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Abstract 

The crystal structure of the snake toxin fasciculin 2, a 
potent acetylcholinesterase inhibitor from the venom of 
the green mamba (Dendroaspis angusticeps), has been 
determined by the molecular-replacement method, using 
the fasciculin 1 model and refined to 2.0A resolution. 
The introduction of an overall anisotropic temperature 
factor improved significantly the quality of the electron- 
density map. It suggests, as it was also indicated by the 
packing, that the thermal motion along the unique axis 
direction is less pronounced than on the (ab) plane. The 
final crystallographic R factor is 0.188 for a model 
having r.m.s, deviations from ideality of 0.016,~, for 
bond lengths and 2.01' for bond angles. As fasciculin 1, 
fasciculin 2 belongs to the three-finger class of Elapidae 
toxins, a structural group that also contains the a- 
neurotoxins and the cardiotoxins. Although the two 
fasciculins have, overall, closely related structures, the 
conformation of loop I differs appreciably in the two 
molecules. The presence of detergent in crystallization 
,tnedium in the case of fasciculin 2 appears to be 
responsible for the displacement of the loop containing 
Thr9. This conformational change also results in the 
formation of a crystallographic dimer that displays 
extensive intermolecular interactions. 

I. Introduction 

Snake venoms from the Elapidae and Hydrophidae 
families contain complex mixtures of proteins some of 
which are potent toxins. One of the best studied groups 
of snake toxins is characterized by sharing a polypeptide 
lold first described for erabutoxin b (Low et al., 1976). 
These molecules, that have molecular weights close to 
7000 Da, can bind to their target with high affinity, have 
no catalytic function and are functionally diversified. 
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Numerous crystallographic analyses (Low et al., 1976; 
Tsernoglou & Petsko, 1976; Love & Stroud, 1986; Rees 
et al., 1987; Betzel et al., 1991; le Du, Marchot, Bougis 
& Fontecilla-Camps, 1992; Nickitenko, Michailov, 
Betzel & Wilson, 1993) as well as NMR studies 
(Labhardt, Hunziker-Kwik & Wtithrich, 1988; Steinmetz 
et al., 1988; Laplante et al., 1990; Yu, Lee, Chuang, Shei 
& Wang, 1990; Oswald et al., 1991 ; Brown & Wtithrich, 
1992; Zinn-Justin et al., 1992; Goiovanov, Lomize, 
Arseniev, Utkin & Tsetlin, 1993; O'Connell, Bougis & 
Wi.ithrich, 1993) have shown that all these toxins are 
constituted of a dense core typically containing four 
disulfide bridges, and of three long loops (called I, II and 
III) emerging from the core, like the three central fingers 
of a hand. They all contain two ,8-sheets: a three-stranded 
sheet comprising loop II and one segment of loop II1, and 
a two-stranded one involving loop I. The best known 
members of the family are the short (62 amino acids, four 
disulfide bridges), and the long (70-80 amino acids, 4-5 
disulfide bridges) ot-neurotoxins, which are known to 
bind to the nicotinic acetylcholine receptor (Changeux, 
Kasai & Lee, 1970; Endo & Tamiya, 1991). 

