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ABSTRACT: Thionins are relatively small-sized multiple-cystine peptides that are probably involved in the
plant defense against pathogens. As such, these peptides constitute promising candidates for engineered
plant resistance in the agricultural industry. More recently, thionins have been proposed as potential
immunotoxins in tumor therapy. In the search for pharmacologically active natural products, a new family
of thionins was recently discovered in the rootsHaflleborus purpurascertbat accordingly were termed
hellethionins. The structural characterization by NMR of one representative member of this family, i.e.,
of hellethionin D, clearly reveals that thionins from different sources share a highly conserved overall
fold. In fact, the well-defined 3D structure of hellethionin D is very similar to those reported so far for
viscotoxins, purothionins, or crambin, although distinct differences could be detected in the C-terminal
portion, especially for loop 3639. These differences may derive from the unusual distribution of charged
residues in the C-terminal half of the peptide sequence compared to other thionins and from the uncommon
occurrence of four contiguous threonine residues in loop3 As expected, reduction of the disulfide
bonds in hellethionin D leads to complete unfolding, but upon oxidative refolding by air oxygen in the
presence of glutathione the correct isomer is recovered in high yields, confirming the very robust fold of
this class of bioactive cystine peptides.

Thionins are multiple-cystine peptides with a molar mass a fact that has been associated with their membrane activity.
of about 5 kDa which play an important role in the defense While the interaction with membrane phospholipids is
mechanism of plantsl]. Cereals Graminaced constitute a essential for toxicity, it is not sufficient to cause cell lysis
particularly rich source of thionins, e.g., purothionins were and death as well assessed with pyrularia thionin, which upon
isolated from wheatT(riticum aestium) (2), hordothionins Trp-8 oxidation retains the identical membrane affinity but
from barley Hordeumuulgare) (3), avenothionins from oats  lacks hemolytic toxicity {2). Thionins are toxic to bac-
(Avena satia) (4), and secalothionin from ryeSgcale teria, fungi, and yeast in vitro, and this is assumed to reflect
cerealg (5), and more recently thionins were found in their possible role in the defense of plants against pathogens
cowpea Vigna unguiculata (6). Cereal thionins represent (1). Isolated viscotoxins A1 and A2 were found to induce
usual components of the food intake for humans and animalsapoptosis in cultured human lymphocytes, while in the case
but are without significant oral toxicity due to their peptidic of the related viscotoxin B and pyrularia thionin this effect
nature and thus facile enzymatic degradation. Other sourcesvas not significant13). The mechanism of the membrane
of thionins are parasitic plants such as mistletgesgum activity of thionins is still under debate, but there is a good

album) for viscotoxins ¥) and pyrularia nutsRyrularia correlation between cytotoxicity and ability to form ion
puberg for pyrularia thionin 8) as well as Abyssinnian  channels 14). The antimicrobial activity and cytotoxicity
cabbage Crambe abyssinigafor crambin @). of thionins have led to the development of two potential

Thionins contain in their sequence six or eight cysteine applications: in agriculture transgenic plants containing
residues involved in three or four disulfide bridges, respec- thionin genes can enhance pathogen resistahBg and
tively (10, 11). Although the thionins known so far differ  targeting of thionins by tumor-specific antibodies is expected
significantly in their sequence composition, the six cysteine to support antitumor therapy.§).
residues at positions 3, 4, 16, 26, 32, and 40 as well as an For several thionins the three-dimensional (8Biruc-
arginine at position 10 and an aromatic residue at position ture has been resolved by X-ray crystallograpthy—{19)

13 are well conserved. Almost all thionins are basic peptides,and NMR @0, 21). It resembles the Greek capital letter
gamma ) with the vertical stem represented by a pair of
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of a short antiparallel double-strandgesheet. The ability 7516 1: statistics of the NMR Structure Ensemble
of thionins to form membrane pores may be correlated to

this structure where the charged polar groups are clustered d'siﬁ?g;g%ﬁlr A OEs 95094
on the inner bend between the helices andAtsheet and sequential NOEs 175
are well separated from the more hydrophobic outer side of medium-range NOEs 160
theT. long-range NOEs 152
Helleborus purpurascerfsom the plant family of Ranun- R@é‘,’;ﬁ?ﬁ{‘ bonds v
culaceae is a plant that was intensively used in ancient Greece  all backbone 0.36
to treat epilepsy and other psychic diseases. Its ethnobotanical ~ all heavy 0.62
use in the Balkan region was confirmed by a recent vet- secondary structure elements, backbone 0.25
secondary structure elements, heavy 0.70

