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Abstract

Centruroides sculpturatuEwing variant 2 toxin (CsE-v2) is a neurotoxin isolated from the venom of a
scorpion native to the Arizona desert. The structure of CsE-v2 was solved in two different crystal forms
using a combination of molecular replacement and multiple isomorphous replacement techniques. Crystals
of CsE-v2 display a temperature-dependent, reversible-phase transition near room temperature. At lower
temperature the space group changes frog2 P& P321 with an approximate doubling of tli&axis. The
small-cell structure, which has one molecule per asymmetric unit, haR factor of 0.229 at 2.8 A
resolution. The large-cell structure has two molecules per asymmetric unit and was refined at 2.2 A
resolution to arR factor of 0.255. CsE-v2 is a rigid, compact structure with four intrachain disulfide bonds.
The structure is similar to other long-chginneurotoxins, and the largest differences occur in the last six
residues. The high-resolution structure of CsE-v2 corrects an error in the reported C-terminal sequence; the
terminal tripeptide sequence is Ser 64-Cys 65-Ser 66 rather than Ser 64-Ser 65-Cys 66. Comparison of
CsE-v2 with long-chainx toxins reveals four insertions and one deletion, as well as additional residues at
the N and C termini. Structural alignment®fandf toxins suggests that the primary distinguishing feature
between the two classes is the length of the loop between the second and third strands in a thr@e-strand
sheet. The shorter loop i toxins exposes a critical lysine side chain, whereas the longer lopgarins

buries the corresponding basic residue (either arginine or lysine).

Keywords: Crystal structure; scorpion toxin; noncrystallographic symmetry

Scorpion venom contains a number of proteins that are rethe activation or inactivation of the sodium channel (Nara-
sponsible for the neurotoxic activity of the venom. Thesehashi et al. 1972; Romey et al. 1975; Catterall 1979;
proteins are divided into two large classes, depending upo@ouraud et al. 1980). This property makes them useful
their length. The short neurotoxins (<40 amino acid resiprobes for investigating the topology of sodium channels.
dues) are active on various potassium channels (Possani &he long-chain scorpion neurotoxins can be further subdi-
al. 1982; Gimenez-Gallego et al. 1988; Galvez et al. 1990yided into two classesy and toxins, on the basis of their
Crest et al. 1992). On the other hand, the long neurotoxingffects on the sodium channel (Jover et al. 1980). In general,
(60—70 amino acid residues) appear to function by affectinge toxins are found in the venom of old-world scorpions,
whereas3 toxins are more common in new-world species.
All long-chain neurotoxins have similar tertiary struc-

Reprint requests to: Steven E. Ealick, Department of Chemistry, CornelfUr€S, €ONsisting of an he_l'x O_f 2.5 turns, a three-strand
University, Ithaca, NY 14853, USA; e-mail: see3@cornell.edu; fax: (607)antiparallel sheet, four disulfide bonds, and a conserved

25%2‘(‘32;(3 § hydrophobic surface (Zhao et al. 1992; Housset et al. 1994;
Article and publication are at http://www.proteinscience.org/cgi/doi/JablonSky _et al. 1995; _La_ndo_n et a.I. 1997_)' However, th(_ey
10.1110/ps.39202. show considerable variation in amino acid sequence (Fig.
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1). In this regard, toxicological studies indicate that Another interesting aspect of the CsE-v2 structure is un-
individual scorpion toxins differ significantly with respect usual noncrystallographic symmetry. Preliminary studies of
to neurotoxicity and species specificity. ComparisonCsE-v2 indicated that the protein crystals undergo a tem-
of amino acid sequences of long-chain scorpion toxingerature-dependent reversible transition near room tempera-
shows thata and B neurotoxins differ primarily in the ture (Ealick et al. 1984). At room temperature, the space
lengths of two loops: the loop just prior to the helix  group is P321 with one molecule in the asymmetric unit,
and the loop between the second and tiirstrands. Com-  but at 4° the crystals change to space grouf2P3vith two
pared top scorpion toxins,a toxins have a longer loop molecules per asymmetric unit. There is also an approxi-
between the3 strands and a shorter loop preceding the mate doubling of theC-axis, which suggests that pairs of
helix. One notably different structure of a scorpion toxin molecules are related by noncrystallographic translational
from Buthotus judaicushas been reported (Oren et al. symmetry parallel to th€-axis. Here we describe the three-
1998). Although it has the same core structure as othedimensional structure of CSE-v2 in both the large-cell and
neurotoxins, it contains an additionalhelix at the C ter- small-cell crystal forms and discuss its differences from
minus. other long-chain neurotoxins.

