
Biochemistry 1986, 25, 2349-2356 2349 

Stern, E. A., Bunker, B. A., & Heald, S. M. (1980) Phys. Rev. 

Stricks, W., & Kolthoff, I. M. (1951) J. Am. Chem. SOC. 73, 

Teo, B.-K., Lee, P. A., Simons, A. L., Eisenberger, P., & 
Kincaid, B. M. (1977) J .  Am. Chem. SOC. 99,3854-3856. 

Twedt, D. C., Sternleib, I., & Gilbertson, S .  R. (1979) J .  Am. 
Vet. Med. Assoc. 175, 269-275. 

Vasak, M., & Kagi, J. H. R. (1983) Met Zon Biol. Syst. 15, 

Vasak, M., Hawkes, G. E., Nicholson, J. K., & Sadler, P. J. 

Vortisch, V., Kroneck, P., & Hemmerich, P. (1976) J .  Am.  

8: Condens Matter 21, 5521-5539. 

1723-1727. 

213-273. 

(1985) Biochemistry 24, 740-747. 

Chem. SOC. 98, 2821-2826. 

Vranka, R. G., & Amma, E. L. (1966) J .  Am.  Chem. SOC. 

Wasson, J. R., Mitchell, T. P., & Bernard, W. H. (1968) J. 
Znorg. Nucl. Chem. 30, 2865-2866. 

Weser, U., Hartmann, H.-J., Fretzdorff, A., & Strobel, G.-J. 
(1977) Biochim. Biophys. Acta 493, 465-477. 

Winge, D. R., Premakumar, R., & Rajagopalan, K. V. (1975) 
Arch. Biochem. Biophys. 170, 242-252. 

Winge, D. R., Geller, B. L., & Garvey, J. (1981) Arch. Bio- 
chem. Biophys. 208, 160-166. 

Woolery, G. L., Powers, L., Peisach, J., & Spiro, T. G. (1 984a) 
Biochemistry 23, 3428-3434. 

Woolery, G. L., Powers, L., Winkler, M., Solomon, E. I., & 
Spiro, T. G. (1984b) J .  Am.  Chem. SOC. 106, 86-92. 

88, 4270-427 1. 

Secondary Structure in Sea Anemone Polypeptides: A Proton Nuclear Magnetic 
Resonance Study? 

Paul R .  Gooley and Raymond S .  Norton* 
School of Biochemistry, University of New South Wales, Kensington 2033, Australia 

Received October 10, I985 

ABSTRACT: Elements of secondary structure in the sea anemone polypeptides anthopleurin A and Anemonia 
sulcata toxin I have been defined with the following nuclear magnetic resonance (NMR) spectroscopic data: 
the pattern of nuclear Overhauser enhancement (NOE)  connectivities observed in two-dimensional N M R  
spectra for protons along the polypeptide backbone, NOE's between protons on separate strands of the 
polypeptide backbone, peptide NH exchange rates, and NH-Ha spin-spin coupling constants. These two 
polypeptides contain a region of four short strands of antiparallel @sheet but little or no a-helix. This region 
of @-sheet brings the aromatic rings of Trp-23 and -33 into close proximity to form the nucleus for a small 
hydrophobic region. A type I1 reverse turn involving residues 30-33 has also been defined. Our results 
are compared with previous predictions of the secondary structure of these polypeptides. The  structures 
are also discussed in relation to that of a scorpion toxin that appears to bind to a similar site on the sodium 
channel of excitable tissue. 

S e a  anemones contain a series of polypeptides of molecular 
weight about 5000, which exert potent effects on excitable 
tissue. One of these polypeptides, anthopleurin A (AP-A),' 
isolated from the northern Pacific species Anthopleura xan- 
thogrammica (Norton, 1981; Norton et al., 1978), exerts a 
selective, potent, positive inotropic effect on the mammalian 
heart, without affecting heart rate or blood pressure (Shibata 
et al., 1976; Blair et al., 1978). AP-A is more potent and has 
a higher therapeutic index in vivo (Scriabine et al., 1979) than 
the cardiac glycoside digoxin. Its activity appears to be due 
to a specific interaction with the sodium channel of cardiac 
tissue, which leads to a delay in inactivation of the channel 
and thus a lengthening of the action potential and a greater 
influx of sodium ions (Kodama et al., 1981). 

Other members of this homologous series of polypeptides 
for which amino acid sequences have been determined include 
anthopleurin C (Norton, 1981; Norton et al., 1978) from the 
anemone Anthopleura elegantissima and toxins I (Wunderer 
& Eulitz, 1978), I1 (Wunderer et al., 1976), and V (Scheffler 
et al., 1982) from the Mediterranean species Anemonia sul- 
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cata. The most thoroughly investigated of these is Anemonia 
sulcata toxin I1 (ATX 11), which acts on the mammalian heart 
(Ravens, 1976) and on various nerve preparations (Bergman 
et al., 1976; Romey et al., 1976) by the same mechanism as 
AP-A, that is, by delaying inactivation of the sodium channel. 
Indeed, a considerable effort has been devoted to characterizing 
the mechanisms of action of these polypeptides (Beress, 1982; 
Alsen, 1983). By contrast, very little detailed information is 
available on their structures in solution. AP-A has been in- 
vestigated by laser Raman, circular dichroism, and fluores- 
cence spectroscopy (Ishizaki et al., 1979), as well as by natural 
abundance I3C NMR spectroscopy (Norton & Norton, 1979, 
1980; Norton et al., 1982). ATX I1 has been the subject of 
laser Raman (Prescott et al., 1976) and I3C NMR (Norton 
et al., 1980) spectroscopic studies. While some information 
about the overall strutures of these molecules, as well as the 
local environments of specific residues, has emerged from these 
investigations, a detailed picture of their structures in solution 

