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The crystal structure of  fasciculin 1, a potent acetyl- 
cholinesterase inhibitor from green mamba snake 
venom, has been solved by the multiple isomorphous 
replacement method complemented with apomalous 
scattering and subsequently refined  at 1.9-A resolu- 
tion. The overall structure of fasciculin  is similar to 
those of the short a-neurotoxins and cardiotoxins,  with 
a dense core rich in disulfide bridges and three long 
loops disposed as the central  fingers of a hand. A com- 
parison of these three prototypic toxin  types  shows 
that fasciculin 1 has structural features that are  inter- 
mediate between those of the other two molecules. Its 
core  region, which can be defined as a continuous 
stretch of conserved residues, is very similar to that of 
erabutoxin b,  whereas  the orientation of its long loops 
resembles that of cardiotoxin Vi’, This result intro- 
duces a new element in the study of phylogenetic rela- 
tionships of snake  toxins and suggests that, after  div- 
ergency from an ancestral gene, convergent evolution 
may have played an important factor in the evolution 
of these proteins. In fasciculin 1, several  arginine and 
lysine residues are  well ordered and relatively exposed 
to the solvent medium  and may play a role in the 
binding to the peripheral site of acetylcholinesterases. 

Snake venoms contain a series of small  proteins (60-70 
residues  long) that display a variety of toxic activities  (Dufton 
and  Hider, 1983, 1991). The  best  studied groups are  the a- 
neurotoxins, which bind  postsynaptically  to  the  nicotinic 
acetylcholine receptor  (Changeux et al., 1970; Endo  and  Ta- 
miya,  1991), and  the  cytotoxins or cardiotoxins, which are 
less well characterized  with respect to  their mode of action 
but  are  thought  to  interact  with  membranes or membrane 
components (Bougis et al., 1981; Harvey, 1985; M6nez et al., 
1990; Dufton  and  Hider, 1991). The  a-neurotoxins  have been 
divided into two groups: short  toxins  with, typically, 62 resi- 
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dues  and four  disulfide bridges, and long toxins comprising 
about 70 amino acids and four or five disulfide bridges (Endo 
and  Tamiya, 1987).  Differences in  the  primary  structures 
between both long and  short  a-neurotoxins  and  cardiotoxins 
can  amount  to  up  to 70%.  Nevertheless, x-ray  crystallography 
studies have  shown that all these molecules have a common 
three-dimensional folding pattern: a  core consisting of a series 
of short loops and four  disulfide  bridges,  from  which three 
longer loops protrude  that  are roughly oriented  as  the  central 
fingers of a hand (Low et al., 1976; Tsernoglou and  Petsko, 
1976; Love and  Stroud, 1986; Rees et al., 1987; Smith et al., 
1988, Betzel et al., 1991). Similar  results have  been obtained 
through NMR studies  (Labhardt et al., 1988; Steinmetz et al., 
1988; Laplante et al., 1990; Yu et al., 1990; Oswald et al., 
1991). Superposition of erabutoxin b, a short  a-neurotoxin, 
and cardiotoxin Vi‘ indicates  that,  although  the disulfide-rich 
core is conserved, the  orientation of the long  loops can differ 
considerably (Rees et al., 1990). These differences,  which are 
the consequence of variations  in  the  amino acid  sequences of 
the loops, should result in the  correct positioning of function- 
ally  important residues and  modulate  the toxic  activity.  A 
similar  situation  is found in  the case of scorpion toxins 
(Fontecilla-Camps, 1989). 

An additional group of basic snake  toxins capable of induc- 
ing extensive  muscular fibrillation  has been  described  (Viljoen 
and  Botes, 1973). These  small  proteins of about 6750 Da, 
which have  been called fasciculins, are very potent  inhibitors 
of most synaptic  acetylcholinesterases (K,  = 10”’ M) (Rod- 
riguez-Ithurralde et al., 1983). They  do  not seem to  bind 
directly to  the active site of the enzyme; rather,  they  bind 
with  a 1:l stoichiometry to a peripheral  site  that  is  also  the 
target of a  series of small molecules (Taylor  and  Lappi, 1975; 
Harvey et al., 1984).  Fasciculins are able to displace propi- 
dium, are displaced by Ca‘+ and Mg2+, and have Ki values 
independent of acetylcholine concentration (Cerveiianski et 
al., 1991a). The venom of the green mamba Dendroaspis 
angusticeps contains  at  least two  fasciculins that  are  61 resi- 
dues long and differ a t  a single amino acid  position (Karlsson 
et al., 1984). Another closely related molecule, toxin C, has 
been  purified from Dendroaspis polylepis polylepis (Joubert 
and  Taljaard, 1978).  Although  some other  similar  proteins 
generally  referred to  as  “angusticeps-type”  toxins have  been 
purified  from mamba venoms,  only the  three  proteins  men- 
tioned above show anti-acetylcholinesterase activity. The  pri- 
mary structures of these  proteins  and especially the  distribu- 
tion of their 8 cysteine  residues  suggest that  they  are  struc- 
turally  related  to  both  short  a-neurotoxins  and  cardiotoxins. 

