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Abstract. A superfamily of proteins often conserves a
common structural scaffold but develops diverse bio-
chemical and biological functions during evolution. The
understanding of evolutionary mechanisms responsible
for this diversity is of fundamental importance not only
in structural genomics but also in nature-guided drug
design. A superfamily of peptides with a conserved
CSap structural motif provides a considerably intriguing
example to approach such an issue. The peptides from
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Introduction

According to hierarchical protein (or domain) classifica-
tion systems, evolutionarily related proteins can roughly
bedivided into four levels of units: family, superfamily,
fold and class [1]. Proteins with detectable sequence
similarity are grouped into a family that comprises the
most basic classification unit of protein universe and
defines the evolutionary relationship of all the members
within a family. A clear evolutionary link among differ-
ent families within a superfamily, however, often is dif-
ficult to detect due to low sequence similarity as well as
functional diversity [2—4]. For the latter, it is even more
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this superfamily have wide origins, ranging from plants
to animals, and exhibit diverse biological activities, vary-
ing from a sweet-tasting protein to antibacterial defensins
and animal toxins targeting ion channels. This review
describes the phylogenetic distribution and structural
classification of this unique scaffold and provides new
insights into its functional diversity from the perspective
of sequence, structure and evolution.

challenging to fully understand the evolutionary mecha-
nism responsible for this diversity.

A simple structural motif called the cysteine-stabilized
a-helix and p-sheet (CSaf), initially recognized by the
group of Menez and later named by Cornet et al., de-
fines a peptide superfamily [5, 6] and gives an excellent
example in approaching such issues. Peptides belonging
to this superfamily exhibit relatively diverse biochemical
and biological functions. In most cases, these molecules
serve a common function as defenders of their hosts,
both for animals (e.g. scorpion toxins, plant defensins
with enzyme inhibitor activities) and microorganisms
(e.g. plant and animal antibacterial/antifungal defensins)
[7-9]. This structural motif is stabilized by six conserved
Cys residues which form three intramolecular disulfide
bridges [5, 6]. In sequence, this motif corresponds to the
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consensus sequence C...CXXXC...C...CXC. Structur-
ally, it is composed of a single a-helix and one [3-sheet
of two strands. The a-helix spanning the CXXXC is
connected by two disulfide bridges (C2/C5 and C3/C6)
to the C-terminal B-strand, whereas the third disulfide
bridge (C1/C4) links the N-terminus to the first 3-strand
[5] (fig. 1). Previous structural analysis has confirmed
that such a consensus cystine framework can induce and
stabilize the formation of the CSaf structural motif [10].
This finding offers a possibility for searching more new
distant homologues containing this motif.

Bontems et al. first noticed the existence of this common
motif between antibacterial insect defensins and scorpion
toxins based on a limited structural comparison [5]. Sub-
sequently, a great number of peptides with more diverse
activities were found to possess this motif. The extensive
distribution of this motif in some functionally diverse
polypeptides suggests that it is a relatively stable and
versatile scaffold for developing new biological activity.
Indeed, the CSaf} motif, as a well-defined scaffold, has
the potential to tolerate insertions, deletions and substi-
tutions throughout the structure. Artificial grafting of an
unrelated active site onto this scaffold did not significant-
ly alter the global folding of this structural motif [11].
Thus it appears that the CSaf motif may be an attractive
candidate for engineering design, by which peptides with
novel functions can be created.

In an early review, Menez et al. discussed the structural
basis for functional diversity of animal toxins with the
CSof motif and proposed that functional diversity of
this motif was associated with the decoration of the fold
with deletion, insertion and addition of disulfide bridges
[12]. Here, we will attempt to use the information from
recently obtained sequences and structures to present
an overview of the CSaf} superfamily, focusing on the
phylogenetic distribution, structural classification and
evolution of functional diversity. The evolutionary origin
of the unusually varied toxic CSaf} peptides is analyzed
in detail from a structural point of view.

Phylogenetic distribution

More recently, phylogenetic analyses have been used
successfully to study the molecular origin and evolution
of 24 different types of snake toxins [13]. To perform
similar analyses, we first determined the phylogenetic
distribution of the CSaf} superfamily by using similar-
ity search and regular expression pattern-based methods.
The latter method fully utilized the conserved cysteine
pattern of this superfamily to find remote homologues.
Using the conserved signatures of the CSaf3 superfamily
(...C-X(2,18)-C-X(3)-C-X(2,10)-[GAPSIDERYW]-X-
C-X(4-17)-CXC...), we performed regular expression
pattern searches against several databases (Swiss-Prot,

The CSaf fold

C Figure 1. Topology of the
CSaf superfamily. The single
o-helix and two [-strands are
indicated with cylinder and ar-
rows, respectively. Dotted lines

@ EEEEEENN
x| B2
@ EEEEEEN

represent disulfide bridges.

TrEMBL, TrTEMBL-new and PDB) (http://us.expasy.org/)
[14] and five genomes of model species (Drosophila
melanogaster, Anopheles gambiae, Apis mellifera,
Caenorhabditis elegans, Caenorhabditis briggsae) (http:
/Iwww.ensembl.org/). Combined with BLAST searching
of the GenBank database (http://www.ncbi.nlm.nih.gov/),
we identified most, if not all, peptides with the CSafy mo-
tif in these databases (fig. 2). WEBLOGO [15] was used
to visualize the consensus of a given species according to
the aligned amino acid sequences.

