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Structural Characterization of Venom Toxins by Physical Methods and the
Perspectives on Structure-Function Correlation of Proteins

Shyh-Horng Chiou { fi5A35 ) and Shih-Hsiung Wu ( 215 )
Institute of Biochemical Sciences, National Taiwan University and Institute of Biological Chemistry,
Academia Sinica, P.C. Box 23-106, Taipei, Taiwan, R.0.C.

This account describes work in our laboratories on the application of physical methods to the structural
studies of various 1oxins during the past few years. A general review of background and the meaningful re-
sults obtained from these approaches are described. The results are compared with updated information on
related subjects carried out at other laboratories. Examples of structural studies on some small toxins pre-
sent abundantly in Formosan cobra (Naja naja atra), one of the indigenous toxic snakes in Taiwan, are given
with the emphasis on the identification and characterization of complex toxic protein components based on
near-infrared Fourder transform Raman Spectroscopy. We will also describe our initial efforts in solving the
solution structures of several small proteins and peptides by means of two-dimensional nuclear magnetic
resonance (2D-NMR) and computer-simulated modeling. The structural information obtained by these
modem physical techniques provides the framework for unraveling the complex structure-activity relation-

ships engendered by these hiomolecules.

INTRODUCTION

Venom research has a long and distinctive history in
the basic medical research of Taiwan. Most notable are the
extensive studies done chemically and pharmacologically
on the venom toxins of the elapid snakes during the past four
decades.'” The components isolated from crude venoms of
the most poisonous Elapidae family generally fall into three
major categories based on their structures and activities, i.e.
(A) phospholipases A, (B) neurotoxins and (C) cardiotoxins
(or called cytotoxins). All these biologically active proteing
have been used widely as tools in the studies of various bio-
logical phenomena of molecular and cell biology.

Traditionally protein purification occupied a central
position in many areas of biochemical research. With the re-
cent advances in gene cloning and expression it becomes
even more obvious that the efficient method of obtaining
pure protein samples is always a prerequisite for meaningful
structure-function studies. Currently, most toxin compo-
nents of snake venoms can be obtained in relatively pure
forms from crude venotns by simple ion-exchange chroma-
tography coupled with gel permeation and/or high-perform-
ance liguid chromatography (HPLC). In the initial stage of
embarking on a structural characterization of biomoiecules,
it is important to find a non-invasive and sensitive technique
for preliminary structural studies before a detailed struc-
ture-activity correlation can be pursued. In this regard Nu-
clear Magnetic Resonance (NMR) and Raman Spectroscopy

have rapidly become two useful physical methods of choice
for biological samples.

The main advantage of the Raman technique lies in its
potential to study biological samples such as nucleic acids
and proteins both in the solid and solution states.”” The re-
cent advance of Fourier transform Raman technique (FT-
Raman) is especially attractive since it circumvents the re-
quirement of very high sample concentration used for the
conventional Raman spectroscopy. In this report we apply
the new near-IR FT-Raman spectroscopy to the studies of
purified phospholipase A, (PLAS), neurotoxin {cobrotoxin)
and several cardiotoxin analogues isolated from the Taiwan
cobra, Naja naja atra.

NMR and X-ray diffraction are the two pre-eminent
techniques of current active research in the realm of siruc-
tural biology.®” Although they have been used inde-
pendenty and successfully for the structure determination
of more than several hundred proteins or peptides (Protein
Data Bank, about 900 unique structures not derivatives or
site-specific mutants have been deposited during 1985-95),
some [imitations and advantages/disadvantages are intrinsi-
cally associated with each technique. NMR is well known
to be the method of choice in the study of protein structure
in solution; in contrast X-ray diffraction study is limited to
the solid or crystal structure of proteins. Moreover, confor-
mational flexibility or the dynamics of protein structures are
usually involved in biomolecular recognition, e.g. ligand-
receptor interaction, which is only amenable to NMR solu-
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tion study, but not suitable for X-ray study. In this regard,
NMR has become popular of late as a unique and major tool
in the study of correlation between dynamics and function
of biomolecular structures. Herein, we report our initial
successful application of high-resolution NMR to the stud-
ies of solution stryctures for two venom toxic peptides with
profound biological activity.

