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ABSTRACT. PiTX-Ka, a 35-residue peptide recently isolated from the venoRasfdinus imperatqgrblocks

the rapidly inactivating (A-type) K channel(s) in rat brain synaptosomes and the cloned Kv1.2 potassium
channel at very low toxin concentrations (6 nM and 32 pM, respectively) [Rogowski, R. S., Collins, J.
H., O'Neil, T. J., Gustafson, T. A., Werkman, T. A., Rogawski, M. A., Tenenholz, T. C., Weber, D. J.,

& Blaustein, M. P. (1996Mol. Pharmacol. 501167

1177]. The three-dimensional structure of PiTX-

Ka was determined using NMR spectroscopy in order to understand its selectivity and affinity toward
K* channels. PiTX-i& was found to have an-helix from residues 10 to 21 and tw#strands £,
26—28; Sll, 33—35) connected by a type f-turn to form a small antiparallgl-sheet. Three disulfide

bonds, which are conserved in all members of the

charybdotoxin famik {oxins), anchor one face of

the a-helix to the-sheet. The N-terminal portion of PiTXd&has three fewer residues than othekK

toxins such as charybdotoxin. Rather than forming a tBistrand as found for othex-K toxins, the
N-terminal region of PiTX-Kx adopts an extended conformation. This structural difference in Pi&X-K
together with differences in sequence at Pro-10, Tyr-14, and Asn-25 (versus Ser-10, Trp-14, and Arg-25
in CTX) may explain why PiTX-Kt does not block maxi-K channels. Differences in three-dimensional
structure between PiTX- and charybdotoxin are also observed in both the tight turn and the loop that
connects the firsg-strand to thex-helix. As a result, side chains of two residues (Tyr-23 and Arg-31)
are in regions of PiTX-I& that probably interact with rapidly inactivating A-typetkchannels. The
analogous residues in charybdotoxin are positioned differently on the toxin surface. Thus, the locations

of Tyr-23 and Arg-31 side chains in PiTXecould

explain why this toxin blocks A-type channels at

much lower concentrations than does charybdotoxin.

Pandinustoxin K-a. is a newly identified (Rogowsket
al., 1996) member of thex-K toxin family of proteins
(Miller, 1995). This group of small peptides~-8 kDa),
derived from the venoms of both new and old world
scorpions, selectively blocks certain subtypes of voltage-
gated and CH-dependent K channels (Miller, 1995).
Unlike most otherm-K toxins, Pandinustoxin K-ou (PiTX-
Ko)?! preferentially blocks rapidly inactivating, voltage-gated
K* channels with high potency (k= 6 nM). It is also
the most potent inhibitor (1§ = 32 pM) of Kv1.2 channels
yet identified (Rogowsket al.,1996). The three-dimensional
structures for several members of th& toxin family have
been determined by NMR spectroscopy; they all show nearly

identical patterns of secondary structure and very similar
global folds (Bontempst al.,1992; Johnson & Sugg, 1992;
Johnsoret al.,1994; Aiyaret al.,1995; Krezekt al., 1995;
Miller, 1995). The three disulfide bonds and several
positively charged residues are conserved in PiTog-Kut

the precise determinants of its selectivity and affinity are
unknown.

A preliminary model for the binding of PiTX-K to the
K* channel vestibule was proposed in order to explain its
selectivity and high affinity for A-type channels (Rogowski
etal.,1996)? In this model, PiTX-Kx binds to the channel
with residue Lys-27 blocking the Kselective ion conduction
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Table 1: Sequence Alignment of Thr@andinusToxins
(Rogowskiet al., 1996) with Selected Toxins from OtherKTX
Subfamilies

Toxin 5 10 15 20 25 30 35

3 . 3 o oo s o0

B apoo = O=0 s mp

CTX ZFTNVSCTTSKE-CWSVCQRLHNTSR-GRKCMNKKCRCYS

PiTX -Ko TISCTNPKQ-CYPHCKKETGYPN-AKCMNRKCKCFGR
PiTX -KB TISCTNEKQ-CYPHCKKETGYPN-AKCMNRKCKCFGR
PiTX -Ky LVKCRGTSD-CGRPCQOQTGCPN-SKCINRMCRCYGC
MgTX TIINVRKCT-SPKQCLPPCKAQFGQSAGAKCMNGKCKCYP
KTX VEINVKCSGSP-QCLKPCKDA-GMRFG-KCMNRKCHCTP?

AgTX2 VPINVSCSGSPQOQ-CIKPCKDA-GMRF-GKCMNRKCHCTPK

aResidue numbering is that of CTX, in order to facilitate comparisons
to other toxins. For CTX, residues which are critical (closed symbols)
or influential (open symbols) for binding to single Tadependent®,
O) (Stampeet al.,1994) or cloned Shaker F425@,(00) (Goldsteinet
al., 1994) K" channels are indicated. Representative toxins from
previously defined subfamilies (Miller, 1995) include margatoxin
(MgTX; Garcia-Calveet al, 1993), kaliotoxin (KTX; Creset al.,1992),
and agitoxin (AgTX2; Krezelet al., 1995). The amino-terminal
glycines of KTX and AgTX2 are omitted.

pore (Rogowsket al, 1996), as is the case for CTX (Park
& Miller, 1992a,b; Andersoret al.,1988; Miller, 1988, 1990;
Goldsteinet al., 1994; Stampet al., 1994; MacKinnon &
Miller, 1988)3 The residues surrounding Lys-27 are believed
to modulate the affinity and specificity of the toxin for
different K" channel subtypes (Table 1; Rogowski al,
1996; Miller, 1995; Stampet al., 1994; Goldsteiret al.,
1994).

