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Phosphatidylinositol (PI), once regarded as an obscure
component of membranes, is now recognized as an

important reservoir of second messenger precursors

and as an anchor for membrane enzymes. PI-specific
phospholipase C (PI-PLC) is the enzyme that cleaves
PI, invoking numerous cellular responses. The crystal
structure of PI-PLC from Bacillus cereus (EC 3.1.4.10)
has been solved at 2.6 A resolution and refined to a

crystallographic R factor of 18.7%. The structure
consists of an imperfect ([3a)8-barrel similar to that
first observed for triose phosphate isomerase and does
not resemble any other known phospholipase structure.
The active site of the enzyme has been identified by
determining the structure ofPI-PLC in complex with its
inhibitor, myo-inositol, at 2.6 A resolution (R factor =

19.5%). This substrate-like inhibitor interacts with a

number of residues highly conserved among pro-

karyotic PI-PLCs. Residues His32 and His82, which
are also conserved between prokaryotic and eukaryotic
PI-PLCs, most likely act as general base and acid
respectively in a catalytic mechanism analogous to that
observed for ribonucleases.
Keywords: catalytic mechanism/inhibitor complex/phosphatidyl-
inositollphospholipase C/three-dimensional structure

Introduction
The independent discoveries that phosphatidylinositols
(PIs) are key players in signal transduction and that
these lipids are also the anchor for numerous membrane-
associated proteins have created vigorous activity in these
fields (Berridge and Irvine, 1989; Rhee et al., 1989;
Turner, 1990). PI-specific phospholipase C (PI-PLC) is
the class of ubiquitous enzymes that cleaves PI into the
water-soluble myo-inositol 1:2-cyclic phosphate [1(1:2
cyc)P] or myo-inositol 1-phosphate [I(1)P] and the lipid-
soluble diacylglycerol (DAG) (Figure 1). Thus PI-PLC is
responsible for many of the biological functions of PI
(Berridge and Irvine, 1989; Rhee et al., 1989; Turner,
1990; Bruzik and Tsai, 1994). The smaller PI-PLCs are
excreted by a variety of bacteria, including Bacillus
cereus and the closely related insect pathogen Bacillus
thuringiensis and by the animal and human pathogens

Staphylococcus aureus and Listeria monocytogenes, where
PI-PLCs are potential virulence factors (Kuppe et al.,
1989; Leimeister-Wachter et al., 1991; Mengaud et al.,
1991; Daugherty and Low, 1993). The parasite Trypano-
soma brucei produces a glycosylphosphatidylinositol-
specific phospholipase C (GPI-PLC), a subclass of PT-
PLC which cleaves the GPI anchor of its variant surface
glycoprotein coat (Hereld et al., 1988; Carrington et al.,
1991), presumably facilitating the ability of the protozoan
to defeat the host's immune system.
The larger members exist as several isoenzymes in

eukaryotes, where they have a central role in PI-dependent
transmembrane signal transduction by hormones and
growth factors (Berridge and Irvine, 1989; Rhee et al.,
1989), cleaving the more highly phosphorylated deriva-
tives of PI to form two second messengers, myo-inositol
1,4,5-trisphosphate (1P3) and DAG.
Many of the prokaryotic and eukaryotic PI-PLCs have

now been cloned and sequenced, but structural information
is still lacking.
PI-PLC from B.cereus (EC 3.1.4.10) contains 298 amino

acid residues (Kuppe et al., 1989) and is the most widely
used PI-PLC as a test for the presence of GPI-anchored
proteins, since this PI-PLC has both GPI- and PI-cleaving
activities (Turner, 1990; Ikezawa, 1991; Bruzik and Tsai,
1994). Here we report the structure determination of
B.cereus PI-PLC in its free form and in complex with the
inhibitor myo-inositol at 2.6 A resolution and describe the
first three-dimensional structure for a member of this
family of enzymes.