RESULTS AND DISCUSSION

Isolation and Characterization of Venom Toxins from
Taiwan Cobra

Fig. 1 shows the general elution pattern of the crude
venom from Taiwan cobra on TSK CM-650 cation-ex-
change column, The well-defined separation of venom
components on the preparative column was corroborated by
the pharmacological assays similar to that reported pre-
viously on the venom separation from the other closely-re-
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Fig. 1. Cation-exchange chromatography on TSK CM-
650(S) column of crude venom from Formosan
cobra, Naja naja atra. About 500 mg of lyophil-
ized crude venom dissolved in the starting buffer
of 0.05 M ammonium acetate, pH 5.7, was ap-
plied to the column equilibrated with the same
buffer. Elution was carried out in four steps: {A)
elution with starting buffer (Fractions 1-40); (B}
elution with a linear gradient of 0.1-0.5 M ammo-
nium acetate, pH 5.9 (Fractions 41-140); (C) a
linear gradient of 0.7-1.0 M ammonium acetate,
pH 5.9 (Fractions 141-200) and (D) 1.0 M ammo-
nium acetate, pH 5.9 (Fractions 201-280). The
column eluates (6.3 mL/tube per 5.5 min) were
monitored for absorbance at 280 nm. The peak
fractions were collected, lyophilized and used for
pharmacological assays and FT-Raman studies.
Fraction C5 was shown to be contaminated with
C4 and repurified on reversed-phase HPLC be-
fore spectroscopic analysis.
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lated species Naja naja siamensis.® Tt is shown that C2 and
(4 fractions contain PLA: activity whercas C4, C6-C8 be-
long to neurotoxin and cardiotoxin, respectively. The rela-
tive yield percents for each toxin fraction are about 20%, 8-
10%, and 40% for PL.A,, neurotoxin (or cobrotoxin), and
cardiotoxin, respectively. C35 fraction, which possessed
strong PLA; activity, is found to be slightly contaminated
with C4 of cobrotoxin’ when it was analyzed by reversed-
phase HPLC. It needs to be passed through a second chro-
matographic step before amino acid analysis and FT-Raman
study. C6, C7, and C8 fractions, which represent about 40%
of total crude proteins, belong to the cardiotoxin (or termed
cytotoxin) class based on pharmacological and N-terminal
sequence analysis (data not shown). Since these three tox-
ins are major toxin components and constitute more than
half of the total proteins in the venom, they have been used
for FT-Raman study shown below.

FT-Raman Spectroscopic Study on the Purified PLA>
and Toxins of Cobra Venom

Relatively fewer siudies have been done on the struc-
tural and conformational study of venom foxins using laser
Raman techniques as compared to other types of approaches
such as sequence analysis coupled with circular dichroism
(CD) and X-ray diffraction. Previous Raman stodies were
limited by the concentration requirement for solution study
(> 50 mg/mL) and the strong fluorescent background of
Raman spectra both in selution and solid states. However
with the advance in the instromentation important informa-
tion about peptide backbone, geometry of disulfide bonds
and the microenvironments of aromatic amino acids and
methionine plus the presence of sulfhydryl groups in the na-
tive proteins [3-5 and references cited therein] are still ob-
tained using conventional Raman specirophotometers.
Raman techniques overcome the disadvantages of CD and
fluorescence in obtaining the structural information in the
solid state and complement X-ray diffraction in gaining
structural insight into proteins in aqueous solution. Now,
taking advantage of incorporating Fourier transform tech-
nigue into Raman spectrophotometer, near-IR FT-Raman
similar to the well-established FT-IR enables the elimina-
tion of water background and fluorescent interference asso-
ciated with the use of a conventional visible laser as the ex-
citation source. Using this new instrumentation, we have re-
ported the first FT-Raman spectra on the purified toxin com-
ponents.'*""

Comparison of FT-Raman Spectra of Cobrotoxin,
Cardiotoxin, and PLA>
Cobrotoxin (C4) is the most toxic non-enzyme princi-
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ple found in Formosan cobra venom.'* Itis a small polypep-
tide chain of 62 amino acids cross-linked by 4 disulfide
bonds.™* Previous CD™ and Raman®® studies have indi-
cated a predominance of B-pleated sheet structure in this
small toxin, which is also in accord with the results of X-ray

crystal structures of some neurotoxins from sea-snake ven-

16,17
QIms.

The near-IR FT-Raman spectra for purified cobrotoxin
(C4), PLA. (C35), and cardiotoxin (C7) are shown in Fig. 2,
Fig. 3, and Fig. 4, respectively for comparison. Since the
previous pilot laser-Raman study of snake toxins™ has indi-
cated almost identical Raman spectra for the lyophilized
solid and aqueous samples, only the FI-Raman spectra of
lyophilized powders are shown in this comparative study.

It is noteworthy that defined and clear-cut features of
FT-Raman spectra with low fluorescence interference are
¢asily obtained as compared to the conventional Raman
study with high-noise background and non-linear baseline
in most of the reported Raman spectra.'™'*** Moreover the
sample requirement in this study is only 1-2 mg, much lower
than that used in the conventional Raman study (50-100
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Fig. 2. Raman spectra of lyophilized cobrotoxin in the
(A) B0O-1800 cm™ and (B) 400-800 cm™ fre-
quency region. Cobrotoxin corresponds to the Cy
fraction in Fig. 1. Sample preparation is de-
scribed in Materials and Methods, Data collec-
tion was carried out under the following condi-
tions: excitation wavelength, 1.064 mm; laser
power, 180 mW; spectral resolution, 4 cm™; total
scans, 2000 (108 min}. Major vibration band fre-
quencies in cm™ are labelled on the spectra.
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mg/ml. for solution study and about 5-10 mg for solid sam-
ples). The assignments of well-defined Raman peaks ob-
tained from the new FT-Raman spectra for these toxins and
their comparison and discrepancies with some of reports in
the literature are discussed below.
Characteristic peak assignments for cobrotoxin

