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Molecular Structure of Charybdotoxin, a Pore- 
Directed Inhibitor of Potassium Ion Channels 

The three-dimensional structure of charybdotoxin, a h i g h - 6 t y  peptide blocker of 
several potassium ion channels, was determined by two-dimensional nuclear magnetic 
resonance (2-D NMR) spectroscopy. Unambiguous NMR assignments of backbone 
and side chain hydrogens were made for all 37 amino acids. The structure was 
determined by distance geometry and refined by nuclear Overhauser and exchange 
spectroscopy back calculation. The peptide is built on a foundation of three antiparallel 
f3 strands to which other parts of the sequence are attached by three disulfide bridges. 
The overall shape is roughly ellipsoidal, with axes of approximately 2.5 and 1.5 
nanometers. Nine of the ten charged groups are located on one side of the ellipsoid, 
with seven of the eight positive residues lying in a stripe 2.5 nanometers in length. The 
other side displays three hydrophobic residues projecting prominently into aqueous 
solution. The structure rationalizes several mechanistic features of charybdotoxin 
block of the high-conductance Ca2+-activated K+ channel. 

A MONG THE NEUROTOXINS PRESENT 

in the venoms of buthid scorpions is 
a family of peptides that specifically 

inhibit certain K+-s~ecfic ion channels 
found in electrically excitable membranes (1, 
2).  Of these peptides, charybdotoxin (CTX) 
is th'e best studied at the mechanistic and 
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biochemical levels ( 3 , 4 ) .  It is known (5) that 
CTX inhibits its K+ channel target by bind- 
ing to the externally facing ion entryway and 
physically blocking the permeation of K+ 
ions. Because of this simple mode of action, 
CTX has proven valuable as a probe of the 
molecular nature of K+ channels, including 
the size of the external channel "mouth" and 
the disposition of charges on the channel 
protein surface (5). Our ability to use CTX 
in this way would be greatly enhanced by a 
knowledge of the peptide's 3-D structure. 
Since the toxin is only a minor component 
of venom proteins in even the richest known 
source, it is not feasible at present to under- 

take crystallization studies that would lead 
to structure determination by x-ray crystal- 
lography. However, the peptide's small size 
(37-amino acid residues), known primary 
sequence, and conformational rigi&ty rd- 
sulting from its three disulfide bonds make 
it an appropriate target for attack by 2-D 
NMR methods. In this report, we describe 
the use of this technique t o  determine the 
solution structure of CTX. 

The 1-D 'H NMR spectra of a sample of 
CTX at pH 4.0 in both D 2 0  and H 2 0  (Fig. 
1A) demonstrate that the sample produces 
high-quality peaks suitable for 2-D NMR 
procedures (6). A homonuclear Hartmann- 
Hahn transfer (HOHAHA) experiment 
(Fig. lB), which yields a map of through- 
bond couplings, illustrates the, well-resolved 
cross peaks in the Ha-HP region. Assign- 
ment of individual protons to the resonance 
lines was done in two stages (7)., First, side 
chains were assigned as far as possible from 
the scalar coupling patterns' of correlation 
spectroscopy (COSY), H O W ,  and 
double-quantum experiments. This process 
was straightforward for aromatic residues, 
since each (Phe, Trp, Tyr, and His) occurs 
only once in CTX. The methyl-containing 
residues were easily divided into amino acid 
types, since only one Leu, two Val, and four 
Thr residues are present in CTX. Glycine-26 
was identified by a single NH-Ha remote 
peak in the double-quantum experiment. 
Serines were identified from the resr of aPz 
spin systems by their unusually downfield P 
protons (Fig. 1B). The, unique glutamate 
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was identified as the only aP2y spin system 
in which the py cross peak shifted apprecia- 
bly when the pH was changed from 7.0 to 
4.0. The ring 6 protons of phe2 and Tyr36 
both give nuclear Overhauser and exchange 
spectroscopy (NOESY) cross peaks to their 
respective f3 protons to identify these unique 
residues. The side chain amides of Asn4, 
GlnI8, A d 2 ,  and Asn30 were identified 
from the H 2 0  COSY and were connected to 
their respective f3 protons from direct peaks 
in the double-quantum spectrum. The Arg 
NH protons were identified from their 
strong cross peak to water in a selective- 
observe H 2 0  NOESY experiment, and the 
Lys amino protons gave cross peaks to their 
E side chain protons in the double-quantum 
experiment. Complete side chain assign- 
ments for the four Lys and three Arg in CTX 
were accomplished from scalar coupling in- 
formation obtained in the experiments listed 
above. 