The three-dimensional structure of PiTXaKkused in the

Tenenholz et al.

duced milligram quantities of fully active recombinant PiTX-
Ko and determined its structure in solution using two-
dimensional NMR spectroscopy. Interestingly, an analysis
of the NMR structure of PiTX-l& revealed several structural
differences between it and CTX. These differences enabled
us to clarify how PiTX-Ku selectively binds A-type K
channels with a higher affinity than CTX. Furthermore, a
structural basis is discussed for why, in contrast to CTX,
PiTX-Ka does not block Ca-dependent large conductance
(maxi) Kt channels. A preliminary abstract of this work
has been published (Tenenh@lzal., 1996).

EXPERIMENTAL PROCEDURES

NMR Sample PreparationsExpression and purification
of recombinant PiTX-K& were performed on a large scale
using procedures similar to those described previously for a
smaller scale preparation (Rogowski al, 1996). The
overexpression plasmid contains a synthetic gene coding for
PiTX-Ka inserted into the pSR9 expression plasmid under
the control of a T7 promoter (Howell & Blumenthal, 1989).
In this construct, the toxin is part of a 40 kDa fusion protein
containing T7 gene 9 sequences, the pFLAG epitope (Park
et al., 1989), and an enterokinase site linked to the toxin
sequence (Rogowslat al., 1996). Typically,Escherichia
coli BL21(DE3) cells transfected with the expression plasmid
were grown in 8-10 L of LB at 37°C (Maniatiset al.,1989)
and induced with IPTG (0.5 mM). Following sonication and
lysozyme treatment (in 10 mM Tris buffer, pH 8, containing
50 mM NacCl, 2 mM EDTA, 2 mg/mL lysozyme, 0.14 mg/
mL PMSF, 0.2ug/mL leupeptin, 0.2«g/mL pepstatin, and
0.04%-mercaptoethanol), soluble fusion protein was found
to be the major band in a SD$AGE gel of the cell lysates.
DNA was removed by centrifugation after the slow addition

aforementioned model was calculated using an energyof streptomycin sulfate at 4C to a final concentration of

minimization protocol, and it was assumed that PiT¥-K
has the same fold as a very well characterizel toxin,
CTX (Rogowskiet al.,1996). While useful, this preliminary

3%. The fusion protein was then precipitated by the slow
addition of solid ammonium sulfate at 4C to a final
concentration of 50%, dialyzed, and separated from other

model was based on several assumptions about the structurge|jular proteins using a DEAE-cellulose (DE52) anion-

of PiTX-Ka. First, the three proline residues in PiTXaK
were all assumed to be in theans configuration. This

exchange column (Whatman Inc., Maidstone, England) with
a linear salt gradient of 56500 mM NaCl. Dialysis into a

assumption requires verification by NMR spectroscopy since |ow salt buffer (10 mM Tris, 1 mM3-mercaptoethanol, pH

related toxins are known to contadis prolines (Lebreton
et al., 1994). Additionally, the sequence of PiTXeKhas

8.0) preceded treatment of the fusion protein (24 h at 37
°C) with fresh enterokinase (Biozyme Inc., San Diego, CA,

three fewer residues at the N-terminus when compared t0200 units of enzyme/mg of fusion protein) in 5 mM CaCl

CTX. Since the first three residues of CTX patrticipate in

in order to cleave the toxin from the fusion protein. HPLC

Ko could have unpredictable effects. Therefore, we pro-

21n this article, A-type refers to the channel type(s) responsible for
both the current observed Xenopuoocytes expressing a Shaka6—
46; F425G) K channel (Goldstein & Miller, 1992, 1993) and the
voltage-gated, rapidly inactivating RIfilux observed in synaptosomes
(Schneideet al., 1989). Similarly, maxi-K refers to the channel type-

(Pierce, Rockford, IL) was followed by reverse-phase chro-
matography on an Aquapore RP-300/C18 column (Pierce,
Rockford, IL) to yield pure PiTX-K (>99%). HPLC
solvents and trace amounts of metals were removed prior to
NMR spectroscopy using two rounds of dialysis in 500 MW
cutoff membranes (Spectrapor, Los Angeles, CA) with

(s) responsible for both the current observed in lipid bilayers containing deuterated Tris (0.25 mM Tridr;, pH 7.4) and 0.03%

a large-conductance €adependent K channel from rat skeletal
muscle (Andersoet al., 1988) and the Ca-dependent component of
Rb" efflux observed in rat brain synaptosomes (Schneidet., 1989).

Chelex-100 (Bio-Rad, Hercules, CA) in the dialysate buffer.
Protein sequencing of the entire peptide confirmed that the

% Due to the presence of three additional residues at the N-terminus sequence was identical to the naturally occurring toxin. A

of CTX which are not present in PiTX-d isolated fromPandinus

imperator, the sequence alignment is shifted by three residues. It is
necessary to adopt a uniform numbering system to make comparison

86Rb efflux assay (Blausteiet al, 1991) confirmed that the

channel blocking activity and specificity of the recombinant

between these two toxins. A numbering system based on the sequencd0xin were identical to those of PiTX isolated directly

of CTX was chosen to facilitate comparison to the existing literature.
We therefore assign the N-terminal Thr of PiTXxKkhe sequence

number 4, despite the fact that it is the first residue in the sequence of
the natural toxin. Consecutive numbering of the remaining residues in

PiTX-Ka keeps the alignment in frame with that of CTX.

from scorpion venom (Rogowslet al., 1996).