An additional group of snake toxins of related amino- 
acid sequences and capable of inducing muscular 
fasciculations, the fasciculins, was originally described 
by Viljoen & Botes (1973). Fasciculins are 61 amino- 
acid residues long, and contain four disulfide bridges. 
They are very potent inhibitors of synaptic acetylcholin- 
esterases (K i ~_ I()-~°M), and bind with a 1:1 stoichio- 
metry to the so-called peripheral anionic site of the 
enzyme (Taylor & Lappi, 1975; Harvey, Anderson, 
Mbugua & Karlsson, 1984; Marchot, Kh61if, Ji, 
Mansuelle & Bougis, 1993). Four fasciculins have been 
characterized to date: fasciculin 1 and 2 from the venom 
of Dendroaspis angusticeps (Rodriguez-Ithurraide, 
Silveira, Barbeito & Dajas, 1983), toxin C from the 
venom of D. polylepis (Joubert & Taljaard, 1978), and 
fasciculin 3 from the venom of D. viridis (Marchot et al., 
1993). Fasciculins 1 and 2 differ by only one residue: a 
tyrosine at position 47 in fasciculin I is replaced by an 
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asparagine in fasciculin 2. Al though  present  in the v e n o m  
of  two different  species, toxin C and fasciculin 3 appear  
to be the same protein (Marchot  et al.,  1993). They  differ  
from fasciculin 1 at three posit ions:  2 (Met to Ile), 15 
(Thr to Lys) and 16 (Asn to Asp). The crystal lographic 
analysis of  fasciculin 1 (le Du et al.,  1992) conf i rmed  
that fasciculins have the three-f inger  type fold. 

In order  to de te rmine  the effect  of  the single 
substitution on the conformat ion  of  loop III, we initiated 
the crystal lographic structure analysis of  fasciculin 2. 
Surprisingly,  when  compared  with fasciculin 1, 
fasciculin 2 shows unexpec ted  large di f ferences  in the 
conformat ion  of  loop I. 

2. Crystallization, data collection and processing 

Fasciculin 2 was purified and crystal l ized as previously  
descr ibed (le Du, Marchot,  Bougis  & Fonteci l la-Camps,  

1989). The crystal l izat ion condi t ions  of  fasciculin 1 and 
fasciculin 2 were  similar, except  that the presence of /3-  
oc ty lg lucos ide  was essential  to obtain crystals of  the 
latter. Fasciculin 2 crystals be long to the space group 
P4t2~2 with unit-cell  d imens ions  of  a = b = 48.93 and 
c = 82.18,~ and one molecu le  in the asymmetr ic  unit 
(V  m = 3 . 6 4 , ~ , 3 D a  -1, Mat thews,  1968). Two  sets o f  
crystal lographic data were col lec ted at room temperature:  
one on a Xent ron ics /S iemens  area detector,  coupled  to a 

Fig. 1. Stereoscopic view of the 
superposed structures of fasciculin 
2 (thick lines) and fasciculin 1. The 
vicinity of the 'detergent' molecule 
is shown in detail: in fasciculin 2, 
the two detergent atoms [for which 
the (2F,,- F,.) electron-density map 
contoured at the lcr level is shown] 
fill the hydrophobic pocket formed 
by Tyr4, Alal2, Tyr61 and Arg37. 
In fasciculin 1, the side chain of 
Thr9 (from loop I) fills this pocket, 
with the methyl group pointing 
towards the inside of the protein. 

Fig. 2. Stereoscopic view of the 
superposed structures of fasciculin 
2 (black lines) and fasciculin 1 
(white ribbon) (produced with the 
program MOLSCRIPT. Kraulis, 
1991). Ball-and-stick representa- 
tion are for side chains with 
different conformation (where 
main-chain conformation is con- 
served). The stabilization of the 
side chain of residue 47 with 
Arg27 for fasciculin 1, and with 
His29 for fasciculin 2 is shown. 
Disulfide bridges are represented 
with thin solid lines. 
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Fig. 3. Stereoscopic view of packing 
interactions in fasciculin 2 (pro- 
duced with the program MOL- 
SCRIPT, Kraulis, 1991): arrows 
are for /3-strands, the reference 
molecule is in the center. Vertically 
(c axis), the intermolecular interac- 
tions form a continuous twisted/3- 
sheet along the c axis. Horizontally 
(diagonal of a and b axes), the 
tight crystallographic dimer in- 
volves loop I and loop II. 

Fig. 4. CPK view of the crystallographic dimer of fasciculin 2, showing 
the putative detergent site at the interface. The reference molecule is 
green, the symmetry-related one, blue. The detergent atoms are 
represented in yellow, and the residues interacting with them are 
shown in light colours. 

