
ment (9). The deoxy structure has now been 
refined to an R value of 0.160 at 2.4 A 
resolution (Table 1 and Fig. 1). In addition, 
the CO-liganded structure has been im- 
proved by slightly refitting four residues, 
modeling the solvent slightly differently, and 

Structural Transitions upon Ligand Binding in a performing an additional 14 cycles of least- 

Cooperative Dimeric Hemoglobin squares refinement. The R value decreased 
from 0.156 to 0.152 at 2.4 A resolution 

Comparison of the 2.4 angstrom resolution crystal structures of dimeric clam 
hemoglobin in thc deoxygenated and carbon-monoxide Qanded states shows how 
radically different the s t r u d  basis for cooperative! oxygen binding is fiom that 
operatiw in mammalian hemoglobins. Heme groups are in direct communication 
across a novel subunit intcrfacc formed by the E and P helices. The conformational 
changes at this intzrface that accompany ligand binding are more dramatic at a tertiary 
l d  but more subtle at a quaternary 1 4  than those in mammalian hemoglobins. 
These findings suggest a cooperative! mechanism that links ligation at one subunit with 
potentiation of af3in.i~ at thc sccond subunit. 

T HE EFFICIENCY OF PROTEIN FUNC- 

tion is often improved by having 
individual functional units act in 

concert rather than independently of each 
other. Examples of cooperative functioning 
of protomers include enzymes and gene- 
regulating proteins (1).  Possibly the most 
widely studied example of a cooperative 
allosteric molecule is the mammalian hemo- 

and have now determined the crystal struc- 
ture, also at 2.4 A resolution, of the mole- 
cule in the deoxygenated (deoxy) state. The 
comparison of these two structures reveals 
structural transitions that accompany ligand 
binding in this cooperative dimer. 

A 3.2 A electron density map from deoxy 
crystals (7) was obtained by a combination 
of anomalous scatterine and molecular re- 

with a slight improvement in stereochemis- 
ay . 

The overall quaternary difference between 
the CO-liganded and deoxy states is relative- 
ly small (Fig. 2). An optimized superposi- 
tion (10) of a-carbons in the individual 
subunits showed that the movement of one 
subunit relative to the second subunit upon 
ligand binding can be described by a screw 
axis rotation of 3.4" with a translation of 0.1 
A. The "E-En region of the interface (6) acts 
as a pivot in the subunit rotation with the 
packing of Tyr7' against virtually 
unchanged in the G o  stnurtures. (Primes 
designate the symmetry-related subunit.) In 
contrast, .for mammalian hemoglobins the 
alpl dimer rotates relative to the asp2 h e r  
by 15" and translates by 0.8 A in the transi- 
tion between the unliganded and liganded 
states (2). 

Whereas the quaternary structural 
changes are rather subtle, striking temary 
structural differences are evident between " 

globin tetramer (2). Cooperative oxygen placement (8). This map dearly demonstrat- the two structures. The most dramatic dif- 
bidmg in hemoglobins can be defined as ed the absence of any ligand at the oxygen ference in conformation between the two 
the increase in a5nity of the molecule for binding site and revealed a number of strik- structures is observed for Pheg7 (Figs. 3 and 
oxygen as oxygen binding proceeds. A sim- ing differences in the tertiary structure of the 4). In the deoxy structure the phenyl group 
pler model system for studying cooperative subunits between liganded and unliganded pa& tightly against the heme on the proxi- 
protein function can be found in the hemo- forms. A molecular model for the deoxy mal side. In the CO structure, the phenyl 
globins of a number of arcid blood clams structure was obtained by refitting the heme group packs tightly against the heme on the 
(3). Typically, the dimeric component binds group and nine residues (in each subunit) proximal side. The deoxy porphyrin iron 
oxygen with constant oxygen &ty over and was used as the starting point for stem- atom lies nearly 0.5 A out of the mean plane 
the pH range 5 to 9 and sipficant cooper- chemically restrained least-squares refine- of the heme and 0.3 A out of the plane 
ativity with a Hill c d c i e n t  of 1.5 and a 
free energy of interaction of about 1 kilocal- 
orie per mole per site (4). The low-resolu- 
tion structures of the dimeric and tetrameric 
hemoglobins from Scapharca inaequivalvis 
demonstrated the very different quaternary 
srmcture of these molecules from mammali- 1 
an hemoglobins despite the similarity in 
tertiary structure of the globin chains (5). 
We reported the 2.4 A resolution crystal ~ ' ~ ~ t Y ~ a ~ ~ f ~ ~ ~ ~ p ~ ~  
structure of the dimeric hemoglobin in the dimeric hemoglobin -. 
carbon monoxide (C0)-liganded state (6) Contom arc shown in blue (0.2 