Variant 2 scorpion toxin (CsE-v2) is a 66—amino acid
protein isolated from the venom @entruroides sculptura-
tus Ewing, a scorpion native to the southwestern Unite
States (Babin et al. 1974). CsE-v2 is one of three toxins
produced in the venom that are called variants because thdeScription of the structure
are much less potent than other toxins originally describedraple 2 is a summary of refinement parameters for the two
in this species. Otherwise, their physical and chemical propstructures. Superposition of tiefactor curve with theoret-
erties are quite similar. Crystallographic studies of CSE-vZcal curves for different mean positional errors gives esti-
were initiated to compare molecular structures and possiblyhated errors of 0.33 and 0.31 for the small- and large-cell
identify features that affect toxicity. The structures of thestructures, respectively (Luzzati 1952). For the small-cell
other two variant toxins i€entruroides CsE-v1 (Lee etal.  structure, a Ramachandran plot shows that 90.2% of the
1994) and CsE-v3 (Zhao et al. 1992), as well as two potenfonglycine residues are in most-favored regions and 9.8%
toxins from this species, CsE-I (Jablonsky et al. 1999) andyre in additional-allowed regions. For the large-cell struc-
CsE-V (Jablonsky et al. 1995), have been determined (Tablgires, the corresponding values are 89.2% and 10.8%, re-
1). CsE-v2 differs from CsE-v3 by only four amino acid spectively. The mean B values for molecules A and B in the
residues; there are three conservative substitutions and ongge cell are 17.9 Aand 20.6 &, respectively, reflecting
additional residue at the C terminus. CsE-v2 has nine difthe poorer electron density for molecule B. Because the two
ferences from CsE-v1 in the first 27 amino acids, as well asnolecules in the large-cell asymmetric unit were refined
an additional residue at the C terminus. Compared to CsV-hith noncrystallographic symmetry restraints, the structures
the three variant toxins have one extra residue in thefirst are virtually identical. The root-mean-square difference be-
turn, but all three differ considerably from CsE-V, which tween Ce carbons for the two molecules is only 0.09 A. As
has more sequence and structural homology with old-worléxpected, the structures of CSE-v2 in the large and small
o toxins. cells are quite similar. Superposition of thexGarbons for

dResults

&-
Beta foxins 10 20 30 10 v 7 60
CsE-v2 NKST KYGELKL GE - EGEDKE[EK A KNQGES YEEEIYE]- - - - - PESTPTYPLPNKS[CIS
GsE-vi KK S DIGC|K Y D[3F WL GK - EHMHNTE[HKAKNQGIGS ¥ PESTPITI[YPLPNKS|C
CsE-v3 KK SDIGCIKYGML KL GE - EGIHDTE[HKAKNQG|GIS Y PESTPII[YPLPNKS|C
CsE-l EK- TIGCKKT[MYKL GE - DF[HANRE[HK WKH I GBS ¥ PODSTQTWPLPNKTIC
cn2 DKNTIGCIKYE[MLKL GD- - NDY[dL RE[HK QQ Y GK|G|A G| YEQAI [VIWPLPNK R[C|S
Ekl' DH- E KLSIHFI RP- - - SGY[HGRE[EGI - - KKIGS S PNWVKIVIWORATNK
pha toxing
CsE-V K DS- GNCIKYEMLK- - - - - DOYENOLELE- - RKEDK GK- - PONSPTIKTSGK- -[CINP A
AaHIl v DD- VINC[T Y F[HGR- - - - - AYHNEE[MTK- - LKIGE s ASPYG POHVR[TIKGPGR- - [CH
LghalT v KM- YINC[VYE[HF A YIEINEL[HTK- - NGIAIS S AGKYG PONVP[I|[RVPGK- - [CR
mwl v KN- ¥[NC[vYE[SF R YIANDL[AT K- - NGJA|S S AGKYG PONVP|l [RVPGK- - [C|H
Bk, M1 v KP- HINC|VYE[HAR YIANDL[ATK- - NGJAK S VGKYG PONVP|Il[RVPGK- - [C|H
Bk, M2 v KP- HNC[VY E[HAR - YIANNL[ATK- - NGAIK S SGKYG PONVPIl[RVPGEK- - [C/H
Bk, M4 v KP- ENC|V Y H[HA G GIHNKL[HTD- - NGJAIES GGRYG PODOVP[IIRVPGK- - [GH
Wﬂv% GRD A LD S - ENCIT Y F[HGS YENDVIETE- - NGlAIK § AGRYG PASERIIKEGGR- - [CG
|Gn-al Non-i
mm$ xﬁﬁﬁﬂEﬂoR—NﬁmlrsasavwﬁlAPHYBNSEBTKV Y YBIE SEEEECH- - - - - EDDKP[&?MKDITEKYCDVO