We  have initiated a series of crystallographic studies of 
fasciculins in  order  to  establish  the molecular basis of their 
mode of action  and  to  compare  their  structures  with  those of 
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neurotoxins  and  cardiotoxins.  This  comparison should shed 
further  light  on  the  mechanisms of protein evolution that 
result  in  structural differences and, by extension, different 
biological activities. 

Tetragonal  crystals of fasciculin 2, which  belong to  the 
space  group P41212 or  its  enantiomorph, have been  reported 
by us  and  others  (le  Du et al., 1989; Sankar et al., 1989). X- 
ray diffraction  data collected from  these  crystals  indicated  the 
existence of significant mosaic spread  and relatively limited 
diffracting power. This  prompted  us  to  attempt  the  structural 
study of fasciculin 1. We  report  here  the  crystallization,  x-ray 
structure  determination,  and  crystallographic  refinement at 
1.9-A  resolution of this  toxin.  Similar  crystals of fasciculin 1, 
grown  from thiocyanate  solutions, have  been obtained by 
Mknez and Ducruix (1991). 

MATERIALS AND METHODS 

Crystallization-Fasciculin 1, purified by the procedure  described 
for fasciculin  2 (le  Du  et al., 1989), was subsequently crystallized 
using the  hanging  drop  method (Wlodawer and Hodgson,  1975). The 
protein was  dissolved at  a concentration of 10 mg/ml in 100 mM 
NH:CH,COO- and was mixed and  equilibrated  against a  reservoir 
solution  containing 20% saturation  (NH4)2S0,  and buffered with 100 
mM MES,' pH 6.0. Best  results were obtained when the  ratio of 
protein  solution  to reservoir solution  in  the  drop was initially 1:2 and 
the volumes were 2 and 4  pl,  respectively. All the  experiments were 
carried out  at 20 "C. The  crystals, which grow as large prisms (0.4 X 
0.4 X 0.8 mm'), belong-to the  space  group P41212 or its  enantiomorph, 
P43212, with a = 40.3 A and c = 81.3 A. V, calculations  indicate that 
there  are eight protein molecules in  the  unit cell and  approximately 
50% solvent  content  in  the  crystals  (Matthews, 1968). 

Heavy Atom Derivatives-After several  trials,  the  optimum  mother 
liquor solution for soaking  experiments was found  to he composed of 
25% saturation  (NH4)2S0,  and  50 mM KCl,  buffered with 100 mM 
MES,  pH 6.5. Of the 11 heavy atom  salts  tested, only three, K2PtC1,, 
EtHgCl,  and K20sC14,  provoked significant  changes  in  either preces- 
sion  photographs or data  sets collected on a Xentronics/Siemens  area 
detector. Adequate concentrations of the heavy atom  salts were 0.5 
mM for the  platinum  salt  and 5 mM for the mercury salt.  In  both 
cases, the  soaking  time was 20 h.  Attempts  to get a  usable  K20sC14 
derivative  proved  unsuccessful. 

Data Collection-Data from native  and derivatized crystals were 
collected at  room temperature  on a Xentronics/Siemens  area  detector 
coupled to a  Rigaku  RU200 x-ray  generator equipped with a graphite 
monochromator  and a  0.3 x 3-mm2 focal spot size. In every  case the 
collection time was adjusted so that approximately 1 X lo6 counts 
were accumulated  per  frame  with an w oscillation  range of 0.25" 
(typical  times were 60-180 s/frame,  depending  on  crystal size and  the 
effect of the heavy atom  salt).  Subsequently,  the  XENGEN v1.3 set 
of programs  (Howard  et al., 1987)  was  used to  obtain unscaled 
intensities.  Internal scaling of the various data  sets was carried  out 
using  ROTAVATA and AGROVATA, and  structure  factors were 
calculated by TRUNCATE as implemented  in  the  CCP4  programs 
package (Machin  et al., 1984). Table I depicts a summary of data 
collection statistics.  The heavy atom derivative structure  factors were 
scaled to their  corresponding  native  mates using the program  ANSC. 
Both a  scale factor  and a  relative temperature  factor were used in  the 
scaling. 