elA3) and rrd (1.0 elA3). bonds 
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&een amms k~ ye~ow.';rhe at- 
oms for the heme, phJ1, P ~ c ~ ~ ,  
His'- (distal), His1O1 ( p r o d ) ,  
Leu73, and Ile106 were not used in 
the calculation of phascs for this 
map and are shown embedded in 
the map. Note the a h c e  of lig- 
and in the binding region (just 
above the heme lane) and the 
packing of PhesP(bottom I&) 
against the heme. 
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formed by the porphyrin nitrogen atoms. 
This provides just enough room for the 
phenyl ring to pack against the heme. The 
CO-liganded iron atom is within 0.1 A of 
the mean heme plane, and there is no longer 
sufficient space for the phenyl ring in the 
heme pocket. 

~no the r  major difference between the 
structures occurs with the heme atoms. As 
observed in mammalian hemoglobins (2), 
each deoxy clam heme is domed and the iron 
atom is displaced towards the proximal 
His1". In the CO structure, the hemes are 
more planar and are domed slightly in the 
opposite direction. Additionally, each heme 
group drops 0.6 A deeper into its subunit 
upon ligand binding (Fig. 2), and the dis- 
tance between iron atoms increases from 
16.7 A to 18.4 A. This heme movement can 
be seen as a consequence of dislodging 
Phe97, which acts as a wedge in the deoxy 
structure to push the proximal histidine and 
heme toward the subunit interface. The 
heme groups of both structures are quite 
directly linked across the subunit interface, 
but this is accomplished differently in the 
two cases (see ~ i g .  3). In the close deoxy 
interface, this linkage is mediated by a pair 
of folded propionates that are bridged by 
pairs of hydrogen bonds from Asnl" and 
Asnl"'. These propionates pull away and 
are extended in the CO structure where they 
are bridged by a water molecule, and each is - .  
hydrogen bonded separately across the in- 
terface to Asnl"' and to The other 
propionate from each heme is salt bridged to 
~ ~ s ~ ~ '  in the deoxy but not in the CO 
structure. 

A hydrogen bond between N6 of the 
proximal His (F14) and the main chain 
carbonyl of residue F10  he^^) appears to 
couple the movements of these two residues. 
A similar hydrogeir.'bond is also formed in 
other%emoglobins, and this has been sug- 
gested to be a pathway linking the protein 
conformation with reactivity of the heme 
iron (11). In particular, the electron with- 
drawing character of CO and Oz (12) should 
cause a net shift of electrons from the proxi- 
mal His and strengthen the hydrogen bond 
involving the His N6. The small differences 
in geometry of this hydrogen bond between 
liganded and unliganded structures suggest 
that its role may be slight in mammalian 
hemoglobins (2), but it could be more im- 
portant in clam dimeric hemoglobin. For 
the CO state, the hydrogen bond distances 
are 2.9 and 2.8 A in the two subunits. 
whereas for the deoxy state the bond is 
longer (3.1 and 3.3 A) (Fig. 4). The longer 
hydrogen bond in the deoxy state is necessi- 
tated by the tight packing of Phe97 against 
not only the heme group but also against CE 
of the proximal His. The more positively 

Table 1. Crystal parameters and refinement statistics for Scapharca dimeric deoxy and CO-liganded 
crystals. Both structures are based on data with Bragg spacings between 10 and 2.4 A; rms, root mean 
square, and I, intensity. 