In Fig. 2 the amide [ band at 1671 em’” is clearly in-
dicative of an anti-parallel -sheet structure when compared
to the model B-sheet structures of poly-L-valine™ or dena-
tured insulin.”? The amide 111 band at 1238-1248 cm™ for
cobrotoxin also indicated that cobrotoxin did not possess
appreciable amounts of ¢-helical content since the cf-helix
conformation usvally gave this band above 1260 cm™.”
Therefore from the amide 1 and [11 bands it is concluded that
cobrotoxin consists mainly of a B-sheet structure, which is
also consistent with the CD study of the same toxin.>* It is
of note that this neurotoxin lacks a vibration band at 1004
cm", which is related to the breathing vibration of the mono-
substituted phenylalanine (Phe) ring > Amino acid compo-
sition shown in Table 1 corroborates this observation in in-
dicating no Phe residues detected in cobrotoxin. The inten-
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Fig. 3. Raman spectra of lyophilized phospholipase Az
in the (A) 800-1800 cm'! and (B) 400-800 cm™
frequency region. Phospholipase Az {PLA3) cor-
responds to the Cs fraction in Fig. 1. Sample
preparation is described in Materials and Meth-
ods. Data collection was carried out under the
following conditions: excitation wavelength,
1.064 mm; laser power, 180 mW; spectral resolu-
tion, 4 em’!; total scans, 2000 (108 min). Major
vibration band fizquencies in cm™ are labelled on
the spectra.
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sity ratio of tyrosine (Tyr) lines at 831/853 cm™ pointed to
the fact that 2 tyrosines in the toxin are probably buried in-
stead of being exposed on the surface.” The bands at 759,
879, and 1012 cm reflected the single tryptophan (Trp)
ring vibration present in this molecule. The lack of a Tep C-
H deformation band at about 1360 cm™ is diagnostic of a
relatively exposed microenvironment for this Trp residue.
The missing bands located at 724 and 622 cm™ in turn re-
flected the absence of methionine (Met) and Phe, respec-
tively. The strong and symmetrical stretching vibration
band at 509 cm™' can be assigned to a uniform and similar
geometry about the internal rotation of C-S boads present in
the 4 disulfide bonds in this compact toxin. They could
probably be assigned as a gauche-gauche-gauche type con-
formation as suggested by the study using model com-
pounds.”*® “We could not detect the vibration frequency of
sulfhydry! groups in the 2550-2600 cm™ region for the
crude venom on any of the three purified toxin components
(data not shown}, which is consistent with the sulfhydryl/di-
sulfide statos in secretory proteins such as venom toxins. In
general FT-Raman spectra on these toxins give a better cor-
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Fig. 4. Raman spectra of lyophilized cardiotoxin in the
(A) 800-1800 cm™ and (B) 400-800 cm™ fre-
quency region. Cardiotoxin corresponds to the
Cy fraction in Fig. 1. Sample preparation is de-
scribed in Materials and Methods. Data collec-
tion was carried out under the following condi-
tions: excitation wavelength, 1.064 mm; laser
power, 180 mW; spectral resolution, 4 cm™; total
scans, 2000 (108 min). Major vibration band fre-
quencies in em™! are labelled on the spectra.
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Table 1. Amino Acid Compositions of Cobrotoxin, Phospholi-
pase A and Cardiotoxin

Amino acids  Cobrotoxin  Phospholipase Az  Cardiotoxin
(Ca) (Cs) ()
12Cys 7.5(8) 134 (14) 7.8(8)
Asx 7.7(8) 21221 57(6)
Thr 7.7(8) 4.4 (5) 2.7(3)
Ser 3.5 (4) 43(5) 15(2)
Glx 6.6 (7 79 (8) 0.3(0)
Pro 1.7 (2) 39 (4) 4.6 (5)
Gly 6.8 (7) 8.8 (9) 1B (2}
Ala 0.2 (0) 11 2
Val 0.7 (1) 37 (4) 68 (7)
Met 0.3 () 0.7 (1) 1.8(2)
fle 1.7¢2) 4.1 (4) 0.7 (1)
Leu 1 4.8(3%) 59 (6)
Tyr 1.7 (2) 8.5 (9) 28 (3)
Phe 0.2 (0) 37 () 16(2)
His 1.8(2) 0.8(1) 0.2 (0)
Lys 2.8(3) 4.8(5) 8.8 (9)
Arg 5.6 (6) 5.7(6) 1.8 (2)
Trp 0.8¢1) 2.8(3) 0.1 (0)
Total residues (62) (119 {60)

Fractions Cy, Cs, and C; correspond to the lyophilized fractions
labeled in Fig. 1. Data are expressed as the number of residues
per molecule of protein using leucine or alanine as the references
to calculate the residues of other amino acids. Values represent
the mean of duplicate determinations. The hydrolysis condition is
microwave irradiation for 5 min using 6 M HClor 4 M
methanesulfonic acid containing 0.2% 3-(2-aminoethyl)indole.
Values in the parentheses show the theoretical number of amino
acid residues calculated from the published sequences. Note that
the compositions of Cs and Cg are almost identical to Cs.

relation to the exact structural data such as amino acid com-
position for these toxins than that obtained by the conven-
tional Raman technique.