Samples for the TOCSY and ROESY experiments were
prepared by dissolving 3.8 mg of the lyophilized toxin (1.8
mM) in a buffer containing 1.9 mM Trish;, 0.34 mM NaN,
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0.1 mM EDTA, and 10% BO to a final volume of 52%L.
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same NOESY or ROESY spectrum. Rotational conforma-

Minute amounts of cold NaOH and HCI were added to adjust tions abouy; were determined using a combinatiorf&f,—ws

the pH to 3.45. A higher concentration NMR sample was
prepared in a small sample volume tube (Shigemi Inc.,
Allison Park, PA) for DQF-COSY and NOESY spectra. This
sample contained 3.7 mM toxin, 0.7 mM NgN).2 mM
EDTA, 10% D,O, and 3.9 mM Trigdy;, pH 3.45, in a final
volume of 255uL. The higher concentration sample was
also used to collect data in 100%® with an uncorrected
pH value of~3.0. 8Rb efflux assays (Blaustet al., 1991)
repeated at the end of the NMR data collection period
indicated that the toxin retained aft 09%) of its biological
activity.

NMR ExperimentsProton NMR data used in the structure
calculations were collected at 600.13 MHz using a Bruker
DMX-600 spectrometer (Bruker Inc., Billerica, MA). Spec-
tra were acquired with a sweep width in both proton
dimensions of 7184 Hz. A typical experiment acquired 2K
t; and 512 or 1024; data points, respectively. Solvent

coupling constants and NOE information abouity and
Hn/Hg (Basus, 1989) and were assigned to trans, gauche-
(+), or gauchef) rotamers with a tolerance of40°.
Stereospecific assignment of eight methylene protons, as well
as the lone isoleucine side chain, resulted in pinkhedral
angle restraints. Nine hydrogen bond constraints were
derived from amide exchange data and NOE cross-peaks
characteristic ofu-helix and S-sheet secondary structural
elements. These \+O distances were assigned a lower
limit of 1.5 A and an upper limit of 2.3 A. The three
disulfide bridges were replaced by distance constraints{(2.0
2.03 A) between the ,Satoms during the matrix sub-
embedding step. Structures calculated without these hydro-
gen and disulfide bond restraints showed no significant
changes (backbone rmsd.8 A).

Structural calculations were performed using the program
X-PLOR 3.1 (Bringer, 1992) with a standard distance

suppression was achieved using the WATERGATE sequencegeometry-simulated annealing protocol (Nilgesal., 1988).

(Piotto et al, 1992) or by selective saturation of the@
and HDO resonances during the initial delay. All experi-
ments were conducted at 3C and were referenced to the

In this procedure, a random set of template coordinates
generated by X-PLOR resulted in models for PiTX:kith
extended conformations. Following distance matrix genera-

residual water signal (4.658 ppm) as a secondary referencgjon and substructure embedding, each structure was then

to TSP, 3-(trimethysilyl)[2,2,3,3H4]propionate. Data were
processed off-line using FELIX (Molecular Simulations, San
Diego, CA) on a Silicon Graphics Indy workstation (Silicon
Graphics Inc., Mountain View, CA). Data were multiplied
by a sine-squared bell and zero-filled to 2048 points in both
dimensions prior to Fourier transformation.

Spin system identification and sequence-specific assign-

ments were determined as previously describedtfiith,
1986) using a 2D DQF-COSY (Piantiat al., 1982; Rance
et al., 1983), a 2D TOCSY collected with a 70 ms spin-
lock time (Bax & Davis, 1985; Griesinget al.,1988), and

subjected to simulated annealing using 3 ps of high temper-
ature (2000 K) dynamics and 5 ps of cooling to 100 K.
Structure refinement used 10 ps of slow cooling from 1000
to 100 K in 50 K steps followed by 200 steps of Powell
minimization. NOE constraints used a center-averaged,
square well potential with Kyog of 50 kcal mott A-1 and

an exponent of 2, and this potential was held constant
throughout simulated annealing and refinement procedures.
Beginning with only the unambiguously assigned NOE
correlations, several preliminary structures were calculated.
These structures were used to assign additional NOE

several 2D NOESY (Macura & Ernst, 1980) experiments corelations. Subsequently, a NOE back-calculation protocol
collected with 50, 150, and 200 ms mixing times. Addition- i, X-PLOR was used to refine the NOE-derived distance
ally, a ROESY spectrum (Griesinger & Emst, 1987) was yestraints, as similarly described for other low molecular
collected with a 100 ms spin-lock mixing time, and the \yeignt toxins (Bimger, 1992; Lebretoat al., 1994). A total

resulting data were used to correct NOESY data for spin of 194 interresidue, 101 intraresidue, and 9 hydrogen-bonding

diffusion effects. A PE-COSY was collected in@in order
to obtain passive and activdy,—ns coupling constants as
previously described (Griesinget al., 1985 1987).

distance constraints, as well as 9 dihedral ang)econ-
straints, were used to calculate 500 structures for PiTX-K
Twenty unique structures were identified as being acceptable

Hydrogen exchange rates were observed by lyophilizing sjnce they had no distance violations greater than 0.30 A,

PiTX-Ka. from H,O and redissolving it in 99.96% JO
(Aldrich, Milwaukee, WI). A series of 2D DQF-COSY

no angular violations greater thah, and a total energy less
than 120 kcal mof'. All 20 structures had no residues

spectra were initiated at 5, 25, 70, and 150 min after the gyside the allowed regions of a Ramachandran plot.

addition of D,O. Similarly, in a separate experiment, a series

of 1D experiments (128 scans of 16 384 data points) were RESULTS

acquired every 3 min after the addition of@for ~3 h as
previously described for other low molecular weight toxins
(Lebretonet al., 1994).