Refinement of Heavy Atom Positions and Phase Calculations- 
Difference Patterson  maps  using ( F p H  - F p ) 2  coefficients were cal- 
culated by the fast Fourier  method.  Both  the  platinum  and mercury 
derivatives gave unambiguous single site  solutions.  Subsequently,  the 
same  result was obtained from anomalous difference Patterson  maps 
(Blundell  and  Johnson (1976), and references therein).  Initial refine- 
ment was carried  out  using  centric  data  and  the  SELFH  option of 
REFINE (Dodson, 1976; Machin et al., 1984). In  order  to  relate  both 
derivatives' sites  to a  common  origin and  to  establish  the  correct 
space  group enantiomorph, difference Fourier  maps were calculated 
for the two  derivatives  using SIRAS  phases  in  the  customary way 
(Blundell  and  Johnson, 1976). This  procedure  indicated  that  the 

The  abbreviations  used  are:  MES, 4-morpholineethanesulfonic 
acid; SIRAS, single isomorphous  replacement  plus  anomalous  scat- 
tering; MIRAS, multiple  isomorphous  replacement  plus  anomalous 
scattering; SA, simulated  annealing. 

TABLE I 
Data collection statistics 

Number  Number Number 

served re- used 
flections reflect,ions reflections 

of ob- of of unique Complete-  Resolution 
ness limit" ''ymb 

~ ~ . ~ .  .. . ." 

A 
Native 28,651 27,118 4,874 0.846 1.9 0.062 

EtHgCl 8,101 7,610 1,762 0.832 2.7 0.088 
The  crystal-to-detector  distance was 120 mm in every  case. Swing 

angles of 20, 10,  and 8" were used for native,  platinum,  and mercury 
derivative  data collection,  respectively. 

K2PtC14 12,648 11,994 2,827 0.951 2.4 0.066 

b R s y m  = C C I ILh - ( I ) h  I /  C C ( I ) h  7 

M N k  

k O  (X 1 
where Nh = number of symmetry related  reflections and M = total 
number of equivalent hkl sets. 

TABLE I1 
Heavy atom refinement  statistics 

Ri is  the  percent  change between native ( F , )  and scaled  derivative 
( F A  data (x ( I F l [  - IF21)/CIF11). x , y ,  z are  the  fractional  coordinates 
of the heavy atom; p, ,  represent  the  anisotropic  temperature  factor. 
The relative  occupancies are  on  an  arbitrary scale. R, is  the Cullis R 
factor ( C I F p H  - F p l  - f H I / x I F p H  - FpI) for centric  terms. F H / B  is the 
average value of the heavy atom  contribution divided by the lack-of- 
closure error. Values in parentheses  correspond  to  the F H / E  ratios  in 
the hjghest  resolution data  shell (3.03-2.7 A for K2PtC14 and 3.44- 
3.03  A for EtHgCI). 

R/ Y &J occupancy FH/fi; 
Relative 

0.0193 
0.0212 

0.0074 

0.0011 

0.0048 
-0.0031 

EtHgCl 0.111 0.190 0.413 0.050  -0.0012 2.58 0.606 1.54 
0.0004 
0.0001 (1.39) 
0.0003 

K2PtC1, 0.213 0.319 0.451 0.383 0.0022  10.47 0.523 2.34 

-0.0017 (1.99) 

~ 

actual space  group was P4,2,2. The heavy atom  sites were then 
refined, first  independently  and  then  jointly, using the program 
PHARE  (Table 11). The solvent flattening  technique of Wang (1985) 
was applied to  the  MIRAS  protein  map using data  to 2.7-A resolution 
so that four cycles consisting of one envelope calculation  and four 
solvent flattening  runs were carried  out with  a 40% solvent  content 
estimate. After each cycle, a new map was calculated  using phases 
that were a combination of those  obtained  from  the  back-transformed 
flattened  map  and  those calculated by the  MIRAS  method.  This 
procedure  resulted in a somewhat improved  electron density  map. 
The final R-factor, based on  the  back-Fourier  transform of the 
solvent-flattened map, and  the  root  mean  square difference  between 
the  MIRAS  and  the  combinedphases were 0.194 and 19",  respectively. 