These results allow us to define the phylogenetic distri-
bution of the CSaf} superfamily. Meanwhile, different
bioactivities can now be mapped onto the tree of life, and
the point of emergence of a given biological activity can
be deduced from the resulting distribution. Our results
demonstrate that the CSaf3 fold is restricted to plants and
animals belonging to Protostomia, including Ecdysozoa
(arthropods and nematodes) and Lophotrochozoa (mol-
lusks), but is lacking in Deuterostomia (e.g. vertebrates)
[16]. Given that both Protostomia and Deuterostomia
commonly originated from Bilateria [16], gene loss in
Deuterostomia after divergence from Protostomia ap-
pears to be a plausible explanation. Furthermore, this loss
can be expected in that vertebrates have gained two new
types of defensins (a- and [(3-defensins) [17] to replace
the functions of the CSaf} antimicrobial peptides. Alter-
natively, gene transfer [14] from plants to Protostomia
may be another attractive scenario. Evidence for the lack
of CSaf in lower invertebrates will provide support for
the latter hypothesis.

Insect

Insects are a major resource of CSof3 peptides with
various antimicrobial activities. These molecules were
originally isolated from the hemolymph of immunized
larvae of the dipteran insect Phormia terranovae and
later found in many other insect species, the majority
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coming from different orders of the subclass Neoptera
(Diptera, Coleoptera, Hemiptera and Hymenoptera) [18].
They are primarily active against Gram-positive bacteria,
and some have the ability to form voltage-dependent
channels in bacterial membrane that result in a loss of
cytoplasmic potassium. Two types of antifungal peptides
(termicin and drosomycin) [19-21] have also been char-
acterized recently from insects. An exhaustive search
characterized 71 peptides potentially adopting this fold,
including those with known functions (antibacterial and
antifungal) as well as some new members with unknown
functions, most of which are derived from three model
organisms (D. melanogaster, Anopheles gambiae, and
Apis mellifera). The consensus sequence for insect CSaf3
motif is C-X(4,16)-C-X(3)-C-X(3,10)-[GY]-X-C-X(7-
8)-CXC.

Termicins
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Figure 2. Phylogenetic distri-
bution of the CSaff super-
family. The known func-
tions of some members are
indicated by colors. The life
tree is constructed based on
Hsp90 sequences by using
the Neighbor-Joining method.
The divergence time is labeled
in the left of the tree. MYR,
million years; Dm, D. mela-
nogaster; Ce, C. elegans; Cb,
C. briggsae. The phylogenetic
analysis was performed using
the same method based on the
amino acid sequences of the
CSaf peptides from different
evolutionary lineages. N.D.,
not determined; SCT, Na-
channel toxin; DF, defensin;
CCT, Cl-channel toxin; PCT,
K-channel toxin; STP, sweet-
tasting protein; TI, trypsin
inhibitor; LVP1, a lipolysis-ac-
tivating protein from scorpion
venom.

N.D
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Arachnida

Arachnida, represented by scorpions and ticks, is the
richest resources of CSaf} peptides [8, 22, 23] among
which a total of 304 peptides were searched. Function-
ally, these peptides can be divided into toxins and de-
fensins. The former are derived from scorpion venoms
and are active against various ion channels, including
K-, CI-, Na-, and Ca-channels [9, 23], whereas the latter
exhibit clear antibacterial activities [22]. With respect to
size, toxins form two distinct groups: one being Na- and
Ca-channel-specific toxins with approximately 60 resi-
dues and four disulfide bridges [24], and the other being
K- and Cl-channel-specific toxins with approximately
3040 residues and three to four disulfide bridges [25].
The defensins derived from Arachnida hemolymph as
well as scorpion venoms are considered to be involved
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in host innate immunity response [18, 23, 26]. They have
sequences and activities similar to the so-called ancestral
defensins found in phylogenetically distant invertebrates
(mussels, arachnids and the dragonfly Aeschnea cyanea).
In addition to toxins and defensins, scorpion venoms also
contain other types of CSaf} peptides, such as LVP1, a
dimer composed of two chains structurally related to
Na-channel toxins and functionally acting as a nontoxic
lipolysis-activating protein [27]. A reorganization of the
fourth disulfide bridge is widely present in the CSaf
peptides from Arachnida (see below). The consensus
sequence for the Arachnida CSaf} motif is C-X(2,10)-C-
X(3)-C-X(4,11)-C-X(4-12)-CXC.