Structure Calculations. Spin system identification and

Sequential Proton AssignmentdAssignment of NMR
signals for PiTX-Ko. was performed according to standard
protocols (Wihrich, 1986). Coupled spin networks were

assignment were achieved by comparison and analysis ofidentified using data from TOCSY and DQF-COSY spectra

the DQF-COSY, TOCSY, and NOESY experiments as
previously described (Whrich, 1986). Analysis of NOESY
and ROESY spectra was used to assign #95'H NOE
correlations which were divided into strong (£8.8 A),
medium (1.8-3.3 A), weak (1.8-5.0 A), and very weak
(1.8-6.0 A) categories. Internal calibration of cross-peak
intensities was achieved by comparing seveali,i + 3)
correlations observed for PiTXd§ which have a known
distance of3.4 A in a-helices, to other correlations in the

in both HO and BO. Following identification of H—Hy
cross-peaks in the DQF-COSY, spin systems for all but the
amino-terminal amide proton (Thr&#yere identified using
relayed TOCSY connectivities inJ. The assignment of
spin systems was confirmed in upfield regions of TOCSY
spectra in HO and DO for cases where dispersion was
adequate. Aromatic ring protons were assigned using
TOCSY correlations in the aromatic region and distinguished
by NOE correlations observed between ring andaHd H,
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protons in NOESY spectra collected in,® (Withrich,
1986).

Sequence-specific assignments for protons of PiTX-K
were made using interresidue connectivitiedl( NN, SN,
etc.) determined from the 2D NOESY experiment fi\fich,
1986). In all cases, NOESY and ROESY data were
compared in order to distinguish chemical exchange cor-
relations from NOE correlations and to determine contribu-
tions to signal intensity from spin diffusion effects in the
NOESY experiment. Starting positions for tracing sequential
connectivities included the unique isoleucine residue at
position 5, the glycine residue at position 22, the alanine

Tenenholz et al.

5 10 15 20 25 30 35
TISCTNPKQCYPHCKKETGYPNAKCMNRKCKCFGR

NH exchange ] .o . .

aN G, i+D) RN o e sl ol

NN G, i+1) H Sl - - -

BN G, i+D) - an s - B . —

aN G, i+3) — i

N G, i+4) _——— R T m s —

ap G, i+3) ——

aN G, j) S ——

NN G, j) -
—

oad, j)
+ 1.5 ppm

208 { - 1.5 ppm . L

2° Structore

o helix 1 Bl typellturn f2

Overlapped peak - - _.

resiq_ue at position 26, a“‘?‘ the unique QIy-Arg pair at Ficure 1: Amino acid sequence of PiTXdand summary of NOE
positions 37 and 38, respectively. Strosg(i,i + 1) NOE connectivities used for sequential assignment and secondary
correlations were used primarily to establish the connectivity structure determination. Data are summarized from NOESY and

of spin systems for residues-8 and 24-38, whereas strong ~ ROESY spectra collected at 310 K, pH 3.45, in 90%/10%H
dun(ii + 1) NOE cross-peaks were used to identify D0, using a mixing time of 200 ms. Overlapping NOE correlations
INNAT o . . are illustrated with dashed lines and rectangles. Slowly exchanging
sequence-specific assignments for residue8,d1-14, and amide protons are indicated by dark circles. For proline residues,
16—23. A gap in thedxn(i,i + 1) connectivities at position  sequential NOE correlations involvings rather than i are shown.
15 was expected due to the presence of a proline residue;The chemical shift deviations for eadk-proton A6 H,) are
but a sequential connectivityd{x(i,i + 1)] confirmed the indicated by an upward or downward pointing rectangle. The size
location of this residue. Furthermore. stron (i — of the rectangle represents the magnitude of deviation from the
. ] g ”“Ll 1

- random coil value, and no rectangle indicates a shift index of zero
1) or H;—Hn(i,i — 1) NOE cross-peaks were observed (wishartet al., 1992). Secondary structure elements determined

between residues 10 and 9, residues 15 and 14, and residuesom all of the data are also shown.
24 and 23. This established that all of the proline residues

are in thetrans configuration and confirmed their positions T‘—'T ‘"’ T‘_’T ‘H° T\ y
in the sequence. Observation of an NOE correlation betweenc,, N c Coy N c Cos N,
the S-proton of residue 4 (whose amide proton was not \C/ \C/ \N/ \C/ \C/ \N/ \C/ \C/*
detected) and the amide proton of residue 5 completed the | 1 J: [ " | I [*
sequential assignment for PiTXeK(see spectra and table © A - ~ R 2 °=T
in Supporting Information). [/E\E/I/; £ NZH
Secondary StructureNOE correlations and chemical shift He— st o Ha—— et o & ‘/r
values were used to identify elements of secondary structure ,L é ﬂ h\‘ é (|l N w&
in PiTX-Ka (Figure 1; Withrich, 1986; Wisharét al., 1992). / NS NSNS NS NN H
The presence of strongnNHHNy NOE correlations from ‘ﬁ ',“ 0‘34 “3[ '|“ Taz ﬁ
residues 11 to 21 (except at Pro-15) and the finding that the 0 He—H o) He—sH 0