' Abbreviations: AP-A, anthopleurin A; ATX I, Anemonia sulcata 
toxin I; ATX 11, Anemonia sulcata toxin 11; DSS, sodium 4,4-di- 
methyl-4-silapentane-1-sulfonate; NOE, nuclear Overhauser enhance- 
ment; COSY, two-dimensional homonuclear correlated spectroscopy; 
NOESY, two-dimensional homonuclear dipolar exchange spectroscopy. 
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is not yet available. We have therefore undertaken a study 
of this series of molecules by high-resolution 'H NMR spec- 
troscopy. 

Previously, we reported the results of a 'H N M R  study on 
ATX I in which a number of resonances were assigned and 
the effects of pH and temperature investigated (Gooley et al., 
1984a). A preliminary study of AP-A and ATX I1 showed 
that each exhibited heterogeneity in solution, which may be 
due to the presence of cis and trans conformers around the 
Gly-40 to Pro-41 peptide bond (Gooley et al., 1984b). More 
recently, we have specifically assigned a large number of 
resonances in the 'H N M R  spectra of AP-A and ATX I 
(Gooley et al., 1985; Gooley & Norton, 1985a,b). This paper 
describes aspects of the secondary structure of these two po- 
lypeptides, which can be deduced from these assignments and 
from additional N M R  data presented herein. 

MATERIALS AND METHODS 
Materials. AP-A was isolated from Anthopfeura xantho- 

grammica by the methods of Norton et al. (1978) or Schweitz 
et al. (1981) and ATX I and I1 from Anemonia sufcata by 
the method of Beress et al. (1975). During the course of the 
NMR experiments, the samples were periodically subjected 
to chromatography on Sephadex G-50 in 0.1 M NaCl at pH 
3, followed by Sephadex G-10 in 1 mM HC1 or distilled water, 
in order to avoid contamination by aggregated polypeptide or 
paramagnetic impurities. 2H,0 (299.75% ,H) was obtained 
from the Australian Atomic Energy Commission, Lucas 
Heights, NSW. pH values of samples for NMR experiments 
were measured at 22 OC with an Activon Model 101 pH meter 
and Ingold 6030-02 (or -04) microelectrode. Reported values 
are meter readings uncorrected for deuterium isotope effects. 

N M R  Spectroscopy. IH N M R  spectra were recorded at 
300.07 MHz on a Bruker CXP-300 spectrometer operating 
in the pulsed Fourier-transform mode with quadrature de- 
tection. Spinning sample tubes of 5-mm 0.d. (Wilmad Glass 
Co., 527-PP grade) were used, and the probe temperature was 
maintained with a Bruker B-VT 1000 variable-temperature 
unit. Chemical shifts are expressed in ppm downfield from 
DSS but were measured with a trace of internal dioxane at 
3.751 ppm downfield from DSS. Taking into account data 
from two-dimensional spectra, their estimated accuracy is 
f0.02 ppm. 

Two-dimensional homonuclear correlated (COSY) spectra 
were recorded with the pulse sequence (Aue et ai., 1976) 

( t,-90°-t ,-9Oo-t2), 

where t ,  and f 2  are the evolution and observation periods, 
respectively. Spectra were recorded with 255 (or 51 1) in- 
crements of t I  from 0.01 to 67 (or 134) ms, i2 = 0.27 s, and 
spectral width of 3788 Hz. Data were acquired in 2048 points 
at each I, value. The carrier was placed in the center of the 
spectrum, and quadrature detection was employed in both 
dimensions, with appropriate phase cycling to select N-type 
peaks. NOESY spectra were recorded with the pulse sequence 
(Jeener et al., 1979) 

(t,-90°-t,-900-~M-900-t,), 

where 7M is the mixing time. A total of 256 t ,  values ranging 
from 0.01 to 33.8 ms were accumulated, with T~ = 200 ms, 
t ,  = 0.14 s ,  and spectral width of 7576 Hz. To suppress 
contributions from coherent magnetization, the mixing time 
was randomly varied by &5% for various t l  values. Data were 
acquired in 2048 points at each t ,  value. The carrier was 
placed at the low-field end of the spectrum, and appropriate 
phase cycling used to eliminate experimental artifacts. In all 
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FIGURE 1 : Amino acid sequences of AP-A and ATX I and summary 
of NOESY connectivities used for sequential assignment of resonances: 
(4) sequential assignment via d ,  (Hi" to NH,+,); ( m )  sequential 
assi nment via d2 (NH, to NH,+,); (E) sequential assignment via d3 

Pro H i + , * .  

two-dimensional spectra, low-power irradiation of the water 
resonances was applied continuously during the period to 
(typically 1.5 s )  and in NOESY experiments also during 7M. 

