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Abstract—Spider venom, a factor that has played a decisive role in the evolution of one of the most successful groups of liv-
ing organisms, is reviewed. Unique molecular diversity of venom components including substances of variable structure
(from simple low molecular weight compounds to large multidomain proteins) with different functions is considered.
Special attention is given to the structure, properties, and biosynthesis of toxins of polypeptide nature.
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This review deals with spider venom, a factor that has
played a decisive role in evolution of one of the most suc-
cessful groups of living organisms (some facts of spider
biology are given in a special appendix at the end of this
article). In our view, just during venom production spiders
have achieved unprecedented perfection, and in this case
their biological variability is especially pronounced.
Spider venoms are complex mixtures of biologically active
compounds of different chemical nature, from salts to
large multidomain proteins. More than a hundred differ-
ent components can be found in the same venom, and in
this parameter spiders are leaders in living nature. During
long-term evolution, venom composition underwent con-
tinuous improvement and adjustment for efficient func-
tioning in the killing or paralyzing of prey and/or as a
repellent against aggressors. Different venom compo-
nents work synergistically, thus providing efficiency of
action of the mixture. Venom composition is highly
species-specific and depends on many factors including
sex, nutrition, natural habitat, climate, etc. [1-9]. Spiders
carefully spend their venom and learned to calculate

Abbreviations: a.a., amino acid residue; AMP, antimicrobial
peptide; AP, acylpolyamine; CP, cytolytic peptide; CSap, cys-
teine-stabilized a-helix—f-sheet motif; DDH, disulfide-
directed B-hairpin motif; ER, endoplasmic reticulum; ESM,
extra structural motif; ICK, inhibitor cystine knot motif; LDj,
median lethal dose; Mm, molecular mass; NMR, nuclear mag-
netic resonance; PSM, principal structural motif.

* To whom correspondence should be addressed.

accurately its dosage depending on the victim’s size and
resistance to the venom. If the amount of venom neces-
sary for a particular hunted object exceeds its reserve, the
spider wisely recedes [6, 10-12]. Insects are the main nat-
ural targets for spider venoms. Specificity of action of
some spider toxins is unique: along with high toxicity for
insects, they can be absolutely harmless for members of
other taxons, and this could be the basis for creation of a
new generation of insecticides [13-16]. Although the
majority of spiders are venomous, as a rule they are not
dangerous to people or are not more harmful than mos-
quitos or wasps; only a few spider species present a real
threat to humans (Table 1) [17]. Spider venoms are
sources of highly specific substances affecting different
systems of membrane transport such as ion channels,
ionotropic receptors, etc. These substances are indispen-
sable instruments in studies of membrane systems and are
used widely in modern neurobiology. Because of the large
number of spider species and the complex composition of
their venoms, specific modulators of practically any
membrane transport system can thus be found for use not
only in fundamental investigations but also in treatment
of diseases associated with compromised membrane
transport system functions [7, 18-29].

This review deals with results of investigations of spi-
der venom composition and the structural and biological
properties of their separate components. Special atten-
tion is paid to venom protein and peptide molecules and
their biosynthesis, mechanisms of action, and application
in pharmacology.
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Table 1. Spiders exhibiting immediate threat for human health

Spider name Main active component

Sting symptoms

“Widow” spiders of genus
Latrodectus (Theridiidae)
(section “Protein Components™)

“Recluse” spiders of genus
Loxosceles (Sicariidae) myelinase D), necrotic toxin

(section “Protein Components”)

“Wandering” spiders of
genus Phoneutria (Ctenidae)
Peptides”)

Australian “funnel-web”
spiders of genera Atrax and

Hadronyche (Hexathelidae) | “Disulfide-Containing Peptides”)

a-latrotoxin, protein neurotoxin, causes
exhaustive release of neuromediators

enzyme phospholipase D (sphingo-

peptide neurotoxins affecting sodium
channels (section “Disulfide-Containing

d-atracotoxins, peptide neurotoxins
affecting sodium channels (section

“latrodectism”: pain lasting from hours to days
with potentially lethal nonspecific systemic effects'

“loxoscelism”: skin injuries of different severity
from slight irritation to serious ulcers and development
of systemic hemolysis leading to death?

pain at site of sting, priapism, life-threatening
hypotension

spiders most dangerous for humans, sting causes local
and systemic effects of different severity: pain at site
of sting, paresthesia, muscular spasm, general
excitation, hypertension, disturbance of cardiac
rhythm (arrhythmia), coma, death

! Bites of spiders of genus Steatoda (“false widows”) of the same family Theridiidae lead to “steatodism” (a mild form of latrodectism).
2 Spiders of genus Sicarius of the same family Sicariidae produce even more powerful venom than members of genus Loxosceles, but records con-

cerning human victims are few because these spiders live in deserts.

COMPOSITION OF SPIDER VENOM

Among the large number of spiders, the venoms of
only about 100 species have been studied, and only a few
of these have been thoroughly investigated. First of all,
these are of course spiders of medical significance (Table
1) as well as some of those that have become standard
objects of arachnologists or traditional for fauna of cer-
tain countries native to various research groups [6, 7, 16,
30-34].

Spider venoms are complex multicomponent mix-
tures of biologically active substances serving general pur-
poses for both attacking (killing or paralyzing prey)
and/or protecting (repellent) [1, 2]. In both cases, spider
venoms are able to cause paralysis or severe pain. Two
large venom groups are distinguished by the character of
their action: neurotoxic and necrotic (cytolytic),
although these effects can be exhibited simultaneously.
Spider venoms include substances of different chemical
nature that can be conventionally divided to three groups
by molecular mass (Mm): (i) low molecular weight
(<1 kDa) substances of various structure; (ii) peptides (1-
10 kDa), with two main structure—functional subgroups
being distinguished in this group—disulfide-containing
neurotoxins and linear cytolytic peptides (CP); (iii) high
molecular weight (>10 kDa) substances—different pro-
teins including enzymes and neurotoxins.

The total number of individual components of spider
venom studied using such methods of proteomics and
peptidomics as two-dimensional electrophoresis, multi-
meric chromatography, and different types of mass spec-
trometry, etc., as well as genetic methods can exceed one
thousand; therefore, their investigation is a complex
problem [4, 18, 23, 28, 29, 35-38]. Despite extraordinary

variety of chemical structure and biological function,
often only a single type of venom components is favored.
At present spiders are known which dominantly produce
each of the above-mentioned groups of substances (Table
2). On average, spider venoms contain ~25% polypep-
tides by weight, and concentrations of major venomous
components, acylpolyamines (AP) and polypeptides,
reach tens of millimolar [7, 8, 37, 38].

Most studied spiders produce venom with a predom-
inance of disulfide-containing peptide neurotoxins con-
sidered in the section “Disulfide-Containing Peptides” of
this review. Many of these substances, in turn, are charac-
terized by a common cysteine motif of primary structure

Table 2. Main components of spider venoms

Type of main venom Example
component
Low acylpoly- Araneidae family, orb-weaver
molecular |amines spiders (section “Low Molecular
weight Weight Components”) [68]
compounds
Peptides cytolytics Zodariidae family, ant spiders
(section “Linear Peptides™) [62, 63]
neurotoxins | most studied spiders (section
“Disulfide-Containing Peptides”)
Proteins enzymes Sicariidae family including
the recluse spiders (section
“Protein Components”) [33, 57]
neurotoxins | Theridiidae family including widow
spiders (section “Protein
Components”) [34]
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Table 3. Combinatorics of disulfide-containing peptides in spider venom (example of Chilobrachys jingzhao)
Number of
Peptide Amino acid sequence amino acid
residues
JZTX-VII|------- LFECSFSCDIKKNGKP-CKGSGEKKCSGGWR---—-—-—---— CKMNFCVKV === mmmmmmmmm e e e 39
JZTX-50 |----GRCIEEGKW-CPKKAP----CCGRLE--CKGPSPKQKK----- CTRP=————=—m——m——mmmm e e e 35
JZTX-51 |----- RCEPSGKP-CRPLMRIP--CCGS----CVRGK-—————-———~ CA-—————mmmmm 27
JzZTx-V  |=-===- YCQKWMWT-CDSKRA----CCEGLR--CKLW-========== CRKIIG-=—==—===———— e e 30
JzTx-1 | -=---- ACGQFWWK-CGEGKPP---CCANFA--CKIGLYL-------- CIWSP-————————————————mm——————— 33
JzTx-111 ---DGECGGFWWK-CGRGKPP---CCKGYA--CSKTWGW-----—-~ CAVEAP—————mm e e 36
JzTx-VII |----- GCGGLMAG-CDGKSTF---CCSGYN--CSPTWKW---—-———~- CVYARP-——————————m————mm————— — 34
JZTX-49 |----- GCGLLMDA-CDGKSTF---CCSGYN--CSPTWKW-------- CVLDCPNLFLLPPTKTLC----=-=-=====-= 46
JZTx-XI  |-=---- ECRKMFGG-CSVDSD----CCAHLG--CKPTLKY--——-————- CAWDGTFGK-—————————————————————— 36
JZTX-21 |------ CGGWMAK-CADSDD----CCETFH--CTRFNV--——--—-~— (1) e 28
JZTX-54 |-=---- SCIERMQT-CEVEAGLP--CCSGAP--CICPYIGDCI----- CIQ-==mm—mm e e e 35
JZTX-56 |NSRQKRCWGANVP-CEDENSP---CCSPLK--CEKTFGYGWWYGSPFCVRSGSG-~————===m==————m—mmm e 48
JZTX-58 |---QRACGHLHDP-CPNDRPGHRTCCIGLQ--CRYGS--—-----—--~ CLVQVGR= === === mmm e e e e e 38
JZTX-60 |----- ECRWFWGA-CKSDSD----CCRYLG--CKRKWPNI------~ CLWSPWG-=—————mmm e e 35
JZTX-62 |----- SCIEEWKT-CEHSCE----CCGSSTI-CSSTWAEGKEIKL--CKNEGGTFKKVLHFIQKGISKLKSCKEGN-- 63
JZTX-64 |----- ACSKKAGEKCKSNCD----CCGYSTL-CGYITEGKEVKYQ--CMSKTSNNKILNTVGLGVNAIENMLSFCFR- 65
JZTX-66 |-GDDGTCILKGDH-CHGTCD----CCGWTTT-CRKSKSAGGKI----CKSEGSSISAFNATAKGVAAMKKAKCKHKSG 67
i i 0]

Note: An example of molecular diversity of spider venom components (from [48]). Amino acid sequences of peptides belonging to different fami-
lies are shown. Cysteine residues are darkened. Arrangement of disulfide bonds in the cystine knot motif is shown below.

and belong to “knottins”, peptide molecules that form in
space the “cystine knot” structure [39-43]. Up to several
hundred of knottin molecules with similar spatial struc-
ture, stabilized by invariant cystine residues, can be pres-

ent in the same venom. The specificity of action of each
molecule is defined by its unique combination of variable
amino acid residues located in the loop regions between
the disulfide bridges (Tables 3 and 4). Such ensembles of

Table 4. Combinatorics of disulfide-containing peptides in spider venom (example of Agelena orientalis)

Peptide Amino acid sequence Nuarélit()ierrecs)ifde:lrgsino
p-agel-4 G-CVGENQQCADWAGPHCCSGYYCTCRYFPKCICRKDSGK 39
p-agel-10 G-CVGENQQCANWAGPHCCSGYYCTCRYFPKCICRKDSGK 39
p-agel-12 G-CVGENQQCADWAGLHCCSGYYCTCRYFPKCICRKDSGK 39
p-agel-11 G-CVGENQQCADWARPHCCSGYYCTCRYFPKCICRKDSGK 39
p-agel-6 G-CVGENQQCADWAGPHCCSGYYCTCRYFPKCICVNDNGK 39
p-agel-7 GDCVGESQQCADWSGPYCCKGYYCTCRYFPKCICVNDNGK 40
p-agel-9 GDCVGESQQCADWSGPYCCKGYYCTCQYFPKCICVNDNGK 40
p-agel-8 GGCVGESQQCADWSGPYCCKGYYCTCRYFPKCICVNDNGK 40
u-agel-3 AECVGDGQRCADWAGPYCCSGYYCSCRSMPYCRCRSDSGK 40
up-agel-5 TDCVGDGQRCADWAGPYCCSGYYCSCRSMPYCRCRSDSGK 40
p-agel-1 -ECAAKNKRCADWAGPWCCEGLYCSCRSYPGCMCRPNSG- 38
p-agel-13 -DCVGENGRCRDWYN-DCCDGFYCSCRQPPYCICRNNNG- 37
p-agel-14 -~-ECVGENGHCRSWYN-DCCDGYYCSCMQOPPNCICRNNNG= 37
| I ] [ ]

Note: An example of molecular diversity of spider venom components (from [45]). Amino acid sequences of peptides belonging to the same fami-
ly are shown. Cysteine residues are shown by slight darkening; differing residues are marked by heavier darkening. Arrangement of disulfide
bonds is shown below.
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the venom peptide molecules are usually called natural
combinatorial libraries of biologically active substances
[3, 16, 44-48]. Such “libraries” also appear in other ani-
mal venoms such as that of snakes, scorpions, cone snails,
and sea anemones, but other motifs of amino acid
sequences are specific in these cases and different types of
spatial molecular structure are realized [49-54].

