to the Shaker potassium channel and to a high-affinity peptide inhibitor
(scorpion toxin) that binds to its pore entryway. The assignment of pairwise interactions
defined the spatial arrangement of channel amino acids with respect to the known inhibitor
structure. A strong constraint was placed on the Shaker channel pore-forming region by
requiring its amino-terminal border to be 12 to 15 angstroms from the central axis. This
method is directly applicable to sodium, calcium, and other ion channels where inhibitor
or modulatory proteins bind with high affinity.

A remarkable property of K* channels is
their ability to discriminate nearly perfectly
between K™ and Na™ ions. Recent studies
have identified several regions of K* chan-
nel proteins that mediate ion conduction
(1, 2). However, all evidence indicates that
a short stretch of amino acids, the P (pore)
region, is the sole determinant of K* selec-
tivity (3). Scorpion toxins interact inti-
mately with this region and can be used as
a structural template to deduce the spatial
organization of P region residues (4).

To assign the location of channel resi-
dues (Fig. 1A) with respect to the toxin
structure (Fig. 1B), we applied a systemat-
ic analysis based on the following intuitive
principle. If amino acid a on the toxin
interacts with amino acid b on the chan-
nel, then the effect (on the toxin-channel
equilibrium) of mutating residue a should
depend on whether b is mutated. The cross
influence of one mutation on the effect of
another can be quantified using a thermo-
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dynamic cycle (Fig. 1C) to analyze exper-
iments where a and b are mutated sepa-
rately and then together. The arrows con-
necting each toxin-channel pair refer to
mutation of either the toxin (horizontal
arrows) or the channel (vertical arrows).
Each arrow number represents the factor
by which affinity changes along the direc-
tion of the arrow—that is, the equilibrium
inhibition constant (K,) of the toxin-
channel pair at the tail of the arrow divid-
ed by the K; value of the toxin-channel
pair at the arrowhead. For example, X1
equals K(wt:wt)/K;(mut:wt), where wt:wt
is the wild-type toxin—wild-type channel
pair and mut:wt is the mutant toxin—-wild-
type channel pair (5). The affinity change
in going from the wild-type toxin-wild-
type channel interaction (Fig. 1C, upper
left) to the mutant toxin—mutant channel
interaction (Fig. 1C, lower right) must be
the same regardless of the pathway taken;
therefore, we have

X1-Yl = X2-Y2 (1)
Dividing both sides of Eq. 1 by X2 - Y1 leads
307



to the coupling coefficient, (), defined as
X1 _ Y2 _ K(wt:wt)-K,(mut:mut)
X2~ Yl K(wtmut)K(mut:wt)

(2)

Q=

If the two mutated residues are independent.

of one another (that is, if they do not
interact), then () will be unity. [If the toxin
mutation (Fig. 1C) alters the affinity by the
same factor for both the wild-type channel
and the mutant channel, then X1 = X2.] If
the residues interact and the mutations al-
ter their interaction, then Q will deviate
from unity (6). In energetic terms, the de-
gree of interaction, or coupling energy
brought about by the double mutation, is
given by RT In({}), where R is the gas
constant and T is temperature. (All ) val-
ues reported below are numbers greater
than unity for ease of comparison of their
magnitudes; if €) is less than unity according
to Eq. 2, then its reciprocal is given.) The
application of mutant cycles to interactions
between amino acids within a single protein
has been described (7).

To exploit the electrostatic interactions
known to mediate binding of the scorpion
toxin agitoxin 2 (AgTx2) to the channel, we
focused on acidic or basic residues (Fig. 1, A
and B). A plot of ) values (Fig. 1D and
Table 1) shows the extent of interaction
between charge-neutralizing mutations of
the eight basic residues on the toxin (Fig.
1B) and charge-altering mutations at posi-
tions 422, 427, and 431 on the channel (Fig.
1A) (8). The value of € for the R24Q
(toxin)-D431IN (channel) pair is outstand-
ing. Such a large value results because the
R24Q) mutation reduces toxin affinity for the
wild-type channel to about one-thousandth
of that of the wild-type toxin, but has little
effect on toxin binding to a D431N mutant
channel (Table 1). This outcome is expected
if Arg?* and Asp**! form a strong and spe-
cific interaction with each other. Mutation
of either residue alone disrupts the interac-
tion so that subsequent mutation of the sec-
ond residue has little further effect. This
result contrasts with the independence of
mutations observed for many other pairs. For
example, the K427E channel mutation and
the R24QQ toxin mutation both have very
large effects on affinity, but € is near unity
(Table 1 and Fig. 1).