Results and discussion
Quality of the model
The structuire of B.cereus PI-PLC was solved by using
multiple isomorphous replacement and crystallographic
refinement (Table I and Figure 2). The final model,
containing 2991 non-hydrogen protein atoms and 52
solvent molecules, has a crystallographic R factor of
18.7% (Rfree = 26.4%; Brunger, 1992) for data with
N/Y, : 1 between 8 and 2.6 A resolution. The root mean
square (r.m.s.) deviations are 0.01 A from ideal bond
lengths and 1.60 from ideal bond angles. The current
model includes all residues except the C-terminal residues
Lys297 and Glu298, which are flexible. The Ramachandran
plot (Morris et al., 1992) for the final model shows 83.3%
of the residues in the most favored regions and none of
the non-glycine residues in disallowed regions. All residues
are in acceptable environments as determined from the
three-dimensional-one-dimensional profile plots (Luthy
et al., 1992) and energy graphs (Sippl, 1993). The structure
of the complex between PI-PLC and myo-inositol was
solved by difference Fourier calculations (Figure 3) and
refined at 2.6 A resolution. The current R factor for the
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Fig. 1. The reaction catalyzed by B.cereus PI-PLC forming diacylglycerol (DAG) and myo-inositol 1:2-cyclic phosphate [1(1:2cyc)P]. In a second,
much slower reaction, this enzyme converts I(1:2cyc)P to myo-inositol-l-phosphate (not shown).

Table I. Crystallographic statistics for native, complex and derivative data sets

Data set Native K162C- T185C- D224C- D139C- DMDb PtCl2 TERPYC PI-PLC-
HgCl2a HgCl2 HgCl2 HgCl2 myo-inositol

complex

Max. resolution (A) 2.6 2.6 2.6 2.6 2.6 2.6 3.0 3.0 2.6
Unique reflections 9528 9818 9979 9069 10 213 10 112 6477 6537 8639
Completenessd 0.86 (0.62) 0.89 (0.74) 0.90 (0.73) 0.82 (0.56) 0.92 (0.73) 0.91 (0.71) 0.89 (0.80) 0.90 (0.80) 0.79 (0.58)
Rmeee 0.064 0.055 0.072 0.074 0.078 0.065 0.058 0.060 0.045

mefge 0.17 0.119 0.122 0.132 0.14 0.111 0.128
Number of sites 1 4 4 4 3 4 3
Phasing powerg

Centric 0.9 1.2 1.0 0.9 1.0 0.5 0.5
Acentric 1.3 1.4 1.3 1.2 1,3 0.7 0.7

aKI62C-HgCl2 incidates a data set for the mutant K162C soaked with HgC12.
bDMD, diacetoxy mercuridipropylene dioxide.
CTERPY, chloro(2,2':6,2"-terpyridinium)platinum(II) chloride.
dCompleteness is the ratio of the observed to the theoretically possible reflections. Values in parentheses are for the highest resolution shells.
eRmere = SIIJ - (I)I/UlI, where Ii is the intensity of an individual reflection and (1) is the mean intensity of that reflection.
fR = 2aIFnat - Fderl/E4 Fnat, where Fnat and Fder are the structure amplitudes for native and derivative data sets respectively.
gPhasing power = (FH)/(E), where (FH) is the r.m.s. of the heavy atom scattering factor and (E) is the r.m.s. lack of closure; the summation is
computed for reflections used in the heavy atom refinement cycle.

complex is 19.5%, with r.m.s. deviations of 0.015 A from
ideal bond lengths and 1.8' from ideal bond angles. The
atomic coordinates of both structures have been deposited
with the Brookhaven Protein Data Bank (Bernstein
et al., 1977).