At least four exceptions from the above-described
strategy of venom composition generation are known
(Table 2). (a) “Widow” spiders of genus Latrodectus pro-
duce highly specialized protein neurotoxins called latro-
toxins (section “Protein Components™) [34]. This proper-
ty is also characteristic of other members of Theridiidae
(tangle-web spiders) such as those of the Steatoda genus
[55]. Note that another “classic” example of complex pro-
tein neurotoxins is tetanus and botulinum toxins of bacte-
ria from the Clostridium genus [56]. (b) Different enzymes
including phospholipase D are present in venom of spiders
of the Sicariidae family (in particular, in venom of
“recluse” spiders of the Loxosceles genus) (section
“Protein Components”) [33, 57]. This property draws
together the recluse spiders and pathogenic bacteria of
genus Corynebacterium [58, 59]. Recall also that phospho-
lipases A, are an important component of bee and snake
venoms [60, 61]. (c) “Ant spiders” of Central Asian species
Lachesana tarabaevi (Zodariidae family) produce venom
exhibiting pronounced cytolytic effect due to the presence
of numerous various CP (section “Linear Peptides”) [62,
63]. This is also specific of different arthropods: bees,
bumblebees, wasps, and ants [38, 60, 64-67]. (d) Finally,
orb-weaver spiders of the Araneidae family produce vari-
ous AP neurotoxins with intermediate action specificity
(section “Low Molecular Weight Components”) [68]. AP
are also found in wasp venoms [35, 68]. Thus, in cases (a)
and (b) protein components are dominant, peptides are
dominant in case (c), and polyamines in case (d). Any of
these venom types can exhibit neurotoxic effect, while
necrotic (cytolytic) venoms are characterized by the pres-
ence of polypeptide components.

An “intermediate” type of venom composition or
“repertoire” of produced toxins is characteristic of some
spiders. For example, members of the Lycosoidea super-
family produce venoms with high CP content but a larger
and/or functionally more important part of their venoms
is represented by the knottin-type cysteine-containing
neurotoxins, and in some cases the presence of significant
amount of AP is found [18, 28, 38, 69-72]. Simultaneous
presence in venoms of polyamine and peptide neurotox-
ins at high concentrations is characteristic of spiders of
different taxonomic groups [7, 18, 28, 73]. Numerous
protein components, mainly enzymes, are present in spi-
der venoms, but in functional aspect these substances are
considered as additional with exception of the already
mentioned cases [4, 31, 32, 74].

Fine adjustment of the venom component composi-
tion, most efficiently providing for attack and/or protec-

VASSILEVSKI et al.

tion function, was developed during evolution of ven-
omous animals. Apparently two main strategies in forma-
tion of the venom composition emerged. One of them was
elaborated by the honeybee and is based on utilization of
a limited amount of active molecules. Main components
of bee venom, the peptide melittin and enzyme phospho-
lipase A,, are cytolytic substances of broad spectrum of
action [60, 67]. The other strategy is characteristic of
most studied venomous animals and suggests a wide “bio-
molecular” diversity of venom components [75].

It is supposed that at least four factors are used dur-
ing evolutionary optimization of venoms of different
chemical composition [8, 38, 62, 76]. (i) Functional
diversity based on production of molecules affecting dif-
ferent targets. This provides for a sharp increase in the
number of potential victims and lowers the probability of
elaboration by them of resistance to the venom. For
example, venom of North American “funnel-web” spider
Agelenopsis aperta (Agelenidae family) contains o-aga-
toxins (AP inhibiting glutamate receptors and so prevent-
ing contraction of insect muscle cells), p-agatoxins (pep-
tide neurotoxins, modulators/activators of sodium chan-
nels in membranes of insect neuronal cells, which stimu-
late secretion of neuromediators), and a number of ®-
agatoxins (peptide neurotoxins, inhibitors of calcium
channels in neurons, prevent release of neuromediators),
differently affecting various channels of insects and verte-
brates [7]. (ii) Selectivity and efficiency, namely, selection
of toxins as a high-precision weapon exhibiting the most
specific and powerful effect. Due to such selection, mol-
ecules selectively recognizing certain targets appeared in
hands of researchers. For example, m-agatoxins IVA and
IVB are usually used diagnostic ligands of P-type Ca’*-
channels [24, 77-79]. (iii) Synergism: components of dif-
ferent structure and mechanism of action enhance func-
tions of each other during combined use. In this case, the
efficient active concentration of the separate components
significantly decreases. Examples of functional synergism
of different groups of venom components are known [6-8,
71, 76, 80, 81]. For example, synergism was found in the
action of potassium salts, histamine, and cytolytic and
neurotoxic peptide components of venom of Central
American “wandering” spider Cupiennius salei
(Ctenidae) [6, 8, 80]. In our view, the concept of
“cabals”, elaborated for the cone snail toxins and sug-
gesting coordination in action of several types of venom
components for achievement of a certain physiological
effect [82, 83], is also valid for spider venoms. For
instance, o- and p-agatoxins of the spider A. aperta
venom form one such “cabal” causing rapid paralysis
[76]. Another cabal is formed by slowly acting w-agatox-
ins causing flaccid paralysis [7, 84]. (iv) Biomolecular
diversity suggests production of great numbers of compo-
nents with similar structure and function, but differing in
specificity and mechanism of action [75]. As already
mentioned above, according to present-day concepts,

BIOCHEMISTRY (Moscow) Vol. 74 No. 13 2009
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peptide venom components of many spiders, scorpions,
anemones, snails, and snakes form the so-called natural
combinatorial libraries of biologically active molecules
selected during evolution [16, 44-54]. This factor is most
specific for peptide neurotoxins, but it is also important
for evolution of other venom components. The mecha-
nism of formation of such biomolecular diversity is not
yet known. It is probably universal for peptide neurotox-
ins and CP of spider venoms and is based on the existence
of numerous gene families (multigene families) encoding
these peptides. Biosynthesis of the venom peptide com-
ponents follows a general scheme (section “Biosynthesis
of Spider Venom Components”), most of them being
characterized by “standard” organization of precursor
molecules in the form of prepropeptides [85].
Preproregions of precursors are conservative, while
mature chains are variable. The effect of mutation “con-
centration” in the gene regions corresponding to mature
polypeptides has been called “accelerated” evolution spe-
cific of animals with biomolecular diversity of venom
components [86-88].

The collected results suggest the concept of the exis-
tence of special functions for each venom component.
However, much needs to be elucidated in this field. It
should be kept in mind that secretory epithelium of spider
venom glands is characterized by apocrine (with partial
destruction of secretory cells) or even holocrine (with
complete cell destruction) type of secretion, and usual
cell components are inevitably present in the venom, and
it is difficult to understand their specific functions [89-
92].

Separate groups of the spider venom components
will be considered below in accordance with the scheme
of classification given at the beginning of this chapter —
from structurally simpler low molecular weight sub-
stances to peptides and finally to proteins.

LOW MOLECULAR WEIGHT COMPONENTS

Low molecular weight compounds of different class-
es of inorganic and organic substances have been found in
spider venoms, such as salts, carbohydrates, amino acids,
biogenic amines, AP, etc. [1, 2, 29, 93].

Cation concentrations in the venom of wandering
spider C. salei are ~10 mM Na*, ~200 mM K*, and
~1 mM Ca’"; different ratios are observed in the spider
hemolymph: ~200 mM Na*, ~10 mM K, and ~4 mM
Ca*' [6, 94]. High concentration of potassium ions in the
venom attracts special attention. In such concentration
they themselves are able to cause paralysis of the victim
due to the potassium-induced depolarization of electro-
excitable cell membranes. Also, synergism was revealed in
action of the venom peptide neurotoxins and potassium
salts, which is probably a widespread event noted not only
for C. salei but for the venom of the scorpion Parabuthus
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transvaalicus as well [8, 95]. It is supposed that the syner-
gism is based on the potassium-induced depolarization
during which the voltage-gated ion channels, the targets
of neurotoxins, are activated.

Biogenic amines like serotonin, histamine, nor-
adrenalin, etc., as well as amino acids such as glutamate,
taurine, or y-aminobutyric acid are found in venoms of
many spiders (often in high concentrations of the order of
tens of millimolar and higher) [8, 74, 93, 94, 96-103].
Most of these compounds are known as neuromediators
or neuromodulators in the insect nervous system; there-
fore, their function in the venom is obvious. In some cases
synergism was found in action of neurotoxins and these
compounds, the effect of which is probably similar to that
of potassium salts: activation of neurotoxin receptor tar-
gets takes place [7, 8] (see below). Some amines are
known to cause pain that can be the basis of the venom
protective function and, in addition, they enhance the
blood vessel permeability and increase local blood flow,
thus contributing to spreading different toxic venom
components.

In 1994, an unusual glutamate receptor blocker, sul-
fated fucopyranosyl guanosine, was found in the venom of
North American funnel-web spider Hololena curta
(Agelenidae family) [104, 105]. Later it was shown by
NMR of whole venoms of many spider species that sul-
fated nucleosides can be their main components [93,
106]. These are mono- and disulfates of ribonucleosides
(guanosine and xanthosine), and some of them are addi-
tionally glycosylated (contain one or two fucose residues).
Different type nucleosides, whose function is probably
potentiation of the toxicity of the polypeptide compo-
nents, were also found in spider venoms [103, 107, 108].

Investigations of the first half of the 1980s showed
that venoms of the Araneidae and Nephilidae family spi-
ders such as Argiope lobata, Nephila clavata, and Araneus
gemma are able to disturb nerve—muscle transmission in
arthropods by blocking glutamatergic synapses [109-111].
In 1986, the main component of A. lobata (widespread in
the Old World) venom, the 636-Da compound argiopin,
was isolated and its structure was determined using NMR
and mass spectrometry [112]. Four different fragments
were found in argiopin: residues of asparagine and argi-
nine, 2,4-dioxyphenylacetic acid, and polyamine (Fig.
1).

Argiopin was the first member of a broad class of tox-
ins from spider venoms that got the common name of
“acylpolyamine” or “polyamine” toxins. It was shown in
experiments on neuromuscular preparation of flesh fly
larvae and on isolated frog spinal cord that argiopin at
concentrations ~1078-107% M blocks ion channels activat-
ed by glutamate [113-115]. In addition to argiopin, eight
different antagonists of glutamate receptors were found in
A. lobata venom such as argiopinines and pseudoar-
giopinines having similar mechanism of action but differ-
ent affinity to receptors (Fig. 1). All identified toxins
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Fig. 1. Combinatorics of acylpolyamine toxins in spider venom (example of Argiope lobata). An example of molecular diversity of spider venom
components (according to [117, 118]). Structural formulas of substances are shown with corresponding names given below. The following frag-
ments are designated in the structure of argiopin: 1) acyl radical; 2) intermediate group (amino acid residue); 3) polyamine chain; 4) termi-
nal group (arginine residue).
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selectively blocked ion currents that are activated upon
application to membrane of isolated rat hippocampal
neurons of glutamate or an agonist of one of the gluta-
mate receptor types — Kkainic acid [116]. All inhibitors
except pseudoargiopinine III (a shortened form of
pseudoargiopinines) exhibited pronounced structural
homology, contained an arginine residue, aliphatic
polyamines, and chromophoric aromatic groups modified
by asparagine or lysine [117-119]. The structures of other
inhibitors of glutamate receptors from venoms of Asian
spiders Nephila pilipes (NSTX-3) and N. clavata (JSTX-
3) were determined at approximately the same time [120,
121].