Structure Solution and Refinement-Both the envelopes and  min- 
imaps calculated  with the  final combined phases were used in  the 
tracing of the fasciculin 1 molecule. The envelopes were examined  on 
a  Silicon Graphics  Personal  IRIS 4D/35 system by means of the 
program TURBO  FRODO (Roussel and  Cambillau, 1989) and  the 
minimaps were generated using the  CCP4 version of the program 
PLUTO. After establishing  the general  molecular boundary  as  deter- 
mined by the solvent flattening procedure, dummy  atoms for several 
well defined segments were measured from the  minimaps  and  exam- 
ined by using computer graphics. The correct  tracing was found by a 
combination of segment  fitting  and verification  using the disulfide- 
rich  core of erabutoxin b  (Low et al., 1976). Subsequently,  the  struc- 
ture was built using computer graphics and  the  known  amino acid 
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a 

FIG. 1. Stereo drawing of resi- 
dues 34-37 depicting the associated 
electron density after the sixth cycle 
of SA refinement. Before ( a )  and  after 
( b )  manual correction. The  electron  den- 
sity map was contoured at   the 1 u level. 
This, as well as Figs. 2 and 4-6, were 

TURBO FRODO. 
generated using  a Postcript@  output of 

b 

sequence of fasciculin 1 (Ducancel et al., 1991). Only  the region 
comprising  residues 6-13 and  the side chain of AsnZ1 appeared ill 
defined in  the  electron  density  map  (but see below). At  this  point, a 
refinement of the  protein model  was initiated  using  the  program X- 
PLOR (Briinger, 1988). Eight cycles of SA were performed  using  the 
scheme outlined in the  X-PLOR  tutorial.  The  heating  stage was 
applied during 1.5 ps while the  temperature was raised from 2000 to 
3000 K, and  the cooling stage was carried  out  during 1.25 ps  to a final 
temperature of 300 K. Durjng  this procedure, the  starting  resolution 
range,  which  was 8.0-3.0 A, was  gradually  changed to 6.0-2.0 A. A 
total of 20 additional energy minimization  steps were tben  performed, 
in which the maximum  resolution was set  to 1.9 A and  solvent 
molecules were added gradually. The model  was  periodically inspected 
and  corrected  using  computer  graphics  and  electron  density  maps 
with (2F. - F J ,  (Fo - F,) and -(Fo - F,) coefficients* (Blundell  and 
Johnson, 1976). Use of the  program RHOFIT: which interpolates 
electron  densities a t  atomic  centers, helped to  determine  the problem 
regions and  to optimize the  positioning of several atoms  in  the  Fourier 
difference  maps. The  fragment  containing residues 34-37, that  was 
erroneously fitted  during model building, was corrected after  the  sixth 
cycle of SA refinement. Although the  resulting electron density 
showed very  clearly the  correct  disposition for these  amino acids, the 
problem was not  spotted  earlier  due  to  the  fact  that  all  the  atoms of 
the  fragment moved to an  incorrect, roughly matching,  electron 
density  during  the  initial  SA  refinement (Fig. 1). After correction of 
this  error  and  one  additional cycle of refinement,  the R-factor dropped 
from 0.252 to 0.231. Its  current value is 0.173 for  reflections with F 
> 2.5 u ( F )  between 8- and 1.9-A resolution. Table 111 depicts  the 
progress of the  refinement procedure. The  present model contains 59 
water molecules with B < 62 A' and a  fixed  occupancy of 1.0, and  the 
mean B values  for main  chain, side chain,  and  solvent  are 13.6,  14.7, 
and 38.9 A', respectively. The  atomic model has  root  mean  square 
deviations from  ideality of 0.013 A for  bond  lengths, 2.89" for bond 

Maps with -(Fo - F,) coefficients were instrumental  in  detecting 
negative density  in  the difference maps,  since  TURBO  FRODO, as 
with many  other versions of FRODO, does not depict  negative  elec- 
tron density. 

A. Volbeda, personal  communication. 

CA 

TABLE I11 
Model refinement 

Cycle Resolution of reflec- of water R-facto? 
Number Number 

tions molecules 

Simulated annealing 
A 

0 8.0-3.0 1453 0.545 
1 8.0-3.0 1453 0.306 
3  8.0-2.5 2481 0.274 
4  6.0-2.5 2357 0.250 
5  6.0-2.0 4358 0.260 
8 6.0-2.0 4358 4  0.221 

Energy minimization 

9  6.0-1.9 4651 15  0.208 
28  8.0-1.9 4775 60 0.181 
2ah 8.0-1.9 4446 60  0.173 

"R-factor = C(IFJ  - IFcI)/CIFcI. 