The value of € for the R24QQ-D431N
pair corresponds to a coupling energy of
about 17 kJ mol™!. Inspection of the £} plot
leads to the conclusion that the strong cou-
pling between these two mutated residues
must result from their local interaction and
not from a global structural change of either
the toxin or the channel. For example, if the
R24Q) mutation altered the toxin structure
or caused the toxin to change its position in
the binding site, then R24(QQ would in gen-
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eral be strongly coupled to many other
channel mutations. Likewise, if the D431N
mutation produced a global alteration of the
channel structure, then strong coupling to
multiple toxin mutations would be expect-

— (=2}
. <t
S5 b P region < S6
«— —
AVYFAE#G-S;NSFF?SI P?AFWWAWYMTWGYGDHTPVGVWGKIVGSLC
o ~ =
o N ™
b3 = =

(o] WT tox X1 Mut. tox.
_
WT chan. WT chan.
Y2lv l Y1
WT tox. X2 Mut. tox.
Mut.chan. — > Mut. chan.

Fig. 1. Thermodynamic mutant cycles identify in-
teractions between amino acids on the Shaker K*
channel and AgTx2. (A) The partial sequence (74)
of a Shaker K* channel subunit shows the S5-S6
linker and indicates the three toxin-interacting res-
idues under study (arrows). The P region extends
from residue 431 to residue 449. (B) The AgTx2
structure (15) is shown with a blue backbone rib-
bon; hydrogen atoms are omitted. The eight basic
amino acids studied are shown in red, and the
three disulfide bridges are shown in yellow. (C)
Equilibrium inhibition constants (K)) for the affinity of
awild-type toxin (WT tox.) and a mutant toxin (Mut.
tox.) for a wild-type channel (WT chan.) and a mu-
tant channel (Mut. chan.) define a thermodynamic
cycle where X1, X2, Y1, and Y2 represent change
in affinity along the arrow. (D) Plot of Q values
calculated according to Eq. 2 for the paired muta-
tions (74). Our inability to determine ) for the
K27M-D431N pair is compatible with their inde-
pendence (Table 1).
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ed. Therefore, the singular large ) at R24Q-
D431N along the toxin and channel dimen-
sions of the plot provides intemnal support
for the structural integrity of both mutated
molecules and reinforces the conclusion that
Asp*! interacts locally with Arg?*.

Previous biophysical studies showed that
Lys?” on an AgTx2 isoform interacts with
ions in the K* channel pore (9). If Lys*” on
AgTx2 is located centrally over the pore,
then the strong interaction between Arg?*
and Asp**! leads to the following prediction:
Arg®!, located at the opposite side of the
toxin from Arg?* (Fig. 2), should interact
with Asp®! on a diagonally opposed chan-
nel subunit. This prediction is based on the
expected fourfold symmetry of a Shaker K*
channel (10). Arg®' and Arg?* are not ex-
actly symmetric about Lys??, and therefore
their interactions with Asp*! residues on
diagonal subunits should not be identical.
Nevertheless, the strong interaction, which
so tightly constrains the location of Asp**!
on one subunit with respect to Arg?*, would
place Asp*! on the diagonal subunit within
a few angstroms of Arg’l. If Arg®! and
Asp*! are indeed near each other in space,
then coupling by means of a through-space
electrostatic mechanism should be detect-
able on the Q plot.