Prior to Fourier transformation, two-dimensional NMR 
spectra were multiplied in the t l  and t ,  dimensions by a 
sine-bell window function and then zero-filled to 1024 points 
in t l  and 4096 points in t 2  in the case of COSY spectra and 
2048 points in t ,  and 4096 points in t 2  for NOESY spectra. 
All spectra are shown in the absolute value mode without 
symmetrization. 

RESULTS AND DISCUSSION 
Specific Assignment of Resonances. Recently, we have 

assigned a large number of resonances in the ' H  NMR spectra 
of AP-A and ATX I to specific resides in the sequence (Gooley 
et ai., 1985; Gooley & Norton, 1985a,b). Many of these 
resonance assignments have been made by the technique of 
sequential assignments (Billeter et al., 1982; Wiithrich, 1983) 
in which through-bond (COSY) connectivities are used to link 
each peptide N H  to its corresponding H" and, thus, to a de- 
fined spin system from the side chain, together with 
through-space (NOESY) connectivities, which link each N H  
to one or more protons from a neighboring residue in the amino 
acid sequence. The three most useful distances [using the 
nomenclature of Billeter et al. (1982)l are d, ,  from Hi" to 
NHi+l,  d,, from NH, to NH,+,, and d,, from H! to NHi+l .  
These distances depend on the peptide backbone dihedral 
angles +i and lc/i, as well as the side-chain angle X I , .  

Those residues of AP-A and ATX I whose resonances have 
been specifically assigned on the basis of the distances dl, d2,  
and d3 are indicated in Figure 1. Assignments are incomplete 
for both polypeptides. Of the 48 residue pairs in AP-A, 19 
are assigned by d ,  connectivities and 2 by d2 connectivities. 
Taking account of the four Pro residues in AP-A, this leaves 
22 pairs for which neither dl nor d2 connectivities have been 
identified. In ATX I this figure is somewhat higher. Possible 
reasons why d ,  or d, connectivities may not have been observed 
for all of the residues in AP-A or ATX I have been outlined 
previously (Gooley & Norton, 1985a,b). Conformational 
averaging, which may be important in some regions of the 
polypeptide backbone, can also lead to a reduction in NOE 
values amongst the backbone protons. In both polypeptides, 
several additional residues have been assigned by other means, 
for example, by sequence homology. However, it is the res- 
idues for which d ,  and d2 connectivities are available that can 
be most readily defined in terms of their secondary structure. 

(Hi P to NH,+,); (0) sequential assignment via NOE's from Hi" to 
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FIGURE 2: Contour plot of the spectral regionf, = 3.9-6.05 ppm and 
f2 = 8.0-1 1.05 ppm of a 300-MHz 'H COSY spectrum of 16 mM 
AP-A in 2H20, pH 3.9, 12 "C. Only those backbone NH protons 
that exchange slowly with solvent give rise to resonances in this region. 
Resonances of Cys-36 are split due to conformational heterogeneity. 

Secondary Structure. The type of NOE connectivity ob- 
served between successive backbone protons is related to the 
backbone conformation (Billeter et al., 1982; Wuthrich et al., 
1984; Arseniev et al., 1984). Stretches of @-pleated sheet, 
parallel or antiparallel, are characterized by short dl  distances 
of the order of 2.2-2.4 %., while a-helices show short d2 dis- 
tances of about 2.8 %. and longer d ,  distances of 3.5-3.6 A. 
The fact that most of the sequential assignments in AP-A and 
ATX I have been made by observation of d l  connectivities 
(Figure 1) suggests that the major ordered secondary structure 
in these molecules is @-sheet, with very little a-helix being 
present. However, Wuthrich et al. (1984) have noted that the 
observation of d ,  connectivities is a necessary but not sufficient 
criterion for the identification of @-sheet structures and that 
additional criteria are desirable. In the remainder of this 
section, we describe additional evidence that defines the regions 
of @-sheet structure in AP-A and ATX I. 

A distinctive feature of P-sheet structures is that the con- 
stituent strands are stabilized by hydrogen bonds between the 
amide and carbonyl groups of adjacent strands. The amide 
protons that participate in these hydrogen bonds will exchange 
slowly with solvent. Figure 2 shows the amide region of a 
COSY spectrum of fully protonated AP-A dissolved in 2H20 
at pH 3.9 and 12 OC. Cross peaks from 14 N H  protons to 
their corresponding H" protons are observed in this spectrum. 
Thirteen of these are assigned to 12 residues, one of the cross 
peaks being split due to conformational heterogeneity. The 
remaining peak is unassigned, and it is not known if it rep- 
resents the minor form of a split resonance. As indicated in 
Figure 2, these slowly exchanging N H  protons are assigned 
to amino acid residues occurring in four different segments 
of the amino acid sequence, 4-6, 21-23, 33-36, and 45-48. 
Each of these segments is characterized by dl connectivities 
observed in NOESY spectra, consistent with an extended 
structure such as a @-sheet. 

Further definition of this region of @-sheet comes from the 
observation of NOESY connectivities between these different 
segments of backbone. In a parallel @-sheet, one expects short 
d , ( i j )  and d 2 ( i j )  values, where protons i and j are on different 
strands. These also occur in an antiparallel @-sheet, but in 
this structure the a-protons on different strands can also ap- 
proach one another quite closely. Thus, the observation of 
NOESY connectivities between Hal and Hal serves to distin- 
guish a region of antiparallel @-sheet from a region of parallel 
@-sheet (Wuthrich et al., 1984). 

