
by this universally present water molecule is 
presumably activated through the abstrac­
tion of a proton by the His48. A formal 
mechanism for PLA2 catalysis has been ad­
vanced that is based on the stereochemistry 
described here (2) and in a parallel study on 
the inhibited bee-venom enzyme (7). 
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PHOSPHOLIPASES A 2 ( P L A 2 , E C 

3.1.1.4) specifically hydrolyze the 
2-ester bond of L-glycerophospholip-

ids. These enzymes have been purified from 
a variety of sources including mammalian 
pancreas, reptile and insect venoms, and 
synovial fluid. Since certain cellular forms of 
the enzyme may catalyze the release of 
arachidonate and thereby precipitate the in­
flammatory cascade, modulation of PLA2 

activity is of great pharmacological interest. 
The amino acid sequences of the large 

homologous family of PLA2s have been 
divided into two closely related structural 
classes, Class I (pancreatic juice and elapid 
venom) and Class II enzymes (crotalid and 
viper venoms) (1). The chemically deter­
mined sequence of the PLA2 from the hon­
eybee (Apis mellifera) (2) indicated that this 
enzyme was structurally distinct from the 
Class I/II superfamily. The amino acid se­
quence recently deduced from a cDNA 
clone differs from the chemically determined 
one, but both suggest that segments con-
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taining residues involved in calcium binding 
and catalysis are conserved (3, 4). Bee-ven­
om PLA2, which is the principal allergen of 
bee venom, also differs from most other 
PLA2s in that it contains an asparagine-
linked oligosaccharide whose effect on enzy­
matic activity and allergenicity is currently 
under study (5). With the possible exception 
of its behavior toward aggregated sub­
strates, the activity of the bee-venom en­
zyme is similar to that of other PLA2s (6). 

Crystal structures are available for repre­
sentative Class I and Class II enzymes (7, 8). 
We report the crystal structure of bee-ven­
om PLA2 in a complex with a transition-
state analogue, diC8(2Ph)PE (Table 1 and 
Fig. 1). As expected, the conserved sequence 
segments of the bee-venom PLA2 preserve 
the functional substructures found in Class 
I/II enzymes but are arranged within a dif­
ferent overall architecture (Fig. 2). The in­
teraction of the inhibitor with the bee-
venom enzyme shows how the rate-limiting 
formation of a putative tetrahedral interme­
diate is fostered by the enzyme's catalytic 
components and defines the mechanism by 
which the hydrophobic alkyl moieties of the 
phospholipid participate in productive-
mode binding. 

In Fig. 3 the position of diC8(2Ph)PE is 

Crystal Structure of Bee-Venom Phospholipase A2 in 
a Complex with a Transition-State Analogue 

DAVID L. SCOTT, ZBYSZEK OTWINOWSKI, MICHAEL H. GELB, 
PAUL B. SIGLER 

The 2.0 angstroms crystal structure of a complex containing bee-venom phospholipase 
A2 (PLA2) and a phosphonate transition-state analogue was solved by multiple 
isomorphous replacement. The electron-density map is sufficiently detailed to visualize 
the proximal sugars of the enzyme's N-linked carbohydrate and a single molecule of 
the transition-state analogue bound to its active center. Although bee-venom PLA2 

does not belong to the large homologous Class I/II family that encompasses most 
other well-studied PLA2s, there is segmental sequence similarity and conservation of 
many functional substructures. Comparison of the bee-venom enzyme with other 
phospholipase structures provides compelling evidence for a common catalytic mech­
anism. 
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shown in relation to the C a  backbone of 
bee-venom PLA,. The interaction of the 
transition-state analogue with the catalytic 
residues is detailed in Fig. 4. His34 corre- 
sponds to the active site His48 of Class 1/11 
PLA,s and, like its counterpart in the large 
homologous family, immediately precedes 
the calcium-binding Asp residue in the se- 
quence (7, 9). Asp35 is functionally identi- 

cal to the Asp49 of other PLA,s. Its carbox- 
ylate contributes two of the equatorial 
ligands to a hepta-coordinated pentagonal 
bipyramidal calcium-binding cage. Similar- 
ly, Asp64 is the counterpart of Asp99, 
which interacts with His34(48) and pre- 
sumably neutralizes the positive charge on 
His34(48) created by bond cleavage during 
catalysis. In the catalytic network of the 

Class IAI family there are two absolutely 
conserved Tyr residues, Tyr52 and Tyr73, 
whose phenolic hydroxyls interact with the 
carboxylate oxygen of Asp99. The bee-ven- 
om enzyme contributes only one tyrosine, 
Tyr87, which arises from a nonanalogous 
position. 