Parameters Deoxy CO 

P '(degrees) 
Reflections ( I  > 2 . 5 ~ ~ )  
Hemoglobin atoms 
Solvent molecules 
R value* 
Deviations, rms 

Bond (A) 
Angle (degrees) 
Noncrystallographic syrnmetryt (A) 

*R = H IIF,I-F,II~IF,I. tNoncrystallographic symmetry restraints were ap lied in the deoxy refinement for the 
first 50 cycles but were not used for the last 44 cycles. The deviations listed incluie all main chain atoms for the deoxy 
structure but only residues 10 to 146 for the CO model. 

charged proximal His resulting from ligand 
binding would tend to strengthen and 
shorten the hydrogen bond. This, along 
with the movement of the iron and proximal 
His into the plane of the heme, would have 
the effect of expelling the Phe from the heme 
pocket. Conversely, the longer hydrogen 
bond, together with heme buckling induced 
by the Phe-heme interaction, may tend to 
decrease the affinity for oxygen in the deoxy 
state. 

Thus, Phe97 appears to play a major role 
in maintaining the deoxygenated molecule 
in a low-affinity state. Cooperativity requires 
that binding of oxygen to one subunit 
causes the second subunit to attain a higher 
affinity conformation. Since ligand binding 
to one subunit is probably coupled with the 

expulsion of the phenyl group from the 
heme pocket, movements associated with 
this action could be crucial for cornmunica- 
tion between the hemes. One possible effect 
would be due to interactions of the phenyl 
ring in the interface and a second would 
result from the sinking of the heme group 
deeper into the subunit. 

The expulsion of the Phe97 side chain 
from the heme pocket into the interface 
disrupts a network of some 14 water mole- 
cules by pushing out at least three from the 
vicinity of Thr7", thereby changing the 
character of this region from hydrophilic to 
hydrophobic. Rearrangements must then 
occur that allow a close van der Wads 
contact to form in the CO structure between 
the methyl carbon of ~ h r ~ "  and Cc of  he^^ 

W 
Fig. 2. Stereoplot showing superposition of deoxy (dashed lines) and CO (solid lines) dimer structures. 
In addition to the a-carbon plot, the hemes and side chains for residues 75 and 79 are shown for both 
structures. Note the slight overall rearrangement of subunits upon ligand binding, the movement of 
the hemes deeper into the subunit upon ligation, and the similarity of packing ofTyr7' against in 
the E helices. 
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Fig. 3. Stereoplot of the last two turns of the F helix and hemes for both subunits for the deoxy (dashed 
lines) and CO (atom circles and dark bonds) dimer structures. The side chains for Lys% can be seen at 
the right and LysW at the left side. Note how the amino groups switch from interacting with one 
propionate to the other propionate upon CO ligation. Next to Lys% is Phe9', whose side chain is 
packed against the heme and the proximal His''' in the deoxy state but is extruded towards the subunit 
interface in CO state. The closer approach of the hemes in the deoxy state requires one set of 
propionates to fold over in order to avoid unacceptably dose contact. 

(3.2 and 3.5 A). Movements of the main 
chain atoms of Thr72' and (relative to 
the rest of the subunit) are about 0.3 A and 
the ~ e u ~ ~ '  side chain moves by up to 1 A. 
Interestingly, packs against the heme 
on the distal (ligand binding) side directly 
opposite Phe97' in the deoxy structure, and 
the side chain moves in the direction 
of the heme plane as the heme in the CO 
structure becomes more planar and phew' 
leaves the proximal side of the heme pocket. 
It is tempting to speculate that (in an 
unliganded subunit) could play a role in the 
cooperative oxygen binding by being 
pushed toward the heme after ~ h r ~ ~ '  and 
Phew (upon ligation of the first subunit) 
move closer together and thus help to eject 
the phenyl ring of  he^^' and promote liga- 
tion. However, an alternative explanation 
based on being pulled in by the heme 
group after  he^^' leaves the heme pocket 
cannot be discounted. 