414 
f p  (ppm) 

FIGURE 3: Contour plot of the spectral region 4.2-6.2 ppm of a 
300-MHz 'H NOESY spectrum of 14 mM AP-A in 'H20, pH 4.7, 
27 OC. Connectivities are indicated between pairs of a-protons on 
different strands of the polypeptide chain. 

Figure 3 shows a region of a NOESY spectrum of AP-A 
in ZHzO containing connectivities between the pairs of a- 
protons from Ser-3 and Thr-21, Leu-22 and Cys-46, and 
Asn-35 and Cys-47. These NOE connectivities show that these 
residues form part of a region of antiparallel @-sheet and serve 
to align the segments relative to one another. This alignment 
is confirmed by d , ( i j )  NOESY connectivities between Ser-3 
and Leu-22 and between Cys-36 and Cys-47 and by d 2 ( i j )  
connectivities between Thr-21 and Cys-47 and between His-34 
and Lys-48, as illustrated in the NOESY spectrum of AP-A 
in *H20 shown in Figure 4. 

These observations, encompassing sequential d ,  NOESY 
connectivities, the location of slowly exchanging backbone 
amide protons, and interstrand Ha-Hm, d,(ij), and d 2 ( i j )  
NOESY connectivities, are summarized in Figure 5. This 
shows a region of antiparallel @-sheet consisting of four strands 
of peptide backbone. Trp-33 and Gly-44 are included in this 
diagram, even though they are not strictly part of the @-sheet, 
because their a-protons show dl connectivities to the N H  
protons of His-34 and Trp-45, respectively, suggesting that 
the backbone conformations in these regions continue in the 
extended conformation typical of a @-sheet. 

Further support for this @-sheet structure comes from 
consideration of backbone NH-Ha spinspin coupling constants 
3JNH-H% For a @-sheet, these values should be in the range 
8-10 Hz (Bystrov, 1976). Measured values for Thr-21, 
Trp-23, Trp-33, His-34, Cys-36, Trp-45, Cys-46, Cys-47, and 
Lys-48 all fall within this range. By contrast, 3JNH-H'" for Cys-4 
is only 6.5 Hz, suggesting that some distortion of the backbone 
occurs near this residue, probably as a result of its disulfide 
linkage to Cys-46. 

Gly-1 and Val-2 are not shown in Figure 5 as forming part 
of this region of antiparallel P-sheet, even though the obser- 
vation of d ,  NOESY connectivities between Ser-3 and Val-2 
and between Val-2 and Gly-1 (Figure 1) is consistent with 
continuation of an extended backbone conformation to the 
N-terminus. The N H  of Val-2 does not appear in Figure 2, 
indicating that its rate of exchange with solvent is faster than 
those of the 14 N H  protons visible therein. Thus, if a hydrogen 
bond exists between N H  of Val-2 and the carbonyl of Leu-22, 
it must be weaker than those indicated in Figure 5. Fur- 
thermore, a NOESY connectivity between Ha of Trp-23 and 
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FIGURE 4: Contour plot of the spectral regions (A)f, = 4.9-6.1 ppm 
andf2 = 8.0-10.2 ppm and (B)f, =f2 = 8.0-10.2 ppm of a 300-MHz 
'H NOESY spectrum of 14 mM AP-A in *H20, pH 3.9,12 OC. Only 
NH protons that exchange slowly with solvent give rise to cross peaks 
under these conditions. d , ( i j )  NOES are indicated in (A) and d, ( i j )  
NOE's in (B) .  

either of the Ha's of Gly-1 is not observed in our spectra, 
indicating that the distance between these two a-protons is 
longer than in the more regular sheet structure shown in Figure 
5 .  Thus, although the peptide backbone from Ser-3 to Gly-1 
probably adopts an extended conformation typical of a P-sheet 
structure, there must be some distortion or flexibility associated 
with Val-2 and Gly- 1. 

The evidence described above in support of the region of 
@sheet shown in Figure 5 has all been obtained with AP-A. 
I n  the case of ATX I, the available data are less complete but 
are consistent with the presence of a similar structure in this 
polypeptide. For example, d2(ij)-type NOESY connectivities 
are observed between Thr-21 and Cys-47 and Asn-34 and 
Lys-48, as in AP-A. The N H  protons from Thr-21 and 
Trp-23, Asn-34, Cys-46, Cys-47, and Lys-48 exchange slowly 
with solvent, consistent with their participation in the hydro- 
gen-bonding network shown for AP-A in Figure 5 .  There are 
four other slowly exchanging N H  protons in ATX I (at 8.10, 
8.53, 8.82, and 8.89 ppm) that have not yet been specifically 
assigned and that could correspond to some of the remaining 
hydrogen-bonded N H  protons in Figure 5 (for example, the 
N H  resonances of Cys-4, Ile-22, and Cys-36 have not yet been 
specifically assigned in ATX I). One difference between these 
regions in ATX I and AP-A occurs at position 45. In AP-A 
the N H  of Trp-45 clearly exchanges slowly with solvent 
(Figure 2), while in ATX I the N H  of Tyr-45 does not, sug- 
gesting that the hydrogen bond between N H  of Tyr-45 and 
the carbonyl of Trp-23 (Figure 5 )  is weak or absent in ATX 
I .  