The structures of more than a hundred polyamine
toxins from venoms of tens of spider species of different
taxonomic groups are now known. All these toxins exhib-
it notable structural homology, i.e. based on a polyamine
chain having primary, quaternary amino-, or guanidine
group or an arginine residue at one end of the molecule
and in most cases an aromatic group (of variable type) —
acyl radical — at the other end. This group joins the
polyamine either via an amino acid residue or directly by
an amide bond; other modifications can be also intro-
duced (Fig. 1) [7, 18, 35, 68, 122-125]. The polyamine
chain resembles structurally well-known polyamines such
as spermine, spermidine, putrescine, and cadaverine,
which are also found in some spider venoms [101, 126].
As already noted, several different AP modifications can
be simultaneously present in the same spider venom. For
instance, venom of A. aperta contains over 30 different AP
(a-agatoxins) whose structures were determined by mass
spectrometry [127]. This is an example of biomolecular
diversity (section “Composition of Spider Venom”), as
though spiders follow principles of combinatorial chem-
istry. Toxin molecules exhibit different efficiency and
specificity and their resulting mixture is active against a
broad range of targets. Note that some insects synthesize
combinatorial libraries of macrocyclic polyamines for
protection [128]. The discovery of philantotoxins, AP, in
the beewolf Philanthus triangulum venom probably illus-
trates convergent evolution of the wasp and spider venom
components [104, 129].

AP are non-competitive inhibitors of activated states
of glutamate receptors. In other words, polyamine toxins
do not interact with the agonist-binding center, and the
receptor should be activated before beginning of their
action [68, 130]. In this connection, simultaneous pres-
ence of AP and glutamate in venoms of the orb-weaver
spiders should be noted. Receptor activation by glutamate
of the venom immediately results in their efficient block-
ing by polyamines, and so there is functional synergism
between different venom components [81]. In venoms of
funnel-web spiders (Agelenidae family), the functional
role of glutamate is played by p-agatoxins, which results
in activation of glutamate receptors due to stimulation of
neuromediator release; venom efficiency (the develop-
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ment of paralysis) is much higher when a mixture of o-
and p-agatoxins is used instead of the separate compo-
nents [7, 76].

Although polyamine toxins are produced by spiders
mainly to paralyze invertebrate victims by blocking their
glutamate receptors, they are also efficient against gluta-
mate and acetylcholine receptors of the vertebrate nerv-
ous system. Moreover, they influence other ionotropic
receptors and ion channels, and in most cases they are
pore blockers that are efficient in micro- and submicro-
molar concentrations (1078-107® M). Other mechanisms
of action are also possible [68, 122, 123, 131-136].
Comparison of efficiency of natural and synthetic analogs
made it possible to identify functional significance of dif-
ferent regions in AP molecules such as the polyamine
chain length and modification extent and the size and
type of acyl radical and linker region. In some investiga-
tions, it was possible to achieve increased selectivity for
different receptor types (up to ~10°-fold) and efficiency
(K, of complex with receptor ~10™ M) of polyamine tox-
ins by directed modification of their molecules and by
chemical synthesis of the corresponding analogs [18, 116,
137, 138]. Polyamine toxins are indispensable tools in
investigations of glutamate receptors. For example,
JSTX-3 is used for identification of glutamate receptor
subunits (a variable amino acid residue is responsible for
high sensitivity to the toxin) [139]. Computer modeling
revealed important information concerning structure of
the pore region and principles of functioning of different
types of receptors as well as enabled the design of selective
ligands [139-143].

The function of many known components of spider
venoms is still not clear. For example, citrate was found in
venom of some spiders [100, 144]. The function of this
compound in bee and snake venoms is inhibition of Ca®*-
dependent phospholipases, i.e. protection against their
own toxins. After venom is injected into an aggressor or
victim organism, the mixture is diluted and the inhibitory
effect is eliminated [145]. Keeping in mind the develop-
ment of analytical methods, one should expect that the
chemical assortment of known low molecular weight sub-
stances of spider venoms will be soon significantly
expanded.

LINEAR PEPTIDES

Linear peptides, i.e. those free of disulfide bonds, are
rather frequent in spider venoms [18, 28, 29, 38]. They
mainly exhibit cytolytic effect not characteristic of disul-
fide-containing venom components. For this reason, it is
convenient to distinguish linear peptides as a special
group of spider venom constituents. However, as investi-
gations are developed, isolation of this group will proba-
bly seem more and more arbitrary. For instance, short lin-
ear kinin-like, bradykinin-potentiating peptides as well as
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inhibitors of angiotensin-transforming enzyme have been
isolated from some spider venoms, which is specific of
venoms of different animals [146-149]. These compounds
interfere with the victim’s physiological status, and prob-
ably in this way they contribute to the overall toxicity of
the venom.

Necrotic activity of many spider venoms was estab-
lished long ago [1]. According to current thinking, it can
be due to the presence of two types of components—Iin-
ear peptides and large proteins with phospholipase activ-
ity [33, 38]. Prototypes of both substance groups are
presently considered as “classic” main components of the
honey-bee Apis mellifera venom CP melittin and phos-
pholipase A, protein, the presence of which is responsible
for high and nonspecific cytotoxicity of bee venom [60,
67, 150]. As for spiders, cytolytic activity of venoms of 26
spider species was screened in 1998 [151], and then
amino acid sequence was determined for the first time for
two CP from venom of North American tarantula Hogna
carolinensis (Lycosa carolinensis; “wolf” spiders of the
Lycosidae family) [69]. Due to later works in this field, a
concept arose concerning CP as an important component
of arthropod venom [38, 152].

About 30 CP assigned to 12 groups have been isolat-
ed from venoms of five spider species (families Ctenidae,
Lycosidae, “lynx” spiders of Oxyopidae, Zodariidae) and
characterized (Table 5; amino acid sequences are given in
Swiss-Prot section of UniProt database [153]) [62, 63,
69-72, 154]. In addition to linearity, they are character-

Table 5. Cytolytic peptides of spider venom

VASSILEVSKI et al.

ized by the following features: they are short (contain
<50 a.a. with exception of cyto-insectotoxins that will be
discussed below), cationic (relatively high positive charge
of molecules at neutral pH, p/ >10), and amphiphilic (see
below) polypeptides prone to formation of a-helices and
exhibiting affinity to lipid bilayers [38]. All these features
are characteristic of peptides from very different organ-
isms that carry out protective function against pathogens.
They form the biggest group of antimicrobial peptides
(AMP) [155], so-called a-helical AMP: in aqueous
media these peptides are disordered, and they acquire o.-
helical conformation upon contact with membranes
[156]. Cytoplasmic membrane serves as target for CP
action — their positive charge provides for electrostatic
binding to its surface, amphiphilicity allows the peptides
to incorporate into the bilayer, and just disturbance of the
bilayer integrity is responsible for cell death [157-159].
The amphiphilic (amphipathic) property is
expressed in spatial separation of hydrophobic and
hydrophilic (including charged) amino acid residues,
forming clusters or patches on the surface of molecules.
Amphiphilicity can be revealed at the level of primary
structure; for example, in melittin positively charged
amino acid residues are clustered in the C-terminal region
[160]. For most CP from spider venoms and for a.-helical
AMP, amphiphilicity is revealed at the level of secondary
structure and does not result in any particular amino acid
residues distribution along the amino acid sequence. It is
convenient to visualize amphipathic a-helices using pro-

Charge | Number of
Spider species Peptide name! Amino acid sequence’ (at | amino acid
pH 7.0)| residues
i IWLTALSFLCGHAAGHLAGOOLSHL-NH, + 25
Hogna carolinensis lycotox%n L, P61507 -__ ,m - & e . = EQ? l'i. B ¢
lycotoxin II, P61508 | SINWF LI TMISTIASFIATEOM IIHLCCE +6 27
lycocitin 3, POC2US [ ZISWE STMESLASFLAZEOM S 4HLCE +6 26
Lycosa singoriensis Y . I'i:.." ""TMg LAY REOMS
lycocitin 1, POC2U6 |CELOAFLAZMIEIAAQTL-NH, +3 18
. FCLASLLICLSFASVL  VLP AA A JALA JSMADE
. oxyopinin 1, P§3247 NAIROON +10 48
Oxyopes takobius AIZOONQ o _
oxyopinin 2a, P83248 |CHFSVE -EIIESIA'AI"}VB_’]; v ﬁﬁﬂEQEgTASDLDENQ +8 37
Cupiennius salei cupiennin la, P83619 |CFCALF FLA S VA TVAZOAA O CALYVVNIOME - NH., 13 35
latarcin 1, QIELT9  [SMWS CMWL G L S LANAL S AL CE +9 25
latarcin 2a, QIELU1 |CLFCILIGIFCIGATISYAV AL CTH +9 26
latarcin 3a, QIELU3 |SWHSMAGILIEYME (L OCA-NH, +6 20
Lachesana tarabaevi | 1atarcin 4a, QIELUS |CLEDIFESMCEILIOYIOTWLATF-NH, +6 24
latarcin 5, QIELU9  |CFFCIMIEYF {IFCASFLGUFANL G L-NH, +10 28
cyto-insectotoxin la, |CFFCNTWESIHCEADIIMLITAVIIMVIEE  ISTEEAQOALY
P85253 DAMSEQIE«LYLDEYY FALOTASETL +14 69
Grammostola rosea | GsMTx-4, Q7YT39 |CCLEFWWCNPNDDCCHPILICSELFLCNFSF-NH, +5 34

'"The UniProt database codes are shown [153].

2 Hydrophobic residues are in bold, positively charged residues are shaded dark grey, negatively charged residues — light grey, glycine residues are in
grey print, hydrophilic uncharged residues — in bold grey. Half-cystine residues are underlined. C-Terminal amidation is marked as NH,.
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jection on a plane such as “helical wheel”
(Schiffer—Edmundson projection) (Fig. 2) [161]. In some
cases, amphiphilicity becomes obvious when spatial
structure is considered, as in the case of cupiennins [72].
Spatial structure is now known for three CP from spider
venoms (they were studied by NMR and are presented in
the PDB database [162]): cupiennin la (from C. salei
venom) in aqueous trifluoroethanol imitating a mem-
brane environment (code in PDB database is 2K38)
[163], and two latarcins, 1 and 2a (from L. tarabaevi
venom) in complex with sodium dodecyl sulfate micelles
(2PCO, 2G9P) [164, 165]. All three structures are simi-
lar: the peptides form amphipathic a-helices. Owing to
the amphipathic properties, CP are characterized by a
peculiar intramolecular gradient of hydrophobic poten-
tial (Fig. 2) [166, 167] and can efficiently incorporate into
membranes. In this case, side chains of hydrophilic
amino acid residues are oriented to the aqueous phase
(and/or to membrane “interface” where they interact
with lipid “heads”), while side chains of hydrophobic
amino acid residues are immersed in the nonpolar phase
of lipid “tails”.

CP from spider venoms exhibit activity against a
broad spectrum of target cells of pro- and eukaryotic ori-
gin in the micromolar range of concentrations.
Compared to neurotoxins, they seem less specific and
efficient. Most of these substances are characterized by
low selectivity and correspondingly by receptor-inde-
pendent mechanism of action. It will not be an exaggera-
tion to say that CP from venoms of spiders and other
arthropods are typical membranolytics, but nevertheless
efficiency of their action depends on the membrane lipid
composition and membrane potential [38, 62, 63, 67, 71,
152, 154, 156-158, 168-171]. Several models have been
proposed to explain the increase in permeability of target
cell membranes in response to CP. Three of them appear
most often in the literature. According to the “barrel-
stave” model, CP molecules form oligomers piercing the
membrane with channel or pore formation. Experimental
confirmation of this model was obtained for the peptide
antibiotic (peptaibol) alamethicin [172]. Another model
suggests formation of a “carpet” of numerous incorporat-
ed peptide molecules on the membrane that is destroyed
after achievement of a threshold concentration. This
model was proposed for AMP from amphibian skin (der-
maseptins) and insect hemolymph (cecropins) [173-175]
and is suggested for many latarcins [164, 165, 168]. The
model of “toroidal” pores formed both by peptide mole-
cules and membrane lipids obtained experimental
grounds for the majority of CP (such as magainin from
frog skin and melittin) [176, 177]. It is supposed that most
CP from spider venoms act just in this way [163, 165, 168,
170, 171]. The possibility of peptide action using several
mechanisms simultaneously should be noted along with
the absence of really clear borders between the above-
described models; there have been attempts to join all
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Fig. 2. Cytolytic peptide latarcin 2a from the spider Lachesana
tarabaevi venom. a) Amino acid sequence (code in the UniProt
database QIELUI1 [153]). b) “Helical wheel” projection.
Hydrophobic, hydrophilic, and glycine residues are marked in dif-
ferent shades of gray. ¢) Spatial structure in complex with deter-
gent micelles (code in PDB database 2G9P [162]). The virtual
surface of the peptide molecule is darkened in accordance with
hydrophobic potential [166, 167] using the MOLMOL program
(http://hugin.ethz.ch/wuthrich/software/molmol/).

models into one [159, 168, 178]. Besides, we believe that
in biological sense there is no principal significance of
detailed mechanism of CP action, and only the final
result is important — realization of venomous function.