Nematode

The CSap-type antimicrobial peptides in nematodes were
originally described in the intestinal parasitic nematode
A. suum by Kato et al. They were named ASABF (As-
caris suum antibacterial factor) and were later also found
in two model nematodes (C. elegance and C. briggsae)
[28-31]. ASABFs are highly effective against bacteria
and yeasts. Our approaches characterized a total of 30
CSap peptides, most of which have not been functionally
identified. All the previously characterized members pos-
sess four disulfide bridges which are identical to those of
mollusca. However, a search of the genome sequences of
the two model nematodes reveals new types of ASABF
peptides with typically three disulfide bridges identical
to insect defensins as well as those with a reorganization
of the fourth disulfide bridge (see below). Interestingly,
in contrast to those from other sources, the nematode
CSap peptide gene contains an intron located within the
coding region of mature toxins rather than in the signal
sequence. The consensus sequence for the nematode
CSaff motif is C-X(3,18)-C-X(3)-C-X(7,9)-[GS]-X-C-
X(4-13)-CXC.

Mollusca

Only five antimicrobial peptides were found to adopt the
CSaf motif, and they were all isolated from the hemo-
lymph of two mussels, a bivalve mollusk [32]. These
molecules can be classified into two distinct groups
based on shared features of their primary structure. The
first group comprises three defensins which show some
sequence similarities with ancestral defensins from
some arthropods. The other group of peptides includes
the myticins A and B characterized from hemocytes of
Mytilus galloprovincialis [32]. Despite the lack of detect-
able sequence similarity between these two groups, all
five molecules display an identical cysteine arrangement
pattern. Functionally, defensins and myticins are essen-
tially active against Gram-positive bacteria, including
some pathogens for marine invertebrates, and are much

The CSaf fold

less active against Gram-negative bacteria or fungi. The
consensus sequence for the mollusca CSof motif is C-
X(4,5)-C-X(3)-C-X(4,6)-C-X(1,2)-[GY]-X-C-X(7-8)-
CXC-X(2)-C.

Plant

A total of 138 sequences were recovered from various
plants. All these sequences possess a typical six-cysteine
arrangement and thus can induce the CSaf fold [6, 33,
34]. A phylogenetic analysis revealed three distinct clus-
ters, including antifungal peptides, trypsin inhibitors and
peptides with unknown functions. The sweet-tasting
protein [35] is included in the last category. The majority
of peptides belong to the recently cloned low molecular
weight, cysteine-rich gene family (LCR) derived from
the model organism Arabidopsis [34]. The functions of
these genes are unknown at present. Some plant CSaf3
peptides deleted a cysteine in their N- or C-termini,
which might lead to the formation of a dimer by estab-
lishing an intermolecular disulfide bridge, as observed in
scorpion venom LVP1 peptides [27]. For the plant CSaf3
motif, a consensus sequence can be determined as fol-
lows: C-X(2,8)-C-X(3)-C-X(7,10)-[ GASWF]-X-C-X(4-
17)-CXC.

Structural classification and functional epitopes

Evidence supporting a common ancestor for all the CSa3
peptides comes from the observation of a commonality
in gene organization, three-dimensional (3D) structure
and biological activity [36]. However, rapid sequence
divergence during evolution has prevented us from
performing evolutionary analyses based on sequence
similarity to correctly detect the evolutionary relationship
among different families within the CSaff superfamily.
Instead, structural information may be useful for this
task [37, 38]. We used a structure similarity score to
analyze currently available structures stored in the PDB
database (http://www.ncbi.nlm.nih.gov). An evolution-
ary tree was constructed for 66 CSaf peptides using
DALI similarity scores for protein structures [37] (http:
/Iwww.cebl.auckland.ac.nz/pal-project). This tree divides
these structures into two distinct clusters (fig. 3). Cluster
I includes the short-chain toxins derived from scorpion
venoms which act on K- and Cl-channels, whereas clus-
ter II comprises several families with extremely diverse
biological activities, including plant trypsin inhibitors
and sweet-tasting proteins, scorpion Na-channel toxins
and plant/animal antimicrobial defensins (fig. 3). The
further clustering of the CSaf3 peptides with similar func-
tions in the structure-based evolutionary tree suggests the
structural data of the CSaf superfamily can well be used
to elucidate the evolution of their functional diversity.



CMLS, Cell. Mol. Life Sci. ~ Vol. 62, 2005

Cluster I

K-channel toxins

Despite different targets, all scorpion K-channel toxins
(PCTs) analyzed are grouped together with the scorpion
Cl-channel toxins (CCTs) in the structure-based evolu-
tionary tree. The PCTs represent the most diverse CSaf3
family which may mirror the diversity of its targets and
indicate a possible co-evolutionary relationship between
the PCTs and K-channels [39].

Undoubtedly, scorpion PCTs also show diverse varia-
tion in their functional surface locations with both pore
and turret activities. Mutational analysis combined with
computational methods have contributed new data with
respect to residues directly involved in recognizing and
blocking K-channels and identified four different inter-
acting modes for the interaction of PCTs with various
subtypes of K-channels [40, 41]. An exhaustive muta-
tional study of AgTx2 highlighted a functional surface
important for binding to the Kv channel [42]. This sur-
face is mainly formed by residues associated with two
[-strands and their connecting loop, which includes a
dyad composed of a Lys residue plus an aromatic amino
acid for blocking Kv1-type channels.