Characteristic peak assignments for PLA;

PLA; is an enzyme widely distributed among various
species in the animal kingdom, notably in the pancreatic tis-
sues of mammals and in the venoms of snakes and bees.
While it is present as a single-chain enzyme in most snake
venom, it can also form a toxic complex with a small neuro-
toxin in the venoms of some South American rattlespakes.”
In our purification of Formosan cobra venom we consis-
tently found the contamination of PLA, (C5) by cobrotoxin
{C4), which can be removed by one more step of gel-per-
meation chromatography or reversed-phase HPLC. Pre-
vious pharmacological studies of neurotoxins or cardiotox-
ins of snake venom were sometimes complicated by the un-
explained PLA-like activity [1,2 and references cited
therein]. We believe that a preliminary FT-Raman spectra
check of the studied toxins would help evaluate the purities
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of various samples suspected of contamination. As shown
in Fig, 3 for the purified PLA,, the amide I band at 1659 cm’'
is certainiy distinguished from that of cobrotoxin (Fig. 2} at
1671 cm™. The presence of sharp stretching bands at 1004
and 622 cm’, in contrast to the absence of these bands in co-
brotoxin, would attest to the existence of Phe residues in
PLA; (Table 1}. The well-defined Tyr doublet at 853/831
em” with a ratio of greater 1 suggested that most of 9 Tyr
residues are exposed or in a hydrophilic microenvironment.
The-shoulder bands at 724 and 666 cm™ associated with the
vibration modes of C-8 honds couid be ascribed to the sin-
gle methionine in PLA>. The presence of Trp stretching
bands at 758 and 880 cm™ and not found at 1360 cm™ would
also indicate a less rigid environmen for the 3 Trp residues
in PL.A;. There are several shoulder peaks in addition to the
sharp strong disulfide stretching peak at S06 cm™ which are
different from the symmetrical band of 509 cm™ present in
cobrotoxin, The C-8-S-C siretching modes of the seven di-
sulfide bonds are probably not quite as uniform as those
shown st the gauche-gauche-gauche conformation of cobro-
toxin. Ttis worth noting that there is so far only one vibra-
tion study on PLA isolated from the South Ametican rattle-
-snake Crotalus durissus terrificus”™ The Raman spectra of
this report did not show well-resoived vibration bands for
amide I and 11, which led to the conclusion that conforma-
tional changes occur for PLA, molecules as a consequence
of different physical states and that different secondary-
structure contents were estimated under different experi-
mental conditions. In contrast to this report we found differ-
ent PLA, of the same Elapidae tamily showed essentially
similar o-helical conformations of the peptide backbone
with only small contributions from random coil ot §-sheet
conformations (unpublished results), The structural differ-
ences detected by FT-Raman in these PLA, involved maianly
the microenvironments of aromatic amino acids. The recent
crystal structufe study and comparison of PLA, from the
venom of Formosan cobra and bee venom seemed to indi-
cate a conservation of the structural elemenls even from
these two divergent sources. ™™ A structural comparison of
PLA, from different snake families and insects employing
FI-Raman is corrently under study.
Comparison of F'1-Raman spectra of cardiotoxin (C7)
and cobrotoxin (Cd)

Cardiotoxins are a group of very basic polypeptides in
some snake venoms, especially abundant in the Elapidae
family such as Formosan cobra.' They constitute about 40%
of total protein in the crude venom. Their functions are
more diverse, and their pharmacological modes of action are
less well understood than those of the more potent neurotox-
ins such as cobrotoxin. The primary sequences of several
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closely-related cardiotoxins from the Formnosan cobra are
known and shown to be partially related to neurotoxins.
They possess distinct pharmacological and biochemical
properties despite the existence of a grossly similar tertiary
structure among these toxins, i.e. a core consisting of a se-
ries of short loops and four disulfide bridges. There are in
general no specific non-invasive physical methods to distin-
guish between neurotoxins and cardiotoxins. However FI-
Rarman spectra of cobrotoxin (Fig. 2) and cardiotoxin (Fig.
4) show some defined structural differences which can be
correlated with their amino acid compositions.

All cardiotoxin isoforms (C6, C7 and C8) showed
similar stretching amide I and It bands at 1671-1672 and
1235-1250 cm™, respectively, indicative of a B-sheet secon-
dary structure. In contrast to cobrotoxin they exhibited a
sharp band at 1003 cm' corresponding to the presence of 2
Phe residues in cardiotoxin. The ratio of Tyr doublet at
854/830 cm™ suggested that Tyr residues are probably bur-
ied, similar to that in cobrotoxin. The intensity ratio at
622/644 cm™ would indicate a higher content of Tyr than
Phe, which is also consistent with the result of amino acid
analysis (Table 1), The stretching bands at 654 and 725 cm’
are reflective of the existence of Met residues in these
cardiotoxins. The disulfide stretching band at 510 cm’
pointed to a gauche-gauche-gauche conformation for the in-
ternal rotation of C-8-8-C bonds. The spectra of three iso-
toxins (C6, C7 and C8) are closcly similar to each other with
only minor intensity change in some of the overlapping
stretching bands. This is corroborated by the amino acid
analysis, which indicated almost identical composition
among these three fractions (unpublished results). A sum-
mary of the characteristic vibration bands present in cobro-
toxin and three major isoforms of cardiotoxins is tabulated
in Tabie 2.