In the second phase of assigning reso- 
nance lines to individual protons, we used 
the unique residues phe2, ~ l u ' ~ ,  LeuZ0, 
~ l y ~ ~ ,  and Tyr36 as landmarks for the se- 
quential assignment process. In this process, 
each NH-Ha intraresidue connection was 
established by the combination of H 2 0  
COSY, HOHAHA, and double-quantum 
experiments, and the Ha-HP intraresidue 
connections were established from D 2 0  
HOHAHA experiment. The connection 
from amide to p proton was checked with 
an H 2 0  HOHAHA experiment in which 
selective-pulse detection was used. Finally 
the interresidue sequential connectivities 
(Fig. 2) were made from the H 2 0  NOESY 
data by using strong amide to a, P, or 
adjacent amide cross peaks to make the 
sequential assignments (8). With the use of 
the above landmarks, this process produced 
connectivities for the following sequences of 
residues: pyGlul to Cys7, Thr8 to Serlo, 
Lys" to Cysl', Arg19 to Th123, Ser24 to 
Asn30, Lys3l to Lys3', to c ~ s ~ ~ ,  and 
Tyr36 to ser3'. The remaining two residues, 
Gln18 and were easily distinguished 
because they have different scalar coupling 
patterns. The sequential connectivities were 
consistent with the amino acid types identi- 
fied from the scalar coupling experiments. 

The sequence-specific assignments led im- 
mediately to conclusions about the second- 
ary structure of CTX, based mostly on 
NOESY cross peaks obtained in D 2 0  and 
H 2 0  solution. The D 2 0  NOESY gave Ha-  
H a  cross peaks between residues 2 and 13 
and between 14 and 26; the H 2 0  NOESY 
gave NH-Ha cross peaks between residues 
27 and 14 and between 15 and 26; these 
couplings lead directly to the conclusion 
that there is a short, three-strand antiparallel 
p sheet in CTX near these residues. The 

presence of strong NH-NH cross peaks 
between residues 21, 22, and 23 indicates , . 
that these residues are involved in a type IP 
turn. 

The distance geometry program 
DSPACE (9) was used for the structure 
determination. Methylene atoms were in- 
cluded explicitly in the calculations, and 
standard covalent geometry was preserved 
throughout. We used 103 distance con- 
straints (42 intraresidue, 36 sequential, and 
25 long range) to generate structures con- 
sistent with the qualitative structure predic- 
tions drawn above. The structures were 
determined exclusively from NOE and di- 
sulfide bond constraints; hydrogen bonds 
and dihedral bond angles were not used, 
although the NH-Ha scalar coupling con- 
stants were consistent with the resulting 
structures. NOE intensities were calibrated 
against cross peaks of the unique Trp ring in 
loo-, 150-, 300-, and 600-ms NOESY ex- 
periments. Back calculation of the NOESY 
spectra from each structure was used to 
adjust the distance estimates, add negative 
constraints, and confirm the identity of am- 
biguous NOES. The final set of five struc- 
tures satisfied all NOE constraints within 
0.1 A. Backbone atom and all-atom super- 
positions of these structures had root-mean- 

sauare deviations of less than 0.9 W2 and 1.5 
A', respectively. 

The disulfide bonds used in this work 
between residues 7 and 28, 13 and 33, and 
17 and 35. were taken from emmatic di- 
gestion studies (10) and are consistent with 
the assignments and calculations we report. 
The use of incorrect disulfide pairings made 
it impossible to generate well1refined struc- 
tures. We confirmed that our sample of CTX 
contained three disulfide bridges by using 
fast atom bombardment mass spectroscopy. 
Several aspects of additional NMR data are 
consistent with the calculated structures. 
First, the somewhat downfield chemical 
shifts of P protons in the region from Lys3' 
to Cys35 are consistent with the high posi- 
tive charge density found in this region. 
Second, measurements of amide proton- 
exchange longitudinal relaxation t&e indi- 
cate that the fast-relaxing amides are ex- 
posed to solvent in our structure. Finally, 
the longitudinal relaxation times of the phe2 
ring protons are among the longest in the 
molecule, indicating that this ring rotates 
rapidly and is solvent exposed. 