The direct involvement of heme propio- 
nates in the subunit interface suggests that 
the sinking of the heme into the subunit 
upon ligation could be another reasonable 
trigger for heme-heme communication. This 
movement and the unbuckling of the heme 
would weaken the salt bridge present in the 
deoxy structure between one of the heme 
propionates and the amino group of LysM' 
by increasing the distance 0.3 to 0.5A. 
Additionally, the other propionate will be 
brought into a better position to interact 
with Lys%' and its negative charge may pull 
on the positively charged amino group. A 
geometrically satisfactory salt bridge re- 
quires rearrangements of main chain atoms 

as well as side chain atoms. Movements of 
main chain atoms of ~ ~ s ~ ~ '  and phew' of 
about 1 A towards the heme after ligand 
binding are observed and require the extru- 
sion of the phenyl ring from the heme 
pocket (see Fig. 2). In this way, pulling 
L~S%' may encourage ligation of the second 
subunit. 

The packing of Phew' at the interface in 
CO hemoglobin but not deoxy hemoglobin 
suggests a possible fkdamental difference 
in the linkage between assembly and ligation 
in clam versus human hemoglobin. In hu- 
man hemoglobin, cooperativity results pri- 
marily from a ligand-induced stepwise re- 
duction of "quaternary constraints" imposed 
by the assemblage (13). This has twomea- 
surable effects: (i) isolated chains bind oxy- 
gen with higher &ity than does the native 
tetramer; and (ii) the unliganded assem- 
blage is more tightly associated than the 
liganded assemblage. However, once three 
ligands have bound to human hemoglobin, 
the fourth is bound with higher af5nity than 
in isolated chains or ap dimers (14). Conse- 
quently, triliganded human hemoglobin is 
less tightly associated than hlly liganded 
hemoglobin. This increase in aflinity over 
isolated chains has been termed "quatern'ary 
enhancement" and its magnitud; is about 
one-fourth the magnitude of "quaternary 
constraint" in the unliganded tetramer (14). 
In clam hemoglobin "quaternary enhance- 
ment" could play the role in cooper- 
ativity. An isolated subunit would have to 
expel  he^^' toward bulk solvent upon oxy- 
genation, whereas in the dimer a somewhat 
more hydrophobic surface is available. This 

Fig. 4. Raster display showing the ligand-induced 
movement of Pheg7 between the deoxy (top) and 
CO (bottom) structures. The phenyl ring is 
shown in yellow, the heme is shown in red, and 
the CO ligand is shown in white. Note that upon 
expulsion of the phenyl ring from the heme 
pocket, the hydrogen bond between the carbonyl 
oxygen (purple) of Pheg7 and the N6 (light blue) 
of the proximal His''' shortens. 

suggests that isolated subunits may bind 
oxygen with lower affinity than the dimer. 
Then, because of the linkage between lig- 
and binding and subunit association, a 
liganded dimer would be more tightly as- 
sociated than the unliganded dimer. Thus 
the dimeric assemblage may enhance rath- 
er than constrain oxygen affinity, and lig- 
and binding may tighten rather than loos- 
en the association of subunits. This hy- 
pothesis remains to be tested by thermody- 
namic experiments. 

Although these structures are well refined 
at 2.4 A resolution, the root-mean-square 
coordinate error in each structure could be 
as high as 0.25 A and a hint of some 
coordinate error is evident in the differences 
in distances seen in the two subunits. While 
the major structural transitions involve large 
motions, some aspects involve changes mea- 
sured in fractions of an angstrom. Thus, it is 
essential &at the molecular models have the 
greatest possible accuracy. Diffraction from 
both crystal forms is apparent to higher 
angles (dmi, < 1.5 A for each) and higher 
resolution structures should better define 
changes that occur upon ligand binding. 
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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 rigidity re- 
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 D20  and H 2 0  (Fig. 
1A) demonstrate that the sample produces 
high-quality peaks suitable for 2-D NMR 
procedures (6). A homonuclear Harunann- 
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 aP2 
spin systems by their unusually downfield P 
protons (Fig. 1B). The, unique glutamate 
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