erinarian study, which showed the efficacy by transcutaneous  gnergy (kcalimol) (meas: SD)

implantation ofH. purpurascengoots in the treatment of van der Waals energy —59.384+ 2.98
chronic inflammatory diseases in pigs and she&). From hydrogen bond energy —18.76+£0.74
the same plant the cardiac glycoside helleb@3) (with Coulomb energy 53.28 3.69
bufadienolidic structure2d) and other natural product2%) Ramachandran plot

u g ! p most favored regions (%) 80.7
have been isolated in the past. More recently, novel sub- additional allowed regions (%) 18.9
stances belonging to macrocyclic carbon suboxide (MCS) generously allowed regions (%) 03

derivatives were isolated frorhl. purpurasceng26) and

characterized as highly potent inhibitors of Na,K-ATPase exchange rates were measured at 277 K after a lyophilized
and of the SR Ca-ATPas&7). The search for additional ~sample in RO was dissolved on ice. Amide hydrogen bonds
bioactive compounds from the roots of this plant led to the were identified according to two criteria: protection of the
identification and isolation of a new family of thionins (Kerek amide proton from H/D exchange and temperature shift
et al., manuscript in preparation). coefficients less negative tharb ppb K. Water suppres-

In the present study the solution structure of one repre- Sion was achieved either by using the WATERGATE
sentative member of this class of thionins, isolated from the S€quenced3) or by presaturation. Translational diffusion
roots ofH. purpurascenswas determined by NMR confor- ~ constants were measured at 300 K with standard experiments
mational analysis. The overall 3D structure is very similar Provided with the NMR acquisition software XWINNMR
to those reported for other thionins despite the significant (Bruker Biospin, Karlsruhe, Germany) using a diffusion delay
sequence variations, thus confirming the robust scaffold char- of 200 ms. Diffusion constants were calibrated to a diffusion

acter of the cystine network in this class of natural peptides. constant of 18.% 107° m? s™* for HzO in DO at 300 K.
Data processing was performed using the XWINNMR

MATERIALS AND METHODS software package on SGI Workstations.
Structure CalculationsStructure calculations and evalu-

CD Measurement€D spectra were recorded on a JASCO ations were performed with the INSIGHTII (Version 98)
J-715 Spectropolarimeter equipped with a thermostated Censoftware package (Acceh’ys, San D|ego) on Silicon Graphics
holder and connected to a data station for signal averagingo2 R5000 and Origin 200 computers. The NOE intensities
and processing. All spectra were recorded in the wavelengthwere converted into interproton distance constraints using
range 196-250 nm employing quartz cuvettes of 0.1 cm the following classification: very strong (vs), 12.3 A;
optical path length. The average of 10 scans is reported andstrong (s), 2.22.8 A; medium (m), 2.63.4 A; weak (w),
expressed in terms of ellipticity units per mole of peptide 3.0-4.0 A; and very weak (vw), 3:24.8 A. The distances
residues (@]r). Unless stated otherwise, all spectra were of pseudoatoms were corrected as described Byhvah
acquired at 23C and at peptide concentrations of &l in (29). NOEs were not filtered for structural relevance.
water. Hydrogen bonds were implemented as distance constraints