chemical shift values of the--protons of residues H21 FIGURE 2: Schematic diagram for th&sheet region of PiTX-K.
are generally negative with respect to random coil values Observed NOE cross-peaks are indicated by double-headed arrows.
(Wishartet al., 1992) together indicate a helical conformation Slowly exchanging amide protons are circled, and hydrogen bonds
for this segment. Thex(i,i + 3) interaction from Pro-10 used in the structural calculations are shown as dashed lines.
to Cys-13, combined with the negative chemical shift index NOE correlations expected of a tight turn (tich, 1986).
of Pro-10, establishes Pro-10 as the initial residue of the Although thed,n NOE correlation between residues 30 and
a-helix, while the presence of.f(i,i + 3) and (i + 4) 31 (which is typical of a type Il turn) overlaps with another
interactions involving the amide proton of Thr-21 are resonance in the protein, the presence ofla NOE
evidence that it is the last residue of the helix. The presencecorrelation between residues 31 and 32 was assigned
of a helix from residues 10 to 21 is confirmed by the presence unambiguously. Type | and furns were ruled out because
of six dyn(i,i + 3) connectivities, two of which (C13-H16 thedyn NOE correlation observed between residues 30 and
and Y14-C17) span the potentially helix-breaking Pro-15 31 in the NOESY spectrum was absent in the 2D ROESY
residue. Furthermore, twdyn(i,i + 4) NOE correlations  experiment, indicating that spin diffusion was the major
(H16-E20 and C17-T21) clearly identify residues18l as contributor to this cross-peak (data not shown).
beinga-helical (Figure 1). While other studies @fK toxins All of the previously studied members of theK toxin
(Krezelet al.,1995) report the presence abBelix character  family contain a three-stranded antiparafietheet with one
for the N-terminal portion of the helix, the presencedgf- strand of the5-sheet coming from the N-terminal region of
(i,i + 4) and the absence of,di,i + 2) NOE correlations  the toxin (Miller, 1995). In PiTX-Kx, however, three
rule out this possibility for PiTX-K. residues at the N-terminus are absent when the amino acid
Strongd,n connectivities from residues 26 to 28 and 33 sequence of PiTX-K is compared to other-K toxins [Table
to 35 together with a positive chemical shift index for the 1 and see Rogowskit al.(1996)], and no NOE correlations
o-protons in these segments indicAtstrand conformation.  characteristic of a thir@-strand in the antiparallgt-sheet
Furthermore, seven long-rangg)(NOE interactions dux- were observed for PiTX-&. In fact, the first residue of
[26:36, 28:34, 35:27, 33:29%\n[27:34]; duo[26:35, 28:33]) PiTX-Ka is relatively unstructured, with few NOE correla-
establish that these tw#strands align to form a small two-  tions, and a chemical exchange cross-peak footipeoton
stranded antiparallgl-sheet (Figure 2). The twg-strands of Thr-4 is observed in the ROESY spectrum (not shown).
are separated by residues—22, which haved,n anddan This exchange cross-peak indicates that two alternative
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Ficure 3: NMR structure of PiTX-Kt. (A) Stereo overlay of the 20 best structures determined as described in Experimental Procedures.
Selected side chains are shown in magenta. The backbone RMSD for these 20 structures is 1.16 A. (B) Ribbon diagram for PiTX-K
illustrating the singlex-helix, two-stranded antiparall@-sheet, and disulfide bonding.

conformations for the N-terminus exist in solution. Thus, Table 2: NMR-Derived Restraints and Statistics of NMR Structures

PiTX-Ka forms a two-stranded-sheet, with the C-terminal structural statistic 200 best
strand (strand Il) corresponding to the central strand found —zv.c 5 A
in CTX (Figures 1 and 2). all restraints (312) 0.024:0.002 0.022

Tertiary Structure. The structure of PiTX-l§& was cal- intraresidue (101) 0.0230.003 0.022
culated using 295 NOE distance constraints (8.4 per residue) ;eg(;iiﬁnm“f;ézg) “3) %-%%i%%%% 8-832
and 9y dihedral gngle restralnt.s (F_lgure 3): The 20 accepted long range (60) 0.005. 0.003 0.007
structures for PiTX-k shown in Figure 3 illustrate that all hydrogen bond (18) 0.028 0.003 0.018
of the calculated structures have the same overall backbone max dist viol (A) 0.220+ 0.009 0.224
fold. The average pairwise RMSD for these structures is RMSD dihedral (deg) 0.16 0.150 0.221
1.16 A for backbone atoms and 2.09 A for all heavy atoms, g&’%g?goﬁ:éﬂfgéom) 0.678-0.009 0.662
and if the poorly determined N- and C-terminal residues are  ponds (A) 0.003¢ 0.000 0.002
excluded from the calculation, the RMSD values are 0.802 angles (deg) 0.702 0.006 0.695
and 1.57 A, respectively (Table 2). When an average impropers (deg) 0.4740.012 0.454
structure was calculated from the 20 selected structures, the X"tjo"th energies (kcal/mol) 101364 3.20 96.49
RMSD to this mean structure was found to be 0.818 A for bonds 375+ 0.26 3.46
the backbone atoms and 1.46 A for all heavy atoms (Table  angles 76.27 1.22 74.66
2). The Ramachandran diagram of the best-fit structure  repel 2.53£ 0.86 181
(Supporting Information) shows that all residues of this toxin ~~ NOE 8.26+ 1.15 7.47

. . . ; cdih 0.028+ 0.036 0.027
are either in the most favored region (74%) or in the | ennard-Jones energy —71.44+ 8.73 —90.33
additionally allowed regions (26%).