Fig. 1. Sequence alignment of CsE-v2 with scorpion toxins whose coordinates have been reportedellhandg strands in CsE-v2
are indicated. AaH2Androctonus australisdector 2; LghalT,Leiurus quinquestriatus hebraeus Lqglll, Leirus quinquestriatus
quinquestriatus3; BmKM1, Buthus martensiKarsch M1; BmKM2,B. martensiiKarsch M2; BmKM4,B. martensiiKarsch M4;
BmKMB8, B. martensiiKarsch M8; CsE-VCentruroides sculpturatuwing 5; Ts1,Tityus serrulatud; CsE-I,C. sculpturatus€wing
1; CsE-v1,C. sculpturatuswing variant 1; CsE-v2C. sculpturatusEwing variant 2; CsE-v3C. sculpturatuEwing variant 3; Cn2,
Centruroides noxiusioffman; Bj-xtrIT, Buthotus judaicus(Prepared with ALSCRIPT [Barton 1993].)
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Crystal structure of CSE-v2 scorpion toxin

Table 1. Long chain scorpion toxin structures determined by X-ray crystallography and nuclear
magnetic resonance (NMR) (only structures with published coordinates are included)

Protein Data

Toxin Abbreviation Method Bank code Reference
Beta toxins
Centruroides sculpturatus CsE-vl NMR 1VNB Lee et al. 1994
Ewing variant 1
C. sculpturatus CsE-v2 X-ray 1JZA, This paper
Ewing variant 2 1JZB
C. sculpturatus CsE-v3 X-ray 2SN3 Zhao et al. 1992
Ewing variant 3
C. sculpturatusEwing 1 CsE-I NMR 2B3C Jablonsky et al. 1999
Centruroides noxiugioffmann Cn2 NMR ICN2 Pintar et al. 1999
Tityus serrulatusl Tsl X-ray 1B7D Polikarpov et al. 1999
Alpha toxins
C. sculpturatusEwing 5 CsE-V NMR INRA Jablonsky et al. 1995
Androctonus australi$lector 2 AaH2 X-ray 1PTX Housset et al. 1994
Leiurus quinquestriatus hebraeas LghalT NMR 1LQH Tugarinov et al. 1997
Leiurus quinquestriatugiuinquestriatus 3 Lqqlll NMR 1LQQ Landon et al. 1997
Buthus martensiKarsch M1 BmKM1 X-ray 1SN1 He et al. 1999
B. martensiiKarsch M2 BmKM2 X-ray 1CHz He et al. 2000
B. martensiiKarsch M4 BmKM4 X-ray 1SN4 He et al. 1999
B. martensiiKarsch M8 BmKM8 X-ray 1SNB Li et al. 1996

Non-alpha, non-beta
Buthotus judaicus Bj-xtrIT X-ray 1BCG Oren et al. 1998

either CsE-v2 molecule in the large cell with CsE-v2 from _ o
the small cell shows root-mean-square differences of onlyrable 2. Refinement statistics for CsE-v2
0.24 A. The largest differences (0.4-0.6 A) occur in the first

. ) Small cell Large cell
two residues at the N terminus (Lys 1-Glu 2).