Unlike Na-channel toxins, which are modulators of
Na-channel function mediated by two distinct domains
in their molecular surface (see below), the blocking ac-
tivities of PCTs often appear to be associated with their
secondary elements. A remarkable division of functional
surface associated with secondary structure elements
results in their pharmacological diversification [43].
Generally, the helical domain is important for binding
to calcium-activated K-channels. In contrast, the sheet
domain provides major contact residues for interaction
with Kv channels. To devolop multiple pharmacological
targets, some PCTs (e.g. MTx and BmTx3) have evolved
two binding sites in the distinct secondary structure ele-
ments of the same molecule [43, 44].

Cl-channel toxins

Cl-channel toxins are small basic peptides which can
block small-conductance Cl-channels and are toxic to
arthropods [45]. Recently, a new target, named matrix
metalloproteinase-2 (MMP-2), for chlorotoxin was
found, which is specifically upregulated in gliomas and
related cancers, but is not normally expressed in brain
[46]. In addition to three common disulfide bridges of the
CSaf motif, chlorotoxins evolved a fourth bridge to put
the small N-terminal f3 strand close to the helical region
of the molecule [45]. Interestingly, we noticed that this
additional disulfide bridge is identical in position and
arrangement pattern to that of a plant defensin with five
disulfide bridges (Phd1) [47] and scorpion toxins target-
ing ERG (ether-a-go-go related gene) K-channels [48].
Despite a closer relationship between CCTs and PCTs, as
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revealed by the structure-based tree, obvious electrostatic
potential surface differences between them might be par-
tially responsible for their functional diversification [45].
The functional surface of chlorotoxins has still not been
elucidated.

Cluster I1

Plant trypsin inhibitors

Plant CSaf} peptides with trypsin activity possess di-
sulfide bridges identical to those with other functions.
The first nuclear magnetic resonance (NMR) structure
of a trypsin inhibitor with the CSaf motif, Atti-2, from
Arabidopsis, was recently reported by Zhao et al. [49].
The reactive site located in loop 1 shows a conforma-
tion similar to other inhibitors with a completely dif-
ferent fold type, suggesting that the emergence of this
inhibitory loop may represent a major evolutionary event
which determines its unique function among from other
plant defensins. In the tree, Atti-2 forms a single branch,
separated from all other members, suggesting a role for
structural remodeling in shaping the new function.

Scorpion Na-channel toxins

An unexpected result from our structure-based evolu-
tionary analysis is that scorpion sodium channel toxins
(SCTs) are closer to plant/animal defensins than to scor-
pion short-chain toxins (fig. 3). This observation may be
useful for detecting the evolutionary origin and mecha-
nism of ion-channel toxins.

SCTs are longer than PCTs and CCTs, which are
composed of about 61-76 residues with typically four
disulfide-bridges, of which three are involved in the for-
mation of the CSaf} motif, whereas the fourth links the
N- and C-termini [24, 50]. In terms of pharmacological
features, SCTs can be divided into two distinct groups,
called a- and p-toxins. These two groups modulate the
sodium current differently by binding to two distinct re-
ceptor sites on the sodium channels. The a-toxins cause
a slowing of the inactivation process of sodium cur-
rents and a prolongation of action potential by binding
to receptor site 3 of the voltage-gated sodium channel.
The B-toxins cause the voltage-gated sodium channel to
shift its activation voltage dependence to more negative
membrane potentials and cause a reduction of peak cur-
rent amplitude by binding to receptor site 4. Although the
o- and P-toxins display detectable sequence similarity,
and a good structural superimposition can be performed
in their core CSaf motifs, a dramatic difference can be
found in their C-tails [51] which may be associated with
their pharmacological versatility.

Thanks to work of several groups [52-58], the functional
sites of scorpion Na-channel toxins have been elucidated
in detail (fig. 3). All the results show that despite some
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The CSaf fold

Figure 3. Structural classifica-
tion and functional epitopes

175K 4
1PX9
1pvVZ
1256

of the CSaf peptides. (a) A
complete linkage clustering
tree was drawn using Pebble

1sxM

program with DALI structural

10KY

1NBM
1Quz

TIEAT
——————————————ASC-RT T54-C

similarity scores between the

1s18

CSaf} structures. Antimicro-

1CHL

1sco

1LGL

2KTX

1MTX

1HLY

=== m = m = “MCME(- FTTDFRMAKKCRD O e "
MCMER-ET Fd bial peptides: 1fjn lica 114v
BN <L : i i e o i ImmO 1i2u Imyn Igps lgpt
-~ -GVEINVH- 5G- -~~~ SPQHK P layj 1bk8 1jkz Imr4 In4n.
B b & gl et Na-channel toxins:  laho
ggggg T g Isnl 1chz 1lgi 1lgq 1sn4

2CRD

1T vat-Ta 3T
2PTA

1kvO lomy 1snb 1dq7 Ibmr
1jzb 2sn3 1lvna 2b3c lcn2

1cas

1b7d 1nhS5 Inra 1pe4 lbcg.