Disulfide Bonds. Conservation of the disulfide bridging RMSDs for20(A) relative to mean pairwise
pattern found in otheo-K toxins was expected for PiTX- backbone (537) 0.554 0.8a: 0.14
Ko. Strong H—H; interactions between residues 13:33 and Egg‘k’%’ 3;2?:36537) ldogfs 1i51$ 8;8
17:35 confirmed these disulfides, and the NOE correlations heavy atoms (all) 1.460 2.090.41
between residues 7:28 were less well resolved, but still
present. These disulfide bonds establish the orientation of relative to best
the o-helix relative to the3-sheet, by anchoring one face of RMSDs to CTX (A) structure
the helix (residues 13 and 17) to strand Il of thesheet secondary structure 0.93
(residues 33 and 35) and the N-terminal region of the toxin ba((:]l-(:tl):)ﬁé’(é%_g)& 33-35) Lo8
(residue 7) to strand | (rg5|due 28). The disulfides OCCUPY  heavy atoms (536) 4.99
the cores of othet-K toxins, and the presence of multiple backbone (all) 1.58
long-range NOE cross-peaks to the methylene protons of the  heavy atoms (all) 3.85

cysteine residues demonstrates that they are similarly located = omindicates the ensemble of 20 low-energy structures meeting
in PiTX-Ka.. In addition, long-range NOE cross-peaks to the criteria described in Experimental Procedures, and “best” indicates
the side chains of lle-5 (6 correlations), His-16 (10 correla- the lowest energy member of the ensemble. For the ensemble of 20

tions), and Ala-26 (8 correlations) provide evidence that these /0W-€nergy structures, values are given as meastandard deviation.

id | in th f th . inall The Lennard-Jones van der Waals energy was calculated using the
resi ue$ are also In the que 0 t e _prOtem- F'_na Y CHARMMZ19 parameters and was not employed in any stage of the
calculations of the structure without disulfide bonds did not structure determination.

affect the tertiary structure, indicating that the pairing of

cysteine residues to form disulfide bonds is correct. smaller-sheet with respect to the-helix is preserved; the
Structural Similarities to Othea-K Toxins The overall o-helix and N-terminal portions of all the-K toxins interact

structure of PiTX-Kux is similar, in many respects, to those with the same face of the small@rsheet. This is reflected

of other members of ther-KTX family including CTX in the backbone RMSD between PiTXalkand corresponding

(Bontempset al., 1992), IbTX (Johnson & Sugg, 1992), residues of CTX (residues—B7). When all residues are

MgTX (Johnsoret al.,1994), KTX (Aiyaret al.,1995), and included, this RMSD is 1.58 A, but when only residues

AgTX2 (Krezelet al., 1995). All of these toxins contain a involved in thea-helix and the twgs-strands are considered,

singlea-helix connected to an antiparalf@isheet by a small  the RMSD is reduced to 0.93 A (Table 2).

loop. While the antiparallgd-sheet of PiTX-Kx differs from Structural Differences from Other-K Toxins A differ-

that of othera-K toxins (such as CTX) in that it contains ence is observed for PiTXd€ however, when its amino

only two -strands rather than three, the orientation of this acid sequence is compared to CTX and the consensus




2768 Biochemistry, Vol. 36, No. 10, 1997 Tenenholz et al.

sequence (@'[*]-K 27‘C28'(Mll) zg-(N/G)go-X31—K32—C33—(:|:)34—

Csy) for o-K toxins (Miller, 1995). PiTX-Ko contains an
alanine residue at position 26 rather than a glycine residue
as for othe-K toxins (Bontemps, 1991; Miller, 1995). The
positioning of Ala-26 in the core of the protein is unambigu-
ous since eight long-range NOE interactions between the
methyl protons of this residue and residues on both sides of
the molecule (C35, F36, K27, Y14, C13, C17, and C33)
allow for no other possibility. Despite the presence of an
alanine at this position, the structure of the toxin in the region
of Ala-26 does not significantly vary from that observed for
CTX. In addition, PiTX-Ka lacks three residues at the A
N-terminus when compared to otheiK toxins. Since there

are at least two other toxins derived frétandinus imperator
(PITX-KB and PiTX-Ky), which have similar sequences
(Rogowskiet al.,1996), we propose a hew subfamilyai
toxins. Under the formal nomenclature (Miller, 1995) this
subfamily is designated-KTX5.x. When the conserved
cysteine residues of these toxins are aligned with Ca&xX (
KTX1.1), the members of this subfamily all contain an
N-terminal region which is three residues shorter than other
a-K toxins, and all have a relaxed consensus sequence
allowing an alanine and perhaps a serine residue (rather than
glycine exclusively) at position 26.