Overall structure of PI-PLC
Bacillus cereus PI-PLC consists of a single globular
domain with approximate dimensions 40X40X50 A3. It
folds as an imperfect (1a)8-barrel with strong similarity
to the ever increasing group of triose phosphate isomerase
(TIM)-barrel-containing proteins (Farber, 1993), although

with a number of unique features (Figure 4). Only six
instead of eight (,1a) units are found in the barrel, lacking
helices between strands IV and V and V and VI. The
parallel eight-stranded 3-barrel comprises residues 29-34
(strand I), 64-72 (II), 108-114 (III), 155-163 (IV), 173-
176 (V), 193-201 (VI), 226-236 (VII) and 269-274 (VIII).
The helices comprise residues 4-8 (helix A), 42-48 (B),
55-61 (C), 91-107 (D), 127-139 (E), 204-222 (F), 243-
264 (G) and 284-294 (H). The n-barrel is not strictly
closed, due to the absence of main chain hydrogen bonding
interactions between ,3-strands V and VI. The hydrogen
bonding potential of 5-strand VI is partially satisfied by
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Fig. 2. Stereo picture of the final (2Fo - F,) electron density map for residues 65-69 belonging to 1-strand II of PI-PLC. Electron density is
contoured at 1.3a. Amino acid residues are labeled using the single letter code.
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Fig. 3. Stereo picture showing the myo-inositol molecule (thick bonds, side view, labeled as Ins) bound to the active site of PI-PLC (thin bonds).
Superimposed is the positive difference electron density between complexed and free PI-PLC. Residues in close contact with the inhibitor are labeled
using the single letter code. The contour level is 2.5a.

interactions with 5-strand Vb (residues 182-188), which
is, however, antiparallel to the central barrel. Most of the
p-strands in PI-PLC are significantly longer than found in
a typical TIM-barrel (Lesk et al., 1989), reaching 11
residues for strand VII. The presence of an antiparallel P-
strand and the absence of two a-helices has also been
observed in the 'unusual' TIM-barrels found in both
cellobiohydrolase II from Trichoderma reesei (Rouvinen
et al., 1990) and thermophilic endocellulase E2 from
Thermomonospora fusca (Spezio et al., 1993).
The PI-PLC is the first phospholipase with TIM-barrel

topology. Therefore its structure does not show any
similarity to the other phospholipase structures elucidated
so far, i.e. phosphatidylcholine hydrolyzing phospholipase

C from B.cereus (Hough et al., 1989) and phospholipases
A2 (Renetseder et al., 1985; White et al., 1990), which
are both smaller and predominantly a-helical.

The active site and binding of myo-inositol
The active site is located in a wide and solvent-accessible
cleft at the C-terminal end of the a-barrel (Figures 5 and
6), as observed for all TIM-barrel enzymes. The center of
the cleft is lined by several polar and charged amino acids,
intuitively suggesting a potential role in substrate binding
and catalysis. The rim of the active site is formed by
several loops, as well as the short helix B. This helix, as
well as the loop comprising residues 237-243, shows an
unusual clustering of hydrophobic amino acids that are
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Fig. 4. Topology sketch of B.cereus PI-PLC. a-Helices (A-I) are
symbolized by gray spheres, 5-strands (I-VIII) by white triangles.
N- and C-termini are marked by N and C respectively. In the
orientation shown the direction of the strands belonging to the central
parallel f-barrel points out of the plane of the paper. Main chain
hydrogen bonding between f-strands is shown by dotted lines.

fully exposed to solvent. Two of the seven tryptophans
(Trp47 and Trp242) are among these exposed hydrophobic
amino acids. This structural information correlates well
with the spectroscopic data of Volwerk et al. (1994), who
observed that there are tryptophans in B.cereus PI-PLC
which are exposed to the solvent and are sensitive to the
binding to vesicles and micelles of phospholipids. These
residues may contribute to the interfacial activation
observed for B.cereus PI-PLC (Hendrickson et al., 1992;
Lewis et al., 1993) and may also be involved in contacting
the lipophilic part of PI. Both helix B and loop 237-243
are weakly defined in the electron density map, which
could indicate their potential role as a flexible lid during
attack on the phospholipid substrate by the enzyme.