192K ARCY!

oTeTe

Bis

K-channel toxins: 1q2k Ilpjv

-
-

1pJv AV

B | = | R ., )7

e s et 114 e Ipnh Iscy llir 2crd 2bmt 1big
1scy ==m=emmeeee o~ -AONL------RMCDL 11gl 2ktx lagt Isco 1bkt lhly
ties e s & ; Imtx Isxm 1hp2 ltsk 1c56
181G =========~ZFTDVHI-TG- -~~~ SKOCHEVICKOME -5 KEN MM - - - -~ GHCROY S Im2s 1c49 2pta lquz lgky
et | iciconn i o J Itxm 1n8m lacw 1wm7 1du9
10%c § onECLEEYGGD | AP—-RIFPTICHT r--ﬁ:m 30 FCGDTEQ-————- 1wm8 Ipvz 1px9. Cl-channel
4 A ~-RDGYPLASN KEG-5G-L i 5 E\ v P .
:::m vzmmn-mu Bty 2 sl 5 i __ e Ve S toxins: 1chl Isis. Sweet—tas.t—
1ge | VRDAYI NCVYEC-FR S YD o ALPDNVPIRVEG-KCH-=====~ ing protein: 2brz. Trypsin
A0V0 | (VEDGEIALER=HCNYCELY o % BOLIDUVRTRY BeBOHRR== inhibitor: 1jxc; (b) Functional
1LOT VRDAYT. VYELH-FR: A E: A TWAGKYC SN YALPDNVET HCR:

GROAYT E TYE L] - TEN-—{-FA
VEDGYIVDDV TYE

18NE

e
TKLK - -E5fcd

PASERT
YKLPDHVRTKGPG-RCH~~=~==~

epitopes of the representatives
of the CSaf superfamily

1DQ7 GEDGYIADGD-NCTYI]

DLPTPVPIRGIG-KCR-——————

18N1 VEDAYIAKFH-N

based on mutational analysis

ICVY

g E
[}
[}
[}
[
i
[}
L}
[
(] [7
[} E-
[} L <
Zianalk
< HH € <
i w
i
LEEE) 8
i
Vol
;2
ai
0 5 '
ul
AGHRRildE S 'igu'f 2
SELEE Chdh At Ak
?I V8 7] nn‘fﬂ‘ln 1]
Y 3 3 VY ."i 5
FEET L ¥
) St B :

PIRVPG-HKCH

10MY VRDAY TAQNY-NCVYHC-AR-----DAYENELCTRN-—{ PYLGEHKEACMOKDLEDNVETRVEG-KCH-= = ===~ .

g bt i Do e 1 N et 1 § it i g [52 5.9]. Colors represent the

18M4 VRDAYIAKPE-NCVYHG-AG xLgrox A I KLPODVPIRVEG-KCH-~ functional surfaces. In the

1cM2 ~KEGYL KYEC- LT EGROQY -~ [GRGAQRHOYA- — - -~ FACRQTHLYEQATVWPLPNKRCS - - ——-— most examples the surfaces

1VHA ~KEGYLVKKSDGCKYDIHFW--L TER AN TYPLPNKSC A
n 2m3C —KDGY KR YK RECFOHH E PDSTS PNKTC -~ can be separated as two dis-

1JzZB ~KEGYLVNKSTGCKYGO-LK~-~L B AN TPTY crete sites.

25H3 ~KEGYLVEKSDGCKY GO LK~ - LGENEGCD TECKARNGL YPLPNKSC

1NHS ~HKDGY PVDSHK-GCKL VA A TNICG--—

1BCG HENGYPLORM - TEC-SGVHATAPHY THVYY. ‘GLEDDKPIGPMED I TERYCDVQ

INRA | KKDGYRVDSG-NCKYE(G-LK-----DDYENDUCLERK-A-~DHCYWCK - ~~VECHAY CLPDNS BT - ~KTSGKCNRA -~~~

1870 ¥ -KEGYLMDHE-GCKLSCOHFI rrE-E- -8 SRR

2BRZ :: QDHCEEV-YENYFVSHO-QL-———-, XCHYT LDK-H-ARS( YT T )Y -CEY:

1Kz ADTYRGVEL-FT H-LISAICHN -~~~ -WHCFIGTGNT

112y DKLIG GE ER

1ICA —mmmmmmmmee ==~ ATE(4) GTGINHSACRAHCLLR

114V | ==m=mmmccecea AT (4) GTGINHS, A LR

1FJIH G PN NYQCHE S IP--ROC LR R-C6

1BKS --LCHER- N AHDROOOOWE -K-ASt b ENC

140 N FOSEHATIRAOHS TY FRRABCDR - - -~ ~SCCHOVEVRG

I.A‘IJ ~KLCERP GN- N/ INLE-K-A IVEFA=I L

1MR4 -~RECKTE--8SNTFPGI-IT--——-HPFCRENOISE--K-FTL KIL--——R THKPC-—

1MYH ——DCL8G-——-RYKG AV -——WDNETCREVIOHEE-—-{3RS! 8 L G-C:

1P -KICRRR--SAGFKGHC-MS === -- DGPF--~ e

1GET -RICRRR--SAGFKG! -vs-----mg -- DGPL--~

1N4N § -ATC CPTWDSVIG-IN FEVAG ~-K- SKIL-—-

I =

Vv
]