The polypeptide backbone folding pat- 
tern of the final structure is shown in Fig. 3. 
The precision of the structure determination 
was uniform throughout the polypeptide 

Fig. 1. Proton NMR spectra 
of CTX. NMR spectra'of A 
purified CTX (4, 11) dis- 
solved in 175 mM NaCI, 30 
mM sodium acetate, pH 
4.0, were collected on a cus- 
tom-built spectrometer op- "2O 

erating at 500 MHz. (A) 
Downiield l -D spectra in 
D 7 0  (uooer trace) and H70  K3 1 - \ 

(lower trace). ~Laks com- 
mon to both spectra are 
from nonexchangeable aro- 
matic ring protons; peaks 
seen only in the H 2 0  spectra 
are from backbone arnides 
and protons bonded to ni- I 

trogen atoms on Lys, Arg, 10 9 8 7 
PPm 

Asn, and Gln side chains. B 
The D 2 0  spectrum was ob- 
tained by signal averaging 
300 transients, with short 
pulse observation, 2-s recy- 
cle time, and quadrature de- 
tection. The H 2 0  spectrum 
was obtained with a 214 ob- 
servation pulse. (B) HO- E O. 
HAHA spectrum obtained 
in D20.  The region of the 
spectrum shown contains 
cross peaks between H a  
protons (vertical axis) and 
other side chain protons 
(methyl, P, y, and such, hor- 4.0 3.2 2.4 2.6 
lzontal axls). The spectrum ppm 
was taken with a 30-ms spin 
lock and l-ms trim pulses (16), collecting 960 and 2048 points in the t ,  and t2 dimensions. Transforms 
were calculated by standard methods (17). The H a  to HP cross peaks of all Glu, Thr, Ser, and Cys 
residues are labeled, as well as the secondary H a  to methyl cross peaks of both Val residues (18). 
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Fig. 2. Sequential NOE connectivities in CTX. Shaded regions indicate the interresidue NOES 
observed. 

backbone. Three antiparallel P strands, iden- Fig. 3. Backbone fold- 
tified clearly from Ha-Ha couplings, pro- ing Patfern of the - 

structure. This ribbon vide a basic foundation on which the mole- representation of the 
cule is built. This small P sheet is formed plwptide backbone 
from residues 1 to 3,12 to 15, and 25 to 27. folding pattern of CTX 
A type I p turn (residues 20 to 23) separates shows the NH2- and 
the second and third strands of the sheet, ~ O ~ ~ ~ r ~ ~ ? ~  
and a type I1 p turn (residues 29 to 32) leads bridges (connecting 
out of the sheet into the COOH-terminal residues 7 and 28, 13 
region. Two of the three disulfide bonds (13 and 33, and 17 and 
to 33 and 17 to 35) connect the central P 35), which are indicated by short, wide ribbons. 

strand to the COOH-terminal region, 
which lies on the P sheet. The third disulfide 
bond (7 to 28) connects the first and third ed toward the functional importance of pos- 
intrastrand loops to each other. These disul- itively charged residues (11). For the high- 
fides are apparently essential for maintaining conductance ca2+-activated K+ channel, 
the toxin conformation, since reduction re- binding of CTX to the external channel 
sults in a complete loss in blocking activity "mouth" literally plugs up the K+ conduc- 
(4). No a helix is present in this structure. tion pore (5). Since this channel's conduc- 