In contrast to the phospholipases A2, PI-PLC does not
show stereospecificity towards the DAG moiety, sug-
gesting that the hydrophobic part of PI is not specifically
recognized by PI-PLC (Bruzik et al., 1992). Inspection of
the outer parts of the active site cleft of PI-PLC corrobor-
ates this observation. In this area the active site cleft is
wide open and lined with rather small amino acids and
therefore probably cannot discriminate between different
stereoisomers of the glycerol moiety.

Myo-inositol is a weak competitive inhibitor of PI-PLC
with an IC50 of 8 mM (Shashidhar et al., 1990). It binds
to the deepest part of the active site cleft (Figure 5)
and makes a number of well-defined hydrogen bonding
interactions exclusively with charged side chains that are
themselves held in place by a network of hydrogen
bonding and electrostatic interactions with the protein
(Figure 6). The binding of inositol to the active site did
not induce any notable conformational changes in the
enzyme. The hydroxyl groups at positions 1 and 6 of
inositol (OHI and OH6) are fully exposed to solvent and

do not form any hydrogen bonding interactions with the
enzyme. This is not surprising, because both groups are
replaced by more bulky groups in the PI-PLC substrates
PI (a DAG phosphate moiety at OHI, see Figure 1) and
GPI (a DAG phosphate at OHI and a glycosaminoglycan
moiety at OH6). The remaining hydroxyl groups form
several specific hydrogen bonding interactions with the
enzyme, as shown in Figure 7: OH2, which is the only
axial hydroxyl group in inositol, to atoms NC2 of His32
and N l2 of Arg69, OH3 to atom 081 of Aspl98, OH4 to
atoms N'lI, Nil2 of Argl63 and 082 of Aspl98 and OH5
to atoms N4 of Lys 115 and N12 of Arg163. Furthermore,
there is a stacking interaction of the large apolar patch of
the inositol ring with the phenol ring of Tyr200 and
numerous other van der Waals interactions between the
enzyme and inositol, leading to a partial enclosure of the
inositol molecule within the binding site. All these features
are characteristic of the active sites of monosaccharide
binding proteins (Quiocho, 1989), which also show a high
stereoselectivity for their substrates.

Catalytic mechanism of PI-PLC
Based on the presence of the stable catalytic intermediate
1(1 :2-cyc)P, a mechanism of general base and acid catalysis
with two active site histidines, similar to the ribonuclease
mechanism (Richards and Wyckhoff, 1971; Thompson
and Raines, 1994), has been proposed for PI-PLC (Lin
et al., 1990; Volwerk et al., 1990; Lewis et al., 1993).
From the structure of the complex between PI-PLC and
inositol we identified the two potential catalytic histidines.
His32 forms with its N 2 atom a hydrogen bond with the
OH2 group of inositol and is, therefore, the most likely
candidate to act as a general base. The carboxyl group of
Asp274 forms a hydrogen bond with the N81 atom of
His32 and probably stabilizes the imidazole of His32 in
the correct tautomeric state for base catalysis (Figure 7).
Taken together, Asp274, His32 and the OH2 group of
inositol form a 'catalytic triad' analogous to the well-
known catalytic triads found in serine proteases and other
hydrolases, however, in this case with the nucleophilic
hydroxyl group provided by the substrate itself, instead
of coming from the enzyme.
The only histidine located in the active site and in a

suitable position to protonate the leaving group is His82,
which is located -4.7 A away from the OH1 group of
inositol.
We verified the essential role of both histidines in