Rigaku RU200 X-ray generator ( 2 =  1.5418,~, co 
oscillation range of 0.25 °, 2 .3A resolution), another 
one at the W32 synchrotron beam port at LURE (Orsay, 
France), on a MAR Research image-plate area detector 
(2 = 0.90A, q9 oscillation range of 1.5 °, 2.0,~ resolu- 
tion). Data processing and internal scaling were carried 
out with XENGEN (Version 1.3, Howard et al., 1987) for 
the former, and with MOSFLM (Version 4.3, Leslie, 

1991), ROTAVATA and AGROVATA (CCP4 package, 
Collaborative Computational Project, Number 4, 1994) 
for the latter. The two data sets were then merged with 
the program PROTEIN (Steigemann, 1974, Table I). 

3. Structure determination and refinement 

The structure of fasciculin 2 was solved with the 
molecular-replacement program package AMoRe (Nava- 
za, 1994), using the fasciculin 1 crystal structure (le Due t  
~1., 1992) as a search model. Both the rotation- ahd the 
translation-function searches resulted in well contrasted 
solutions. After rigid-body refinement of the fasciculin 1 
model according to the molecular-replacement solution, 
the R factor and F correlation coefficient had values of 
0.44 and 0.58, respectively, at 2.5 ,~, resolution. 

The fasciculin 2 model was refined in two steps using 
X-PLOR (Version 2.1, Brtinger, 1990). Refinement was 
initiated with the 2 .3A resolution data set. Major 
corrections of the model were carried out interactively 
with the program TURBO-FRODO (Roussel & Cambil- 
lau, 1989). At this point, the model included 464 protein 
atoms and 25 water molecules, with an R factor of 0.219 
for reflections with F >_ 2.5o-(F) in the 6.0 to 2.3 ,~ 
resolution range. Once it became available, a 2 .0A 
resolution merged data set (including the data collected at 
LURE) was used. Regular positional refinement using 
X-PLOR was performed, alternating with solvent model- 
ing steps using PROTEIN and FRODO (Jones, 1978). 
During the refinement process, in addition to the 
individual B factor, an overall anisotropic B factor was 
introduced resulting in a significant improvement of both 
the R factor and quality of the electron-density map. The 
final model includes 464 protein atoms and 57 solvent 
molecules. For the 6287 reflections between. 10.0 and 
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Resolution (,~) 

2.3 
2.0 

2.3 ,~ data set 
2.0 ~, data set 
Merged data set 

Resolution (~,) 
R factor 

Table 1. Data collection and refinement statistics 

No of  measured No. of  unique 
Wavelength (A) reflections reflections Redundancy Comple teness  

1.54 11690 4477 2.6 o 0.91 
0.90 2(7878 633t~ 3.3 (7.88 

Crystal- to-detector  distance 120 ram, swing angle 10 
Crystal- to-detector  distance 181 ram, swing anglc 0 
6363 reflections with F >_ 2.5or(F) in the resolution range 15.0-2.0,~,, Rmcrg e on intensities = 0.088 

10.(~2.0,~ 16297 reflections, F > 2.50(F)1 
(7.188 

Deviation from ideality 
Bonds (,~) 0.016 
Angles ( ) 2.01 

Temperature factor 
Overall anisot.ropic b factor (,~2) bll = b,'2 = (7.081 (6.4) 
Main chain (,~-') 25.0 
Side chain (,~,-') 31.(7 
Solvent (,~-~) 5(7.6 

*R,:m = Eh E ,  I/,h - ( l ) , , I / (~ ,  ~,( / )h).  

h~ = -0.157 (-12.47 

R~ym 
0.048 
O.05g 

2.0 A resolution, the R factor of 0.188 and the geometry 
is of good quality (Table 1). The coordinates of the 
model have been deposited with the Protein Data Bank.* 