The following additional characteristics of a-helical
CP from spider venoms should be mentioned. (i) Obvious
prevalence of lysine residues over arginines. Reasons for
this prevalence are not quite clear; more often replace-
ment of some positively charged amino acid residues by
others does not influence functional properties of CP
[179]. Arginine residues are incorporated in processing
motifs of the venom peptide components and their elimi-
nation from the mature peptide sequences can be associ-
ated with assurance of correct maturation (section
“Biosynthesis of Spider Venom Components”). (ii)
Frequent posttranslational modification — C-terminal
amidation. This modification is due to the presence of an
additional C-terminal glycine residue in precursor mole-
cules (section “Biosynthesis of Spider Venom
Components™) [180]. (iii) Often glycine or serine appears
as the N-terminal amino acid residue, which is probably
due to peculiarities of limited proteolysis of propeptides,
namely, to the specificity of processing enzymes. (iv)
Despite general preference for amino acid residues with
high potential to form helical conformation, glycine
and/or proline residues are frequent in the middle of CP
sequences. As a result, peptides are characterized by
helix—loop—helix type of structure. The appearance of
local regions with disordered structure or with quite pro-
nounced conformational lability influences functional
features of molecules and their specificity toward differ-
ent types of membranes [163-165, 171, 181, 182].

For comparison, Table 5 gives the sequence of the
disulfide-containing peptide GsMTx-4 (code in UniProt
database is Q7YT39 [153]) from the venom of the Chilean
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rose bird-eating spider Grammostola rosea (Grammostola
spatulata; Theraphosidae family). This peptide is an
inhibitor of mammalian mechanosensitive receptors and
also exhibits cytolytic activity [183, 184]. Structurally it is
a typical neurotoxin of spider venom, and it belongs to the
class of molecules forming the so-called “cystine knot” in
space (section “Disulfide-Containing Peptides™) [185]. A
great number of AMP from plants and hemolymph of
arthropods belong to the same class [186, 187]. So, evolu-
tionary parallelism in the CP molecule structure is
revealed in this way. It was found that the classic blocker
of potassium channels charybdotoxin from the venom of
the scorpion Leiurus quinquestriatus hebraeus also
exhibits antimicrobial activity, and in spatial structure
(motif of “cysteine-stabilized a-helix—p-sheet”, CSa})
it resembles AMP from other sources [188, 189]. The
existence of molecules simultaneously exhibiting neuro-
and cytotoxic activities can be explained by (a) random
emergence of the less specific and less powerful cytolytic
activity due to the necessary structural requirements of
amphiphilicity, the presence of a charge, etc. [190]; (b)
directed selection of such molecules that are either a
peculiar point of neurotoxin and CP divergence or suc-
cessfully combine both necessary functions.

In addition to short latarcins, long linear cyto-insec-
totoxins exhibiting equally pronounced antimicrobial,
cytolytic, and insecticidal activities were found in L.
tarabaevi venom [63, 154]. These peptides twice exceed
“average” CP both by length and charge (Table 5), but on
the basis of other characteristics they belong to a-helical
AMP. They are now perhaps the longest known peptides
of this class. Biological activity draws them together with
“usual” peptide toxins, but the absence in their structure
of disulfide bonds made it possible to identify cyto-insec-
totoxins as an independent group of spider venom com-
ponents, as well as CP and AMP. Cyto-insectotoxins can
be considered as composed of two short peptides (about
30 a.a. in length) joined by a linker resembling the pro-
cessing motif of precursors from spider venom glands
(section “Biosynthesis of Spider Venom Components”™).
It is supposed that these compounds emerged in evolution
from “binary” precursors due to mutation of the key argi-
nine residue in the processing site, and therefore they are
unusual “modular” molecules of the CP—CP type. The
mutation was fixed because it had a positive effect: cyto-
insectotoxins, unlike short CP, exhibited high insecticidal
activity. Another example of modular peptide toxins is
also known: modules of linear CP and CSaf are com-
bined in the structure of some polypeptides from scorpi-
on venoms — the CP—CSaf} type [191, 192]. We believe
that the variability of modular toxins can be wider, and
their emergence correlates with the general evolutionary
vector “from simple to complex”.

Active function of AMP as effector molecules of
innate immunity in plants and animals is generally
accepted [193-195]. Bacteria and fungi also produce CP
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to displace competitors from ecological niches [196]. A
number of possible functions of spider venom CP have
been proposed [38]. (i) Direct toxic effect is most often
considered as the main function of CP in venoms [63, 67,
69]. However, it is necessary to note pronounced differ-
ences both in cyto- and total toxicity of different CP, and
some specificity of action is observed. Besides, this func-
tion is obvious only if corresponding peptides are the
major venom component; otherwise, their contribution
to toxicity is insignificant [62, 152]. (ii) Synergism with
neurotoxins in action. This effect was shown experimen-
tally for oxyopinins and cupiennins [8, 71]. The molecu-
lar basis of synergism is not clear; it is supposed that CP
serve as an original “guide”, “spreading factor” for neu-
rotoxins, due to their cytolytic properties CP “clear” the
way to neurons through protective cellular barriers. (iii)
Direct antimicrobial effect. Many arthropods live in large
aggregates or colonies where decrease in risk of epidemic
is important. It is possible that the CP-containing venom
is used as an antiseptic [66, 197]. Besides, CP concentra-
tion in a stung victim is usually sufficient to clear all
microorganisms, and these compounds can be used as
conservants. Finally, the CP function might also be direct
protection of venom glands against infection [191, 198,
199]. It is still not clear why authors of works on the
venom cytolytic components do not consider their func-
tion in external digestion common among spiders. In our
view, the ability of CP to make food digestion easier via
destruction of the victim’s cell and tissue structures is
obvious, and such CP function is probably a leading one.

DISULFIDE-CONTAINING PEPTIDES

At the present time approximately 500 peptides with
Mm <10 kDa (amino acid sequences are shown in the
Swiss-Prot section of the UniProt database [153]) are
characterized for 60 spider species of 20 families; most of
these peptides contain disulfide bonds and exhibit neuro-
toxic properties. However, it is only a small part of the
actual natural diversity. Peptidomic and genetic investiga-
tions point to simultaneous presence in the same venom
of up to several hundred and more peptides, so with
account for the remarkable spider species variability [200,
201], it can be admitted that researchers deal with a huge
natural library having tens of million or more molecules
[3, 4, 31, 32, 45, 46, 48, 202, 203]. Neurotoxins are as a
rule efficient against corresponding receptors already at
nanomolar concentrations, a complex with numerous
contacts being formed (K of toxin complex with receptor
~107° M), i.e. there is specific target recognition.
Compared to nonselective substances such as CP, neuro-
toxins exhibit their effect in significantly lower (at least by
one order of magnitude) doses. In this case, the so-called
median lethal dose (LDsy), causing 50% lethality,
depends on the target organism and the route of toxin
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introduction (it can vary in a broad range from fractions
of ug/kg to tens of mg/kg and up to the absence of signif-
icant toxicity), which is first of all due just to selectivity
towards certain receptors.

In addition to peptides from spider venoms, there are
also many well characterized families of polypeptide tox-
ins affecting different targets and isolated from animals of
various taxonomic groups like snakes, scorpions, cone
snails, and sea anemones; the number of known sub-
stances is more than one thousand. For successful orien-
tation in this diversity, adequate toxin classification and
nomenclature are necessary. The recent tendency in toxin
denomination using Greek symbols and names of pro-
ducing animals is clear. The conus toxin nomenclature,
elaborated in detail, suggests that a Greek letter in front of
polypeptide name points to its main target [83]. However,
this principle does not always agree with accepted norms
in nomenclature of other animal toxins. Moreover, divi-
sion only on the basis of main targets is not enough due to
numerous toxins with no detected pharmacological
effect; therefore, other criteria are used additionally for
toxin classification. For example, considering cysteine
residue distribution in amino acid sequence, the same
conotoxins are subdivided into several superfamilies, and
within each of them separate groups are formed accord-
ing to the mechanism of action [83, 204]. Classification
based on primary structure homology and position of
structurally important amino acid residues was estab-
lished for scorpion toxins affecting potassium channels
[205, 206]. For spider peptide toxins, a principle of clas-
sification following the pattern of the primary structure
motifs was proposed based on analysis of amino acid
sequences using a special algorithm and not considering
pharmacological properties [45]. The next step was a
recently proposed “global” classification of animal tox-
ins, which combines pharmacological toxin parameters
and data on taxonomic position of the producing animal
[207]. The most frequent symbols in names of spider tox-
ins should be noted: o — the targets are chemo-excitable
ionotropic receptors of postsynaptic membrane (nicotine
acetylcholine and glutamate), ¥k — K* channels, p — Na*
channels (in the novel nomenclature the symbol p is used
only for pore blockers, while the symbol & is used for
modulators of these channels), ® — Ca®* channels.

Unlike conotoxins [208], spider peptide toxins sel-
dom contain modified amino acid residues. Widespread
posttranslational modifications of these molecules
include C-terminal amidation and splitting off C-terminal
positively charged amino acid residues, “standard” trans-
formations in biosynthesis of secreted polypeptides in
eukaryotes (section “Biosynthesis of Spider Venom
Components”). Unique exceptions are PLTX-II from the
venom of Plectreurys tristis (Plectreuridae family;
P34079) and w-agatoxin IVB from the venom of A. aper-
ta (P37045). In the first case the C-terminal amino acid
residue is modified by palmitic acid [209], and in the sec-
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ond case chirality of one amino acid residue is altered,
which results in significant increase in toxin activity (by
one-two orders of magnitude) and stability [210, 211]. o-
Agatoxins IA and IB (P15969, P15970) are two-chain
polypeptides (Mm ~7.5 kDa) whose chains are fixed by a
disulfide bond. Both toxin chains are encoded by the
same gene, and their separation is the result of propeptide
cleavage in accordance with characteristic motifs of lim-
ited proteolysis (section “Biosynthesis of Spider Venom
Components”) [85, 212]. Another example of two-chain
peptide is CSTX-13 (Mm ~7.5 kDa, P83919), so-called
neurotoxic enhancer from the venom of C. salei [80],
probably synthesized in a similar way.

Independently of their biological activity, peptide
spider toxins are characterized by a number of features of
amino acid sequence that determine the polypeptide
chain folding in space. Due to their small size, the three-
dimensional structure of these molecules is usually stud-
ied by NMR. Now it is possible to speak definitely about
three types of fold characteristic of spatial structure of
disulfide-containing peptides of spider venoms (present-
ed in the PDB database [162]). All three types of fold are
not unique for spiders, but are extremely widespread in
nature. Functional variability of peptides with identical
type of spatial structure has caused great interest of scien-
tists in these folds, which represent peculiar structural
“scaffolds” for creation of compounds with desired prop-
erties. After the immunoglobulin domains, the fold types
shown below are favorite objects of structural biology,
rational design, and structural—functional investigations
of biologically active compounds [213, 214].

The polypeptide chain fold described by a structural
motif of the so-called “inhibitor cystine knot” (ICK)
(Tables 3 and 4) is characteristic of the overwhelming
majority of known spider peptide toxins. The same motif
appears in numerous peptides with various functions iso-
lated from very diverse sources, i.e. animals, plants, fungi,
viruses: C!' X, ; C2 X5, C* X,; C* X, C° X1 C°, where
X is any amino acid residue. The following arrangement
of disulfide bonds is observed in all molecules of this type:
C'—C*, C*—C’, C3—C®. Spatial structure of peptides with
ICK motif is characterized by the presence of a -hairpin
and a peculiar “knot” (origin of its name): the third disul-
fide bond (C3—C?®) pierces the ring formed by the other
two disulfides and the main chain atoms joining these
bonds. Polypeptides with the ICK fold are also often
called knottins; now over a thousand knottins with differ-
ent biological functions are known such as protease
inhibitors, AMP, insecticidal and antihelminthic pep-
tides, neurotoxins, humoral regulators, etc. [39, 41-43,
186, 187]. It should be noted that some molecules posses
the conditions of the primary structure motif and are
characterized by the same type of disulfide arrangement,
but the knot structure is not formed in space; therefore,
these molecules do not belong to the ICK class [215].
Thus, the primary structure motifs and even arrangement
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of disulfide bonds not always unambiguously define the
molecular fold.