NMR Measurementd.he hellethionin D samples for the  with an upper limit of 2.5 A between the amide proton and
2D NMR spectroscopy contained-3 mM natural peptide  the carbonyl oxygen. Although qualitatively in agreement
at pH 2.5 in 0.5 mL of HO/D,O (9:1) or DO. NMR with the determined secondary structure, determination of
experiments for the determination of the spatial structure 3Jun-na coupling constants was not possible with sufficient
were performed at proton frequencies of 500 and 750 MHz accuracy for use in the structure calculation due to some
on Bruker DRX500 and DMX750 spectrometers. Different aggregation tendency of hellethionin D at millimolar con-
temperatures (283, 293, and 303 K) were chosen to resolvecentrations. The force constant used for the distance con-
signal overlap. Resonance assignment was performed withstraints and the hydrogen bonds was 50 kcalPAf2 and
the program SPARKY Z8) according to the method of constraints were applied at every stage of the calculations.
Witthrich (29). The 2D TOCSY spectra were recorded with  One hundred structures were generated by distance geometry
spin-lock periods of 75 ms using the MLEV-17 sequence in four dimensions, then reduced to three dimensions with
for isotropic mixing @0). Experimental interproton distance the EMBED algorithm 84), and optimized with a simulated
constraints were extracted from 2D NOESY experimeBity (  annealing step35), maintaining the distance constraints
with mixing times between 50 and 150 ms. NOE buildup according to the standard protocol of the DG Il package of
curves of representative peaks indicated spin diffusion for INSIGHTII. Subsequently, the structures were refined with
longer mixing times.3Jyn-na coupling constants were a MD—SA protocol: after an initial minimization of 1000
extracted from 2D DQF-COSY spectrd2j. Temperature  steps, 5 ps at 500 K was simulated followed by exponential
shift coefficients for the amide protons were obtained from cooling to ~0 K during 10 ps. The molecular dynamics
TOCSY spectra recorded at 283, 293, and 303 K. Deuterium simulations were all performed with the AMBER force field
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Ficure 1: Sequence alignment of some of the recently discovered hellethionins (F. Kerek, manuscript in preparation) with other known

type Il y-thionins. Color coding: greesr sequence identity to hellethionin D, redinsertion, yellow= conserved disulfide pattern, and

blue = highly functional relevant Tyr-13 (see text).

with 1 fs time steps. Of the 100 calculated structures, the
20 structures with lowest energy were selected for further
characterization. In initial structure calculations no disul-
fide bonds were used as the disulfide bond pattern was
unknown in the beginning. However, disulfide bonds were
unambiguously defined by these initial calculations. For final

structure calculations disulfide bridges were implemented as.’
covalent bonds. Secondary structure elements were identified 5

with the Kabsch-Sander algorithm as implemented in
INSIGHTII. Ramachandran plots and RMSDs were calcu-
lated using PROCHECKSg) (Table 1). For the graphical
presentation of the structures INSIGHTII and MOLMQ87)
were used.

Oxidative Refolding of Hellethionin CHellethionin D was
reduced at 1 mM concentration in agueous solution (400
by addition of tris(2-carboxyethyl)phosphine (14 mmol).
Progress of the reaction was monitored'blylD NMR and
was found to be complete after 24 h at 8D. CD spectra
were recorded on diluted aliquots (B peptide concentra-
tion) before and after unfolding. For refolding experiments
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FiGure 2. CD spectra of hellethionins. Spectra of hellethionin D
at pH 2.6 (solid line), pH 4.2 (broken line), and pH 7.7 (dotted)

are shown together with spectra from hellethionin A (Hel A) and
hellethionin E (Hel E) at pH 7.

the excess phosphine was removed by gel chromatographyare mainly observed in the C-terminal part, and worthy to

using a NAP-5 column (Pharmacia, Erlangen, Germany) and
50 mM Tris-HCI buffer (pH 7.2) as eluent. Refolding of the
solution with~0.5 mM reduced hellethionin D in 50 mM
Tris-HCI buffer (pH 7.2) was allowed to proceed under air
oxygen overnight at 37C. Alternatively, reoxidation was
performed under identical conditions in the presence of glu-
tathione at a GSSG:GSH:peptide ratio of 100:16t-1D
NMR spectra served to evaluate the yield of correctly
refolded hellethionin D by comparison with spectra before
(100% folded) and after reduction (100% unfolded). Ad-
ditional quantification of the product distribution was
achieved by RP-HPLC on a;&column (Machery & Nagel,
Duren, Germany) eluting with a linear gradient of 2%
HsPOy/acetonitrile from 5% to 80% acetonitrile in 15 min
at a flow rate of 1.5 mL mint. Yields of correct oxidative
refolding were extracted from the peak areas of the HPLC
chromatograms.

RESULTS

The new family of thionins isolated froid. purpurascens

note is the cluster of contiguous threonine residues in the
sequence portion 3639.