L g

changes in the location of functional surfaces, it ap-
pears that scorpions have adopted a common strategy,
as observed in other venomous organisms, to design the
functional surfaces of their toxins for highly efficient
targeting of various types of Na-channels from phyloge-
netically diverse organisms, including both predator and
prey. The functional sites are mainly composed of two
distinct domains comprising one ‘core domain’ con-
taining the so-called pharmacophore that is conserved
across one pharmacological group [52-54]. In contrast,
the ‘variable domain’ is most likely the determinant of
the specificity of Na-channel subtypes. For a-toxins, the
conserved core domain is situated in the loops connecting
the secondary structure elements of the molecule core.
The variable NC-domain is formed by a five-residue

turn (residues 8—12) and a C-terminal segment (residues
56-64). For (3-toxins, the functional surface includes: (i)
a cluster of residues associated with the a-helix, which
includes a putative ‘hot spot’. This cluster is conserved
among scorpion [3-toxins and contains their pharmacoph-
ore; (ii) a hydrophobic cluster associated mainly with the
2 and B3 strands, which is likely to confer specificity for
mammalian Na-channels; (iii) a single bioactive residue
(Trp-58) in the C-tail; and (iv) a negatively charged resi-
due (Glu-15) involved in voltage sensor trapping [54].
Anti-insect excitatory toxin, also classified as p-group
due to similar pharmacological features, conserved its
core domain to anti-mammal B-toxin, which is composed
of the clustered residues around the main a-helical motif,
whereas the variable domain responsible for specificity is
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Figure 3B.

formed by a stretch of hydrophobic residues positioned
on the C-tail [52].

Antimicrobial peptides

Defensins with the CSaf3 motif are only one class of an-
timicrobial peptides conserved throughout the plant and
animal kingdoms [6, 7, 9]. These molecules can be clas-
sified into two distinct groups on the basis of their diverse
biological activities: antibacterial defensins derived from
phylogenetically diverse organisms, including insects,
scorpions and mussels, and antifungal peptides derived
from plants and insects.

Little is known about the functional surface of defensins.
Some structure-function relationship studies highlight
the importance of the solvent-exposed site located in the
loop and turn. This contrasts strongly with PCTs that use
secondary elements as the major source of functional
sites. Mutational analysis of a plant defensin, Rs-AFP2,
identified its putative functional surfaces important for
antifungal activity. This surface is primarily located in
the loop connecting strands 2 and 33, the loop connect-
ing the f1 strand and the a-helix, and the (33 strand. Spa-
tially, these residues form two adjacent sites which prob-
ably facilitate the interaction with fungus in two separate
regions [59]. The pattern of functional site distribution

is similar to that of the SCTs and sweet-tasting protein
[37, 52-54]. Interestingly, a recent study of a series of
synthetic peptides revealed a key role of the same loop
connecting the two [ strands for targeting Gram-positive
bacteria in a mussel defensin [60]. It thus appears that the
highly exposed loop of the CSaf} structural motif is cru-
cial for defensin activity against both bacteria and fungi.

Sweet-tasting protein

The fruit of Pentadiplandra brazzeana Baillon contains
a small, sweet-tasting protein named brazzein. The NMR
structure revealed that brazzein contains one short a-helix
and three strands of an anti-parallel (3-sheet held together
by four disulfide bonds and thus displays the typical
CSap fold [61]. Interestingly, in the structure-based tree,
brazzein is clustered with defensins and shares the most
significant structural similarity with the plant antifungal
peptide Psd I (Pisum sativum defensin I) (fig. 3).
Mutational analysis on brazzein shows that the sweet
determinants are located in at least two regions of the
peptide surface, which are apparently associated with
two loops connecting the secondary structure elements
as well as the C-terminus, and thus suggest a multi-point
interaction between brazzein and its receptor in which
charge plays a significant role [37].
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Remarkably, comparison of the functional surfaces re-
veals an interesting feature in terms of their location in
the secondary structure elements of peptides from Clus-
ter I and II (fig. 3). In most cases peptides from Cluster
I developed their functional surfaces in the a-helix and
[-strand regions. In contrast, those from Cluster II pri-
marily used residues in the loops to form their functional
surfaces separated as two discrete sites. The evolutionary
significance behind it remains unsolved at present.

Evolution of functional diversity

Despite the difficulty in elucidating the evolutionary
mechanism responsible for functional diversity of the
CSap superfamily, it appears that sequence and structure
information can provide some new clues to approach this
question.

Role of disulfide bridges

The importance of disulfide bridges in shaping a protein
structure has well been documented [62]. However, their
role in the functional evolution of proteins is less well
understood. This may partially be because traditionally
disulfide bridge-formed cysteine residues are not subject
to mutation considering their roles in protein structural
stability. In most cases the disulfide bridges formed by
specific pairing of cysteines are located in protein cores
and obviously play a structural role. In contrast to
proteins, cystines that form disulfide bridges in some
small polypeptides (e.g. animal toxins) often expose
their side chains to the molecular surface and thereby
likely contribute to the functional site. The Janus-faced
atracotoxins from spiders are examples in which double
cystines form a vicinal disulfide bridge and are situated
at the region of the functional sites [63]. Generally, the
highly conserved disulfide bridges crucial for folding of
a distinct structural element essentially confer protec-
tion from degradation by some proteinases rather than
represent a functional role. However, additional disulfide
bridges excluded in peptide folding may be involved in
functional evolution. An excellent study in this respect
was performed by Sun et al. who defined the respective
roles of four disulfide bridges of BmKMI1 (a scorpion
Na-channel toxin) by mutational analysis [64]. Their re-
sults showed that three disulfide bridges (C2/C5, C3/C6
and C4/C7), which are highly conserved across the whole
CSap superfamily, are involved in motif folding and play
an obvious structural role. On the contrary, C1/C8 (the
fourth disulfide bridge), which varies between different
types of scorpion toxins, essentially contributes to the
functional performance of scorpion toxins (fig. 4).