In conclusion a systematic study of the purified venom
toxins by the newer FT-Raman spectroscopy is carried out to
provide a non-invasive physical method in establishing the
structural differences among these biologically active
polypeptides. Higher quality spectra with good correlation
to the structural data than the conventional Raman spectros-
copy could be obtained vsing near-IR FT-Raman in a rela-
tively short time. It should prove valuable in the clarifica-
tion and structural characterization of new toxin compo-
nents from various venoms.

Structure Analysis of Echistatin Analogues by NMR
and Computer Graphics

Several polypeptides isolated from spake venoms such
as trigramin®** and echistatin®™ have been shown to pos-
sess inhibitory effects on platelet aggregation.” These
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Table 2. Characteristic Raman Bands of Cobrotoxin and Cardio-

toxins
Raman shift (cm™) Cobrotoxin Cardiotoxins
assigniments (C4) (Cs.C7,Cg)
Amide I 1671 1671-1672
Amide T 1238-1248 1237-1251
Tyr doublet
Fermi resonance 831/853>1 830/854 > 1
Phe
Aromatic ring none 1003
vibration
Phe/Tyr ratio 622/644 ~ 0 622/644 < 1
Trp
Indole ring 759,879 none
vibration
Met
C-§ stretching none 701,724
vibration
Disulfide
8-§ stretching 509 510,540
vibration

The Raman vibration bands correspond to those shown in Figs. 2-
4. Note that Raman spectra correlate with the structural data from
amino acid compositions shown in Table 1.

polypeptides can block aggregation through interference
with fibrinogen binding to their specific receptors on the
platelet surface membrane in a competilive manner and are
designated as the "disintegrin” family of venom peptides,
Among disiniegrins, echistatins are the smallest members of
this family of polypeptides with regard to their molecular
sizes. Four different echistatins, designated as echistatin
al, 2, B and 1, * were isolated and their amino acid se-
quences were determined. The exact spatial linkage of di-
sulfide bridges (Cys2-Cys11, Cys7-Cys32, Cys8-Cys37 and
Cys20-Cys39) in echistatin o1, which was first predicted by
a statistical analysis of the NMR-deduced structures.’ The
three-dimensional structure of echistatin ¢, in solution,
which was generated by NMR and computer modeling,
showed that the main recognition site (Arg-Gly-Asp, i.e.
RGD sequence) is located on an exposed and mobile loop;
however, the conformation and orientation of N- and C-ter-
minal residues are poorly defined.”*” From the analysis of
protein sequences and disulfide-bond locations of various
disintcgrins, a domain containing the RGD sequence ap-
pears to be conserved and confined within two pairs of di-
sulfide bonds. On the other hand, the disulfide bond Cys8-
Cys37 of echistatins appears not to be conserved when com-
paring the sequences of echistatins with other larger disinte-
grins.”** This has prompted us to synthesize an echistatin y
analogue with three disulfide bonds, des(46-49)-[Ala®*")-
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echistatin vy, which was made by replacing Cys8 and Cys37
residues with alaning, The synthetic analogue was charac-
terized by ion-spray mass spectroscopy, amino acid analy-
sis, and biological assay. Its tertiary structure was further
determined by solution NMR spectroscopy and molecular
modeling methods.
2D-NMR study of des{(d46-49)-[Ala®37]-¢chistatin y

In order to determine the structure of des(46-49)-
[Ala®*"]-echistatin ¥, we have obtained a complete set of
proton 2D-NMR spectra for this synthetic analogue, includ-
ing "double-quantum filtered correlation spectroscopy”
{DQE-COSY), "total correlation spectroscopy” (TOCSY)
and "nuclear Overhauwser and exchange spectroscopy”
{NOESY) (Fig. 5) at different mixing times. Analysis of the
amino acid spin systems began with the amide to aliphatic
region of TOCSY spectra of des(46-49)-[Ala®"]-echistatin
vin H,O. The C,. proton resonances were identified by com-
parison with the tingerprint region of DQF-COSY spectra
(H20). Five groups of spin systems were initially identified
from the TOCSY experiment by inspection of the NH to
C.H, CgH, CyH and CsH connections. The five groups were
(i) Giy with two C,, proton resonances, (i} Thr and Ala spin
systems, (iii) Ile and Leu spin systems, (iv) AMX spin sys-
tems with Cp proton resonance between 2.5 and 4.0 ppm,
and (v) Long side chain spin systems (Lys, Arg and Glu)
where at least three cross peaks from the side chain to the
amide proton were observed, Des(46-49)-{Ala”'”]—echis-
tatin y contains three Pro, three Arg, three Lys, two Met, two
Glu, three Asn, one Phe, one Tyr, one His, one Ser, six Cys
and six Asp residues. Of these spin systems, the three Pro
were identified by observing the complete connectivity pat-
tern between the protons. The spin systems of Arg and Lys
were distinguishable and were assigned by the sequential
assignment procedure. The aromatic ring protons of Phe,
Tyr and His were readily determined by inspection of the
spectra in the aromatic region. Using the sequential assign-
ment procedure, specific assignments for the amino acids
were obtained based on all 'H-NMR chemical shifts of the
synthetic peptide (Table 3). The sequential "nuclear Over-
hauser effect” (NOE) connectivities duy, dan, and dpy, to-
gether with other NMR parameters, were used for the com-
plete structural assignments.
Tertiary structure analysis of des(d46-49)-|Ala®*"]-echis-
tatin Y by computer graphic modeling