In the Class 1/11 homologous family, the 
first turn of the amino-terminal a helix is 

Table 1. Multiple isomorphous replacement (MIR) of bee-venom PLA, complexed with 
diCs(Ph)PE. Purified bee-venom PLA, was purchased from Boehringer, exhaustively dialyzed 
against distilled water, and then lyophilized. Large (0.4 mm by 0.4 mm by 0.3 mm) single crystals 
suitable for diffraction work were obtained in 3 days by plating 2 0 4  droplets containing 10 mglml 
protein, 0.1 M tris, 3 mM diCs(2Ph)PE, 10 mM CaCl,, 30% saturated NaCI, pH 7.6, onto 
depression slides in sealed boxes containing 10 ml of 60% saturated NaCI, 0.2 M tris, pH 7.6. The 
crystals were of space group 14,22, a = b = 89.5 A, and c = 132.5 A, with one molecule in the 
asymmetric unit. Heavy-atom derivatives were prepared by conventional soaking techniques. Crystals 
were stabilized in 50% saturated NaCI, 0.1 M tris, 10 mM CaCI,, 1 mM diCs(2Ph)PE, pH 7.2, 
with the appropriate concentration of heavy atoms. Typical soaking times were less than 1 day. The 
replacement of calcium ion with barium provided a derivative in which the position of the barium 
was easily found in a difference Patterson map. The resulting single isomorphous replacement phases 
were used to solve multiple-site derivatives. Heavy-atom binding sites and occupancies were refined 
with a modified version of the program PHARE (15) that (i) used anisotropic temperature factors 
to better resolve closely spaced or clustered sites and (ii) reduced the bias contributed by a particular 
heavy atom to its own refinement. The final MIR map permitted tracing of the main chain and 
most side chains. Solvent flattening within iterative cycles of phase extension improved the map 
quality without appreciably changing the original interpretation (16). A difference map calculated 
from the Bijvoet differences of the native intensities and the MIR phases confirmed the location of 
all five disulfide bridges and the calcium ion. Refinement converged readily to an R factor of 0.198 
for data in the resolution range 8.3 to 2.0 A (F > 1.5 uF). On average, bond lengths, bond an le 
distances, and planarity deviated from ideal values by less than 0.021, 0.043, and 0.025 , 
respectively. The carbohydrate was not refined. 

5, 

Structure Resolution (A) 
Fig. 1. The electron density of the transition-state parameter 10.67 8.00 6.40 5.33 4.57 4.00 3.56 3.20 Overall 
analogue, L-1-0-octyl-2-heptylphosphonyl-s,r- 
glycero-3-phosphocthanolamine [diC8(2Ph)PE]. Figure of merit* 0.93 0.95 0.91 0.89 0.86 0.78 0.69 0.55 0.73 
A short-chain member of a class of strong PLA, Phasing power of 
inhibitors studied by Gelb and co-workers (17), in derivativet 
which a phosphonate replaces the SN-2 ester. This BaSO, 1.09 0.95 1.13 1.18 1.12 0.91 0.84 0.85 0.93 
analogue was designed to emulate the transition H&l2 5.10 4.91 3.68 3.63 2.84 2.03 1.50 1.09 2.11 
state formed in the hydrolysis of 1,2-dioctanoyl- TIC13 5.04 4.95 3.94 4.42 4.07 2.63 2.22 1.77 3.20 
st!-3-phosphoethanolamine and is therefore desig- Ethyl-H&I 0.63 0.69 0.84 0.65 0.63 0.50 0.43 0.40 0.55 
nated as diC8(2Ph)PE. The conformation shown 
here is that seen in comp~ex formed with the *Figure of merit is a measure of the relative reliability of  a hase based on the consistency o f  the MIR analysis. The 

maximum value is 1.0; the minimum value is 0.0. +l!e phasing power of  a derivative equals the calculated 
PLA2 from bee venom as density from a strength of  the heavy-atom c3naibution divided by the estimate of  error in the analysis. 
(2F,, - Fc) map (18). Yellow ball: calcium ion. 

Fig. 2. Comparison of bee-venom PLA, with 
Class 1/11 enzymes. (A) Sequence of bee-venom 
PLA, deduced frorn a cDNA sequence (3, 19). 
Segments of the Class 1/11 enzymes (here bovine 
pancreatic) (7) that are structurally "homologous" 
arc included below the respective bee-venom seg- 
ments (20). Numbers in parcnthcses above or 
below Cys residues indicate their disulfide partner 
as seen in the crystal structure; this arrangement 
differs frorn those suggested by sequence analysis 
(3). Boldface highlights functionally critical rcsi- 
dues: (*), catalytic; (m), calcium binding; and (o), 
analogue of the invariant supporting Tyr52 of the 
Class 1/11 suwrfamilv. (B) The C a  trace of bee- 
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uninhibited form of the bovine pancreatic PLA, 1m IU 