CsE-v2 is a compact globular protein with approximate;‘;zgleu&rgl:zn " songlz o0 F;%ZOl 2.2
dimensions of 25x 32 x36 A (Fig. 2). CSE-v2 contains °> "% reﬂgctign)s (total) 1600 oa60
onea helix (residues 23-30) and a three-stranded antipar- \yorking set 1528 6098
allel B sheet (residues 3—4, 3841, and 46—49). d helix Test set 81 362
is connected to the middle strand of fhesheet by a pair of Completeness (%) 99.2 99.5
disulfide bonds involving Cys 25-Cys 46 and Cys 29-Cys Eva';e | 8-;251’ 8'323
48. The longer outer strand of tigesheet is linked to the Hig;iit e otion shell A 5 96 80 > 34990
long loop prior to thex helix by a disulfide bond between  nymber of reflections (total) 260 1061
Cys 16 and Cys 41. The fourth disulfide bond between Cys working set 252 1007
12 and Cys 65 limits the flexibility of the C terminus. There Test set 8 54
is one antiparalleB bulge that involves residues Ser 37, Tyr ~ Completeness (%) 96.7 99.6
38, and Glu 49, and there are BQurns. Pro 59 adoptsdis Er\ézlgialue 8:222 8:2;2
conformation, which has been reported in mpstcorpion  nymper of protein atoms 498 1000
toxin structures. Number of water molecules 0 27

The high-resolution crystal structure of CSE-v3 revealedEstimated coordinate error (A) 0.33 0.31
an error in the published C-terminal sequence; the corredéviations from ideality
sequence is Ser 64-Cys 65 rather than Cys 64-Ser 65 (Zhaogc’nOI lengths SA) 0.007 0.008

. . ond angles (°) 1.4 1.4
et al. 1992). Similarly, the solution structure of the homolo-  pihedral angles (°) 245 225
gous toxin CsE-vl (Lee et al. 1994) showed a C-terminal Improper angles (°) 1.3 1.3
sequence of Ser 64-Cys 65. The published sequence of CsEemperature factor refinement
v2 lists the three C-terminal residues as Ser 64-Ser 65-CysMean B value () 201 19.2
66 (Babin et al. 1974). However, the high-resolution struc- Eng EZ::EE:: gﬁgi% ;:33 g:gg
ture of CsE-v2 clearly shows that the correct C-terminal Rpmsq side-chain bond @ 270 3.49
sequence is Ser 64-Cys 65-Ser 66 (Fig. 3), which is ho- Rmsd side-chain angle & 3.98 4.73

mologous to CsE-v1 and CsE-v3.
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Fig. 2. Ribbon diagram of CsE-v2. The N and C termini are labeled.
(Prepared with RIBBONS [Carson 1987].)

Intermolecular hydrogen bonds and crystal packing
in the two structures

The asymmetric unit of the large-cell crystal form contains
two molecules of CsE-v2 related by a noncrystallographi
translation approximately parallel to tH@-axis. The dis-
tance between the centers of mass is 43.5 A, and the clos
contact along th€-axis between the two moleculesliB.4

A. This approximate doubling of th-axis converts the 3
screw axis into a 3screw axis, which results in a change of
space group from B21 to P321, even though the packing
of molecules in the unit cell remains nearly the same. Th
rotation angle required to bring the two molecules into
alignment is 3.5°. This rotation between the two molecule
is sufficient to change the intermolecular hydrogen-bondin

C

e

scheme relative to the molecule in the small cell. Although
most of the differences are rather small, they are obviously
sufficient to lead to an alternate crystal-packing scheme and
consequently the doubldgdtaxis and different space group.

The CsE-v2 molecule in the small cell contains five in-
termolecular hydrogen bonds (Table 3). Molecules A and B
in the large cell contain seven and five intermolecular hy-
drogen bonds, respectively. The hydrogen bond between
symmetry-related hydroxyl oxygen atoms of Tyr 58 is the
only bond that is present in all three molecules. Two other
hydrogen bonds in the small-cell structure have counterparts
in molecule A of the large-cell structure: Lys 13-Ser 66 and
Tyr 42-Pro 61. In molecule B of the large-cell structure, the
hydrogen bonds corresponding to Lys 13-Ser66 and Tyr
42-Pro 61 are not present. Also, the hydrogen bond between
the carbonyl oxygen of Cys 65 and OG of Ser 66 is much
shorter in molecule B compared to molecule A.