Three main fragments can be distinguished in the
“canonical” structure of the knottin type spider toxins
containing six half-cystine residues (Fig. 3): N-terminal
region of about 8-10 amino acid residues (to the second
half-cystine residue); central fragment richest in half-
cystine residues and containing specific “doubled” CC
motif, and finally, C-terminal fragment after the fifth
half-cystine residue characterized by the highest variabil-
ity both in size and amino acid composition. Strict regu-
larity was noted in the distribution of cysteine residues in
the N-terminal and central parts of the toxin amino acid
sequence, which resulted in formulation for them of a
special primary structure motif. For the overwhelming
majority of toxins the distance between the first and sec-
ond cysteine residues corresponds to 6 a.a., while the
third and fourth cysteine residues usually occupy adjacent
positions. These observations made it possible to identify
the so-called principal structural motif, PSM:
C' X, Cx........ C? C*, where X is any amino acid residue.
In practical aspect, the presence of the PSM motif in any
studied spider venom peptide structure is probably a suf-
ficient condition to suppose reliably the neurotoxic func-
tion. This is usually important when amino acid sequence
is deduced from the nucleotide sequence. Analysis of
sequences containing more than six cysteine residues
revealed a different regularity: in more than 70% of ana-
lyzed structures the fifth and sixth, as well as the seventh
and eighth cysteine residues are arranged at interval of
one amino acid residue (Table 4). The extra structural
motif (ESM) was proposed: C° X C°......... C7 X C8, where
X is any amino acid residue. The presence in the studied
structure of an ESM motif without PSM does not point
reliably to neurotoxic function of the peptide. Examples
of PSM and ESM motifs revealed in spider toxins are
shown in Fig. 3, and several rarer varieties of these motifs
were also found [45].

c' c? csct Co...
agelenin GGCKPHNRF CNALSGPRCCSG--LKC KELSIWDSRCL
heteropodatoxin-1 ~ DCCTIWHY CGTDQSE-CCEG--WKC SRQLCKYVIDW
hainantoxin-IV  ECLGFGKG CNPSNDQ-CCKSSNLVC SRKHRWCKYEI

EKKCQCRLW

@-Lsp-IA EKSCITWRNS CM-HNDKGCC--FPWSC VCWSQTV
SFI1 KECMTDGTV CYIHNHNDCCGS----C LCSNGPIARPWEMMVGNCMCGPKA
8-palutoxin IT1 GCLGEGEK CADWSGPSCCDG--FYC SCRSMPY------==--= CRCRNNS

psm || | esm ||

Fig. 3. Amino acid sequences of spider peptide toxins with indica-
tion of PSM and ESM motifs. Examples are agelenin from
Allagelena opulenta (code in UniProt database P31328 [153]),
heteropodatoxin-1 from Heteropoda venatoria (P58425), hainan-
toxin-1V from Haplopelma hainanum (P83471), w-Lsp-IA from
Geolycosa sp. (P85079), SFI 1 from Segestria florentina (P61095),
§-palutoxin IT1 from Paracoelotes luctuosus (P83256). Breaks are
introduced for optimization of sequence comparison. Numbering
of the first five cysteine residues is shown above.
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Fig. 4. Spatial structure models for spider venom peptide toxins
with six cysteine residues. Ribbon models were drawn using the
PyMOL program (http://www.pymol.org/). Examples are phrixo-
toxin 1 from Paraphysa scrofa (code in PDB database 1V7F
[162]), GsMTx-2 from Grammostola rosea (1LUP), w-atracotoxin
Hvla from Hadronyche versuta (1AXH), psalmopeotoxin I from
Psalmopoeus  cambridgei (1X5V), hainantoxin-IV  from
Haplopelma hainanum (IN1Y) (ICK motif), and huwentoxin-II
from Haplopelma schmidti (1125; DDH motif, shown in frame).

The ICK type of fold abundance in spider peptide
neurotoxins is confirmed by investigation of over 30 spa-
tial structures, but while the general fold is retained there
is high variability in detail (examples are shown in Figs. 4
and 5). For numerous toxins this type of fold is implied on
the basis of the arrangement of cysteine residues in the
primary structure and (when known) the general scheme
of disulfide bond formation. Peptides form in space tight-
ly packed coils with extremely stable structures. In terms
of PSM and ESM motifs, both N- and C-terminal regions
of the molecule are fixed at the central core. In this case,
prevalent elements of secondary structure are B-sheets
and B-turns, and a-helical conformation is rare. The size
of the B-hairpin depends on the distance between the fifth
and sixth cysteine residues of the “canonical” cystine
knot, and an additional third strand of antiparallel [3-
structure, formed by the N-terminal region of the mole-
cule, is present in many toxin structures.

Over six half-cystine residues can be present in mol-
ecules with cystine knot fold, and in this case disulfide
bonds are arranged so that the ICK motif is not altered
(Fig. 5). Moreover, approximately equal numbers of spi-
der toxins with three and four disulfide bonds are known.
The latter are usually characterized by the presence of an
ESM motif (Fig. 3), and the scheme of S—S bridge
arrangement is as follows: C'-C* C*-C°, C*-C8,
C®—C7; the fourth “additional” disulfide bond is intro-
duced into the B-hairpin structure that is usually elongat-
ed in this case (&-palutoxin IT2 structure, 1V91, is shown
as an example in Fig. 5). An additional structural element
of §-atracotoxins from venom of Australian funnel-web
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J-atracotoxin Hv1c

d-palutoxin IT2 huwentoxin-XI

Fig. 5. Spatial structure models for spider venom peptide toxins
with eight cysteine residues. Ribbon models were drawn using the
PyMOL program. Examples are -atracotoxin-Hvla (1VTX) and
J-atracotoxin-Hvlc (1DLO0) from Hadronyche versuta, 5-palutox-
in IT2 (1V91) from Paracoelotes luctuosus (ICK motif), and
huwentoxin-XI from Haplopelma schmidti (2JOT, Kunitz motif,
shown in frame).

spiders (Afrax and Hadronyche genera, Hexathelidae
family) is fixation by the fourth disulfide bond of the C-
terminal region of the molecule; in this case a specific
CCC triplet is present in the primary structure [216, 217].
A rare vicinal disulfide bond between cysteine residues in
adjacent positions was revealed for the same spider
venom insectotoxins called k- or J-atratoxins (J-
ACTXs). This bond is not involved in stabilization of
polypeptide chain fold, but it is critical for biological
activity, probably due to participation in direct contact
with the receptor [218].

It was found during analysis of J-ACTX spatial
structures that they exhibit the highest similarity with
peptides free of cystine knot but characterized by the
“disulfide-directed B-hairpin” (DDH) structural motif
C' X519 C* X, G/P X, C* X419 C*, where X is any amino
acid residue, and arrangement of disulfide bonds is
C'—C3, C2—C* [218]. This motif implies formation in
space of B-hairpins stabilized by two invariant disulfide
bonds; in this case the presence of additional secondary
structure elements and disulfides is not limited. It is
supposed that the DDH motif came earlier in evolution
and the ICK type of fold was based on it [219, 220].
For example, the DDH motif'is specific of huwentoxin-1I
of Chinese bird-eating spider Haplopelma schmidti
(syn. Haplopelma huwenum, Ornithoctonus huwena,
Selenocosmia huwena, Theraphosidae family; 1125) with
disulfide arrangement C'—C3, C>—C°, C*~C° (Fig. 4),
and is also possible for a number of other peptides [219].
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Huwentoxin-XI (2JOT), the spatial structure of
which is described by the Kunitz motif [221], was also
found in H. schmidti spider venom. This motif is wide-
spread in nature and is specific of a number of protease
inhibitors (such as the best known bovine pancreatic
trypsin inhibitor or aprotinin), K*-channel blockers
(from sea anemones and snakes), and other peptides
[222-226]. The arrangement of disulfide bonds observed
in these molecules is C'—C®, C>—C*, C*—C?, and the spa-
tial structure includes a short N-terminal 3,,-helix, C-ter-
minal a-helix, and three strands of antiparallel B-struc-
ture (Fig. 5).

Note that specific motifs corresponding to the
above-mentioned folds are absent from amino acid
sequences of some spider venom peptide components.
Thus, the diversity of the molecular folds can be signifi-
cantly wider than that shown here.

Disulfide-containing peptides from spider venoms
are characterized by high variability of functional features
(Table 6). Many of the first studied spider peptide toxins,
like w-agatoxins from A. aperta venom affecting calcium
channels (1990), and hanatoxins from G. rosea venom
affecting potassium channels (1995), have become indis-
pensable tools for investigation of their targets [7, 21, 24,
79, 227, 228]. In biological aspect, the main targets of
spider toxins should be looked for in insects. The effect on
mammals can be: (i) also biologically justified and carry
out function of protection from attack; (ii) the result of
homology of target molecules among members of differ-
ent taxons; (iii) accidental performing necessary structur-
al requirements to ligands of corresponding receptors.

Table 6. Some targets of disulfide-containing spider tox-
ins

Target Toxin example' Mechanism of action

huwentoxin-XI, P68425
hanatoxin 1, P56852

pore blocker
activation inhibitor-
modulator

K" channels

huwentoxin-1V, P83303
protoxin I, P83480

Na* channels pore blocker
activation inhibitor-
modulator
activation modulator

inactivation inhibitor

p-agatoxin I, P11057
robustoxin, P01478

Ca?* channels | m-agatoxin I1IA, P33034| pore blocker
w-grammotoxin SIA, activation inhibitor-

P60590 modulator
H™ receptors | psalmotoxin 1, P60514 | blocker
Mechano- GsMTx-4, Q7YT39 blocker
receptors
Thermo- vanillotoxin 3, P0OC246 | activator
receptors

! UniProt database codes are shown [153].
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Main targets (receptors) of presently characterized disul-
fide-containing peptides from spider venoms are, in
accordance with their neurotoxic effect, protein compo-
nents of electro-excitable cell membranes (of neurons
and myocytes). First of all these are different voltage-
gated ion channels (potassium, sodium, calcium) but also
chemo-, thermo-, and mechanosensitive ionotropic
receptors (Table 6), which is the main subject of many
reviews [18, 23, 28, 29, 35, 36, 44].

Spider venom neurotoxins studied to date can be
divided to two large groups by their mechanism of action.
(1) Pore blockers (direct inhibition of ion conductivity
due to interaction with the receptor pore region). For
example, huwentoxin-IV (P83303) from the venom of H.
schmidti and Tx1 (P17727) from the venom of Brazilian
wandering spider Phoneutria nigriventer (Ctenidae family)
are pore blockers of Na* channels and interact with the
so-called receptor site 1 where classic inhibitors
tetrodotoxin and saxitoxin as well as p-conotoxins bind
[229-233]. Similarly, huwentoxin-XI (P68425) from H.
schmidti spider venom is also a typical pore inhibitor of K*
channels; its structure contains a specific “functional
dyad” of amino acid residues found in potassium channel
blockers from different sources and with various 3D
structure [221, 234]. w-Agatoxin IITA (P33034) suppos-
edly is a pore blocker of calcium channels [235]. (2)
Different types of modulators influencing activation and
inactivation of appropriate targets. For instance, hana-
toxins 1 and 2 (HaTx; P56852, P56853) from G. rosea
venom interact with the voltage-sensitive domain of K*
channels and interfere with their activation [20, 21, 228,
236-238]. The hanatoxin-homologous inhibitor of Ca?"
channels w-grammotoxin SIA (&-GrTx SIA; P60590)
from the same spider venom acts similarly [239, 240].
Protoxins I and II (ProTx; P83476, P83480) from the
venom of Chilean spider Thrixopelma pruriens
(Theraphosidae family) have similar effect on Na* chan-
nels [241, 242]. Moreover, these toxins are characterized
by cross-activity and interact with the conservative region
of the ion channel voltage-sensitive domains, which is
called the “paddle” motif [20, 21, 243-248]. Numerous
peptides of spider venoms are modulators of Na* chan-
nels; they retard inactivation or cause a shift in activation
potential and interact with the so-called receptor sites 3
and 4, the binding sites of a.- and -toxins from scorpion
venoms, respectively [233, 249, 250]. For example, the
main toxic venom components of dangerous for humans
spider genera Atrax and Hadronyche (Table 1) are o-atra-
cotoxins that similarly to the scorpion a-toxins retard
inactivation of Na* channels and bind to site 3 [249, 251,
252]. The best studied are 6-atracotoxins Arla (robustox-
in; P01478) and Hvla (versutoxin; P13494), major com-
ponents of Atfrax robustus and Hadronyche versuta ven-
oms, respectively (LDs, ~0.2 mg/kg in the case of subcu-
taneous and ~50-100 ng/kg in the case of intracerebral
introduction into mice) [253-256]. In the same way com-
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ponents of P. nigriventer venom influencing sodium chan-
nels similarly to -atracotoxins are responsible for toxici-
ty in mammals: Tx2-1 (P29423), Tx2-5 (P29424), Tx2-6
(6-CNTX-Pn2a; P29425), and Tx2-9 (P29426) [257,
258], and peptide Tx4(6-1) (6-CNTX-Pnla; P59368)
selectively influences Na* channels in insects, also by
binding to site 3 [259, 260]. It should be noted that now
available efficient antidotes ameliorate bite symptoms of
dangerous Australian funnel-web and South American
wandering spiders [17, 261]. Like scorpion [B-toxins,
insectotoxins of funnel-web spiders (p-agatoxins I-VI
from A. aperta venom, P11057-P11062, P60177, and cur-
tatoxins I-III from H. curta venom, P15967, P15968,
P60177) cause a shift in the Na* channel activation
potentials and probably interact with site 4 [76, 262].
However, homologous to the latter 5-palutoxins IT1-1T4
(P83256-P83259) from the venom of Asian spider
Pireneitega Iuctuosa (Amaurobiidae family) also bind to
site 4, but they inhibit channel inactivation similarly to
the scorpion a-toxins [263, 264].