Calculated  with  a 2.5 uF cutoff. 
I 1 

angles, and 26.1" for dihedral angles. A (@,'P) plot  (Ramachandran 
and  Mitra, 1976) of fasciculin 1 is  shown  in Fig. 2. The mean  atomic 
coordinate  error  can be estimated  to fall  between 0.15 and 0.20 8, 
(Luzzati, 1952). A  complete account of the  crystallographic  refine- 
ment will be published  elsewhere. 

RESULTS 

Atomic  coordinates  of  cardiotoxin Vi' were kindly  provided 
by B. Rees, while those of  erabutoxin-b were obtained from 
the Brookhaven Protein Data Bank, entry SEBX. 

Structure  Description 

Fasciculin 1 appears as a slightly concave flat disc with a 
dense core containing four  disulfide  bridges  and  three  long 
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FIG. 2. Ramachandran plot of the refined structure of fas- 
ciculin 1.0, glycines; +, non-glycines. The asterisk represents Arg". 

FIG. 3. a, C, backbone  drawing of fasciculin 1. The sulfur atoms 
are represented  by black circles, and the N and C termini are indicated. 
This drawing  was generated using the program PLUTO (S. Mother- 
well, Cambridge  Crystallographic Data Center, University Chemical 
Laboratory, Lensfield Rd., Cambridge, England). b, schematic repre- 
sentation of intramolecular  hydrogen bonding. Arrows indicate donor- 
acceptor direction. Dashed lines represent main chain-main chain 
interactions; solid lines depict interactions implicating at least one 
side chain. 

o ! . , . , . , . , . , . , . I  
0 1 0  20 30 40 50 60 70  

Residue 
FIG. 4. Temperature  factors for main (solid  line) and side 

chain (dotted line) atoms of the refined model of fasciculin 1. 

loops that emerge from it (Fig. 3). We have designated the 
long loops that are formed by residues 5-15,  24-38, and 43- 
50 as loops I,  11, and 111, respectively, following the convention 
established for related molecules. The toxin  contains two 
antiparallel @-sheets; one is three-stranded, formed by resi- 
dues 22-27, 34-39, and 48-53, and a second is a very short, 
two-stranded  one  consisting of residues 3-4 and 14-15. There 
are also two class I @-turns  at positions 17-20 and 58-61 and 
a  class I1 @-turn comprising residues 56-59 (Schulz and 
Schirmer, 1979). A nonstandard  @-turn (Richardson, 1981) is 
defined by residues 45-48. The remaining two bends cannot 
be characterized in terms of  well defined secondary structure; 
they correspond to the disordered region around residues 6- 
11 (mean B = 35 A'; see  Fig. 4) and  the zone comprising 
residues 30-33. The bend regions of loops I1 and I11 are 
interconnected  through  a  series of hydrogen bonds involving 
ArgZ7, Arg8,  and His2' on one side and Asp45, Asp46, Tyr47, 
and Glu4' on the  other (Figs. 3b and 5). A complete account 
of the intramolecular hydrogen bonding is depicted in Fig. 1. 

Two of the 5 proline residues present in fasciculin 1 are in 
the cis conformation (Fig. 6). Because of cis-Pro31, at  the bend 
region of loop 11, the carbonyl oxygen of residue 30 is located 
within hydrogen-bonding range of the Nvl of Arg2?. This 
reinforces the interaction between the guanidinium group of 
this residue and  the  stretch comprising residues 30-32 (Fig. 
5) .  c i ~ - P r o ~ ~ ,  found in a short loop between Cys53 and Cys5' 
has no counterpart  in  either  erabutoxin  b or cardiotoxin Vi1 
(Table IV). Apparently, this  rather  tight bend imposes con- 
formational  constraints on the proline residue that  the  trans 
isomer would  be unable to accommodate. 

Eighteen out of the 59 water molecules included in the 
model establish more than one hydrogen bond with atoms of 
the reference protein molecule (Table V). Their mean B value 
is 30.7 A2 . 

Comparison  to  Other  Structurally Related Snake  Toxins 
Conservation of Secondary  Structure and Loop Regions-As 

it  was observed for the superposition of cardiotoxin Vi' and 
erabutoxin  b (Rees et al., 1987), most of the @-sheet regions 
and  the disulfide bridges of fasciculin 1 closely match  those 
of the other two toxins (Fig. 7); however, the acetylcholines- 
terase inhibitor lacks the well defined @-turns found in  era- 
butoxin  b and in cardiotoxin Vi1 at positions 7-10 and 29-32 
(fasciculin numbering) (Fig. 3b and Table IV). 