Discussion

Table 1 lists the long-chain scorpion toxin structures with
coordinates that have been deposited. Eight of these are
X-ray structures, and the other six were determined by
nuclear magnetic resonance (NMR). Figure 1 is a sequence
alignment of CsE-v2 with these long-chain toxins. The tox-
ins with the most sequence homology to CsE-v2 are CsE-v1

e(s8ts%) and CsE-v3 (95%). The largest structural difference

among the three variant toxins occurs in the C-terminal loop
that includes residues 59-65. In particular, the movement of
Cys 65 (1.0 A compared to CsE-vl and CsSE-v3) is re-
quired to accommodate the additional C-terminal residue
Ser 66 in the crystal structure. It is interesting that the di-
sulfide bond involving Cys 65 in CsE-v3 has two alternate
conformations, but in the CsE-v2 structure there is no elec-

;[ron density to suggest an alternate conformation.
Comparison of the three variant toxins with the other

three B toxins of known structure reveals a one-residue
insertion at position nine of the variant sequences compared
to CsE-l and a one-residue insertion at position 21 com-

13 K13
Table 3. Differences in intermolecular contacts
Ci12 12
Distances (A)
G11 G11 Small Large cell Large cell
65 65 Residue Atom Residue Atom cell mol. A mol. B
Glu2 OE2 Lys27 NZ 3.30 2.99 2.99
S64 S64 Asn7  ND2  Glu28 OEl 261  3.23 3.61
Ser9 OG Glu28 OE2 3.35 2.93 2.73
Lys13 Nz Ser66 oT 2.71 3.00 3.28
Glu2l OE2 Lys32 NZ 3.08 4.36 3.95
Fig. 3. Portions of CsE-v2 with the superimposed difference electron den-Tyr42 OH Pro61 9 2.96 2.98 3.94
sity contoured at 1.@r. The electron density map was calculated with TYr58 OH Tyrs8  OH 2.26 2.55 251
coefficients (Fo—Fc) and.,. phases from the refined 2.2-A reso- Tyrs8 OH Ser66 OG 3.35 2.85 2.77
lution structure, but residues Cys12, Cys65, and Ser66 were not include@ys65 o Ser66 oG 3.28 312 247

in the calculation of phases. (Prepared with CHAIN [Sack 1988].)
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pared toTityus serrulatustoxin (Tsl1). TheCentruroides CsE-V have five additional residues at this location; CSE-V
noxius(Cnz2) toxin has no deletions or insertions relative tohas two extra residues.

the three variant toxins, and it shows more structural ho- There are four disulfide bonds in the scorpion toxins, and
mology to CsE-v2 than CsE-l or Tsl. several of the structures show disorder of one or two of