(blue) (71. Homoloeous seerncnts of the back- 
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, \ ,  
b n e  were superim"poscd zn bloc by a least 
squares fit of corresponding C a  atoms (10). The 

-- 

homology was limited to the segments shown in (A). Similarity of the phospholipases. Bee-venom PLA,s antiparallel a-helices (residues 25 to 37  
three-dimensional backbone is limited to the calcium-binding loop and the and residues 61 to 74) contain the conserved catalytic residues of the 
two long antiparallel helices. Residues 9 to 13 of the bee enzyme correspond homologous core. Like the Class 1/11 structures, these helices are held 
to the conserved residues (28 to 32) of the calcium-binding loop of Class 1/11 together by disulfide bridges at both ends. 
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s t a b i  by a hydrogen-bond network that guanidino group and the m-3 phosphate. back over the m-2 esters but project away to 
includes the terminal amino group, the near- The analogue's sn-2 substituent is sharply fbrm highly polar interactions. As the alkane 
ly invariant Gln4, elements of residues 69 to bent at the tetrahedral phosphonate in a side chains ace well ordered, this channel 
71, and a water-mediated link to the catalyt- manner rrminiscent of aystalline phospho- dren provides a high-resolution vicw of the 
ic residues. In the bee-enzyme structure, lipids (Fig. 1) (11). However, unlike the interaction between the fatty-acid chains ofa 
there is no contact (direct or indirect) be- crystal structures of phospholipids, the m-3 phospholipid and a protein surface that is 
tween the amino terminus and the catalytic phosphate and its amino alcohol do not fold designed to fice them. These interactions, as 
residues. Asp64(99) is connected, however, 
by a similar network of water-mediated hy- 
drogen bonds to the backbone niaogcn of 
Thr59, which occupies a position that is 
steceochanically analogous to the Class MI 
amino terminus. Conservation of this net- 
work suggests that it is important in stabi- 
lizing the active site goometry. 

Like the pancreatic enzymes, the transfor- 
mation of bee-venom PL& from a pro- 
enzyme to its activated form also involves 
the creation of a new amino terminus. Al- 
though the amino terminus of bee-venom 
PLA2 docs not fonn an a helix and is not 
connected to the active site, an amino-ter- 
mind extension of the enzyme (prepro- or 
pmenzyme) could int& with intafhdal 
binding by disrupting the hydrogen bond 
between Ilel and His1 1 that he l~s  stabilize 
the calcium-biding loop or 6 y  dirrctly 
blocking acccss to the hydrophobic channel 
or by both processes. 

The confonnation of bee-venom's caki- 
um-binding loop is strikingly similar to that 
described for Class YII enzvmes and con- 
serves the general calcium-bdding sequence 

' 

(X-Cys-Gly-X-Gly) found in all catalytically 
active PLA,s (Fig. 2). GlylO and Gly12, 
which contribute their &nyl oxygens to 
lxe venom's calcium ion cage, ace universal- 
ly conserved components of PLA, calcium- 
binding domains, whereas Trp8 repla& the 
conserved Tyr of Class YII enzymes (10). 

The bound calcium ion is h e p t a d -  
nated by a pentagonal bipyramidal cage of 0 
atoms. One of the equatorial oxygens of the 
calcium-biding cage is provided by the 
phosphonate, which we intcrpm to simu- 
late the stabilizing cffcct of the calcium ion 
on the oxyanion of the tetrahedral transition 
state. (The oxyanion is further stabilized by 
a hydrogen bond to N10.) An axial oxygen 
is provided by the sn-3 phosphate. Thcse 
bound substrate analogue oxygens occupy 
the same sites as two conserved water oxy- 
gens that contribute to the ligation cage of 
uncompkexed Class MI enzymes. 

Figure 3 shows the hydrophobic channel 
that encloses the roughly p d e l  alkane side 
chains of the sn-1 and sn-2 substituents and 
extends approximately 9 A from the catalytic 
site (His34 N61) to its opening on the 
enzyme's surface just below the amino ter- 
minus. Arg57, which contributes its proxi- 
mal methylene groups to the hydrophobic 
channel, forms a flexible wall that is locked 
into place by a hydrogen bond between the 