Another feature of the secondary structure of these poly- 
peptides that is indicated by the NMR data is a type TI reverse 
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HGURE 5 :  Region of antiparallel @sheet in AP-A. Interstrand NOE's 
shown in Figures 3 and 4 are indicated by double-headed arrows. 
Probable hydrogen bonds involving the slowly exchanging backbone 
NH protons indicated in Figure 2 are also shown. 

turn encompassing residues 30-33. Of the three types of 
reverse turn defined by Venkatachalam (1968), types I and 
111 can be described as a piece of distorted helix (Schulz & 
Schirmer, 1979). Type I1 turns are distinguished from types 
I and I11 by an approximately 1 80° rotation of the peptide 
unit between residues i + 1 and i + 2. This leads to severe 
steric hindrance between O,+, and the side chain of residue 
i + 2, such that this type of turn requires Gly at position i + 
2. 

In AP-A the N H  resonances of GIy-32 and Trp-33 are 
sequentially assigned by a strong d2 NOE (Figure 1). The 
spin systems of Gly-32 and Trp-33 are linked to those of their 
other neighboring residues, Ser-31 and His-34, respectively, 
by d ,  NOE connectivities. As at least four d2 NOE's are 
needed to indicate the presence of an a-helix, i t  appears that 
the extended chain structure between Ser-31 and His-34 is 
disrupted between Gly-32 and Trp-33 to form a reverse turn. 
This turn involves Ser-31 as residue i + 1, Gly-32 as i + 2, 
and Trp-33 as i + 3. Pro-30 is residue i, which is unusual, 
as Pro residues usually occupy position i + I .  To stabilize the 
turn, there must be a hydrogen bond between the peptide N H  
of Trp-33 and the carbonyl of Pro-30. The peptide N H  of 
Trp-33 is one of the slowly exchanging NH's indentified in 
Figure 2, consistent with its participation in a hydrogen bond. 
The N H  protons of Ser-31 and Gly-32 exchange rapidly with 
solvent compared to the N H  proton of Trp-33. 

As the spin systems of Ser-31 and Gly-32 are connected by 
a d ,  NOE, the reverse turn is of type I1 (Khaled & Urry, 1976; 
Wuthrich et al., 1984). If the turn were of type I or type 111, 
a strong a', NOE would be observed between the N H  protons 
of Ser-31 and Gly-32 (Wemmer & Kallenbach, 1983; 
Wuthrich et al., 1984). Even though it is unusual to have Pro 
as residue i, Gly is always residue i + 2 in a type I1 turn 
because of steric hindrance. In addition, Trp can only be in 
the i + 3 position of any reverse turn (Schulz & Schirmer, 
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structures. In addition, a puzzling aspect of this model is that 
Trp-23 is described as being exposed and Trp-33 and -45 as 
being buried, the evidence to support this being cited as 
Ishizaki et al. (1979) and Norton & Norton (1979). We 
cannot find any evidence to this effect in either of these papers. 
Indeed, our recent 'H NMR data (Gooley et a]., 1985; also 
see below) show that the indole rings of Trp-23 and -33 are 
in close proximity to each other and to several other nonpolar 
side chains, while the indole ring of Trp-45 in AP-A (and 
indeed the phenolic ring of Tyr-45 in ATX I) is exposed to 
the solvent. 

In the case of ATX I, Nabiullin et al. (1982) predicted that 
regions 18-27 and 36-43 would form ,&sheet, 4-9 an a-helix, 
and 10-13 and 27-30 0-turns. The NMR data show that there 
is a stretch of &sheet within the region 18-27 and a type I1 
reverse turn encompassing residues 30-33 [28-3 1 using the 
numbering system for ATX I employed by Nabiullin et al. 
(1982)]. This,  there are some points of agreement between 
the secondary structure predictions and the NMR data for this 
polypeptide. 

Tertiary Structure. Methods for determining the tertiary 
structure of proteins from NMR data are not as well estab- 
lished as those for the definition of secondary structure. 
Approaches that have been adopted include the use of NOE 
data as input for distance-geometry algorithms (Have1 et al., 
1979; Braun et al., 1981; Williamson et al., 1985) or model 
building based on elements of secondary structure together 
with other information such as the location of disulfide 
cross-bridges (Wemmer & Kallenbach, 1983; Arseniev et al., 
1984). Structures obtained by these means can then be refined 
with energy minimization and/or restrained dynamics simu- 
lations (Kaptein et al., 1985). 

There are several features of AP-A and ATX I apparent 
from our NMR data that must be incorporated into a model 
of their tertiary structures. For example, the indole moieties 
of Trp-23 and -33 are sufficiently close to one another that 
their H-7 resonances are linked by NOESY connectivities in 
both molecules and their aromatic chemical shifts are per- 
turbed by mutual ring current shift interactions (Gooley et 
al., 1985). Other interactions of Trp-23 and -33, revealed by 
one- and two-dimensional NOE experiments on AP-A and 
ATX I, are with H3Y of Thr-21 (NOE's to H-2 of Trp-23 and 
H-5/6 of Trp-33), H" and Hs of Cys-47 (NOE's to H-2 of 
Trp-23), and H" of Lys-48 (NOE's to H-4 and H-5/6 of 
Trp-33). The environment of the indole N H  of Trp-23 must 
be atypical, as its resonance is not observed in one- or two- 
dimensional spectra recorded with water presaturation, sug- 
gesting that it may be in intermediate to fast exchange with 
solvent. This environment is also preserved in ATX I1 (Gooley 
et al., 1985). 