4. Results 

4.1. Comparison with fasciculin 1 

As it was expected, the overall topology of fasciculin 2 
is similar to that of fasciculin 1. The program ALIGN (G. 
Cohen, in Satow, Cohen, Padlan & Davies, 1986) was 
used to superimpose the two fasciculins. After conver- 
gence, an r.m.s, difference of 0.29 ~, is observed for 189 
out of 244 pairs of atoms belonging to the main chain. 
The two molecules are very well superposed except for 
two regions: the ,8-turn at the distal part of loop II, with a 
distance of 2.0 A between the respective Pro30 Co~'s and, 
more dramatically, at loop I, with a maximal distance of 
13.6A between corresponding Thr9 residues (Fig. 1). 
fh i s  change in loop I conformation introduces a 
connection between the two ,8-sheets of fasciculin 2, 
made of two hydrogen bonds between the main-chain 
atoms of His6 and Arg37, thus forming an effective five- 
stranded ,8-sheet. No main-chain conformational changes 
are observed in the vicinity of residue 47 (Tyr/Asp): only 
the side-chain interactions are different: the hydroxyl 
group of the tyrosine side-chain hydrogen bonds to the 
N ~2 atom of Arg27, while the asparagine points in the 
opposite direction, forming an hydrogen bond with 
His29 (Fig. 2). In the zones where the orientation of the 
main chain is well conserved, just a few side chains 
(located at the protein surface) have different conforma- 
tions in the two toxins (Asn20, Arg24, Ser26, Arg28, 
Leu48 and Lys51, see Fig. 2). Among them, the 

* Atomic  coordinates have been deposi ted with the Protein Data Bank,  
Brookhaven National Laboratory (Reference: I FSC). Free copies may  
be obtained through The Managing Editor, International Union of  
Crystal lography,  5 Abbey  Square,  Chester  C H I  2HU,  England 
(Reference: GR0416) .  

different orientation of Leu48 results from the Tyr47 to 
Asn47 change. Quite unexpectedly, the major differences 
between the two molecules are confined to loop I. Since, 
for this loop, the amino-acid sequences are identical in 
both fasciculins, in addition to a possible inherent 
flexibility, the structural differences can only be 
attributed to crystal packing and/or crystallization 
conditions. 

4.2. Crystal packing 

Comparison of the packing of fasciculin 1 and 
fasciculin 2 shows two remarkable features (Fig. 3): on 
the one hand, the intermolecular contacts along the c axis 
are very similar in the two fasciculins, in agreement with 
the similar c-axis lengths. Two main-chain-main-chain 
hydrogen bonds connect the second strand of the two- 
stranded ,8-sheet of one molecule to the third strand of 
the three-stranded ,8-sheet of a related one. This induces a 
continuous twisted ,8-sheet along the fourfold screw axis. 
Moreover, taking into account the overall anisotropic B 
factor, the thermal motion along the crystallographic c 
axes is similar in the two fasciculins. On the other hand, 
fasciculin 2 forms a tight dimeric interaction around a 
twofold axis, involving loops I and II. A fifth of the 
molecular surface (740 h,2) is, therefore, buried (Fig. 4). 
However, the fact that the dimer itself has no close 
contact with neighbouring molecules on the (ab) plane 
explains the higher thermal motion in that plane. 

4.3. Putative detergent site 

During the refinement process, the residual (F o - F c )  
electron-density map showed a large positive peak, in a 
hydrophobic pocket (Tyr4, Tyr61, Alal2,  Pro30, Figs. 1 
and 4) at the interface between the two molecules 
forming the crystallographic dimer (see above). For the 
purpose of the refinement, two O atoms were modeled in 
this density, with reciprocal van der Waals interactions 
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switched off to avoid mutual repulsion. However, 
although C, N or O atoms cannot be distinguished at 
this resolution, this density is unlikely to correspond to 
oxygen-containing molecules such as water (or a sulfate 
ion) since polar interactions should not be favored in this 
region (Wolfenden & Radzicka, 1994). Moreover the 
distance between this peak and the closest protein atoms 
is around 4 ~,,. Given the fact that the detergent appears 
essential for crystallization, the hydrophobic pocket 
could be occupied by part of the aliphatic chain of the 
fl-octylglucoside molecule. Indeed, in the final model, 
the distance between the two modelled atoms is 1.65 .A, a 
value not too different from typical C - - C  bond 
distances. 