The value of Q for the R31Q-D431N
pair is 5.0 * 0.6 (Fig. 1D and Table 1),
which corresponds to a coupling energy of 4
k] mol™!. Although this interaction is
weak, it is around the magnitude expected
for through-space electrostatic coupling.
For example, using Debye-Hiickel theory, 4
k] mol™! translates into a 3 A separation
between two unit charges in a solution of
100 mM NaCl. To further test an electro-
static mechanism, we constructed a net-
work of cycles by making multiple amino
acid substitutions at these positions (Fig.
3A). A through-space electrostatic mecha-

Fig. 2. A CPK model of AgTx2 shows (in dark) the
side chains of Arg?* (bottom), Lys?” (middle), and
Arg®! (top). The distances between the y carbon
atoms of Arg?* and Lys?” and between those of
Arg®! and Lys?? are indicated.



nism predicts that mutations will show cou-
pling only if the charge is altered on both
the toxin and the channel. If the charge is
conserved at the mutated site on either or
both proteins, then no coupling () = 1)
should be observed. The pattern of {) values
in the network fulfills this prediction.
These results firmly establish the electro-
static nature of the interaction between

A
31 (Toxin) : 431 (Channel)

KN RN QN
(5700 + 380) (2233 + 60) (2619 + 213)
KD RD QD
(2.1 0.1) (0.74 £ 0.04) (4.3 0.3)
KE RE QE
(8.25+0.5) (3.98 + 0.6) (13.810.7)

B
24 (Toxin) : 431 (Channel)

K:N RN QN
(4489 + 303) (2233 + 60) (2976 + 396)
K:D R:D Qb
(275 £ 25) (0.74 + 0.04) (723 £ 43)
KE R:E QE

(115.9£5.2) (3.98 £ 0.6) (767 + 20)

residues at positions 31 (toxin) and 431
(channel). We therefore conclude that
these residues are within a few angstroms of
each other, as was hypothesized on the basis
of purely geometric considerations.
Application of the cycle network analy-
sis to characterize the strong interaction of
the 24-431 pair confirms our earlier intu-
ition that Arg?* and Asp®! interact

K:N—— R:N= Q:N K:N Q:N
RRFYY | 5.0£06 | | 45106 |
K:D— — R:D=— Q:D K:D Q:D
g1.4to.2 ' 1.7£03 ! | 1.21 0.1 I
KE—— RE— — QE KE— — — ——~-QE
K:N—- RiN==== Q:N K:N Q:N

!

: 12:02 | 3.0t05 36105
K:E—— R:E= Q:E K:E Q:E
KN——RN-— QN  KN— ————~- QN

185124 |7331 116 ! | 40107 !
K:D— — R:D— — QD K:D— —— -~ — - QD

l128+24 | 5.1£09 | I 25103 I
KE—— RE- — QE KE-————~QE
KN—— RN-— QN  KN—————~ QN

! ! | ! l

l145+25| 145£30 : | 100t16 l

| | | |
KE— — RE—— QE KE— — — = — = QE

Fig. 3. Multiple amino acid substitutions involving a pair of residues allow the construction of a cycle
network for studying the interaction between mutated residues. (A) The network contains nine toxin-
channel pairs corresponding to all combinations of three residues at position 31 (toxin) with three residues
at position 431 (channel). At each node, the amino acid (74) on the left refers to the toxin residue and that
on the right refers to the channel residue. Inhibition constants (nanomolar, mean = SEM of three to eight
measurements) for each toxin-channel pair are shown in parentheses (left panel). The value of Q for every
possible cycle defined by the network is shown (right panel). Values of Q for each cycle (reported as
numbers greater than unity) were calculated according to Eq. 2 with K; values that corresponded to the
interaction pairs at the four corners of the cycle. Cycles with larger Q values (3 to 5) are shown in bold.
Note that € values for the four smallest cycles fully determine Q values for the remaining five cycles. (B)
The same analysis is shown for mutations at position 24 on the toxin and position 431 on the channel. In

this case, coupling is observed for all cycles.

Table 1. Equilibrium inhibition constants (K,, nM) and Q values for pairs of
channel and toxin mutants. The toxin mutations (left) were designed to neutral-
ize basic amino acids. The channel mutations (top) altered the charge at three
positions (422, 427, and 431) in the S5-S6 linker. Each K, value is the mean *
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through short-range molecular forces rather
than through-space electrostatics (Fig. 3B).
The value of Q for all cycles is much greater
than unity, independent of charge pertur-
bation. Arg®* and Asp**! apparently come
into intimate contact either sterically (with
an electrostatic component) or, more likely,
through the formation of an ionized hydro-
gen bond (salt bridge).