The aromatic ring of Trp-33 is also close to the side chain 
of Pro-30, its H-2 showing NOESY connectivities to H@ and 
HY of this Pro in both AP-A and ATX I .  It is likely that the 
upfield shifts of nearly 2 ppm for the HY resonances of Pro-30 
(Gooley & Norton, 1985a,b) are due principally to interactions 
with Trp-33, with possibly some contribution from Tyr-25 in 
AP-A. Computation of these ring current shifts (Perkins, 
1982) for any proposed model of AP-A and ATX I will thus 
provide a useful check on the local structure of this region. 

Of the four Pro residues in AP-A, two, Pro-26 and -30, are 
preceded by peptide bonds in the trans configuration. The 
configuration of a third, Pro-1 1, is not defined by our data. 
The fourth Pro, a t  position 41, is also not defined, but it has 
been suggested previously (Gooley et al., 1984b) that the 
Gly-40 to Pro-41 peptide bond exists in both the cis and trans 

1979), as observed here. The turn is further characterized by 
NOE's from H-2 of Trp-33 to HP and H" of Pro-30. These 
NOE's cannot occur unless there is a turn to bring Pro-30 near 
Trp-33. In addition, H-2 of Trp-33 shows a NOESY con- 
nectivity to its own peptide NH. This NOE, together with 
other NOE's from Trp-33 to Pro-30, restricts the orientation 
of the ring of Trp-33 with respect to the reverse turn. 

In ATX ! a similar pattern of NOESY connectivities is 
observed for this region of the peptide chain to that described 
for AP-A, indicating that the same type I1 reverse turn is also 
present. 

Comparison with Previous Models of Secondary Structure 
of AP-A and ATX I .  The region of antiparallel @-sheet and 
the reverse turn account for most of the sequential NOESY 
connectivities indicated in Figure 1 for AP-A. Bearing in mind 
that the sequential connectivities are incomplete, it is never- 
theless worthwhile to compare the conclusions drawn from our 
NMR data with other evidence on the nature and location of 
secondary structure elements in AP-A and ATX I. Ishizaki 
et al. (1979) used the rules of Chou and Fasman (1974) to 
predict 0-reverse turns at the following positions in AP-A (in 
order of decreasing probability): 20-23, 25-28, 29-32, 7-10, 
40-43, and 34-37. 0-Sheet regions were predicted for residues 
2-6 and 45-49, and no a-helical regions were found. This 
picture of AP-A as a molecule containing some 0-sheet regions, 
several 0-reverse turns, and little or no a-helix was supported 
by laser Raman and circular dichroism spectroscopic studies 
carried out by the same authors. 

Nabiullin et al. (1982), using the modified Chou-Fasman 
procedure of Dufton and Hider (1977), predicted that AP-A 
should have @-sheet regions for residues 16-24 and 38-45, 
0-turns at positions 10-13, 25-28, and 29-32, and a-helix for 
residues 2-9 and possibly 33-41. These predictions disagree 
with those of Ishizaki et al. (1979) with respect to the presence 
of a-helix and the possible location of @-sheet and of one 
0-turn. The only point of agreement concerns the existence 
of /3-turns a t  positions 25-28 and 29-32. 

Our N M R  data show that neither of these predictions 
provides an accurate picture of the secondary structure of 
AP-A. This may be partly due to the presence of three di- 
sulfide cross-links in a polypeptide only 49 residues in length. 
The predictions of Ishizaki et al. (1979) are in better agree- 
ment with the N M R  data in assigning 0-sheet structure to 
residues 2-6 and 45-49. Nabiullin et al. (1982) predicted 
0-structure in the region 16-24, which is partially correct 
(Figure 5). With respect to @-reverse turns, the most probable 
turn predicted by Ishizaki et al. (1979) is incorrect, as this 
region forms part of the &sheet structure (Figure 5). The two 
groups agree, however, on the presence of reverse turns a t  
positions 25-28 and 29-32. The N M R  data show that the 
latter turn actually encompasses residues 30-33, the slight 
disagreement possibly being due to the disulfide bond to 
Cys-29. Our data are incomplete in the region of residues 
25-28, but the presence of a reverse turn would be consistent 
with the /3-sheet region shown in Figure 5 and the existence 
of a type I1 turn encompassing residues 30-33, as it would 
provide the means by which the stretch of &sheet involving 
residues 21-23 could connect to the turn at positions 30-33 
and hence to the subsequent stretch of 0-sheet involving res- 
idues 33-36. Such an arrangement may also contribute to the 
proximity of the indole rings of Trp-23 and -33 (see below). 