We have constructed the superposition of 15 struciares
of the backbone atoms of the des(46-49)-[Ala”""]-echistatin
v (Fig. 6), selected trom 40 structures determined from NOE
consiraints. The structures are well defined and in good su-
perposition among themselves with proper tertiary folding.
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The superposition of the threc segments of this synthetic
analogue regarding the backbone atoms in the two turn re-
gions and ¢-carboun presentation in the RGD loop region is
also excellent with the average RMS deviation from the
mean structure being 0.68 A for the backbone atoms and
1.15 A for all atoms. None of the structures have violations
of the NOE constrainis greater than 0.5 A, and the devia-
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Fig. 3. NOESY spectra of des(46-49)-[Ala®*"]-echis-
{atin v recorded in 90% H20/10% *H,0 at 27 °C
for a mixing peried of 150 ms. The sequential
doN connectivities are shown for the sequence
segments (A) restdues #1-23, and (B) residues
#24-45.
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tions from the idealized covalent geometry are small, The
nenbonded contacts for these structures are also charac-
terized by a large negative Lennard-Jones van der Waals en-
ergy, showing the conversion of different stryctures into a
low energy state of an acceptable conformation by energy
minimization.

The main differences between the synthetic analogues
and the native toxin lie in the C-terminal part due to the de-
letion of residues #46-49. The replacement of two Cys resi-
dues at #8 and #37 with alanine does not appear to change
much on the tertiary structure of the native toxin molecule.
Therefore, the disulfide pair of Cys*-Cys® may not play an
essential role for the structural organizarion of the toxin
polypeplide, which is strengthened by activity assay. More-
over the C-terminal four residues (#46-49) were shown to
have little effect on the biological activity and structure as
revealed in our previous smdy.39 The present study further
demonstrates that the linear sequence of des{46-49)-
[ Ala®*"]-echistatin y with three disulfide bonds (Cys’-Cys',
Cys’-Cys™ and Cys®-Cys”) is sufficient for specifying the
biological function and folding pattern.

Protein Engineering of Waglerin I by Synthetic Ap-
proach and NMR Dynamic Simulation and Modeling
Waglerin was first isolated from Trimeresurus
wagleri, a small, toxic arboreal snake distributed from Ma-
laysia, the Philippines, Thailand, and the Indo- Australian
archipelago to Indonesia.*" It is a peptide toxin composed
of 22 amino-acid residues with one disulfide bong.***
Most noteworthy is the salient feature of the amino acid
composition of waglerin, which contains seven proline resi-
dues out of 22 amino acids and a high content of basic amino

Fig. 6. Stereo views of the structure of des(46-49)-
[Ala®*"]-echistatin ¥ calculated by distance ge-
omeliry and simutated annealing. The backbone
atoms of the 15 selected solution structures are
superimposed. The missing disulfide bond is re-
placed by Ala-8 and Ala-37 and marked red in the
C,, position. N- and C-terminal ends are marked
in blue.
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Table 3. 'H-NMR Chemical Shifts of des(46-49)-[ Ala>""]-echistatin ¥ {H20 containing 10% D,0, 27 °C)

Residue Chemical shift {ppm)
NH C.H CpH CH CsH others
Aspl 4.20 2.73,2.82
Cys2 874 462 3.00,3.19
Ala3 871 4.02 1.24
Serd 851 442 392,308
Cly5 835 453,442
Pro6 4.54 2.57,1.88 2.18,2.08 364,391
Cys7 851 3500 257,257
Ala8 8.06 520 057
Arg9 B.B4 453 1.66, 1.67 1.64,1.52 3.19,3.29 7.19 (N:H}
Aspl0 B.5 452 2.54,2.65
Cystl B84 453 347,3.52
Lysi2 7.76 4.39 1.66, 1.66 1.37 1.77,1.77 2.99 (C.H), 748 (N:Hs)
Phel3 792 455 2.85,2.85 6.37 (Ca 6H),
7.03 (Cs5H), 7.03 (C4H)
Leul4 868 431 1.53,1.72 1.34 0.85,1.02
Glul5 828 4.10 1.96,2.00 2.52,2.59
Glui6 895 387 1.93,1.93 2.40,2.45
Glyl7 858 337,430
Thrl8 7.62 412 428 1.07
Ileld 891 4.09 1.74 1.05 0.89, 0.89 (C;Hs)
Cys20 876 404 2.88,3.09
Asn2l 974 438 2.70,3.02 6.92,7.58 (N, Ha)
Met22 843 446 245,245 1.92,2.03 2.62 {CeHs)
Ala23 814 428 1.32
Arg24 828 429 1.76,1.85 1.62 3.18,3.18 7.22 (NH)
Gly25 842 381,401
Asp26 830 4.67 2.84,284
Asp27 822 467 3.66, 3.66
Met28 795 450 245,255 1.91, 2.04 2.88 (CeHs)
Asp28 B27 471 2.51,2.68
Asp30 B.02 4094 239,290
Tys31 841 520 2.59,2.65 6.93 (Ca,6H). 6.73 (Cs sH)
Cys32 945 470 252,395
Asn33 073 404 2.83,3.31 6.92, 7.68 (N,Hz)
Gly34 841 4.18,4.29
Lys35 838 408 1.40 1.68, 1.17 1.49, 1.56 291 (C:H), 7.46 (N.Hs)
Thri3¢  7.65 4.14 3.72 1.33
Ala37 832 413 0.95
Asp38 B36 4.63 284,283
Cys39 873 543 2.64,293
Prodd 430 2.10,2.20 1.86 3.59, 4.09
Argdl 821 418 1.67,.1.73 1.54 3.15 7.19 (N:H)
Asn42 831 492 2.84,2.84 741, 685 (NHa)
Pro43 448 220 199, 1.85 375,382
His44 841 4.63 3.22,3.26 7.33 (CzH), 8.58 (C4H)
Lys45 812 417 1.69,1.82 1.37 i.64 2.98 (CH), 7.48 (NHz)