The widespread mechanism of action of peptide
neurotoxins (characteristic, for example, of classic
acetylcholine receptor inhibitors from snakes and cone
snails), namely competitive inhibition of natural agonist
interaction with its binding site [265], is not characteris-
tic of spider toxins, but this might be due to insufficiency
of our knowledge.

Recent studies suggest two main types of spider toxin
interactions with receptors: (i) membrane-independent,
direct association with receptor from aqueous solution in
the absence of toxin molecule contact with membrane;
(il) membrane-mediated; during interaction with the
receptor, the toxin establishes contacts with membrane
lipids. The second type of action is still poorly studied,
but it is specific of some classic non-peptide toxins and is
probably widespread [20, 184, 245, 266-271]. As already
mentioned, the main structural requirement to peptides
interacting with membranes is their amphiphilicity. This
draws neurotoxins acting via membrane-mediated mech-
anism together with CP and AMP, and they can exhibit
cytolytic properties (section “Linear Peptides™).

In addition to target type diversity, many spider tox-
ins are characterized by selective action towards particu-
lar receptor groups. Perhaps the best example is toxins
influencing calcium channels [272, 273]. Earlier (section
“Composition of Spider Venom”) it has been already said
that the A. aperta spider venom contains various
inhibitors of Ca’* channels — w-agatoxins. These pep-
tides form four families with different specificity towards
various types of mammalian calcium channels, and in this
case the usual biological target for their action is insect
channels [7, 227]. w-Agatoxins IA and IB (P15969,
P15970) are two-chain (66 and 3 a.a.) peptides with
unknown type of fold (cystine knot fold is specific of
members of other families), inhibitors of L-type channels
[212, 274-276]. w-Agatoxins IIA and 1IB (90 and 95 a.a.,
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P15971) influence N-type channels [276], whereas m-
agatoxins IIIA-IIID (76 a.a.; P33034, P81744-P81746),
despite homology to family Il members, exhibit a broad
spectrum of activity towards L-, N-, P/Q-, and R-type
channels, the only exception being T-type channels [235,
277]. Finally, m-agatoxins IVA and IVB (48 a.a.; P30288,
P37045) are highly specific inhibitors of P/Q type chan-
nels [24, 77-79, 278, 279]. The venom of another well-
studied spider, P. nigriventer, also contains various pep-
tides influencing Ca?" channels [30]. For example, neu-
rotoxin Tx3-2 (076201) is active against L-type channels
[280], Tx3-4 (Pn3-4a, o-PTx-1IA; P81790) is structural-
ly similar to m-agatoxins I1I and irreversibly inhibits P/Q-
and N-type channels, whereas its action against R-type
channels is incomplete and reversible [281]; Tx3-3 (w-
PnTx3-3; P81789) and Tx3-6 (P81792) exhibit a broad
spectrum of specificity [282, 283]. Highly selective
inhibitors of calcium channels in the insect central neu-
rons were isolated from venoms of Afrax and Hadronyche
spider genera; they are the shorter atracotoxins of the m-
ACTX-1 family (36-37 a.a.) and the longer members of
the ®-ACTX-2 family (42-44 a.a.) [15, 16]. Activity of ®-
atracotoxins Hvla (P56207) and Hv2a (P82852) from H.
versuta venom was studied in detail, and in this case the
ratio of toxin concentrations efficient towards insect and
mammalian channels, i.e. specificity towards certain tax-
onomic animal groups, reaches 10* [284-287]. In all the
above-mentioned cases both functional diversity and syn-
ergism in action against various targets in the victim
organism provide for highest efficiency of the mixture.

In our view, with regard of extreme variability of spi-
ders themselves and peptides in their venom composi-
tions, the probability of detection of a ligand to practical-
ly any pre-assigned receptor is rather high, and this has
been repeatedly confirmed experimentally. For instance,
screening of a large species collection resulted in detec-
tion of psalmotoxin 1 (PcTx1; P60514) in the venom of
the bird-eating Trinidad chevron tarantula Psalmopoeus
cambridgei (Theraphosidae) that blocked with high affin-
ity and selectivity subtype la of acid-sensing ion channels
(ASICs) [19, 288]. A number of mechanosensitive chan-
nel ligands were obtained from G. rosea venom such as o.-
mechanotoxin (GsAF 11, P61409), GsMTx-2 (P60273),
and GsMTx-4 (Q7YT39) [27, 183, 185]. Finally, agonists
of vanilloid receptor TRPV1 called vanillotoxins (VaTx 1-
3; P0C244-P0C246) were also found in the venom of P.
cambridgei [26, 289].

The variability of targets of disulfide-containing pep-
tides from spider venoms is not restricted to ion transport
systems. For example, the lectin-like peptide huwen-
lectin-1 (SHLP-I; Q86C51) causing agglutination of ery-
throcytes was isolated from the venom of H. schmidti
[290, 291]. A report concerning isolation from P. cam-
bridgei venom of the two peptides psalmopeotoxins I and
IT (PcFK; P0C201, P0C202) exhibiting antimalarial
properties also deserves attention [292, 293]. These pep-
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tides in vitro inhibit development of malarial Plasmodium
falciparum within infected erythrocytes and do not exhib-
it hemolytic, cytolytic, and antimicrobial activity; there-
fore, the molecular target of their action remains
unknown. It is also reported that peptide Tx3-4 from P.
nigriventer venom, in addition to effect on calcium chan-
nels, is also able to block reverse capture of glutamate in
synaptosomes, probably by influencing the glutamate
transporter [294, 295]. The function of some peptides, as
in the case of CSTX-13 from C. salei venom, might be just
potentiation of activities of other components [80].

PROTEIN COMPONENTS

Independently of chosen strategy of component
composition formation (section “Composition of Spider
Venom™), various proteins are usually found in spider
venoms. However, the diversity of the protein component
has been thoroughly investigated using methods of pro-
teomics and genomics for venoms of only five spider
species [4, 31, 32, 296-299]. For instance, proteomic
investigations of venoms of Chinese tarantulas
Chilobrachys jingzhao (Chilobrachys guangxiensis) and H.
schmidti (Theraphosidae family), mainly rich with pep-
tide components, revealed the presence of at least 90 and
300 proteins, respectively, with Mm >10 kDa. Among
proteins for which homologies were found in the UniProt
database [153], there were various enzymes and transport,
regulatory, and structural proteins, and most of them are
characterized by intracellular localization and fulfill cer-
tain intracellular functions. The reasons for appearance
of these proteins in venoms are most likely associated
with apocrine or holocrine type of venom gland secretion;
they also might get there accidentally together with
secreted toxins, or due to contamination of venom sam-
ples, or they may carry out definite functions in venoms
proper. Most proteins could not be assigned to a certain
function or no known homologous sequences were found
for them in general, which however could be due to inad-
equacy of the identification techniques [4, 31, 32].

Many publications deal with characteristics of differ-
ent enzymes in spider venoms (proteases, nucleases,
lipases, glycosidases, etc.), but results of investigations
sometimes contradict each other, which might be the
result of venom sample contaminations, for example, by
digestive juices. First of all, this is associated with proteo-
Iytic enzymes, because proteolytic activity is usually
absent from pure venom preparations or is very low,
except for rare cases [29, 74, 300-310]. Nevertheless, as
already noted in the case of CP, one of functions of spider
venom components might be the involvement in external
digestion, and a central role in this process could be
played by enzymes. Hyaluronidase is a frequent compo-
nent in spider venoms [94, 103, 306, 308, 311, 312].
Taking into account the ability of this enzyme to destroy
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structure of extracellular matrix, hyaluronidase is usually
considered as a “spreading factor” of venoms; the same
function can be also carried out by proteases [33, 38, 306,
309, 311, 313]. It appears that spiders, unlike bees and
snakes [60, 61], rarely produce type A phospholipases,
though such cases have been described [312, 314].

In 1994, a work appeared that reported the presence
of enzyme peptidyl-isomerase in A. aperta venom (code
in UniProt database AAB34913, AAB34914 [153]) [210,
315]. This enzyme catalyzes the final step of w-agatoxin
IVB biosynthesis by changing chirality of Ser46 (section
“Disulfide-Containing Peptides”). A similar situation
with the final stage biosynthesis taking place in the extra-
cellular space with involvement of peptidyl-isomerases
occurs in other venomous animals as well [316-318].

Auxiliary functions are more often attributed to pro-
tein components of most spider venoms. However, the sit-
uation is quite different in recluse spiders of genus
Loxosceles (Sicariidae family) that are widespread mainly
in the Western hemisphere. Their venom contains a great
number of various enzymes—phosphatases, hyaluro-
nidases, phospholipases, and different proteases [33, 301,
304-309, 319-321]. Homologous protein necrotoxins
(Mm 30-35 kDa) responsible for toxic activity are main
components of their venom. In biochemical aspect, these
proteins are type D phospholipases active against sphin-
gomyelin and are therefore also called “sphingomyelinas-
es D” [308, 320-324]. The amino acid sequences of a
number of necrotoxins have been determined, and for
one of them (from Loxosceles laeta) the crystal structure
was obtained (code in PDB database 1XX1 [162]) reveal-
ing the TIM-barrel type fold, which is very widespread in
various enzymes [325]. About ten different isoforms of
sphingomyelinase D were identified in venoms of three
Loxosceles species using proteomic investigations [326].
Genes of a number of toxins have been cloned, and their
recombinant analogs causing “loxoscelism” symptoms
(Table 1) and efficient immune sera preventing develop-
ment of pathology have been produced [299, 308, 327-
335]. It should be stressed that similar enzymes do not
appear in any other animals but are found in some bacte-
ria, which suggests quite ancient horizontal gene transfer,
because introns are present within the spider genes [58,
336]. Despite the success achieved, the molecular mech-
anism of action of necrotoxins and the basis of their

Table 7. Latrotoxin characteristics

Toxi o- |oa- | B-|y-|0 | & | a-
OXin name LTX | LIT |LIT|LIT|LIT| LIT |LCT
Apparent molecular

mass, kDa 130 | 120 | 140 |120 |110 | 110 | 120
LDy, pg/kg 20°| 15°| 25°[250°| 60°|1000°| 100¢

Note: Testing was carried out on mice?, larvae of the greater wax moth
Galleria mellonella®, and on Cuban crayfish Procambarus cuben-

c

Sise.
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specificity are still not clear. For example, rabbits and
guinea pigs exhibit sensitivity to Loxosceles venoms simi-
lar to that in humans, whereas no skin ulcers are formed
in mice and rats [337]. The involvement of certain blood
plasma and immune system components of the victim in
development of necrosis was shown [320, 338-341]. An
interesting discovery, widening the already broad pharma-
cology of sphingomyelinase D, is detection of K™ channel
activation in response to enzyme action on cells [342].

Spiders of the genus Latrodectus (Theridiidae family)
known in Russia and USA as karakurt and “black widow”
are among arachnid species most dangerous for man
because antidotes are still not widely available [17, 261].
A family of high molecular weight neurotoxins, latrotox-
ins (Mm >100 kDa) exhibiting strong toxic effect against
various animals was found in their venoms [343, 344].
Similar proteins were found in spider venoms of the close
genus Steatoda [55, 345]. Over 400 publications deal with
investigation of latrotoxins and their receptors. The best
studied is a-latrotoxin (o.-LTX; P23631), which is effec-
tive against vertebrates. It was possible to show using elec-
trophysiological techniques that this toxin causes exhaus-
tive release of neuromediators from the vertebrate nerve
terminals resulting in blockade of signal transmission
[346]. o.-LTX stimulated exocytosis and caused secretion
of all known types of neuromediators. Venomous effect
was accompanied by membrane depolarization and calci-
um ion entry into neurons, but the presence of Ca’* was
not an obligatory condition for its action (Ca?* could be
replaced by Mg?") [347, 348].