These data show that the distance sepa-
rating residues Arg’* and Arg’! (about 25
A) on opposite sides of a rigid toxin mole-
cule is a measure of the spacing between
Asp®! residues on diagonally opposed
channel subunits. The relation between the
Asp*! residues on four channel subunits
with respect to the toxin is shown in Fig. 4.
Asp*!, at the NH,-terminal limit of the P
region, is located 12 to 15 A away from the

—10A—
r'S
Q
431 24
Arg 449 # N
®
A
=
3 $14%
(€294
W
o
<+

Fig. 4. Channel residue Asp*3' is 12 to 15 A from
the central axis of the K* channel pore. The scal-
loped outline shows the shadow of AgTx2, orient-
ed with Lys®” over the pore (black circle) at the
interface between four subunits (defined by axes).
The radial positions of channel residues 431 and
449 are shown. Residue 431 was placed near
toxin residue Arg?* and then rotated by 90° about
the central axis. Residue 449 was placed 5 A from
the center (13). The relative positions of residues
431 and 449 with respect to the subunit borders
are arbitrary.

SEM of three to eight separate measurements. NB refers to no inhibition at 2
1M (if the K27M and D431N mutations are independent, then the expected K;
for this pair is 1.7 mM). Values of Q were calculated according to Eq. 2; for
values less than unity, reciprocals are given for ease of comparison.

WT E422K KA427E D431N

K, K Q K, Q K, Q
WT 0.74 + 0.04 9.1+07 0.007 + 0.001 2233 + 60
K16M 1.42 + 0.03 111 =08 1.6+02 0.015 * 0.001 11 %02 4092 + 302 1+0.1
K19M 27 +02 9.9+ 05 3.4 +04 0.014 = 0.001 1.8+0.3 3791 + 107 2.1+02
R24Q 723 + 43 3486 + 264 2.6 +0.3 9.0+0.7 13 +0.2 2976 + 396 733 + 116
K27M 575 + 42 8400 + 1000 12+0.2 5.4+ 02 1.0 = 0.2 NB -
R31Q 43+03 32.7 + 1.7 1.6 +02 0.21 + 0.01 52+ 09 2619 + 213 50+ 0.6
K32M 4.4+03 20.0 + 0.7 27 +02 0.025 + 0.003 1703 4522 + 223 30+ 03
H34F 0.8 + 0.1 24.9 + 0.3 25+ 05 0.004 + 0.001 1.9+ 06 3724 + 174 15+03
K38M 0.91 + 0.03 9.1+1.0 12+02 0.019 = 0.001 22+03 2084 + 160 13 % 0.1
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central axis (I11). This conclusion is note-
worthy for two reasons. First, this distance
(12t0 15 A) is nearly 10 times the radius of
a K* channel selectivity filter, which has
been estimated by functional measurements
to be about 1.5 A (12). The surprisingly

distant radial location of Asp*! raises the

possibility that a sizable segment of the P
region could be oriented parallel rather
than perpendicular to the plane of the
membrane. Second, residue 449 at the
COOH-terminal limit of the P region is
known to be very close to the central axis
(13). These findings lead us to propose that
the P region forms a structure where side
chains (or backbone carbonyls) from its
COOH-terminal half line the narrow pore
and interact with conducting ions. Results
of experiments on ion selectivity are in
agreement with this structural proposal (3).
Our results also explain why a Shaker
K* channel with only a single subunit con-
taining Asp**! (and three subunits contain-
ing Asn) is able to bind toxin with relative-
ly high affinity (10). This property is a
consequence of the strong interaction be-
tween Arg** on the toxin and Asp**! on
one subunit: As long as one subunit con-
tains Asp®!, a permissive binding orienta-
tion exists. Asp**! on the diagonal subunit
interacts only weakly (with Arg’!), and
those on the two remaining subunits are
located outside the toxin binding site (Fig.
4). Thermodynamic mutant cycles with a
peptide inhibitor have placed a strong con-
straint on the structure of the P region of
the K* channel. This approach will lead
rapidly to a more complete picture of the
surface structure of the K* channel pore.
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