5. Discussion 

The analysis of the structure gives us some clues to 
explain the structural changes between fasciculin 1 and 
fasciculin 2. The fact that fasciculin 2 does not crystallize 
in the fasciculin 1 crystal form seems induced by the 
Tyr47 to Asn47 change. In fasciculin 1, Tyr47 interacts 
extensively with the rings of Tyr4 and Tyr61 of a 
symmetry-related mate. Since the side chain of the 
asparagine residue cannot establish the same hydropho- 
bic interactions, Tyr47 appears to be essential for the 
molecular packing in the fasciculin 1 crystals. 

9 9 

(a) 

( 
\1 <',,1 

(b) 

Fig. 5. Stereoscopic view of loop I. (a) Superposition of loop I 
fasciculin 2 (thick line, residues 4 to 14) on loop I from erabutoxin b. 
(h) Superposition of loop 1 from fasciculin 1 (thick line) on loop I 
from cardiotoxin. 

The detergent seems to play a key role in the change of 
conformation observed for loop I. The conformation of 
this loop in fasciculin 1 makes the Thr9 side chain pack 
against the hydrophobic pocket, with the C ~' and C × of 
Thr9 being topologically equivalent to the two putative 
detergent atoms in fasciculin 2 (Fig. 1, this confirms the 
hydrophobic character of the pocket). By filling this 
pocket, the detergent allows loop I to adopt its extended 
conformation in fasciculin 2. This conformational change 
is essential for the strong dimeric packing interaction to 
take place (see above). The dimer appears as the 
elementary unit in the crystal, but there is no evidence 
for its existence in solution. 

6. Concluding remarks 

A structural difference such as the one observed for loop 
I is unusual among closely related small single-chain 
proteins. In fact, the differences between loop I 
conformations in the two fasciculins is the largest ever 
encountered among all the three-finger type snake toxins 
for which the refined three-dimensional structures are 
known. The conformations of loop I in fasciculin 2 and 1 
are comparable to those of erabutoxin b (Smith, Cortfield, 
Hendrickson & Low, 1988, code 3EBX) (r.m.s. differ- 
ence of 1.22,~ on Co~'s, Fig. 5a) and cardiotoxin Vl4 I 
(Rees et al., 1987) (r.m.s. difference of 1.78 A, on Co~'s, 
Fig. 5b), respectively. This suggests that, regardless of 
the packing, the repertoire of possible conformations that 
the various loops of this class of snake toxins can assume 
may be limited (although their relative orientations can 
be significantly different). 

Because only a small hydrophobic part of the 
detergent molecule seems to be visible in the electron- 
density maps, it is possible that other additives, such as 
alcohols or small amphipathic molecules, could have the 
same effect. 

Very little is known about the regions of fasciculin 
responsible for the binding to and subsequent inhibition 
of acetylcholinesterase. From the analysis of mutants of 
mouse acetylcholinesterase, it appears that two tyrosines 
and one tryptophane (located on the peripheral anionic 
site of acetylcholinesterase) are essential for fasciculin 
binding (Radic et al., 1994). Even though the structure of 
fasciculin 2 does not shed additional light on the binding 
of the toxin to the enzyme, the extreme flexibility of loop 
I may be of importance in this process. 

The authors thank J. P. Benoit and R. Fourme for their 
assistance during data collection at the W32 beam port at 
LURE (Orsay, France). 
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