Fractionation of the Latrodectus mactans spider
venom revealed a number of protein components active
towards vertebrates, insects, and crustaceans [349]. At
least seven different karakurt toxins are now identified;
this serves as an example of biomolecular diversity of spi-
der venom components (section “Composition of Spider
Venom”). These are a-latrotoxin for vertebrates, five tox-
ins for insects — latroinsectotoxins a-LIT (Q02989), B-
LIT, y-LIT, 6-LIT (Q25338), and &-LIT, as well as toxin
for crustaceans — a-latrocrustotoxin (a-LCT, Q9XZCO0)
[350]. This nomenclature is generally accepted for toxins
of karakurt and related spiders; it should not be confused
with nomenclature for peptide toxins (section “Disulfide-
Containing Peptides”). Latrotoxins are high molecular
weight proteins with Mm >100 kDa (Table 7). In electro-
physiological investigations, all toxins of this family stim-
ulated release of neuromediators from nerve terminals in
appropriate animals. Latroinsectotoxins had no visible
effect on vertebrates and crustaceans (Table 8), and latro-
crustotoxin did not influence insects and mice [351-353].
These results directly correlated with data on measuring
the radiolabeled a-LTX and o-LIT binding to prepara-
tions of vertebrate and insect neuronal membranes [354].
Apparently, karakurt secretes toxins that are the most per-
fect concerning their specificity towards animals of certain
taxonomic groups. In this case, combination of different
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Table 8. Toxic activity of a.-latroinsectotoxin

Tested animal LDs, pg/kg
Galleria mellonella (moth) 15
Periplaneta americana (cockroach) 27
Nauphoeta cinerea (cockroach) 45
Gryllodes supplicans (cricket) 35
Musca domestica (fly) 20 — LDy

Procambarus cubensis (crayfish) 7.5 mg/kg — no effect
Mice

Frogs

12 mg/kg — no effect
7.5 mg/kg — no effect

Note: LDs, and LD, are doses causing death of 50 and 100% of exper-
imental animals, respectively.

toxin activities results in broad specificity of the whole
venom. One of the main features of latrotoxin action is
formation in artificial membranes of pores permeable for
cations [355, 356]. However, specific toxin effect on cell
membranes is mediated by specialized receptors.

Structures of four latrotoxins were determined in
the 1990s [34, 357-360]. Three of them (a-LTX, a-LIT,
and o-LCT) consist of ~1100-1200 a.a. and &-LIT of
~1000 a.a.: probably all latrotoxins consist of several
domains (Fig. 6). Comparison of toxin structures revealed
rather high level of their homology (on average over 30%
identical amino acid residues). The N-terminal part of
latrotoxins does not exhibit noticeable similarity with
other known proteins, while the central part contains
tandems of ankyrin repeats of 30-35 a.a. each. Similar
repeats exist in hundreds of proteins exhibiting very dif-
ferent functions and are believed to be important for pro-
tein—protein interactions [361, 362]. The number of
ankyrin repeats in latrotoxins varies from 13 for 6-LIT to
20 for a-LTX. Repeats 15-17 in a-LTX, a-LIT, and o-
LCT contain unusual clusters of six cysteine residues that
are absent from 8-LIT. An interesting feature of these tox-
ins is the presence in their N-terminus of two conservative
hydrophobic regions of ~30 a.a. Thus, two main parts can
be distinguished in latrotoxin structures: N-terminal with
two conservative hydrophobic regions and central with
ankyrin repeats [34].

Even high-purity a-LTX preparations contain two
components with Mm ~130 and 8 kDa. The low molecu-
lar weight component (latrodectin, LMWP; P49125)
consists of 70 a.a. with three intramolecular disulfide
bonds [363-365]. LMWP is devoid of its own toxicity, has
no pore-forming activity in bilayer lipid membranes, and
structurally resembles crustacean hyperglycemic hor-
mone [366]. It is supposed that its functional role is stabi-
lization of a-LTX structure, and as a result potentiation
of its biological activity; in addition, this polypeptide
probably decreases selectivity of action of latrotoxins,
which is also biologically justified [367].
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Attempts to obtain a-LTX crystals have not been suc-
cessful. However, rather interesting data on its spatial
structure were obtained using electron microscopy. The
first works showed that o-LTX exists in the form of
oligomers [368]. Later its spatial structure with resolution
of about 15 A was determined using cryoelectron
microscopy. It was shown that the toxin exists in the form
of tetramer [369], and symmetrical tetramer is formed
only in the presence of calcium or magnesium ions, while
without them o-LTX exists as a stable asymmetrical
homodimer. Three domains are distinguished in the
monomer structure, while the tetrameric form has in its
center a channel of ~10 A in the narrowest place. It is sup-
posed that just the toxin tetramer is able to incorporate
into the membrane, forming the ion pore. Actually, the
amount of tetramer form of a-LTX evidently correlates
with its ability to stimulate exocytosis of neuromediators
[370]. Probably, Ca>*-dependent effect of latrotoxins is
caused by their tetramerization and incorporation into the
presynaptic membrane with pore formation, which results
in calcium ion entry into the nerve terminals.

As already mentioned, the a-LTX binding to the cell
membrane is mediated by specific receptors. Labeled
toxin was used as a research instrument to localize the
receptors. In addition, affinity sorbents with immobilized
a-LTX were obtained [371-373]. Three different recep-
tors/acceptors of this toxin have been identified: neurex-
in Ia, latrophilin, and tyrosine phosphatase ¢, among
which latrophilin is a G-protein-coupled receptor [374-
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Fig. 6. Organization of latrotoxin amino acid sequences.
Established sequences of protoxins a-LTX (P23631), a-LCT
(Q9XZCO0), a-LIT (Q02989), and 6-LIT (Q25338) are shown
schematically according to annotation in UniProt database [153].
Profragments are shown in dark gray. In mature chains positions
of ankyrin repeats, cysteine-rich cluster (ornament), as well as
the most conservative (medium gray) and conversely the most
variable (light gray) regions are shown. Breaks are introduced into
the 5-LIT sequence to optimize comparison with other latrotox-
ins.
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378]. It was found that in the case of a-LTX the presence
of membrane receptor is enough for pore-forming activi-
ty, and no interaction with other presynaptic proteins is
required. Neurexin binding takes place only in the pres-
ence of calcium ions, whereas interaction with other
receptors is Ca>*-independent. Far from all a-LTX effects
can be explained by its channel-forming properties.
Besides incorporation into neuronal membrane and pore
formation, a-LTX is able, after binding to latrophilin or
tyrosine phosphatase, to modulate activity of phospholi-
pase C and cause release of calcium ions from intracellu-
lar stores [379, 380]. Latroinsectotoxin receptors are not
known now despite the presence in insect genomes of
homologs of all three types of a-latrotoxin receptors [14,
381]. Latrophilin homolog was found in the genome of
nematode Caenorhabditis elegans; it was found that this
protein is responsible for the strong toxic effect of latro-
toxins (apparently e-LIT: LDs, ~1-2 ug/kg) in these ani-
mals [382].

It should be noted that o.-LTX is one of the most effi-
cient instruments of investigation of molecular processes
of neuromediator exocytosis now known. Undoubtedly,
further investigation of latrotoxins and their receptors will
be of great importance for recognition of molecular
mechanisms of neurosecretion [14, 380, 383].

To conclude, protein components of spider venoms
carry out various functions: they exert direct toxic effect
(necrotoxins or neurotoxins), appear as venom “spread-
ing factors” (enzymes destroying tissue structures), and
take part in final stages of toxin maturation.

BIOSYNTHESIS OF SPIDER
VENOM COMPONENTS

Mechanisms of biosynthesis of various spider venom
components have been studied to different extents, but on
the whole this field is not sufficiently studied. For exam-
ple, there are no data in the literature concerning biosyn-
thesis of low molecular weight components including
well-known AP. As for polypeptides, information about
the mechanism of their production is rather diverse,
although it is possible to speak about understanding the
general scheme of the process [85].

At the present time the structure of genes encoding a
very limited set of spider venom polypeptides is estab-
lished. Among them are insectotoxins of the spider
Diguetia canities [384], a number of H. schmidti peptide
neurotoxins [385, 386], sphingomyelinase D of several
species of Loxosceles and Sicarius [330, 335], and some
latrotoxins [360, 387]. An interesting peculiarity of genes
of H. schmidti peptides and latrotoxins is the absence of
introns, which is unique compared to other animal toxin
genes and is more characteristic of bacterial proteins. The
largest amount of information about maturation of the
venom polypeptide components was obtained during
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analysis of mRNA (more accurately, cDNA) from venom
glands. cDNA libraries containing more than one hun-
dred sequences have been obtained for several spider
species [4, 45, 46, 48, 330].

Apparently all latrotoxins are synthesized as inactive
precursors (Fig. 6). The protoxin molecule undergoes
processing during which the kexin/furin type protease
(also see below) cleaves off the N-terminal (~20-30 a.a.)
and C-terminal (up to ~200 a.a.) fragments [359, 360,
367, 387]. Thus, the latrotoxin precursor molecules can
be divided into three regions: cleaved N- and C-terminal
fragments and the formed mature chain.

Peptide components of spider venoms are usually
synthesized as precursors within which three main ele-
ments can be distinguished. (i) Since all molecules under
consideration are secreted, precursors include N-termi-
nal, so-called signal or leader (pre-)peptides causing
cotranslational delivery of the growing polypeptide chain
into the endoplasmic reticulum (ER). (ii) The presence
of prosequences (profragments), eliminated posttransla-
tionally due to so-called limited proteolysis, is character-
istic of the overwhelming majority of known toxin precur-
sors. The function of prosequences is very poorly studied,
but it apparently consists in assurance of correct peptide
maturation, folding, and sorting. In the case of CP, the
function of these elements is blocking of mature chain
activities and, as a result, protection of producing cells
against cytolysis [154, 388, 389]. (iii) Sequences corre-
sponding to mature peptides are localized in the C-termi-
nal regions of the precursors. Thus, structural organiza-
tion of precursors is described by the term prepropep-
tides. Similar structural organization is observed in the
case of a great number of secreted molecules including
conotoxins [86].

Figure 7 shows a scheme of processing of peptide
precursors from spider venoms. Initial cleavage of pre-
propeptide molecules, namely, separation of leader pep-
tides by signal peptidases takes place on entrance into ER
[390]. The next step of propeptide limited proteolysis by
specific enzymes results in prosequence removal. An
important discovery was detection of motifs that define
proteolysis of toxin and CP precursors from spider ven-
oms. These motifs were called PQM (processing quadru-
plet motif) (shown by arrow in Fig. 7) and iPQM (invert-
ed PQM) [45, 85]. The PQM motif can be described by
X, X,X;R expression, where any X, = E. In other words,
according to the generally accepted Schechter—Berger
nomenclature [391], the P1 residue forming the
hydrolyzed bond P1—P1’ is an arginine residue, while in
positions P2—P4 (sometimes up to P6) there are glutam-
ic acid residues. The iPQM motif'is a symmetrical copy of
PQM: the PI1 position is also occupied by an arginine
residue, while glutamic acid residues are in the P1'—P5’
region. Mnemonic description of these processing motifs
FEtoR/FEafterR, showing mutual arrangement of key amino
acid residues, is proposed as well.
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Signal peptide removal *
Profragment removal *

C-Terminal amino acid residue removal *

C-Terminal amidation *

Fig. 7. Processing of the spider venom toxin precursors. Main
stages of maturation as well as key regions of the precursor amino
acid sequence are shown on the scheme. Signal peptide, profrag-
ments, and the mature chain sequence are designated with differ-
ent hues of gray. The PQM (processing quadruplet motif) is shown
by arrows.