Comparison to the Computer-Generated Homology Model.
The structure of PiTX-I& determined here by NMR confirms
the global fold of a computer-generated model for the Ficure 4: Comparison of structures for CTX (Bontemesal.,
structure of PiTX-Kx determined previously (Rogowskt 19|9|>2) afnd EI&( K. Overlaty f;f(l Igf_iTrt))(Og)trascels (?rgy, _téme% with
al., 1996). This model was calculated using an energy g?eos";’]o\?vrn o b%rthmé‘%;” aelcl)c;w Ian;j P-IT;diCne]a Se'nfac "j‘o'\”s
minimization protocol based on amino acid sequence ho- Highly conserved resudue(g (MZSg N30, K34) (surr%undl)ng( 227
mologies ofa-K toxins and presumed structural similarities  which occludes the ion conduction pore. (B) Side chains critical
to CTX. However, comparison of this model to the NMR for interaction with maxi-K channels. Conserved residues (K27,
structure reveals differences at the N-terminus of the toxin. M29) are labeled in black, while the nonconserved residues
These differences probably arise because CTX, which 90verning selectivity for (yellow) or against (magenta) maxi-K

- . . channels are labeled for both toxins.

contains a thirg3-strand, was used as the starting structure

for the modeling protocol. Other differences are also  There are many obvious structural similarities between

observed in the C-terminus and the loop which connects thePiTX-Ka and CTX. Nevertheless, the functional properties

o-helix to the firstg-strand. The homology model also does of these two toxins are clearly quite different. In rat brain

not agree with several side chain orientations that are well synaptosomes, CTX blocks both maxi-ICsq = 15 nM)

determined in solution by NMR-derived constraints. This and Ca&"™-independent rapidly inactivating (A-type) 'K

latter point is important because the locations of side chain channels (Ig, = 40 nM) (Blausteinet al., 1991). These

residues are critical for analyzing the interactions between two types of channels in rat brain appear to be analogous to

o-K toxins and K" channels (Goldsteiat al.,1994; Hidalgo the maxi-K" channel Kp = 8.8 nM; Stampeet al., 1994)

& MacKinnon, 1995; Stampet al.,1994; Aiyaret al.,1995). and the cloned Ca-independent Shaker channel, respec-
tively (Kp = 148 nM; Goldstein & Miller, 1992). In contrast

DISCUSSION to CTX, PiTX-Ka potently and specifically blocks only the

The goal of this study was to determine the three- A-type channelin rat brain synaptosomes and does so with
dimensional structure of PiTX<4 by NMR spectroscopy  higher affinity (IGo = 6 nM versus 40 nM for CTX;
in order to elucidate the features responsible for its selectivity Blausteinet al., 1991). In the same preparation, 500 nM
and affinity toward K channels. The structure of PiTX- PiTX-Ka does not block maxi-K channels. Additionally,

Ka was found to have a tertiary fold similar to that of CTX. PiTX-Ka has an exceptionally high affinity (Kg= 32 pM)

The amino acid residue (K27) that inserts into the channel for Ca*-independent cloned Kv1.2 channels (Rogoweski
pore and is critical for the voltage sensitivity of CTX channel- al., 1996), whereas CTX binds to this channel with lower
blocking activity (Park & Miller, 1992b; Bontempst al., affinity (Kp ~ 2—14 nM; Grissneet al.,1994; Werkmaret
1991) is located in the same position in PiTXtKFigure al., 1992). Accordingly, a detailed analysis of subtle
4; Rogowski et al, 1996). Furthermore, several other differences in side chain type and positioning between PiTX-
residues in PiTX-K (M29, N30, K34), which surround this ~ Ka and othei-K toxins (such as CTX) is needed to explain
lysine residue (K27), are also located in similar positions to why PiTX-Ka blocks A-type but not maxi-K channels.
analogous residues in CTX (Figure 4A). The side chains Why PiTX-Kx Does Not Block Maxi-K Channels The
from these four conserved residues are most likely involved residues at positions 10, 14, 25, and 29 are particularly
in critical interactions between PiTXd{and the channel interesting because mutations at these positions in CTX (S10,
vestibule (Table 1), as previously found for CTX and other W14, R25, and M29) have larger effects on binding to maxi-
o-K toxins (Goldsteinet al., 1994; Stampet al., 1994). K* channels (Stampet al., 1994) than to A-type channels
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(Table 1; Goldsteiret al, 1994). For example, mutation of
Ser-10 in CTX to glutamine decreases the affinity for the
maxi-K* channel 1500-fold (Stampet al., 1994), whereas

the same mutation produces only an 18-fold decrease in

affinity for the A-type Shaker F425G channel (Goldstetn
al., 1994). Likewise, mutations of Trp-14 (W14A, W14M,
W14Y, W14F, W14Q), Arg-25 (R25Q), and Met-29 (M29I,
M29L) in CTX dramatically decrease the toxin’s affinity for
maxi-K* channels but have smaller effects on CTX binding
to A-type Shaker K channels (Stampet al.,1994; Goldstein

et al., 1994). Furthermore, all four of these residues are

conserved in othen-K toxins that block maxi-K channels

(e.g., CTX, Lg2, LbTX, and IbTX; Miller, 1995).
Interestingly, the analogous residues in PiTX-KP10,

Y14, N25, and M29) form a surface that partially encircles
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Ficure 5: Comparison of structures for CTX, PiTXeK and
AgTX2 (Krezelet al, 1995) illustrating Lys-27 and residues that

Lys-27 (Figure 4). Furthermore, the backbone structure in confer selectivity for A-type channels. Overlay @fcarbon traces

this region is similar to that of CTX, despite the presence of

a proline residue (P10) in the-helix of PiTX-Ka (Figure

(gray, tinted with yellow for CTX, magenta for PiTX« or green
for AgTX2). Selected side chains for PiTXekK(magenta), AgTX2
(green), and CTX (yellow) are shown. Two additional residues for

4B). However, three of the four residues that are necessaryCTx (T8, T9) are included since they are known to interact

for binding maxi-K" channels in CTX (S10, W14, R25) are
different in PiTX-Ka (P10, Y14, N25). It is therefore not
surprising that maxi-K channels in rat brain synaptosomes
are not inhibited by PiTX-l&. Thus, the chemical properties
of side chain moieties at positions P10, Y14, and N25 in
PiTX-Ka, rather than a change in conformation in this
region, can apparently explain the inability of PiTXxKo
block maxi-Kt channels.