Structural Analysis of Hellethionin D

To investigate whether even the hellethionins retain the
typical I" fold of the thionins, a detailed structural analysis
was carried out on one member of this new family, i.e.,
hellethionin D fromH. purpurascens

CD SpectroscopyCD spectra in aqueous solution exhibit
no pH dependence between pH 2.5 and pH 7.7 (Figure 2),
indicating that no major structural changes occur in this pH
range. The spectrum is typical of a mostty-helical
conformation in accordance with known thionin structures.
The peptide fold is stabilized by four disulfide bonds and is
therefore characterized by a high thermostability. In fact,
thermal denaturation as monitored by CD spectra shows no
appreciable unfolding up to 90C; CD spectra remain
qualitatively the same with a slight reduction in intensity
with increasing temperature. Figure 2 also includes CD
spectra of hellethionin A and hellethionin E at pH 7, which

shows a highly conserved sequence composition (56%) butare very similar to those of hellethionin D.

only 22% identity with the thionins from other plant sources

NMR Assignment and Secondary StructiNBIR experi-

(Figure 1). All contain eight cysteine residues at identical ments on hellethionin D were performed on natural peptide
positions as the other thionins, and as expected, their con-samples dissolved in deionized water at pH 2.5, which
nectivities are also identical as assessed by NMR confor- probably results from trifluoroacetic acid contamination of
mational analysis of one representative member, i.e., hel-the HPLC-purified samples. The pH was not adjusted to
lethionin D. Compared to other thionins sequence differenceshigher values to exploit the slow proton exchange at low
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Ficure 3: NMR fingerprint region HN-H (aliphatic) of the TOCSY spectrum of hellethionin D recorded at 750 MHz and 293 K with
assignment (sequence numbers). The resonances of Arg-5 were not observed in the TOCSY spectrum.

Sec. | — ] C D C D>

1 5 10 15 20 25 30 35 40 45
NOE KSCCRNTLARNCYNACRFTGGSQPTCGI LCDCI HVTTTTCPSSHPS
Ay (i; i+1) Enl N . I _E B

A i+1) il M [ QEmmm—— § ) =
Ayl +1) el N I H B BN NN .
duni; i+2) —_— == - S

don(i; 1+2) _— - — = — — —_
dy(i; i+3) —— e

d,,i; i+3) e == J—

d,u(i; i+4) = J—

K ® O 00000000-00- c+ 00000 O [ J

Ficure 4: Secondary structure plot: Compilation of characteristic NOEs and H/D exchange of hellethionin D. Secondary structure elements
are indicated above the sequence. In the last row small circles indicate moderately slow and large circles indicate stopvcaaride
exchange.

pH values, since CD spectra confirmed full retention of the water at 300 K were 1.4 107°m? s at all concentrations.
overall structure at pH 2.5 (Figure 2). The NMR spectra were This diffusion constant is typical fa 5 kDa compact protein
of good quality, and unambiguous assignment was possibleand confirms that hellethionin is present in solution mostly
for all amino acids (Figure 3) except for thextdf Thr-36, as monomer. The limited line broadening at high concentra-
which is part of a loop sequence containing four sequential tions probably reflects a moderate tendency for unspecific
Thr residues. In Figure 4 characteristic NOEs defining aggregation of hellethionin D.
secondary structure elements and H/D exchange are com- 3D Solution StructureThe three-dimensional structure of
piled. A long a-helix (a1l from Leu-8 to Phe-18) and a hellethionin D in solution is well defined by 577 NOE
shorter a-helix (a2 from Pro-23 to Asp-31) are readily distance constraints and 17 hydrogen bonds. The observed
recognized. Additionally, two shofi-strands 1 (Lys-1 to NOEs are rather equally distributed over the sequence (Figure
Cys-4) and32 (Asp-32 to His-35), form a short antiparallel 5) as typical for a compact fold. In addition to the NOEs
p-sheet. Thus, as observed for other thionins, hellethionin defining a-helices and3-sheet, many interresidual NOEs
D displays the typicapoa3 motif. connecting different parts of the polypeptide sequence were
Oligomeric State of Hellethionin D in Watefo ensure observed, leading to mostly well-defined loops between
that in our NMR samples hellethionin D is present in secondary structure elements. The pattern of the disulfide
monomeric form, we performed dilution and NMR diffusion bonds was not known a priori but resulted unequivocally
experiments. A slight line narrowing is observed upon from initial structure calculations without disulfide bonds.
dilution from 4 to 2 mM, but no further line narrowing is The Cys-3 and Cys-4 residues at the N-terminus are linked
seen when diluting to 0.1 mM peptide concentration. to Cys-40 and Cys-32, respectively. Cys-12 is disulfide
Translational diffusion constants determined by NMR in bonded to Cys-30, while Cys-16 and Cys-26 form the fourth
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NOE-Constraints per Aminoacid (Figure 8). While the NMR structure family exhibits a less
60 defined conformation for loop Thr-36 to Thr-39, indicating
2 5 ORest some flexibility in this region, the Thr-19 to GIn-23 loop
4 0 O Seq. exists in multiple conformations (Figure 6). The major
g W ntra. conformation (12 out of the 20 lowest energy structures) is
.g 30 well defined, but minor conformations are observed that are
§ 20 rather different in the backbone arrangement, and these are
E 10 M w NH u WNHH HHHH WHH i u HH H responsible for the high RMSD observed for this portion of
%0 ﬂ , i , | i fi ﬂ the molecule (Figure 8). For Ser-22 an additional set of
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 resonance frequencies was present in the spectra, indicating
Sequence that conversion between conformers is slow.