CsE-v2 has much less sequence homology withahe these bonds. CsE-v2 has two conformations for the Cys
toxins, although CsE-V shows intermediate homology t029-Cys 48 bond, which was also observed in the CsE-v3
CsE-v2 compared to other and B toxins. Comparison of structure. The structure of CsE-v3 has an additional disor-
the variant toxins withx toxins reveals four insertions and dered disulfide bond between Cys 12 and Cys 65; the cor-
one deletion, as well as an additional residue at the N terresponding disulfide bonds in the toxins froamdroctonus
minus of thea toxins (Fig. 4). The first insertion occurs at australis (AaHIl) and Leiurus quinquestriatus hebraeus
position nine in the CsE-v2 sequence, where there is afLqqglll) are similarly disordered. The conformation of the
extra serine residue in the three variant toxins. In ¢he disulfide bond with the higher occupancy in CsE-v3 is the
toxins, residues 8-11 form a typ@lturn, but in the variant same assumed by the corresponding cysteine residues in
structures, the extra residue transforms this loop into twdCsE-v2.
overlappingp turns (residues 7-10 and 8-11). The second One common structural feature that has been emphasized
insertion involves residues 19-21 in CsE-v2, which are parin all the scorpion toxins is the presence of a three-amino-
of the loop just prior to the beginning of thkehelix. In the  acid cluster of two aromatic residues and one positively
three variant toxins, the first two residues in this insertioncharged residue (Fig. 5). This three-amino-acid cluster is
are Leu-Gly, and the third residue is either Lys or Glu. Thefound in all known toxin structures, except for CSE-V and
third insertion occurs at residue 32-33 in CsE-v2 and iB. judaicus(Bj-xtrIT), which is clearly in a different struc-
Lys-Asn in all three variant toxins. This sequence is part oftural class of neurotoxins. However, different portions of
two interlocking tight turns involving residues 31-34 andthe sequence in the and 8 toxins contribute the residues
32-35. These turns have no counterparts indghxins.  that form this three-amino-acid cluster. It has been shown
The fourth insertion occurs at positions 63—-64 and is Lysthat modification of this basic residue (Lys 58 or Arg 58 in
Ser in all three variant toxins. This insertion causes thdhea toxins; Lys 12 in CsE-l and Tsl or Lys 13 in Cn2 and
largest conformational change with respectdtotoxins.  the variant toxins) causes a marked loss of toxicity. Bj-xtrIT
Residues 60-63 form a tight turn, which again has no counhas no basic residue in either of these positions.
terpart in thea toxins. This segment of the polypeptide  The mean temperature factors for the main- and side-chain
chain is rotated®0° with respect to the same region in the atoms in Lys 13 are the lowest for any lysine residue in the
a toxins. The extra N-terminal residue in thetoxins is  CsE-v2. The side chain is anchored by two hydrogen bonds.
usually Val, and it assumes a similar conformation in each_ys 13 NZ forms a hydrogen bond with one of the C-terminal
protein. On the other hand, the conformations of the extraarbonyl oxygen atoms (Ser 66 OT), and there is also a water
residue(s) at the C terminus (usually His) are quite differenmolecule that is hydrogen-bonded to Lys 13 NZ and Asp 43 O.
and do not suggest any type of common motif. The onlyA similar hydrogen bond involving water and Asp 43 was
deletion in the variant toxins relative t®@ toxins occurs identified in the CsE-v3 structure (Zhao et al. 1992).
between Ala 43 and Phe 44, which is in the loop between In the toxins the aromatic residues correspond to Tyr 4
the second and thir@ strands. All of thea toxins except and either Tyr 58 in the variant toxins or Trp in the corre-
sponding position for Ts1, CsE-l, and Cn2. In altoxins
except CsE-V, the tyrosine residues in this cluster (Tyr 5
and Tyr 42) are invariant. However, in CsE-V the residue
corresponding to the position of the second aromatic residue
is Lys 55, which makes the importance of an aromatic resi-
due in this position uncertain. Similarly, Tyr 5 is conserved
in Bj-xtrIT, but there is no aromatic residue for the second
position.

Although all of the structural studies have emphasized the
importance of a basic residue with two aromatic residues,
the position of the basic residue relative to the aromatic
residues varies considerably (Fig. 4). The position of Tyr 4
is relatively invariant in all toxins. In thed toxins, this

. . . , aromatic residue is the last in a series of aromatic residues
Fig. 4. Comparison ofx and toxins. TheAndroctonugoxin (green) has . . .
been superimposed on CsE-v2 (red). Representative residues in CsE-\'}Eat form a her.rlngbone_mouf. Inall OT thetpxms (except
corresponding to insertions or deletions relativentdoxins are labeled. CSE-V), there is an additional aromatic residue that extends
(Prepared with CHAIN [Sack 1988].) the herringbone motif.
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A

Fig. 5. Comparison of the aromatic/basic patchuimnd scorpion toxins.4) CsE-v2, green; AaH2, blue. Orange residues (CsE-v2)
are Tyr-4, Lys-13, and Tyr-58; cyan residues (AaH2) are Tyr-5, Tyr-42, and LysBJ8CEE-v2, green; CsE-V, magenta. Cyan
residues (CsE-V) are Tyr-5, Lys-13, and Lys-55. (Prepared with RIBBONS [Carson 1987].)

Structural alignment of the various and 8 toxins sug-  Rigaku RU-200 rotating anode generator operating at 40 kV and
gests that a key distinguishing feature between the twd00 mA. One crystal was used for the native data, and two crystals

. re used for the Pt data set. Oscillation frames covered 0.25° and
classes is the length of the loop between the second aﬁvleégre measured for 5 min. The detector was offset by 20°, and the

third § strands. The shorter loop in tiietoxins exposes the  crystal-to-detector distance was 12 cm. Although data extended
critical Lys 13 side chain, whereas the longer loop indhe slightly beyond 2.2 A, it was truncated at 2.2 A during merging

toxins buries the residue that corresponds to Lys 13 ifgthe and scaling. Indexing and integration of intensity data were carried
toxins (Thr or Val, except for CSE-V, which is Lys). On the outusing the XENGEN processing programs (Howard et al. 1987).