Another important difference between PiTXakand other
a-K toxins is that PiTX-Ko has three fewer residues at the
N-terminus. In CTX and othea-K toxins, the first three
residues form a thirg@-strand in the antiparall@l-sheet; this
strand is absent in PiTX« (Figure 2). Furthermore,
removal of the first two residues in CTX by chymotrypsin
digestion significantly reduces its affinity>(L00-fold) for

specifically with residue 425 of the Shaker potassium channel
(Goldsteinet al., 1994).

that AQTX2 and PiTX-Kx have for A-type channels (Rogows-
ki et al, 1996; Hidalgo & MacKinnon, 1995). AgTX2
selectively blocks A-type K channels, and the R24Q
mutation in AgTX2 reduces affinity for the Shaker channel
1000-fold (Hidalgo & MacKinnon, 1995). Further analysis
of pairwise channel/toxin mutants indicates that, at least for
AgTX2, this residue is in contact with Asp-431 of the Shaker
F425G channel (Hidalgo & MacKinnon, 1995). The simi-
larities between these two toxins raise the possibility that
Tyr-23 of PiTX-Ka forms a hydrogen bond with Asp-431
or another residue nearby on A-type channels.

Another difference between the structures of PiT¥-#&nd

maxi-K* channels (Smith, 1988), whereas site-directed CTX occurs in thes-turn. PiTX-Ka has an arginine residue
mutagenesis of CTX at Phe-2 (F2A, F2W) causes only a at the third position of the turn, whereas CTX has a lysine.

6—13-fold reduction (Goldsteiet al., 1994; Stampet al.,

Inspection of the three-dimensional structures for these

1994). Thus, removing the first two residues in CTX has a toxins, however, reveals that the side chain of Arg-31 in

more deleterious effect on binding maxi-Khannels than
simply changing the side chain at position 2. Like des-
(pyroGlu-1,Phe-2)-CTX, the absence of amino-terminal
residues in PiTX-i& may be an additional reason why PiTX-
Ko cannot block maxi-K channels.

Why PiTX-Kx Blocks A-Type ChannelsAs noted above,

PiTX-Ka is in a quite different location from that of Lys-
31in CTX (Figure 5; Bontempst al.,1992). This difference
occurs because PiTXdforms a type Il turn, while CTX
forms a type | turn (Bontempst al.,1992). As a result of
this difference, Arg-31 in PiTX-k is located in a region of
the toxin that includes residues Thr-8 and Asn-9. Using

another goal of these studies was to determine which residuesVliller and co-workers” model for toxirrchannel interactions,

in PiTX-Ka contribute to its high affinity for cloned Kv1.2

the analogous residues of CTX (T8, T9) interact with Phe-

channels and A-type channels from rat brain synaptosomes425 of the Shaker channel (Figure 5; Goldstetil., 1994).

(Rogowskiet al., 1996). When the structures of PiTXeK

In other studies involving this region of the toxin, mutation

and CTX are compared, two regions display backbone andof the residue adjacent to Lys-31 in CTX (N30Q) signifi-

side chain variations that may explain the higher affinity that
PiTX-Ka has for A-type channels.

Comparison of CTX and PiTX-& structures reveals that
no residue in the loop of CTX (residues-225) occupies a

cantly reduces the affinity for Shaker F425G (1600-fold) with
smaller effects on maxi-Kchannels (24-fold) (Goldsteigt
al., 1994; Stampet al, 1994). Thus, Arg-31 in PiTX-k

is located in a region of PiTX-K that probably interacts

position in three-dimensional space analogous to Tyr-23 in with A-type channels whereas, in CTX, no residue occupies

PiTX-Ko. (Figure 5). At position 23, CTX contains a

threonine which faces the interior of the protein, whereas

PiTX-Ka has a bulky aromatic side chain (Tyr-23) which
faces the surface. In addition, PiTXeKadopts a different
backbone structure from CTX in the loop region between
the a-helix and f-sheet. While CTX has no residue
equivalent to Tyr-23 in PiTX-i&, another a-K toxin,

this space (Figure 5; Goldsteat al., 1994).

It is noteworthy that Tyr-23 and Arg-31 of PiTXdare
on opposite sides of the molecule (i.e., they are°Iggart).
These two residues are in positions analogous to residues
Arg-24 and Arg-31 of AgTX2. If both of these residues
interact with A-type channels, then they must contact
different subunits of the tetrameric channel according to the

AgTX2, does have a large residue (Arg-24) which occupies model of Miller and co-workers (Miller, 1995; Hidalgo &

a similar position. This correlates with the similar affinities

MacKinnon, 1995; Krezekt al, 1995). Since CTX does
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not have any residues occupying these positions in its three-Ramachandran plot of the best structure (6 pages). Ordering

dimensional structure, Tyr-23 and Arg-31 of PiTXaKor information is given on any current masthead page.

Arg-24 and Arg-31 of AgTX2) may represent additional sites
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