Flg. 3. (Top) Complex of&(2Ph)PE with the PLA, h bcc wnom. The Ca a a ~  v z  
calcium ion cohor (yellow sphere), thc diG(2Ph)PE inhibitor (rod), md sidc cham 
hydrophobic chylael md the proposed inmfrial binding surficc (green) (Ilcl, Tyr3, Cys9, Hisll, 
M, Arg57, Lcu59, Va183, Met86, Tyr87, d 11~91). Flg. 4. (BOltOm) Interaction of 
diG(2Ph)PE with the active site of beevenom PL& Proccin components arc  l lo rod blue except for 
the gold side chain ofthe active site His34. 'Ihc calciumim is qxscntedbytheycllowsphac. In 
diG(2Ph)PE, the P atoms ofthe m-2 phoqhonatc (P2) md m-3 phosphate (P3) uc 0 great, 
N md C rod. Tbe termini of the m-1 (Rl) lad m-2 (R2) allryl substituen!~ arc &ppd din thl~ 
view. Arg57 complcas thc hydrophobic channd by a stabilizing contact with the m-3 phosphate. 'Lhc 
nonbndging oxygen of the m-3 phosphate that is coodinad by the principal calcium ion is llso 
hydrogen bonded to N12 ofthe calcium-- loop (bond not shown). 
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well as the calcium-ligation scheme are ef- 
fectively identical to  those seen in the crystal 
structure of the corresponding N. n. otvo 

complex (12, 13). 
The distal end of  the calcium-binding 

loop bears bee venom's single oligosaccha- 
ride, which is N-glycosylated to  the side 
chain of Asnl3. Although the inhibitor's 
sn-3 amino alcohol makes contact with the 
proximal sugar, the carbohydrate moiety 
must be refined before the nature of this 
contact can be inferred. Electron density for 
only the proximal three sugars can be found; 
the more distal saccharides extend into bulk 
solvent and are apparently disordered. The 
fu~lct io~l  of this carbohydrate in enzymatic 
action (if any) is unclear. Non-glycosylated 
bee-venom PLA, occurs naturally as a minor 
variant but retains normal activity (14). 

When compared with its Class 1/11 rela- 
tives, the bee-venom crystal structure pro- 
vides a clear indication of those components 
that are essential t o  PLA, fi~nction. In a 
companion article, we interpret these find- 
ings in a unifying structural model for PLA, 
catalysis (13). 
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Bacterial Origin of a Chloroplast Intron: Conserved 
Self-splicing Group I Introns in Cyanobacteria 

A self-splicing group I intron has been found in the gene for a leucine transfer RNA 
in two species of Anabaena, a filamentous nitrogen-fixing cyanobacterium. The intron 
is similar to one that is found at the identical position in the same transfer RNA gene 
of chloroplasts of land plants. Because cyanobacteria were the progenitors of chloro- 
plasts, it is likely that group I introns predated the endosymbiotic association of these 
eubacteria with eukaryotic cells. 

T HE DISCOVERY OF INTRONS IN EU- 

kanotic genes has stimulated consid- 
erable discussion of their origin and 

evolution. One hypothesis assumes a rela- 
tively recent, eukaryotic origin for introns. 
According to this view, introns are mobile 
elements that can be transferred between 
genes, benveen nuclear and organelle ge- 
nomes, and horizontally between organisms 
(1). A second hypothesis proposes that in- 
trons arose vet37 early, perhaps in the "pro- 
genote" ancestor of  all living organisms (2). 
According t o  this scheme, rapidly dividing 
microorganisms have lost their i~ l t ro~ls  as a 
result of selection for rapid DNA replica- 
tion. O n  the other hand, eukanotes, under 
reduced pressure to  streamline their ge- 
nomes, have retained their introns. 

011ly circumsta~ltial support has been 
found for either of  these views. The demon- 
stration that the group I intron of T~t ra l ly -  
nzcrin is able to  act as a true enzyme (3) 
added support for the antiquity of introns: 
self-splicing i~ l t ro~ls  could have been present 
in the earliest genes of  a precellular "RNA 
world" (4). Furthermore, it has been sug- 
gested that group I, group 11, and nuclear 

mRNA introns-all of which splice through 
a series of transesterification reactions-may 
be evolutionarily related (5). However, no 
trace could be found in contemporan bac- 
teria of these once ubiquitous, primordial 
introns. Rather, the only prokaryotic in- 
trons were in tRNA and ribosomal RNA 
(rRNA) genes of archaebacteria. The splic- 
ing mechanism of these introns is entirely 
different, being catalyzed by protein en- 
zymes that seem t o  recognize structural fea- 
tures of  the precursor RNA, and is similar to 
that of introns of eukaryotic nuclear tRNA 
genes (6). 

The discoven of group I self-splicing 
introns in bacteriophages of both Gram- 
negative and Gram-positive eubacteria (7, 8 )  
did not resolve this controversy, because the 
origin and evolution of viruses are them- 
selves unclear. A co~lvi~lcing argument has 
been made that the large, tailed, DNA 
phages are ancient, originating in the earliest 
eubacteria. However, viruses are genetic 
mosaics and any particular virus might be a 
relativelv recent assemblage of genes from 
different sources (9). Indeed, some introns 
(including nvo in phage T4) encode pro- 
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contemporan eubacteria, we have been im- 
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