catalysis by site-directed mutagenesis. Replacement of
either His32 or His82 with leucine led to inactive mutants.
Both histidines are strongly conserved, not only among
prokaryotic, but also eukaryotic PI-PLCs (including the
GPI-PLC from Tbrucei), despite weak overall homology
(Suh et al., 1988; Carrington et al., 1991, Mengaud et al.,
1991; Daugherty and Low, 1993). The imidazole rings of
both histidines are -6 A apart, a distance strikingly similar
to that of the active histidine pair in ribonuclease A. In
fact the superposition of both imidazole rings of His32
and His82 in PI-PLC with the equivalent histidine pair
(His 12 and His 1 9) in ribonuclease A (Aguilar et al.,
1991) produces a very close overlap, although the main
chain atom positions and the rest of the enzymes are
very different (not shown). This is another example of
convergent evolution, where two structurally unrelated
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Fig. 5. Stereo ribbon diagram of B.cereus PI-PLC structure showing the active site pocket. a-Helices are depicted in blue, 3-strands in orange and
loops in green. The C-tenninal end of the 5-strands is designated by arrowheads. The side chains of the following residues in close contact with the
myo-inositol ring (labeled Ins) are shown and labeled: His32, Arg69, His82, Lysl 15, Argl63, Trp178, Aspl98, Tyr200 and Asp274. The plot was
prepared using the program SETOR (Evans, 1993).

Fig. 6. Stereo picture of an electrostatic surface representation of PI-PLC showing the C-terminal side of the 3-barrel with the active site pocket in
the center, where negative potentials on the surface are shaded in red and positive potentials in blue. Myo-inositol bound to the active site pocket is
depicted by yellow bonds. The picture was generated using the program GRASP (Nicholls, 1993).

proteins use similar catalytic tools to cleave identical bonds
in otherwise completely different substrates. Structural and
kinetic details of mutants at positions 32 and 82 will be
described elsewhere. In addition to the two catalytic
histidines, the positively charged Arg69 is located in a
position suitable to stabilize the pentacovalent transition
state during catalysis. Therefore it is very likely that Pl-

PLC employs the same catalytic mechanism as observed
for the ribonucleases. A scheme of the proposed catalytic
mechanism of PI-PLC from B.cereus which is consistent
with the biochemical evidence and structure is shown in
Figure 8. This mechanism is also consistent with the
known stereochemistry of the two reactions. The single
displacement forming 1(1:2cyc)P proceeds with inversion
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Fig. 7. Schematic drawing of the hydrogen bonding contacts (dashed lines, distances in A) between the side chains of B.cereus PI-PLC residues and
myo-inositol. Residues belonging to the first and second hydrogen bonding shell are displayed in rectangular and dotted rectangular boxes
respectively. The stacking interaction of the phenyl ring of Tyr200 with the myo-inositol molecule is also indicated.
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Fig. 8. Proposed catalytic mechanism of the action of B.cereus PI-PLC. In the first reaction His32 acts as a general base, accepting a proton from the
OH2 group of the myo-inositol moiety of PI, leading to an in-line attack on the phosphorus. At the same time His82 acts as a general acid, donating
a proton to the oxygen of the leaving group (R-OH, i.e. DAG). In the second reaction the catalytic roles of His32 and His82 are reversed. Movement
of the electrons during the reaction is shown by arrows.
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Crystal structure of PI-PLC

of the configuration at phosphorous and the second reaction
forming I(1)P is accompanied by another inversion (Bruzik
and Tsai, 1994).

Structure of B.cereus PI-PLC as a model for other
PI-PLCs?
Common to all PI-PLCs is that they cleave the phospho-
diester bond of PI and its glycosylated or phosphorylated
derivatives to generate the corresponding 1(1:2-cyc)P or a
mixture of cyclic and acyclic IPs and DAG. Therefore a
similar catalytic mechanism for all PI-PLCs seems
plausible (Bruzik and Tsai, 1994). The amino acid
sequences for numerous pro- and eukaryotic PI-PLCs are
known. The structures of PI-PLC from B.cereus and
B.thuringiensis are essentially identical. The only differ-
ence is eight amino acid changes (Kuppe et al., 1989),
which are all located on the surface of the enzyme and
not directly involved in substrate binding or catalysis. A
much lower degree of amino acid conservation is found
between the B.cereus PI-PLC and the PI-PLCs of S.aureus
and L.monocytogenes (39% and 25% identity, respectively;
Leimeister-Wachter et al., 1991; Daugherty and Low,
1993). Nevertheless, the structures of these bacterial
enzymes are probably very similar: a high degree of
conservation exists for amino acids constituting the hydro-
phobic core, i.e. the central n-barrel, of the protein. Also,
all residues in close contact with the inositol, except for
Arg163 in L.monocytogenes, are conserved, suggesting a
very similar active site and catalytic mechanism for these
enzymes. Therefore, the present structure of B.cereus Pl-
PLC can be regarded as the prototype structure for bacterial
PI-PLCs with known sequence. This is of considerable
interest, because the PI-PLCs from S.aureus and L.mono-
cytogenes act as potential virulence factors (Leimeister-
Wachter et al., 1991; Mengaud et al., 1991; Daugherty
and Low, 1993).
The amino acid conservation among the much larger