Nabiullin et al. (1982) proposed a model for AP-A based 
on their secondary structure predictions. The NMR data 
indicate that this model is incorrect in its inclusion of a region 
of a-helix near the N-terminus and in the location of @-sheet 
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FIGURE 6: Summary of NOESY connectivities between assigned 
protons in AP-A (lower left triangle) and ATX I (upper right triangle), 
observed in spectra recorded with a mixing time T~ of 200 ms. The 
axes denote the sequences of the polypeptides. Symbols indicate NOES 
between proton pairs, as follows: (m) d, (Ha to NH); (0) d2 (NH 
to NH); (0) d3 (HB to NH); (0) d,, (Ha to Ha); (A) H; to Pro H,+]&; 
(A) NOE's involving side chains. 

configurations in aqueous solution, thus accounting for the 
conformational heterogeneity observed for AP-A. ATX I lacks 
Pro-41 and does not display this type of heterogeneity. The 
peptide chain in the region of the Pro-41 may be part of a loop 
which is sufficiently flexible to accommodate both isomers. 
The structural consequences of the cis-trans isomerism, how- 
ever, extend well beyond the immediate vicinity of this peptide 
bond, affecting residues as distant in the sequence as Trp-23, 
which forms part of the region of antiparallel @-sheet shown 
in Figure 5. 

Overall, our data indicate that the gross structures of AP-A 
and ATX I in solution are similar, although ATX I lacks the 
major hetereogeneity displayed by AP-A. This similarity is 
indicated a t  several points in the preceding discussion but is 
well illustrated in Figures 6 and 7. Figure 6 is a summary 
of NOESY connectivities observed for AP-A (lower left tri- 
angle) and ATX I (upper right triangle), while Figure 7 
summarizes the differences between observed and random-coil 
chemical shifts for the backbone H" (Figure 7A) and N H  
(Figure 7B) resonances of AP-A and ATX I.  Although the 
data for A l X  I are less complete, in both figures the simi- 
larities between the two sets of data are obvious. In the case 
of the chemical shifts, the resonances from residues in the 
antiparallel &sheet and type I1 reverse turn in the segments 
21-23, 30-36, and 44-48 show striking similarity. In addition, 
the chemical shifts of residues 2-3 and 42-44, which are a t  
the ends of the @-sheet, are quite similar. The chemical shifts 
of the Ha resonances of residues 28 and 29 differ, but this may 
be attributed to the presence of the two extra residues a t  
positions 25 and 26 in AP-A (Figure 1) and/or to Phe-27 in 
ATX I. 

The biological potencies of AP-A and ATX I differ quite 
markedly, with ATX I being much less active than AP-A on 
several mammalian nerve and muscle preparations and having 
a much higher LD5,, in mice (Norton, 1981; Beress, 1982; 
Alsen, 1983; Schweitz et al., 1981). At the level of structural 
detail presently available from our NMR data, it is the overall 
similarities between the two molecules, rather than the dif- 

I ,  1 I I I ,  1 

0 

R 

-"1 a :! 
a 

I 
1 I I I I 1 

20 30 40 49 1 10 
W S d W  

FIGURE 7: Comparison of the differences between observed chemical 
shifts and random-coil chemical shifts for backbone proton resonances 
of AP-A (0) and ATX I (0). (A) H" resonances; (B) NH resonances. 
Positive values indicate that the proton resonates downfield of its 
random-coil chemical shift. 

ferences, that are most apparent. Further experimental work, 
including structural modeling, will be required to refine these 
structures to the point where the critical differences between 
them, those which determine their different biological poten- 
cies, can be distinguished. 

Comparison with Structure of Scorpion Toxins. Scorpions 
contain a variety of small basic proteins with neurotoxic ac- 
tivity. Amongst these are a series of toxins containing 60-70 
amino acid residues, cross-linked by four disulfide bridges, 
which act by slowing down the inactivation of the sodium 
channel (Ovchinnikov & Grishin, 1982; Darbon et al., 1985). 
It appears that the a-scorpion toxins bind to the sodium 
channel a t  a site similar to that of ATX I1 from Anemonia 
sulcata (Couraud et al., 1978), which shares considerable 
amino acid sequence homology (86%) with AP-A. Thus, 
although the overall conformations of the scorpion and sea 
anemone toxins will not necessarily be the same, it is likely 
that similarities will be found in the regions of these molecules 
that constitute the site of interaction with the sodium channel. 

The X-ray crystal structure of one scorpion toxin, variant 
3 from Centruroide.y sculpturatus Ewing, has been determined 
a t  high resolution (Fontecilla-Camps et al., 1981). The 
molecule contains 2.5 turns of a-helix and a short three-strand 
region of antiparallel @-sheet. The a-helix and (3-sheet are 
linked by two disulfide bridges, with a third located nearby. 
The backbone defines a large flattened surface that includes 
the P-sheet and contains a large concentration of hydrophobic 
residues. Many residues on this surface are conserved 
throughout the series of scorpion toxins, and it has been 
suggested by Fontecilla-Camps et al. (1981) that this surface 
plays a role in the interaction with the sodium channel of 
excitable membranes, the conserved residues therein possibly 
being involved in specific interactions with the channel. The 
variant 3 toxin is a &toxin, which would be expected to bind 
to the Na+ channel a t  a site distinct from that of the a-toxins 
and anemone polypeptides (Darbon et al., 1985). Fluorescence 
studies have shown, however, that both the a- and p-toxin 
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binding sites are hydrophobic and that they may be confor- 
mationally coupled (Darbon & Angelides, 1984). 