acids. In preliminary studies, the toxin appears to resemble
some vasoactive peptides or neurotoxins. Recently several
groups have reported multiple functions for this toxin. Res-
piratory failure was shown to be the primary cause of death
from the toxin in mice, yet rats were rather resistant to

waglerin 1.4 The toxin (10 ug/mL) does not alter the am-
plitude of sodium and potassium currents at the nerve end-
ings; however, it causes a decrease in the calcium cur-
*647 The toxin acts at both pre- and post-synaptic
neuromuscular junctions of the mouse motor endplate, and

rent.
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its presynaptic effect is shown to be more potent than the
postsynapiic one. The detailed mechanism for the toxic ac-
tton of waglering has not vet been fully glucidated. Accord-
ing o a previous report,” the intramolecular disulfide bond
in this toxic peptide was essential for its biological activity.
In our previous study,” we have applied NMR analysis and
dynamic simulated annealing to derive a three-dimensional
structure for waglerin I, one of the two main lethal peptides
from this arboreal snake. We further prepared several syn-
thetic analogues of waglerin by replacement of various ba-
sic amino acids suspected to be involved in the active site
with alanine in an endeavour of elucidating the molecular
basis underlying its biological activity. In order to investi-
gate the active site of the toxin, seven analogues of waglerin,
[Ala'-waglerin; [Ala’|-waglerin, [Ala'%]-waglerin, [Ala"]-
waglerin, [Ala"}-waglerin, [Ala™]-waglerin and [Ala®™]-
waglerin have been synthesized chemically by single re-
placement of 7 basic amino acid residues (Lys at residucs #3
and #20; Atg at residues #7, #18 and #22; 1is at residues
#10 and #14) one by one with Ala.
NMR analysis and computer modeling of waglerin ana-
logues

The tertiary structures of these analogues in solution
were simulated based on the structure of waglerin I which
had been determined by NMR and computer modeling pre-
viously*® It is clear and evident that by comparison with
wiaglerin I (Fig, 7), [Alaw]-waglcrin analogue has an appar-
enttwist in the disulfide loop due to a single amino acid sub-
stitution at this position. By correlation of structures for

Fig. 7. Superimposition of cnergy-rninimized structures
of synthctic analogues (green) with the basic
waglerin-I {yellow). Noted that only [Ala'®}-
waglerin and [Alal*]-waglerin show some twist at
or near the disulfide Joop region when compared

with the structure of waglerin-I. All other ana-

logues show essentially similar conformations.
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each analogue with LD+ toxicity bicassays, it was found
that the [Ala'®]-waglerin exhibited no toxicity, leading to the
conctusion that the active site of the native (oxin seems to re-
side in the proximity of the disulfide loop, which is spatially
close to His'®. The tertiary structure of [Ala'*]-waglerin
generated from simulation and theoretical calcnlation also
showed a twist closely adjacent to the disualfide loop. Fur-
thermore, the closer the disulfide loop is to the basic amino
acid in waglerin, the more influential the basic amino acid is
on the toxicity of waglerin, On the other hand, the tertiary
structures of atl other analogues derived from computer-
simulated homology modeling did not show significantly
different structures to that of waglerin I. (data not shown).
Therefore, it is to be concluded that two histidine residues at
positions 10 and 14 indeed play significant roles in the tox-
icity and structural integrity of waglerin 1,