eukaryotic PI-PLCs is very low, with the exception of two
regions X and Y of - 170 and 240 amino acids respectively,
which show identities of 50-60% for X and -40% for Y
and contain amino acids essential for catalytic activity
(Rhee et al., 1989; Bruzik and Tsai, 1994). For residues
in the N-terminal half of B.cereus PI-PLC (positions 42-
123) a relatively high sequence homology (i.e. 26%
conservative replacements) with part of region X has been
reported (Kuppe et al., 1989). In this alignment His82 is
conserved. In another sequence comparison of B.cereus
PI-PLC (positions 26-161) and region X of several
eukaryotic PI-PLCs conservative replacements of -20%
are found, with both His32 and His82 conserved (Mengaud
et al., 1991). The importance of two histidines located in
region X of mammalian phospholipase C-81 has recently
been investigated by mutagenesis (Cheng et al., 1995; Ellis
et al., 1995). This includes His356, which is equivalent to
His82 in B.cereus PI-PLC in several sequence alignments,
and His3 11, which can be aligned with His32. This could
be a first indication of a similar catalytic mechanism of
prokaryotic and eukaryotic PI-PLCs: a general acid and
base catalysis utilizing two conserved histidines.
One important difference between bacterial and mam-

malian PI-PLCs is that the mammalian PI-PLCs are

calcium ion-dependent, whereas the bacterial isozymes,
including B.cereus PI-PLC, are not. The Ca2+ ions in the

mammalian enzymes may be required for the binding of
the highly negatively charged PIP2, they may play a role
in a regulatory domain not present in the much smaller
bacterial enzymes or they might stabilize the transition
state of the reaction, as observed in small secreted phospho-
lipases A2 (Scott et al., 1990).
The GPI-PLC of Tbrucei is similar in size to the

bacterial enzymes and does not require calcium for activity.
It also shows a relatively high number of conservative
substitutions (34%) when compared with the N-terminal
half of B.cereus PI-PLC and both His32 and His82 appear
to be conserved (Carrington et al., 1991).

In summary, we report here the first structure of a PT-
PLC. The active site was then identified by determining
the structure of the enzyme complexed with a substrate-like
inhibitor, myo-inositol. The structure provides considerable
insight into the catalytic mechanism. In spite of uncertain-
ties in sequence comparisons, the structure of B.cereus
PI-PLC may well serve as a model not only for other
prokaryotic, but also for eukaryotic, PI-PLCs, to increase
our understanding of these enzymes and in the design of
PI-PLC inhibitors with potential therapeutic use.