Fasciculin 1 and erabutoxin  b differ significantly in the 
orientation of the  three  central loops (Fig. 7a) .  The extensive 
set of interactions that stabilizes loops I1 and I11 of fasciculin 
1 does not have a counterpart in  erabutoxin  b where the 
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FIG. 5. Stereoscopic view of the 
interactions  between loops I1 and I11 
of fasciculin 1. Dotted lines depict  hy- 
drogen bonds. 

a 

D 45 

FIG. 6. Stereo  view of (a) cis-Pro31 and (b )  cis-Pro66 with the associated electron  density. The  electron  density  map was contoured 
a t  the 1 u level. 

region appears  potentially more flexible. This  is especially 
true of loop 11, which  considerably protrudes  from  the  rest of 
the toxin  structure.  The  comparison of cardiotoxin Vi1 and 
fasciculin 1 show that  they have the  same molecular  concavity, 
which is opposed to  that of erabutoxin b (Fig. 7b) .  In  addition, 
there  is a remarkable overall  coincidence in  the  orientation 
of loops I1 and I11 and  in  the hydrogen bonding  defining  the 
local @-sheet  structure.  This includes the hydrogen bond 
connecting N of  Arg28 to 0 of Tyr47 (Fig. 5), which is  not 
found  in  erabutoxin b. The  nature of the  additional  interloop 
contacts varies depending  on  the  toxin.  In  cardiotoxin Vi’, 
they  are mostly of hydrophobic character  and  concern  the 
side  chains of Metz4, Leuz6, Val4’, and Tyr51. In fasci- 
culin 1,  they  are  predominantly hydrophilic interactions  in- 
volving side chain-main  chain hydrogen bonds between Arg7, 
A r e ,  and  Hisz9  on  one side and Asp45, Asp46, and Glu4’, on 

the  other (Figs. 3b and 5). 
Conserved Core Residues-The conservation of core resi- 

dues in  the  snake  toxin family has been  extensively  discussed 
by several authors  (Dufton  and  Hider, 1991; Endo  and Ta- 
miya, 1991).  Menez et al. (1992) have  made a systematic 
analysis of both scorpion and  snake  toxin  amino acid se- 
quences and have  concluded that  snake  toxins  having  the 
three-fingered folding pattern  are  characterized by a consen- 
sus sequence  composed of 8 half-cystines  plus Gly38 and Pro4’. 
A  more extensive  semi-invariant sequence can be defined if 
conservative changes  are  introduced  (Endo  and  Tamiya, 
1991). Close examination of the  three  representative  short 
toxins shows that, besides the  four disulfide  bridges, the  snake 
toxin fold is  characterized by a series of core  residues that 
spans  the molecule from Pro4’ to  the  C-terminal carboxyl 
group and  that is approximately  perpendicular  to loop 11. In 
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TABLE IV 
Amino acid sequence comparison of fasciculin 1, erabutoxin b, and cardiotoxin Vi', based on three dimensional  superpositions 

Residues underlined with a straight  line  are  implicated  in  @-strands,  and  those depicted  with wavy underlines  are involved in  @-turns.  The 
first P-sheet is constituted by strands A and B, the second by  strands D-E. These  results were obtained using the  program DSSP (Kabsch 
and Sander, 1953).  Conserved  residues are  shown  in bold characters. Fasc.1,  fasciculin 1; Era.b, erabutoxin b; Card.,  cardiotoxin Vi'. 

F a s c . l : T M ~ S H T T T S R A I L N C C , . ~ . _ _ _ G " . ~ N S C Y R K S R R H P P K  
A 10 B b 20 C 30 

Era.b : R I C F N H Q  .... S - . . S " . Q P Q T T K ! L C S - P & E S S C Y H K O W S D F R G  
A a 10 B b 2 0  C 30 c 

C a r d .  : L K C - H K L I P I A - - Y K T C P E G K N L C Y K M M L A S K K M  
A a 10 B b 20 C c 30 

F ~ ~ ~ . ~ : M Y T ~ G R G ~ G - - C P P G D D Y L ~ V K ~ C T S P D K C N Y  
D 40 50 E e 60  

C a r d .  : V P V K R G C L N V C P K N S A L V K Y V C c S - u N  
D 40 50 E e 60 

TABLE V 
Possible protein-solvent  hydrogen bonds 

Only those  interactions involving 2 protein  atoms/solvent molecule are depicted. 
Solvent molecule 
(B-factor in A') Protein Distance Protein Distance Solvent molecule 