FicURE 5. Number of NOE constraints per residue for each amino Oxidative Refolding of Hellethionin D

acid: black= intraresidual, gray= sequential, and colorless . . . . .
medium- and long-range NogEs).’: a Reductive unfolding and oxidative refolding experiments

were performed to possibly identify the main factors that

disulfide bridge, in full agreement with the disulfide con- affect the stability of the hellethionin D structure and to
nectivities of other thionins with four disulfide bonds. As a analyze the intrinsic propensity of the hellethionin D for
natural product preparation was used for the study, the correct oxidative refolding. Reduction of the disulfide bonds
cysteine connectivities correspond to the native disulfide with excesses of tris(2-carboxyethyl)phosphine in acidic
pattern. aqueous solution was found to proceed at slow rate as

Figure 6 displays a stereoview of the 20 lowest energy monitored by*H NMR. Quantitative reduction was achieved
structures superimposed on the backbone. From this structureipon incubation at 50C for 24 h, and both théH NMR
it is evident that hellethionin D belongs to the group of spectra and CD spectra confirmed the complete loss of
y-thionins that are characterized by a global fold reminiscent ordered structure within the detection limits. It is well
of the Greek lettef". The ribbon drawing of hellethionin D established that oxidative refolding of multiple-cystine pep-
in Figure 7 visualizes how the long arm of tie(upside tides even of lower masses, e.g., bee or snake venom toxins
down) is composed of the two antiparakiehelices whereas  (39) and conotoxins40), regenerates under more or less
the 5-sheet constitutes the short arm. Of the four disulfide optimal conditions the correctly folded isomers often in very
bonds, two are buried in hydrophobic cores, while the Cys- high yields. Although these molecules are all products of
3/Cys-40 and the Cys-16/Cys-26 disulfide are more exposedenzymatic processing of the folded propeptides, sufficient
to the bulk solvent. Additionally, the side chains of residues information is apparently encoded in the sequence for correct
13, 23, and 33 that have been proposed to be involved inrefolding. Thereby, burying of the disulfides into hydropho-
the biological activity 21) are highlighted. Very important  bic cores of globular structures was suggested as the main
seems to be the highly conserved Tyr-13 as iodination of driving force @1). Also thionins are processed from pro
this side chain leads to loss of toxicity in mice and yeast forms (1); nevertheless, air oxidation of the fully reduced
(38). The RMSD for backbone atoms of all amino acids is hellethionin D at pH 7.2 and in a more efficient manner in
0.36 A; for heavy atoms it is 0.62 A. Remarkable and in the presence of glutathione, which drives the product
contrast to known thionin structures is the highly defined distribution to the thermodynamically most favored structure,
C-terminal sequence that is stabilized in hellethionin D by a leads to high recoveries of the correct isomer (50% in the
hydrogen bond between the C-terminal Ser-46 and Cys-4.case of air oxidation and almost 100% in the presence of
Regions of highest disorder are loop Thr-19 to GIn-23 GSSG/GSH). Again, the sequence-encoded information
between helicesxl and a2 and loop Thr-36 to Thr-39  drives the thermodynamically coupled oxidative refolding