: : . Table 2 gives statistics for the data processing. The overgll R
other hand, the conserved basic residue toxins (Arg 58 0.074, and the R,,is 0.095 for the highest resolution shell (2.20—

or Lys 58, except for CSE-V, which is Lys 55) remains 5 34 A). The data with odd is systematically weaker than the
exposed, even though access to it is much more limited. even data, especially at resolution <6 A. Table 4 gives an analysis
of Fobs versus resolution andndex for the large cell.

Materials and methods Structure determination and refinement

The crystal structure of the small cell was solved first, using the
molecular replacement routines in XPLOR (Bruinger et al. 1987).
For the cross-rotation search, the 1.2-A crystal structure of CsE-v3
Full details of the preparation and crystallization of CsE-v2 have(protein Data Bank [PDB] entry 2SN3; Zhao et al. 1992) was used
been described (Ealick et al. 1984). The space group of the smalks the search model. A cross-rotation function was calculated using
cell crystals is P@1 with unit cell dimensions = 48.8 A and 4 radius of integration of 18.5 A and data between 12 A and 4 A
¢ = 43.7 A, and there is one molecule in the asymmetric unit. Theresolution. The 198 peaks generated by the rotation search were
value of \f;, (Matthews 1968) is 2.09, corresponding to a solventsybjected to Patterson correlation (PC) refinement (Briinger 1990),
volume fraction of 41%. Intensity data for the native crystals andtreating the entire CsE-v3 molecule as a rigid body. The model was
a crystal soaked in a solution containing™Cl, were collected at  rotated by the angles corresponding to the best rotation solution,
23°C with a Picker FACS-1 diffractometer using anstep-scan  and translation functions were calculated for each of the enantio-

procedure and Ni-filtered CuK radiation. One crystal was morphic space groups using data from 12 A to 4 A. The higher
used for each data set. The reflections were divided iftshlls

that each contained 100 reflections and were collected from

high to low resolution. Complete sets of data, plus Friedel matesyape 4. Analysis of E,_versus resolution antindex for the
were collected for the native protein and the Pt derivative. Thq

Crystallization and data collection

Reym for the native data using all Friedel mates was 0.05. To arge cell

monitor and correct for decomposition effects, three standard reyajye of| Data range Number of reflections Averagg,F

flections were measured periodically. During the collection of

data, there was no significant decrease in the intensities of thgven 6.0 A 180 28.53

standard reflections. Odd «6.0 A 179 6.24
The space group of the large-cell crystals is23 and the unit  Even 6.0-3.0A 1146 24.66

cell dimensions ara = 48.8 A andc = 87.2 A. These crystals Odd 6.0-3.0A 1128 11.28

contain two toxin molecules per asymmetric unit. Data for theEven 3.0-2.2A 1912 11.93

large-cell native and Pt-soaked crystals were collected at 22°©dd 3.0-22A 1915 7.97

with a Nicolet X-100A area detector using CaKadiation from a
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translation functiorT values andR-factors indicated that the cor- model, the rotation angle between the two molecules was 2.0°.
rect space group was FAL. However, simulated annealing refinement decreasedRtfactor

The Pt atom positions in the small-cell Pt derivative were de-very little, and the fredR factor actually increased. Inspection of
termined from a difference Patterson map and verified from dif-the model against the 2Fo-Fc and SIR maps showed several in-
ference Fourier maps using phases calculated with the modelorrect side chains, and seven residues in each molecule were in
structure. Calculations were performed using the CCP4 packageery poor density. Therefore, residues 1, 20-21, 53, 61-62, and 66
(Collaborative Computational Project, Number 4 1994). Singlefor each molecule were omitted, and rigid body refinement was
isomorphous replacement (SIR) phases were calculated withepeated. After this refinement, the rotation angle between the two
MLPHARE (Otwinoski 1991). The overall figure-of-merit was molecules had increased to 3.6°. The missing residues were then
0.40, using all data to 3.0-A resolution (1311 reflections). To re-rebuilt, and noncrystallographic symmetry restraints were imposed
duce bias in the subsequent refinement, electron density maps wetteroughout the remaining refinement. To reduce bias in the refine-
calculated using SIR phases, as well as calculated phases from theent, phases from the Pt derivative were used to calculate SIR
molecular replacement solution combined with the SIR phasesnaps, as well as combined with the calculated phases to produce
(Read 1986). Prior to calculation of electron density maps, the phasedectron density maps.
were improved by solvent-flattening techniques. Manual rebuilding Refinement was by simulated annealing as described above.
was done by using the computer program CHAIN (Sack 1988). Weights for the noncrystallographic restraints were based on