As observed in the CSaf3 superfamily, the position altera-
tions of the fourth disulfide bridge often correlate with

The CSaf fold
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Figure 4. Disulfide bridge pattern in the CSaf peptides of a given
evolutionary lineage. Dotted lines represent the fourth disulfide
bridge, which is variable between different members.

functional diversification (fig. 4). It is especially clear in
the case of scorpion CSaf} toxins. These molecules have
a total of eight different pairings in their fourth disulfide
bridges. The correlation between disulfide bridge pair-
ings and unique functions includes: (i) pairing IV-1 is
typical for SCTs (o~ and (-groups), with the exception
of excitatory toxins, in which a shift of Cysl to Cys5
(pairing I'V-7) relative to IV-1 might result in functional
alteration; (ii) adding a disulfide bridge (pairing IV-5)
relative to the PCTs with three disulfide bridges led to
the emergence of new targets (ERG K-channel and Cl-
channels); (iii) the scorpion venom lipolysis-activating
peptide LVP1 provides another example with respect to
this correlation. This peptide possesses a heterodimeric
structure composed of a and [ chains cross-linked by
an interchain disulfide bridge. Both o and f chains of
LVP1 share detectable sequence and structural similarity
to scorpion SCTs. However, deletion of the first cysteine
in the N-terminus resulted in the loss of the fourth in-
tramolecular disulfide bridge. Instead, a dimer is formed
by an intermolecular bridge linked by the two cysteines
in the C-termini [29]. This change thus led to a loss of
Na-channel toxin activity and a gain of a new function.
Similarly, several SCT-like peptides deduced from their
complementary DNA (cDNA) sequences display a de-
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leted cysteine in the last C-terminus, which might have
caused them to lose their toxic activity and to develop
new functions [65].

In addition to scorpion venom peptides, similar cases
are also found in CSof} peptides from other species. For
example, in Drosophila the development of the fourth di-
sulfide bridge may be responsible for a functional change
from targeting bacteria (defensins) to targeting fungi
(drosomycins) [18]. In these examples, a clear paralo-
gous relationship between the defensins and drosomycins
highlights a possible role of disulfide bridge reorganiza-
tion in functional evolution after gene duplication.
Given that the CSaf} peptides with identical disulfide
bridges can exhibit diverse biological functions and
that the fourth reorganized disulfide bridge is not often
located in a functional site, this change alone cannot be
considered to be an indicator of functional evolution.
However, such a change may lead to functional alteration
of a peptide by affecting the spatial distribution of key
residues in functional sites.

Positive Darwinian selection

Adaptive molecular evolution driven by positive Darwin-
ian selection was originally recognized in the antigen
recognition site (ARS) of the major histocompatibility
complex (MHC) loci and later frequently observed in
molecules involved in both innate and acquired immu-
nity [66—-68]. For the effector molecules of the innate
immunity, this mechanism is likely to be of consider-
able importance given that adaptive changes to those
molecules have a direct role in targeting rapidly evolving
pathogens. Most members of the CSaf superfamily play
arole in defense and immunity and thus represent excel-
lent examples for detecting such evolutionary events. Us-
ing the maximum likelihood methods developed by Yang
et al., Zhu et al. have provided clear statistical evidence
for adaptive molecular evolution of scorpion Na-channel
toxin genes [69]. Because sodium channels have many
subtypes and are distributed in different tissues (cardiac
and skeletal muscles, neurons), accelerated evolution
driven by positive Darwinian selection is needed for
expanding their target range to become a more effi-
cient killer and have a better defense against predators.
Another CSaf} example comes for the study of Bulmer
and Crozier who found that termite antifungal peptides
— termicins — evolved by duplication and diversifying
selection [20, 70]. In termicins, selection appears to be
largely directed at reducing the charge of three externally
exposed sites which may interact with a fungal binding
site that has shifted charge to achieve resistance.

In order to detect whether other types of CSaff peptides
have also been subjected to positive Darwinian selection,
we analyzed several other gene families using maximum
likelihood methods [20, 69]. These include Cl-channel
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toxin, K-channel toxin, antifungal peptide drosomycin
and insect depressant Na-channel toxin genes (fig. 5). As
expected, results again indicate that positive Darwinian
selection has driven the adaptive molecular evolution of
these families. These results will be useful in understand-
ing the evolution of the CSaf3 superfamily from a mecha-
nistic perspective. Since previous studies have revealed
that positively selected sites were frequently found in
the functional surface of the proteins studied [69], it is
reasonable to assume the same for these new examples,
and thus provide a good starting point for further experi-
mental research into the evolution of the functional sites
of these CSaf} peptides.