CONCLUSION AND PERSPECTIVES

Understanding of the functional aspects of life phe-
nomena requires knowledge of the chemistry of various bio-
logical molecules, i.e. the structural details of these macro-
molecules such as proteins and peptides and their interac-
tion with their biological targets. At the Institute of Biologi-
ca! Chemistry, Academia Sinica, there is a traditional em-
phasis and sirength in the realm of research in protein chem-
istry. With the recent advance in the DNA recombination
and biotechnology, we have been developing a program
along the lines of structural biology and protein cugineering
with the aim of applying various physical methods in the
structural analysis of some biologically relevant proteins or
peptides and improving their stability and activily through
the newer technique of site-directed mutagenesis. Espe-
cially noteworthy is the recent development of cloning tech-
niqucs in the generation of many previously scarce proteins
available for deiailed physico-chemical anatysis regarding
their tertiary structyres. Moreover, the sequence of such
molecules is now generally amenable and easily obtained
from a sequencing analysis of their respective clones, but
little or nothing is known about their three-dimensional
structures. In this regard, we have first explored the poten-
tial of applying Raman and NMR methodologies to struc-
tural analysis of various venom toxins in order to lay a firm
foundation for research programs under the common theme
of structural biology and protein engineering.

Snake venoms are rich sources of proteins, some of
which are potent toxins. Three structuraily defined groups
of protein toxins from Taiwan cobra as studied by Raman
spectroscopy in this account, i.e. phospholipase A, cardio-



346 J. Chin. Chem. Soc., Vol. 44, No. 3, 1997

toxin, and cobrotoxin, have also been extensively pursued
by several groups ip this country. The high-resolution NMR
structure of cobrotoxin®® was solved by Yu et al. from Tsing
Hua University, essentially complementing the previous X-
ray crystal structures of similar neurotoxins from different
snake species.”"* Although the structural information on
cobrotoxin provided by our FI-Raman analysis can not
match that obtained by high-resolution NMR and X-ray
techniques, it still provided some insight into the microenvi-
ronment of Tyr and Trp, which is consistent with the results
of NMR and X-ray analysis. Recently, in collaboration with
1. F. Kuo’s group at Emory University, we reported that co-
bra cardiotoxin and its various isoforms, like other naturally
occurring bioactive amphiphilic polypeptides such as mas-
toparan and melittin, are specific and strong inhibitors of
protein kinase C (PKC).** Interestingly receptor-specific
cobrotoxin of the same venom, in contrast, showed no effect
on PKC. In light of the link between PKC inhibition and
cardiotoxin regarding implications for the actual cellular
target of these small toxin peptides, it should prove yseful fo
find some defined structural differences between these two
classes of cobra toxins in order to account for their drastic
functional differences. Bhaskaran et al.> recently also pub-
lished the NMR soluiion structure of one of the cardiotoxin
isoforms, i.e. cardiotoxin III. Although some structural dif-
ferences do exist between cardiotoxin and cobrotoxin,** it
remains an issue of debate and intense interest to elucidate
the structural basis underlying the different pharmacologi-
cal properties as cxemplified by these two types of cobra
toxins with similar tertiary structures based on these NMR
studies. It is worth noting that Wu and his associates also
from Tsing Hua University have found different membrane-
fusion activity associated with different isoforms of cardio-
toxins.™ They used physical methods such as 2D-NMR and
circular dichroism coupled with pH-titration on chemical
shifts of amide protens of various amino acid residues in
cardiotoxin o detect Jocal conformational change associ-
ated with the protonation of a critical histidine residue in the
Joop 1 of the toxin.*® Apparently, by the application of these
physical techniques, minor conformational changes in toxin
can be observed and correlated with biological activity such
as the aggregation/fusion activity of sphingomyelin ves-
icles. Wu's conclusion that diverse membrane targets may
be present for different cardiotoxin isoforms needs further
clarification. The cDNAs that encode some of these three
classes of cobra toxins’®™ have been isolated and their nu-
cleotide sequences identified. The potential now exists for
large-scale expression and tailoring the specificities of sev-
eral PLA; enzymes and the activity/stability of two classes

Chiou and Wu

of small toxins via the site-directed mutagenesis.

As regards the application of high-resolution NMR
spectroscopy and computer graphic simulation to the deter-
mination of solution structures of various small peptides (<
50 amino acid residues), we have, to date, obtained fruittul
results on several examples of biologically active polypep-
tides which include destruxins.”” polymyxin B and their
analogues,” mastoparan-B,*” two linear hexapeptides of de-
struxin derivatives, echistatin analogue,” and waglerin.*
As a general approach, we searched the literature for some
peptides or small proteins (of fewer than 100 amino acid
residues) with interesting biological functions and then iso-
lated and purified these materials from their natural sources
or through cloning or peptide synthesis. Important insights
about the structurefactivity correlation of these peptides
have been revealed through examination of the simulated
graphic models derived from NMR data. As high-resolution
X-ray structures of thesc flexible peptides are few at pre-
sent, the approach of adopting NMR and computer-graphics
model building should yield important insights into the
structural features responsible for biological activity. What
we have accomplished so far s to lay solid foundations for
our future investigations of larger biological macromole-
cules using physical methods such as Raman and NMR
spectroscopy, on which we can gradually build with assur-
ance and confidence. Our current interests have also been
extended to lens crystallins with molecular size of more
than 20 kDa using near-IR FT-Raman spectroscopy” ™ and
2D-NMR study of the expressed cobra PLA: of 119 amino
acid residues.”®”’
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