Motifs PQM and iPQM differ from classic “dibasic”
R(K)toR motifs found in numerous peptide precursors in
various animals and recognized by subtilisin-like process-
ing enzymes of kexin/furin type [85, 392]. Note that no
limited proteolysis enzymes have been found in the venom
glands of spiders, and their localization is also not known
along with the place of the secretory pathway from ER to
extracellular space, where maturation proceeds. In this
connection, peptidyl isomerase (section “Protein
Components”) should be mentioned once again along
with the presence of immature toxin precursors in some
spider venoms. On one hand, this might be an accidental
result of the mechanism of venom secretion or milking,
and on the other, it might point to extracellular processing
of these peptides [31, 393, 394]. Besides, proteases found
in venoms usually exhibit low activity (section “Protein
Components”) and can be enzymes of limited proteolysis.
The following analysis of protein precursors from various
animals has shown that the EfoR/FafterR motif seems to
be more frequent and specific not only of toxins [85].
Analysis of all known toxin precursors produced by ani-
mals of different taxonomic groups has shown that matu-
ration following the PQM motif is characteristic of practi-
cally all known spider toxins (Fig. 8), with rare exceptions
such as magi-4 (P83560) from the venom of spider
Macrothele gigas [395]. Toxins of scorpions, sea ane-
mones, snakes, and insects probably undergo maturation
following the R(K)foR motif. Most cone snail toxins also
belong to the group with the R(K)toR motif processed by
kexin/furin type protease, although there is a great num-
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ber of conotoxins maturating with involvement of differ-
ent types of proteolytic enzymes [396]. Thus, maturation
of the spider venom peptide components differs from that
known for all other venomous animals. Note that detec-
tion of EtoR/FafterR motifs predicts well the structure of
mature molecules, which is especially important in analy-
sis of translated nucleotide sequences. For example, o-
agatoxins IA and IB (P15969, P15970) are cut into two
chains precisely marked by symmetrical PQM and iPQM.

Often, in addition to prosequence separation, pre-
cursors undergo other posttranslational transformations.
C-Terminal amidation includes splitting off the C-termi-
nal glycine residue with simultaneous amide formation at
the preceding amino acid residue. The so-called amidat-
ing enzyme or peptidylglycine a.-amidating monooxyge-
nase catalyzes this process. It appeared that in fact this is
a complex consisting of two enzymes: peptidylglycine-o.-
hydroxylating monooxygenase, converting glycine
residue to an a-hydroxylated intermediate, and peptidyl-
a-hydroxyglycine o-amidating lyase that catalyzes
hydroxylate cleavage with final amide formation [397]. C-
Terminal positively charged amino acid residues are
cleaved off by type D or E carboxypeptidases [398, 399].
The change in chirality of one amino acid residue in ®-
agatoxin IVB (P37045) has been discussed above (section
“Protein Components™), while the mechanism of PLTX-
II (P34079) modification by palmitic acid is still
unknown.

CP precursors are apparently characterized by great
diversity, but now only cDNA sequences for peptides

140+
120 B rK)0r

|:| both motifs
100 . EtoR/EafterR

anemones insects cone snakes

snails

spiders

Fig. 8. Diagram of the limited proteolysis motif distribution in
toxin precursor proteins from different animal groups. The bar
height corresponds to the number of known toxin precursor pro-
teins containing a given motif type.
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from L. tarabaevi venom are known [62, 63]. The above-
described precursor structure with a single PQM motif is
characteristic of most CP. Simultaneously two (“binary”
precursors) and more (“complex” precursors) PQM as
well as iPQM motifs were found within other CP precur-
sors, due to which these molecules are processed with
formation of several mature peptides. We believe that
structural variability of spider venom polypeptide precur-
sors is still not completely identified.

CONCLUSION

The study of spider venom, first initiated by the goal
of elucidating the nature of the “active principle”, to
understand the mechanism of action of toxins dangerous
for humans, and to design appropriate antidotes, is now
much more diverse: the discovered molecular diversity of
venoms increased the breadth of their applicability.

It appears that spider venom includes very different
components having various targets and modulating
numerous physiological processes in certain directions.
Thus, these unique mixtures can be considered as natural
pharmacopoeias, and the main practical interest in them
is now due to the possibility of obtaining new pharmaco-
logical preparations. Fundamental interest in venom
components is associated with obtaining highly selective
tools for investigation of their targets, as was mentioned
repeatedly above. As for practical interest, it seems that
among each group of compounds from spider venoms (in
accordance with the sections of this review) there are
candidates for drug design.

For instance, poorly studied sulfated nucleotides are
probably able to interfere in different processes with
involvement of usual nucleotides [106]. It was proposed
to use AP for various purposes, and we consider the most
interesting the directed effect on the activity of glutamate
receptors and thus prevention of epileptic events [400,
401]. In the case of bites of venomous animals, the use of
purified polypeptide toxin preparations or their recombi-
nant analogs for obtaining efficient sera seems obvious
[261, 334]. Interest in CP is due to their antimicrobial
activity; it is supposed that CP (AMP) will become a new
generation of antibiotic drugs that will be introduced into
clinical practice against the background of lowering
potential of usual antibiotics due to development of
resistance to them in pathogenic microorganisms.
Nevertheless, first of all it is necessary to solve two main
problems: the increase in CP efficiency and specificity
towards pathogenic cells and creation of technology for
their production in industrial amounts for broad practical
application [158, 159, 388, 389, 402-404]. It seems that
disulfide-containing peptides are the most promising.
Relatively simple molecular structure, stability, specifici-
ty, and efficiency of action, diversity of recognizable
receptors as well as combinatorics of their amino acid
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sequences are distinctive parameters of this group of com-
pounds, which facilitate rational drug design on their
basis. An example is blocker of proton-activated channels
(ASICs) playing a crucial role in generation of pain stim-
uli. This peptide is the prototype of an analgesic drug of a
new generation [19, 22, 25, 288]. An important problem
of contemporary medicine is channelopathy — dysfunc-
tion of ion channels. Selective ligands binding to these
proteins may return their activities to physiological norm
and thus eliminate pathology. In this case, not blockers
but rather “milder” modulators changing the level of tar-
get activity but not completely inhibiting it may be most
useful [405-408].

Another aspect of practical interest in spider venoms
is following biological logic: since insects comprise the
main prey of spiders, then insectotoxins of their venoms
can be used as bioinsecticides in “green” biotechnology to
decrease agricultural losses. Many ways of realizing this
idea have been proposed including creation of toxin-pro-
ducing transgenic plants [409-411]. Creation of viral vec-
tors affecting insect organisms (for example, on the basis
of baculoviruses) containing toxin genes is of particular
interest because in this case the problem of toxin delivery
to its target in the victim’s organism is solved automatical-
ly [13-16]. CP can also be used for obtaining transgenic
plants resistant to diseases or as biopesticides [412-415].

In summary, current problems in the study of spider
venoms are mainly particularly practical and concern
technology of searching for new components with desired
properties for creation on their basis of drug prototypes or
insecticides. However, there are more distant problems
and tasks that require a new level of thinking. We shall
mention some of these.

(i) How does the molecular diversity of venom form?
What is the mechanism of emergence of natural combi-
natorial libraries of compounds? Sources of variability
can be studied at different levels: gene duplication, alter-
native splicing, RNA-editing, precursor protein process-
ing, and posttranslational modifications. Now, in the
absence of information about genomes of spiders and
other venomous animals with biomolecular diversity of
venom components, it is difficult to answer these ques-
tions. Moreover, even confirmation of hypothesis con-
cerning existence of multigene toxin families does not
give an exhaustive answer yet. Actually, analysis of avail-
able data shows that distinctions between toxin genes are
distributed unevenly: sequences of signal peptides are the
most conserved, whereas those of mature chains, on the
contrary, are hypervariable, while cysteine residues retain
invariance (Tables 3 and 4) [49, 203]. The enhanced vari-
ability of toxin genes is described by the term “accelerat-
ed” evolution specific of genes regulating interactions
with variable factors [75]. Understanding the mechanism
of selective mutation introduction into the gene region
corresponding to the mature chain and of cysteine codon
protection still lies ahead.
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(ii) What are real scales of natural variability? As
already noted, the venoms of only about one hundred spi-
der species, i.e. ~0.25% of known species have been stud-
ied. Note that many spiders are characterized by small
size and only fractions of microliters of their venoms can
be obtained. This is one of the reasons responsible for
extreme sparseness or complete absence of information
about venoms of members of many families. For broad
investigations of these objects, standard methods of frac-
tionation and structural analysis of active components are
not optimal, and new technologies are necessary. The
approach that combines genetic (obtaining cDNA from
venom glands) and proteomic or peptidomic (based on
analytical chromatography and mass spectrometry)
methods is promising in this respect [3, 4, 46, 152, 416].
Besides, due to broad scales of expected molecular diver-
sity (several tens of million or more individual com-
pounds), efficient analysis of newly discovered compo-
nents as well as searching compounds with desired prop-
erties will require new methods for variability analysis and
screening.

(iii) Finally, in conclusion we should pose the fol-
lowing question: what will modern researchers learn from
spiders and will they be able to excel the latter in their art?
Actually, spiders have to their credit quite a number of
achievements in biological chemistry. Among them are an
apparatus of combinatorial chemistry of organic com-
pounds, combinatorial libraries of polypeptide molecules
with common type of fold, complex multidomain pro-
teins with the highest action selectivity, and naturally, the
spider’s web. One should hope that all these achievements
will be taken in and used by humankind.

APPENDIX: SOME FACTS OF SPIDER BIOLOGY

Spiders (order Araneae, class Arachnida, subphy-
lum Chelicerata, phylum Arthropoda) comprise one of
the most evolutionarily successful groups of living organ-
isms. They appeared on the Earth more than 300 million
years ago, and from that time on they prosper. The
insects that are largely the basis of the spider’s ration are
followed by the latter as the most widespread and variable
organisms. In fact, members of over 40,000 presently
described spider species [200, 201] live practically every-
where on the Earth and occupy different ecological nich-
es from deserts to water reservoirs, from the subterranean
caves to high mountains. Such wide spreading of spiders
is the result of specific for these organisms remarkable
biological diversity, already noted species, morphologi-
cal, and behavioral, as well as chemical and molecular
diversity. Dwarfs (body length less than 0.5 mm) and
giants (leg span over 25 cm) appear among spiders (sex
dimorphism is also characteristic of spiders, and females
can exceed males more than a hundred-fold by weight),
short-lived and long-lived (lifetime from several months
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to decades), lone and social (with common spider’s web,
in this case individuals transmit vibration signals to each
other). Unlike insects, spiders have four pairs of legs (as
well as chelicerae and pedipalps) and simple eyes. Spider
pigmentation is very different, mainly being colors mak-
ing them unnoticeable, but bright colors are also possi-
ble, especially in tropical species. Almost all, without
exception, spiders are predators and live on living catch,
but they are able to survive for several weeks without food
[417-421].

Mimicry is characteristic of spiders. Some spiders
are practically able to fuse with flowers or resemble a
shoot, but the ability to resemble their victims such as
ants, bees, and flies seems the most surprising. For exam-
ple, some jumping spiders of the Salticidae family became
adapted to life among ants and hunting for them. In this
case, mimicry is carried out at morphological (the body
shape acquires features characteristic of these insects)
and behavioral (spiders use the fore pair of legs like ants
use antennas) levels as well as at chemical level
(pheromones characteristic of ants are produced) [422-
425]. Spiders are congenital hunters—quickness of their
reaction practically has no analogs in terrestrial animals.
Apparently, among all Arthropoda, just spiders have the
most centralized nervous system that perhaps gives in by
this parameter only to Cephalopoda molluscs among
invertebrates. Hunting methods in spiders are extremely
diverse. Some of them use complex spider’s webs and are
sitting there expecting an entangled victim, others cast
the spider’s web as a seine; still others (American bolas
spiders of Mastophora genus) produce chemical sub-
stances, pheromones of butterflies, thus attracting the lat-
ter over long distances; another group in general does not
use spider’s web and represents “active” hunters [417-
419, 426-429]. In the case of damage by poisonous vic-
tim, some spiders perform autotomy of an injured leg
[430]. Many spiders have an astonishing ability to walk
along smooth vertical surfaces and ceilings, which is
explained by the presence on legs of thousands of fine
hairs forming contacts with the surface at microscopic
distances, or by use of a special type of silk [431-433].

One can say with pronounced simplification that two
factors that are distinguishing features of these organisms,
i.e. invention of spider’s web and venom apparatus,
played the decisive role in spider evolution. The first fac-
tor — the spider’s web — is a unique material of protein
nature, technical characteristics of which much exceed
presently used synthetic fibers. Many spiders are skilful
weavers, and the property of diversity is revealed here as
well: there are several types of thread depending on func-
tion, and in addition spiders of different families spin
structurally different webs. The fact that thread up to sev-
eral tens and even hundreds of meters can be obtained
from a common European garden spider seems surprising
[434-438]. This review deals with the other factor, spider
venoms. For hunting and protection, most spiders use
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strong chelicerae, on the fangs of which ducts of venom
glands open.

Due to their distinctive behavioral and morphologi-
cal peculiarities, spiders from ancient times appear in art,
religion, and philosophy of different cultures, symboliz-
ing patience and invention as well as evil and insidious-
ness. Despite an inclination to arachnophobia, rather
widespread among contemporary people, one should rec-
ognize that these astonishing animals possess unique nat-
ural information, and modern science helps to expose its
virtually inexhaustible treasure trove.
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