Origin of toxic peptides

The evolutionary origin of scorpion toxins acting on vari-
ous ion channels remains a mystery. Similarities in gene
organization, 3D structure and precursor architecture pro-
vide strong evidence for a common ancestor for defensins
and ion channel toxins derived from scorpions [71]. A
closer relationship, as revealed by our structure-based ev-
olutionary analysis, between scorpion Na-channel toxins
and plant/animal antimicrobial defensins provides new
insights into the origin of scorpion toxic peptides. When
using antifungal defensins as probes to carry out BLAST
searches, we not only retrieved homologues of antifungal
defensins from plants and insects but also some scorpion
Na-channel toxins with E-values ranging from 0.006 to
0.1. In particular, a scorpion depressant toxin named
BmKITc (AF073899) shares about 50% sequence simi-
larity with drosomycins in the region corresponding to
the CSaf} motif (fig. 6). The wide existence of the CSaf3
peptides with antimicrobial activity in both plants and
animals suggests that their ancient feature can be traced
to 1,576 million years ago when animals diverged from
plants. Scorpions diverged from other Arachnida about
400 million years ago [72] when Na-channel toxins first
emerged from antimicrobial defensins and likely repre-
sent the ancestor of all scorpion toxins. Subsequently,
a CC deletion event, as suggested by Ceard et al. [65],
produced the ancestor of short-chain toxins. Wide se-
quence divergence driven by positive Darwinian selection
expanded the family into new pharmacological groups.
Compared with antifungal defensins, Na-channel toxins
appear to have extended their C-termini with a 14-residue
segment and reorganized their fourth disulfide bridges
during evolution (fig. 6). Intriguingly, the starting point
for such an extension begins at Leu, a position putatively
for evolutionary modeling of scorpion short-chain toxin
genes by a position-specific deletion mechanism [65].
Because mutational studies have confirmed that the ex-
tension C-terminal region in SCTs plays a crucial role
for these molecules in interacting with their targets (fig.
3) [52, 53], we hypothesize that such an extension event
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Figure 5. Adaptive evolution
in the CSaff peptides de-
tected by maximum likelihood
(ML) methods. Sites under
positive Darwinian selection
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are highlighted in red sphere
models. Data for scorpion
a- and P-toxins are from [69]
(the symbol © represents the
functional sites identified by
mutational analysis [53, 54]);
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MO/M3: 241 = 30 (9.21)

Scorpion ERG Channel
Toxin (CnERG1, 1PX9)
MO/M3: 241 = 126 (9.21)

Insect Antifungal Peptide
(Drosomyein, IMYN)
MO/M3: 2Al = 54 (9.21)

would result in two distinctive effects, namely disruption
of the functional sites of defensin by partially masking
the key loop and remodeling a new surface in this exten-
sion loop for targeting Na-channels. Certainly, this as-
sumption needs to be further confirmed by experimental
data.

Concluding remarks

As a versatile structural template, the CSaf3 fold has
developed many diverse biological functions through
evolution to participate in both defense and predatory
behavior. Several experimental studies can be logically

Insect Antifungal Peptide
(Termicin, 1MMO0)
MO/M3: 24l = 117.78 (13.28)

followed from the observations presented here. They
are (i) the discovery of new members and determina-
tion of the phylogenetic distribution of the CSaf3 fold
provides a research platform for further understanding
of this unique fold from a phylogenetic and evolutionary
perspective; (ii) the existence of wide positive Darwinian
selection in the CSaf} fold suggests that adaptive amino
changes in a conserved scaffold are a major force driving
new functional emergence, and undoubtedly useful for
nature-guided drug design; (iii) the recognition of a pu-
tative evolutionary route for the origin of toxic peptides
provides a possibility for experimentally evolutionary
mimicry to fulfill functional switch; (iv) by establishing
one or two additional disulfide bridges or by displacing
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Figure 6. Evidence for the origin of scorpion
toxins from antifungal defensins. (a) Phylogenetic
analysis and sequence alignment. Organisms: L.e,
L. esculentum;. N.t, N. tabacum; P.p, P. persica;
A.t, A. thaliana; O.s, O. sativa; P.m, P. major; G.m,
G. max; C.a, C. annuum; T.f, T. foenum; V.r, V.
radiate; D.m, D. melanogaster; D.t, D. triauraria;
B.m, B. martensii; L.q, L. quinquestriatus; B.j,
B. judaicus. Consensus: a, aromatic; b, big; c,
charged; h, hydrophobic; p, polar; s, small; +,
positive. (b) Structural analysis emphasized a key
extension event in the C-terminus of defensins
(indicated by arrows) together with reorganization
of the fourth disulfide bridges (indicated by dotted
circles), which might lead to its functional change
to Na-channel toxins. In BmKITcl sequence and
its model structure, identical residues (not includ-
ing six conserved Cys residues) with drosomycin 5
are highlighted in blue. Residues on the molecular
surface with >30% accessibility calculated by the
Swiss-PDBViewer program (http://us.expasy.org/
spdbv/) are underscored once. The extension 14-
residue segment in BmKITclis indicated in red.
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two discontinuous functional sites which do not affect
the global fold, we can try to develop new peptides with
completely different biological activities.
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