Two space-filled views ("front" and tion pathway is also physically blocked by 
"back") of the molecule, now with side alkyl ammonium and guanidinium cations 
chain residues included, are shown in Fig. 4. (12), we speculate that one of the positive 
The toxin resembles a lumpy prolate ellip- residues on the toxin may block the narrow- 
soid, with axes of 2.5 and 1.5 n m  long. The er part of the pore, while the rest of the 
distribution of charged residues is striking. molecule makes stabilizing interactions in 
Of the eight positive charges (shown in the wider part of the pore mouth. Some of 
blue), seven are found on the same side of these stabilizing interactions may be electro- 
the molecule along a well-defined stripe on static, since Lys acylation reduces the toxin 
one face; one of these, ArgI9, is located at aftinity greater than 100-fold (4). 
the top of the molecule. The two negatively The known biochemistry of CTX suggests 
charged groups (red), G I U ' ~  and the termi- that hydrophobic residues are also involved 
nal carboxylate, are also found on this "polar in the specific binding of toxin to channel 
face." All of the strongly hydrophobic resi- protein. For instance, chymotrypsin re- 
dues (brown) are fomd on the opposite moves the two NH2-terminal amino acids 
side. Particularly noticeable are the two aro- by cleaving CTX at Phe2 (13), a residue 
matic residues Phe2 and Ty26, which project which, in spite of its hydrophobic nature, 
off this nonpolar face into aqueous solution. directly protrudes into aqueous solution in 
The other hydrophobic residues, vals, our structure. This treatment lowers the 
TrpI4, valI6, and L,eu20, are also located on CTX binding affinity about 80-fold (4), 
this side of the structure, and only a single mainly by increasing the toxin's off-rate. 
charged residue, kgS, is found on this face. Similarly, monoiodination of T ~ ? ~ ,  a modi- 
The toxin is too small to have a hydrophobic 
core or even a well-defined interior; indeed, 
every one of its amino acid units is exposed 
to solvent, either in its side chain or back- 
bone groups. Flg. 4. Location of functional 

Our proposed structure fits well with the groups on CTX. Space-filling 
known mechanism of CTX action on K+ resentations of CTX, showing psi-  . 

tions of positively charged residues 
channels, which has been extensively studied blue, negative charges in re& and 
in high-resolution electrophysiological mea- hydrophobic residues (phe2, va15, 
surements of single CTX molecules blocking TrpI4, valI6, ~eu", and ~ ~ 1 1 ~ )  in 
single channels. The striking clustering of brown. (Left) "Front"viewofmol- 

ecule with charged face visible. 
cationic residues on one face of the toxin (Right) ccBak,, view, with mole- 
brings to mind the strong ionic strength de rotated 180" about its long 
dependence of CTX block, which had point- axis. 

fication that would sterically prevent the 
phenol ring from lying flat on a hydropho- 
bic surface, vastly lowers the toxin h i t y  
(2). Both of these biochemical insults are 
directed towards prominent surface residues 
on the molecule's nonpolar face (Fig. 4), 
which we imagine makes specific contacts 
with the K+ channel mouth. 

The segregation of polar and nonpolar 
faces in this structure is especially interest- 
ing, since the toxin receptor is very likely a 
structure with high symmetry. Current evi- 
dence suggests that voltage-dependent K+ 
channels are built as tetramers of identical 
subunits arranged around a central pore 
(14). If the toxin fits snugly into the channel 
mouth, then each channel monomer must 
provide receptor sites for both the charged 
and nonpolar faces of the toxin. These sites 
on the channel wall must be aligned so that 
when one side of the toxin contacts hydro- 
phobic receptor sites on one monomer, the 
other side contacts polar groups on a differ- 
ent, but chemically identical, monomer. Al- 
though more extreme in detail, this situation 
is similar in many respects to the binding of 
2,3-bis-phosphoglycerate to the tetrameric 
interface in hemoglobin. This picture re- 
quires that the external mouth of the chan- 
nel is 1.5 to 2 nm wide and at least 2 nm 
deep; these are reasonable dimensions if the 
mouth of the acetylcholine receptor (2.5 nm 
by 6 nm) is at all representative of ion 
channels in general (15). 

The proposed structure of CTX immedi- 
ately suggests further experiments to assess 
the importance of specific residues in toxin 
binding. Positively charged residues con- 
tribute strongly to binding to the K+ chan- 
nel mouth, which carries functionally irn- 
portant negative charges (1 1). At present we 
can only speculate about which of the eight 
basic residues may be directly involved in 
occluding the K+ conduction pathway; for 
instance, does the obvious candidate, ArgIg, 
which projects off the "top" of the molecule, 
really function as a tethered pore blocker, 
with other groups on CTX critical to the spe- 
cificity and aftinity of the interaction? 
High-level expression of a synthetic gene for 
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CTX will allow these ideas to be tested 
through site-directed mutagenesis, and the 
structure of such mutants can be routinely 
determined by 2-D NMR spectroscopy. 
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The Energetic Cost of Limbless Locomotion 

The net energetic cost of terrestrial locomotion by the snake Coluber constrictor, moving 
by lateral undulation, is equivalent to the net energetic cost of running by limbed 
animals (arthropods, lizards, birds, and mammals) of similar size. In contrast to lateral 
undulation and limbed locomotion, concertina locomotion by Coluber is more energet- 
ically expensive. The findings do not support the widely held notion that the energetic 
cost of terrestrial locomotion by limbless animals is less than that of limbed animals. 