In AP-A and ATX I, the region of 6-sheet contains a 
number of hydrophobic side chains, and it has been noted 
above that the aromatic rings of Trp residues 23 and 33 are 
in close proximity to one another and to other nonpolar side 
chains. It is possible that this region of these polypeptides 
could play a similar role in interacting with the sodium channel 
to that proposed by Fontecilla-Camps et al. (1981) for the 
“conserved-hydrophobic” surface of the scorpion toxins. Re- 
cent photochemically induced dynamic nuclear polarization 
N M R  studies of the environments of aromatic residues in 
AP-A and ATX I indicate that Trp-23 and -33 are accessible 
to flavin dye (R. S. Norton, L. Beress, S. Stob, R. Boelens, 
and R. Kaptein, unpublished results), thus demonstrating that 
the small hydrophobic cluster involving these two residues is 
indeed at the surface of these molecules. The region of 6-sheet 
and the interaction between the two Trp residues are present 
in both AP-A and ATX I. Furthermore, the amino acid 
substitutions in this region are conservative. The least con- 
servative replacement is that of His-34 in AP-A and ATX I1 
with Asn in ATX I (Beress, 1982), but this residue is on the 
opposite side of the 6-sheet from Trp-23 and -33 and thus 
points away from the hydrophobic region. 

Previously, it has been suggested (Norton et al., 1978, 1980) 
that a site involving Asp-7 and Asp-9 is involved in the bio- 
logical actions of AP-A and ATX 11. We have shown recently 
that, while the Asp residues are indeed essential for cardiotonic 
activity, their modification leads to extensive structural changes 
in AP-A (Gruen & Norton, 1985). Thus, the role of one or 
both of these residues may be to maintain the active confor- 
mation rather than to interact with the sodium channel di- 
rectly. Further work is required to identify those residues 
involved in specific interactions with the sodium channel. 
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Two-Dimensional H NMR of Three Spin-Labeled Derivatives of Bovine 
Pancreatic Trypsin Inhibitor? 
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ABSTRACT: Three nitroxide spin-labeled monoderivatives of bovine pancreatic trypsin inhibitor were prepared 
with the amino-specific reagent succinimidyl I-oxy-2,2,5,5-tetramethyl-3-pyrroline-3-~arboxylate. The 
monoderivatives were purified by ion-exchange and affinity chromatography. Thin-layer maps of tryptic 
peptides of the monoderivatives showed that the spin-label was incorporated at  either the a-amino group, 
Lys- 15, or Lys-26. Two-dimensional J-correlated 'H N M R  spectra of the monoderivatives were recorded. 
Spectra were also recorded after reduction by ascorbic acid of the nitroxide label to hydroxylamine. With 
the nitroxide label present, significant line-broadening effects on many of the cross peaks in the spectra 
were observed. The extent of line broadening for the C,H-NH cross peaks was qualitatively correlated 
with the distance between the labeled amino group and the average C,H-NH position in the crystal structure. 
The spin-label affects cross peaks of protons within -15 A. This study suggests that it is feasible to 
accumulate sufficient intramolecular distances in order to determine protein solution structures with the 
aid of distance geometry algorithms. 

T h e  advent of high-field two-dimensional NMR'  spectros- 
copy has created a renewed interest in obtaining time-averaged 
solution conformations of macromolecules at a resolution 
comparable to that of X-ray crystallography. Wiithrich and 
his colleagues pioneered the combined use of the nuclear 
Overhauser effect, vicinal coupling constants, and hydrogen 
exchange rates obtained from two-dimensional spectra to 
identify regions of secondary structure in proteins (Wagner 
& Wiithrich, 1982b; Hosur et al., 1983; Pardi et al., 1983; 
Williamson et al., 1984). As a complementary approach, they 
have suggested using hydrogen-hydrogen through-space dis- 
tances obtained from NOESY experiments in conjunction with 
distance geometry calculations (Havel et al., 1979, 1983; Havel 
& Wiithrich, 1985) to determine the three-dimensional 
structure of a protein (Braun et al., 1981, 1983; Wiithrich et 
al., 1982; Williamson et al., 1985). Others have made a similar 

suggestion with reference to nucleic acid structure (James et 
al., 1985). However, as only distances of less than 5 A can 
be obtained from NOE studies, the number of distances 
measured is perhaps an order of magnitude smaller than 
needed for a medium-resolution protein structure (Havel et 
al., 1979; Havel & Wiithrich, 1985). Other techniques 
yielding nonredundant atom to atom distances must be de- 
veloped to achieve a structure approaching 3-A resolution. 

Recently, reports by two groups have shown that distances 
between approximately 10 and 20 A can be extracted from 
one-dimensional high-resolution NMR data, by incorporating 
a single nitroxide spin-label into a macromolecule. The dis- 
tances were found with the distance dependence of the line 
broadening due to the dipolar relaxation of a given hydrogen 
by the paramagnetic electron of the spin-label (Solomon & 
Bloembergen, 1956). Schmidt and Kuntz (1984), repeating 
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' Abbreviations: NMR, nuclear magnetic resonance; NOESY, two- 
dimensional nuclear Overhauser enhancement spectroscopy; NOE, nu- 
clear Overhauser enhancement; Fab, N-terminal half of the heavy chain 
and the whole light chain of immunoglobulin G; COSY, two-dimensional 
J-correlated spectroscopy; BPTI, bovine pancreatic trypsin inhibitor; 
HPLC, high-performance liquid chromatography; TPCK, L- 1-(tosyl- 
amido)-2-phenylethyl chloromethyl ketone: CM, carboxymethyl; FPLC, 
fast-performance liquid chromatography; Tris, tris(hydroxymethy1)- 
aminomethane; UV, ultraviolet. 
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