(E-factor in k2) 
A A 

62 Thr7-0 3.1 
(43.7) 

75 Ser2'"Oy 

2.7 
63  Thr'"-Oyl 

2.5 
(15.1) A r e - 0  2.7 Arg37-Nv2 3.4 

C l~ '~ -Oc1  
2.8 

(5.4) Asn"-O 2.9 76  Arg"-O 2.9 

65 
(14.2) Ar24-0  

(29.1) Lys3'-Nz 
ArgZ4-Nvl 3.0 

2.8 
2.7 

2.8 
SerZ6-0y 2.8 77  Cys"-N  2.8 

Ser5-0 
Pro4'-N 

78 P ~ o ~ ~ - o  Ar$'-N  3.0 

3.3 

2.7 

G l ~ ~ ~ - O c l  

(40.5) 
68 

(20.9) 
2.7 

~ ~ $ 7 - 0  3.0 (31.4)  Asp4'-061 2.5 

69 Thrl-N 2.8 
(22.5) 

79  Arg""Nv2 

Tyr'l-OT 
70 Arg2"Nvl 

(32.9) 

Asn"-Obl 2.9 (36.3) Tyr'l-0 3.1 
3.3 

2.8 

3.4 
3.2 

Ar2'-Nv2 3.1 93 Asp"'-N 
Lys32-0 2.8 (38.9) Asp"-061 3.0 

71 
(13.6) 

73 
(22.0) 

74 
(36.4) 

Ar$*-N 3.2 
Hisz9-N 2.9 
Tyr"-O 2.8 

Cys'7-0 3.0 
Amz0-061 3.3 

Arp-Nv2 3.1 
TyP-0  2.9 

94 SerS-N 
(36.8) 

2.9 
Ile'3-0 2.6 

3.1 96 ArgZs-Nvl 
(47.8) ~ 1 u ~ ~ - 0 ~ 2  3.3 

99 ValR4-N 2.9 
(61.9) ~ ~ 1 3 4 . 0  2.8 
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a 

b 

FIG. 7. Stereo drawing depicting (a) the superposition of fasciculin 1 (thick line) and erabutoxin b and ( b )  the superposition 
of fasciculin 1 and cardiotoxin 3 V f .  The  three models were superimposed by using  the topologically equivalent C,s contained  in  the 
three-stranded  P-sheet (see Table IV). Monographic views, rotated by 90" relative to  their  stereo  counterparts,  are also  shown. 

fasciculin 1 and erabutoxin b, the  stretch is identical and 
consists of Pro4*, T y P ,  Lys",  Gly3', A r e ,  and  AmGo (fasci- 
culin numbering) and  the  C-terminal carboxylate (Fig. 8a). 
All but one of the  interactions around the C-terminal region 
of fasciculin 1 are also preserved in cardiotoxin Vi'. However, 
the environment  around the conserved tyrosine residue is 
somehow different; the intrusion of Ile3' displaces 
whereas Lysz5 and Val5' are replaced by Metz4 and Tyr", 
respectively (Fig. 8b). 

The overall similarity of fasciculin 1 to erabutoxin  b and 
cardiotoxin Vi' has been evaluated by  rigid  body least  squares 
superposition of their C,,s according to  the alignment of Table 
IV. The obtained root mean square deviations are 1.6 %, for 
the fasciculin 1-cardiotoxin Vi' pair and 2.3 %, for the fasci- 
culin 1-erabutoxin  b  pair. 

DISCUSSION 

The crystallographic analysis of fasciculin 1, a potent ace- 
tylcholinesterase inhibitor, shows that  this molecule, as sug- 
gested by its amino acid sequence, is representative of a third 
group of snake  toxins  structurally close to both a-neurotoxins 
and cardiotoxins. All these molecules share a fold character- 
ized by a dense core that contains four disulfide bridges and 
three long loops disposed as the  central fingers of a  hand. In 
the crystal structure of fasciculin 1 there is a marked differ- 
ence between the level of organization of the  three  central 
loops. Loop I  appears poorly defined, and  its residues display 
high  temperature factors. Loops I1 and 111, in  turn, establish 
a series of interactions,  both as  part of the @-sheet structure 
and  as hydrogen bonding involving side and main  chain 
atoms. Although this p-sheet stretch  has  the same bonding 
pattern  as  its counterpart in cardiotoxin Vi', the  other  inter- 
actions are  characteristic of fasciculin 1. The disposition of 
the core residues of all the members of the three-finger  type 
toxins shows that  the closest fit is obtained when comparing 

fasciculin 1 and erabutoxin b. 
It is of interest  to consider fasciculins within the  context of 