Materials and methods
Cloned and overexpressed PI-PLC from B.cereus was purified from
Escherichia coli (Koke et al., 1991) and crystallized in space group
P212121 with cell dimensions a = 45.2 A, b = 45.6 A and c = 160.8 A
and ax = , = y = 90° as described previously (Bullock et al., 1993).
Native and derivative data sets were collected from single crystals on a
Xoung-Hamlin area detector (Hamlin, 1985) using graphite mono-
chromated CuK0 radiation from a Rigaku RU-200BH rotating anode X-
ray generator. Data were processed using the supplied detector software
(Howard et al., 1985). Data for the complex between PI-PLC and mvo-
inositol were collected on a Siemens Xl 000 area detector and processed
using the program XDS (Kabsch, 1988). Initially >20 different heavy
atom compounds were screened, yielding only three weak derivatives
[with heavy atom compounds diacetoxy mercuridipropylene dioxide
(DMD), platinum chloride (PtCI2) and chloro(2,2':6,2"-terpyridinium)-
platinum(II) chloride (TERPY); Table I].
To obtain single site mercury derivatives, cysteine residues were

introduced into PI-PLC, which is cysteine-free in its native form, by
site-directed mutagenesis (Kunkel et al., 1987). Polar residues that
showed a high sequence variability among bacterial PI-PLCs, suggesting
an exposure of these residues to solvent (Hatfull et al., 1989), were
chosen as the target for mutagenesis. Crystals isomorphous to wild-type
PI-PLC were grown for four cysteine-containing mutants [Asp 1 39-eCys
(D139C), K162C, T185C and D224C] and subsequently soaked in
freshly prepared precipitant solution containing 0.1-1 mM HgCl2 for 3-
7 days at 4°C. Mutant K162C gave a single site derivative which allowed
the determination of heavy atom sites in the previously uninterpretable
derivatives (with heavy atom compounds DMD, PtCl2 and TERPY) by
using difference Fourier methods. The use of these four derivatives
resulted in an interpretable electron density map with clear boundaries
between the molecule, the solvent and some resolved secondary structure
elements. The other cysteine mutant derivatives had three of the four
mercury binding sites in common with the DMD derivative. Inclusion
of these additional derivatives resulted in further improvement of the
electron density map (Table I).

Heavy atom refinement and phase calculation were performed
using the program MLPHARE (Otwinowski, 1991) using data to 3.5 A
resolution. Both isomorphous and anomalous difference data were
incorporated. Approximately 75% of the polypeptide chain, comprising
seven fragments of 10-90 residues in length, was built into the electron
density map as a polyalanine backbone using the program 0 (Jones
et al., 1991) and an Evans & Sutherland ESV graphics workstation.
These fragments included essentially all secondary structure elements.
whereas most of the electron density for loops connecting secondary
structure elements remained invisible or uninterpretable. At this point
electron density modifications were performed by simultaneous use of
the programs SQUASH (Zhang, 1993) and PRISM (Bystroff et al.,
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1993), leading to a map which was of sufficient quality to be able to
replace the polyalanine sequence for -50% of the amino acid residues
with the correct sequence.
The model was refined by simulated annealing and conjugate gradient

minimization using the program X-PLOR 3.1 (Brunger et al., 1989),
employing stereochemical parameters developed by Engh and Huber
(1991). The initial partial model (R factor = 44%) was refined by several
rounds of positional and simulated annealing refinement and manual
rebuilding. The remainder of the sequence was successively built into
the electron density map, followed by positional and restrained B factor
refinement using data with l/a, - 1 from 8.0 to 2.6 A.
The structure of PI-PLC in complex with its inhibitor myo-inositol

was determined by difference Fourier techniques and crystallographic
refinement using data collected from a single crystal of PI-PLC co-
crystallized with 100 mM myo-inositol at 4°C and the refined PI-PLC
structure as a model for phase calculations (Table I). Prior to inclusion
of the inositol molecule in the phase calculations the uncomplexed PI-
PLC was refined against the data collected for the complex. The
following difference Fourier calculation with coefficient Fmut - Ft
produced a map in which a positive difference density for the inositol
molecule was clearly visible. Subsequently myo-inositol was built into
the map, which was almost unambiguous with respect to the orientation
of the inositol ring (Figure 3). Nevertheless, two alternative possible
orientations of inositol with respect to the enzyme were also refined,
resulting in a poorer stereochemistry and significantly higher temperature
factors for the inositol molecule, as well as fewer and less favorable
interactions with the enzyme.
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