Ficure 6: Stereoview of the NMR-derived structure family (20 lowest energy) of hellethionin D. Atoms are colored according to atom
type; only heavy atoms are displayed.
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Gin 23 out of conformations is small compared to the difference
regarding the loop conformation displayed by the other
thionins; this would mean that the difference is not caused
by lack of experimental data for this loop of hellethionin D.
This view is supported by numerous medium- and long-range
NOEs that are observed for the C-terminal residues. Finally,
if in hellethionin D the 36-39 loop would exist in a
conformation similar to that of the other thionins, the
backbone atoms of Thr-37 and Thr-38 would be very close
to the side chain amino group of Lys-1. However, NOEs
between these atoms can definitely be excluded in the
NOESY spectra. Although the significance as well as the
L s origin of the difference between hellethionin D and other
NTermn \ = thionins in the C-terminal conformation and especially in

loop Thr-36 to Thr-39 is unknown at the moment, it can be
speculated that these arise from the different charge distribu-

. . , tion (vide infra) and the Thr-rich 3639 region present in
Ficure 7: Ribbon drawing of the NMR solution structure of

hellethionin D. Side chains of amino acids that have been proposedhe"e'[hlonln D.
for biological activity @1) are highlighted in blue, and disulfide At pH 7.0 hellethionin D is positively charged. In the
bonds are displayed in yellow. N-terminal half of the sequence the pattern of charged amino
acids present in hellethionins (Lys-1, Arg-5, Arg-10, and
process to the native hellethionin D structure as well assessedirg-17) is identical as in other thionins. However, large
by comparing the CD anéH NMR spectra of native and  differences exist in the second part of the molecule (Figure
refolded hellethionin D. 1). The positive charges found in other thionins are not
present in hellethionin D. The side chains of Asp-31 and
DISCUSSION Arg-5 are in spatial proximity (Figure 6) and probably form
For a comparison of the spatial structure of hellethionin a salt bridge at physiological pH.
D with those previously reported for other thionirisl(18, In summary, hellethionin D as representative of a larger
19), the backbone of hellethionin D was superimposed to new family of thionins was found to exhibit the typical
that of viscotoxin A3 21), s-purothionin (8), and crambin thionin structure with a pattern of disulfide bridges, which
(29) (Figure 9). Then-helices angb-sheet compare very well  corresponds to that of type }-thionins (). Despite this
with backbone RMSDs for secondary structure elements of common fold, significant differences are observed in the
0.7 A to viscotoxin, 0.9 A to purothionin, and 0.92 A to C-terminal part between other-thionins and the newly
crambin. Some spread out of conformations is observed for discovered hellethionins, which are probably caused by the

residues 1921 of the loop between helixl and helixo2. unusual charge distribution and the threonine-rich sequence
More prominent are differences observed for hellethionin D portion 36-39. Whether the diversity in sequence composi-
in the C-terminal part following3-strand2. Purothionin, tion of the thionins with the associated local structural

crambin, and viscotoxin share a very similar arrangement differences reflects evolution-driven optimized biological
of turns and bends for the last 12 amino acids, whereasfunctions in the different plant sources has to be established.
hellethionin D is rather dissimilar from other thionins from For this purpose the high propensity of hellethionin D to
residue Thr-36 vs the C-terminus. Only the C-terminus itself refold correctly into the native structure, a property probably
comes again close to the C-termini of the othethionins. shared by all thionins because of the common structural motif
Obviously, differences are limited by the presence of the and disulfide pattern, makes these molecules robust scaffolds
conserved disulfide bridge between Cys-3 and Cys-40. that can be exploited for expression of libraries of molecules
Although the structure ensemble of hellethionin D is less mutated in defined sequence positions for screening of
defined for residues Thr-36 to Thr-39 (Figure 8), the spread optimized membrane activities and cytotoxicity. A similar
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Ficure 8: RMSD of 20 lowest energy structures of hellethionin D per residue. Black bars correspond to RMSD of backbone heavy atoms
and gray bars to RMSD of all heavy atoms including side chains.
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23

Helix 2

N-Term C-Term

Ficure 9: Superimposition of backbone atoms in secondary
structure elements of hellethionin D (red ribbon) with viscotoxin
A3 (blue, PDB code 1EDOY(Q), s-purothionin (green, PDB code
1BHP) (17), and crambin (violet, PDB code 1EJGQ)9].

approach has recently been applied to libraries of low mass
multiple-cystine peptides4, 43).
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