S PECIES WITH REDUCED LIMBS OR NO 

limbs and elongate bodies have 
evolved independently from limbed 

antecedents in several groups of vertebrates: 
salamanders, caecilians, amphisbaenians, liz- 
ards, and snakes (1). An important factor 
proposed to explain the evolution of limb- 
lessness is its presumptively low energetic 
cost, such that energetic expenditure during 
locomotion by limbless animals is expected 
to be less than that of limbed animals of 
similar size (1, 2). Biomechanical arguments 
advanced in support of the low energetic 
cost of limbless locomotion include no costs 
associated with vertical displacement of the 
center of gravity (1, 3, 4), no costs to 
accelerate or decelerate limbs (3), and low 
cost for support of the body (1). A prelimi- 
nary study, published only as an abstract, 
reported that the energetic cost of locomo- 
tion of the garter snake (Thamnophis sirtalis) 
was only 30% of that predicted for a qua- 
drupedal lizard of similar size (5). Although 
that study was preliminary, it has been wide- 
ly cited in review articles (1-3, 6, 7) and 
textbooks (4, 8) in support of mechanical 
arguments for the low cost of limbless loco- 
motion. We sought to test the generality of 
these conclusions by examining the energet- 
ic cost of locomotion in a snake, the black 
racer (Coluber constvictor). 

A snake may utilize a variety of locomo- 
tor modes, depending on both speed and 
surface encountered (4,9-11). Lateral undu- 
lation and concertina locomotion are two 
common modes that use lateral vertebral 
movements to generate propulsive forces. 
During lateral undulation on the ground, 
snakes move along an approximately sinu- 
soidal trajectory. Bends in the body contact 
with the substrate and push posteriorly on 
projections from the ground, propelling the 
body forward. All parts of the body move 
simultaneously with the same overall speed, 
while forward and lateral components of 
velocity change as a result of the sinusoidal 
trajectory (10, 11). Snakes moving with 
lateral undulation experience only sliding 
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contact with the ground (4, 12). In narrow 
passageways such as tunnels, snakes often 
perform concertina locomotion exclusively 
(4). Snakes performing concertina locomo- 
tion stop periodically, and certain parts of 
the body are moved forward while others 
maintain static contact with the ground. In 
passageways, snakes alternately press them- 
selves against the sides by forming a series of 
bends and then extend themselves forward 
from the region of static contact (4, 13). In 
comparison to lateral undulation, concertina 
locomotion involves higher momentum 
changes (4), resistance due to static (as well 
as sliding) friction (4), and usually slower 
forward speed (11) and, therefore, probably 
entails higher energetic costs. 

Although these considerations logically 
suggest differential costs of the two locomo- 
tor modes, only if we directly determine the 
metabolic rates of moving animals can these 
be verified and compared to anticipated 
values for limbed animals. In the current 
study, we measured energy expenditure as 
the rate of oxygen consumption of snakes at 
rest (6'02 rest), in the moments just before 
locomotory exercise ( ~ 0 2  and dur- 
ing locomotion at several speeds (0.2 to 1.0 
krn hour-' for lateral undulation, 0.06 to 
0.14 km hour-' for concertina locomotion) 
on motorized treadmills (14, 15). Endur- 
ance. measured as time sustained on tread. 
as a function of speed and locomotor mode 
was also determined (16). Videotapes were 
used to verify locomotor mode and to corre- 
late frequency of movement with energy 
expenditure. By dividing oxygen consump- 
tion by frequency of movement, we estimat- 
ed energetic costs of single cycles of lateral 
undulatory and concertina movement. 

The metabolic response of i/Oz to speed 
in Coluber constrictor [mass = 102.8 2 6.1 
(SE) g, n = 71 locomoting by lateral undu- 
lation is similar to that observed in many 
terrestrial vertebrates with limbs (17): i/02 
increases as a linear function of meed (18) 

\ ,  

throughout the range of sustainable speeds 
(0.2 to 0.5 km hour-'), above which i/02 is 
constant and endurance decreases. (speeds 
greater than 0.5 km hour-') (Fig. 1, A and 
B) . Oxygen consumption also increased as a 
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