snake toxin phylogeny. To  this  date, two main hypotheses 
have been postulated concerning the evolution of these  pro- 
teins. The first  one is best  represented by Strydom (1979) 
who has concluded that  an ancestral "cardiotoxin-phospholi- 
pase" led to  the cardiotoxins, on the one hand, and from a 
short neurotoxic ancestor to long and  then  short  a-neurotox- 
ins  on the other.  A somewhat similar view has been proposed 
by Ivanov and Ivanov (1979). The second approach has been 
advocated by Dufton (1984) and Dufton and Harvey (1989), 
who have used an intercystine loop length  analysis to divide 
the three-finger type snake toxins into several groups and  to 
establish a dendrogram carrying evolutionary implications. 
Short  a-neurotoxins  and cardiotoxins have similar intercys- 
tine loop lengths, but whereas the former are extensively 
distributed  in elapid venoms, the  latter  are only found in 
cobras and ringhals. Based on  these observations, Dufton 
(1984) has concluded that cardiotoxicity evolved from an 
ancestral neurotoxic capability. Both propositions place the 
"angusticeps-type" toxins, such as fasciculins, closer to  the a- 
neurotoxins than  to cardiotoxins. There are, however, signif- 
icant  amino acid sequence differences between neurotoxins 
and fasciculins. Noting this, Strydom (1977) has proposed 
that evolutionary change has  taken place faster  in the  "an- 
gusticeps-type" toxins than in a-neurotoxins from the same 
venoms. 

As mentioned above, although it was not immediately ob- 
vious from amino acid sequence data,  the three-dimensional 
structure of fasciculin 1 reveals characteristics that  are  inter- 
mediate between those of erabutoxin  b and cardiotoxin Vi'. 
Since,  in general, a  three-dimensional structure is considered 
to be more conserved than amino acid sequence (Johnson et 
al., 1990), the overall structure of fasciculin 1 should shed 
new light on the phylogenetic relationships of snake toxins 
having the three-finger pattern; if, as  it  has been proposed, 



High Resolution  Crystal  Structure of Fasciculin 1 22129 

a f C A  QCA 

a 

FIG. 8. Stereo  drawing of the environment  around T Y ~ * ~ .  Comparison of (a )  fasciculin 1 (thick  line) and erahutoxin  b and ( b )  
fasciculin 1 and cardiotoxin Vi1. The superposition was done as described in the legend to Fig. 6. In b, the side chain of TyrS1 has been omitted 
for clarity. 

fasciculins are more  closely related to  a-neurotoxins  than  to 
cardiotoxins, then  the similar hydrogen bonding schemes and 
orientations of loops I1 and I11 observed in cardiotoxin Vi1 
and fasciculin 1 are the result of convergent evolution. Con- 
vergent, or parallel, evolution following divergency from a 
common ancestral gene has been found in other protein 
families (Stewart et al., 1987; Kuriyan et al., 1991). Alterna- 
tively, and if fasciculins turn  out to be more closely related to 
cardiotoxins than  to  a-neurotoxins,  then  current  thoughts 
about  snake toxin evolution will have to be revised. More 
light will be  shed on this problem as novel snake toxin 
structures of the three-finger type become available. 

The crystal structure of acetylcholinesterase from Torpedo 
californica has been recently determined  (Sussman et al., 
1991). The active site of the esterase is known to be located 
in a deep and narrow gorge that is partially lined by 14 
aromatic residues, but  the exact location of the peripheral 
site,  to which fasciculins bind, has not  yet been determined. 
The aromatic  character of the region neighboring the active 
site  and  the fact that several small molecules that bind to  the 
secondary  site of acetylcholinesterase have quaternary  am- 

monium groups (Taylor and Lappi, 1975; Dougherty and 
Stauffer, 1990) suggests that basic side chains  are involved in 
the binding of the toxin to  the esterase. In fasciculin 1, several 
arginine and lysine side chains  are clustered around the  tip 
of loop  I1 (Arg7, Arg", and Lys3') and on the concave region 
of the molecule ( A r e ,   A r p ,  and Lys5I). It is conceivable that 
one or both of these  clusters could be involved in the binding. 
The simultaneous  contribution of several positively charged 
groups to complex formation would  be  in agreement with the 
fact  that only partial loss of inhibitory  activity is observed 
upon chemical modification of certain  arginine or lysine side 
chains of fasciculins (Cervefianski et al., 1991b). 

It would  be of interest to prepare  crystals of a complex 
between acetylcholinesterase and fasciculin, as this would 
allow the detailed study of the interaction of a small protein 
toxin with its solubilized receptor. 
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