Refinement was by simulated annealing using XPLOR (Briingeanalysis of the fre® factor over multiple refinement runs in which
et al. 1987, 1990) with the stereochemical parameter files definethe noncrystallographic weight was varied. In the final refinement,
by Engh and Huber (1991). Ne cutoff was applied to the data. weights of 50 and 25 kcal/molefAwere used for main-chain at-
Five percent of the data was randomly selected and removed primms (CA, C, N, and O) and side-chain atoms, respectively.
to refinement for analysis of the fréefactor (Briinger 1992). The Early in the course of the refinement, we noted that there was
progress of the refinement was guided by the decrease in both trgégnificant electron density in each molecule between Cys 29 and
conventional and fre® factors. Cys 48, in addition to the originally modeled disulfide bond. In

There are three differences in the published amino acid seeach case this density could be modeled by an alternate confor-
quences for CsE-v2 and CsE-v3, plus one additional residue at thmation of the disulfide bond between these two residues. None of
C terminus of CsE-v2. However, the high-resolution crystal struc-the other disulfide bonds showed electron density suggestive of
ture of CsE-v3 revealed an error in the published C-terminal sealternate conformations. Coordinates of the alternate sulfur posi-
quence of CsE-v3 (Babin et al. 1974); the correct sequence is S¢ions and B factors for the sulfur atoms were included in the
64-Cys 65 rather than Cys 64-Ser 65. A similar correction wasrefinement, but the occupancies were fixed at 0.5. The same strat-
made in the CsE-v1 structures determined by NMR. Because thegy for B-factor refinement was used as described above, except
overall sequence of CsE-v2 is highly homologous to variants 1 andhat the B factors between atoms related by noncrystallographic
3, it seemed likely that there was also an error in its publishedsymmetry were also restrained. A flat-bulk solvent model was also
sequence. Therefore, all five of these residues in CsE-v2 (7, 10, 2generated (Jiang and Briinger 1994).

64, and 65) were changed to alanine for the initial rigid body Water molecules were added by using a routine from XPLOR
refinement. Using all data in the resolution range 8.0-2.8 ARhe that searches for peaks in the 2Fo-Fc map and checks distance
factor was 0.42. The side-chain density for these five residues wasriteria for reasonable hydrogen-bond donors and acceptors. Of the
clearly seen in 2Fo-Fc maps using calculated phases alone or c&l7 water molecules included in refinement, 22 are related by non-
culated phases combined with SIR phases. The disulfide bondrystallographic symmetry. The other 5 water molecules are asso-
between Cys 12 and Cys 65 was obvious, confirming that theciated with molecule A. The finaR factor is 0.255 (6098 reflec-
published sequence by Babin et al. (1974) was incorrect. Refinetions in the working set), and the freR factor is 0.287 (362
ment using simulated annealing reduced Ehéactor to 0.27, at  reflections in the test set). The relatively high valuesR@nd free
which point maps showed density for Ser 66. Subsequent refineR are probably due to two factors: (1) the use of noncrystallo-
ment included all 66 residues. graphic symmetry and (2) the systematic weaknesk afd re-

An overall B factor for the initial model was calculated and usedflections, especially at resolution <3 A (Table 4). The atomic co-
for each atom in the initial stages of refinement. A flat bulk-solventordinates and structure factors for both crystal forms of CsE-v2
model was generated (Jiang and Briinger 1994), and the refinemeh&ave been deposited with the PDB (1JZA and 1JZB).
using all data gave aR factor of 0.25 and fre® factor of 0.30.

Group B-factor refinement was then carried out with one B factor

for each residue. Finally, based on an analysis of theRraetor, ~ Acknowledgments

individual B factors were included in the final refinement. The
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