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Structural studies of phospholipase C 61 (PLC681) in
complexes with the inositol-lipid headgroup and cal-
cium identified residues within the catalytic domain
that could be involved in substrate recognition, calcium
binding, and catalysis. In addition, the structure of the
PLCé1 catalytic domain revealed a cluster of hydropho-
bic residues at the rim of the active site opening (hydro-
phobic ridge). To assess a role of each of these residues,
we have expressed, purified, and characterized enzymes
with the point mutations of putative active site residues
(His311’ ASII312, Glu341, Asp343, Hi5356, Glu390’ Lys438,
Lys**, Ser®22, Arg®*?, and Tyr®®!) and residues from the
hydrophobic ridge (Leu®2?, Phe®*®°, and Trp®°®). The re-
placements of most active site residues by alanine re-
sulted in a great reduction (1,000-200,000-fold) of PLC
activity analyzed in an inositol lipid/sodium cholate
mixed micelle assay. Measurements of the enzyme activ-
ity toward phosphatidylinositol, phosphatidylinositol
4-monophosphate, and phosphatidylinositol 4,5-bis-
phosphate (PIP,) identified Ser®??, Lys*3®, and Arg®*? as
important for preferential hydrolysis of polyphosphoi-
nositides, whereas replacement of Lys*® selectively af-
fected only hydrolysis of PIP,. When PLC activity was
analyzed at different calcium concentrations, substitu-
tions of Asn®2, Glu®%°, Glu®*!, and Asp>*® resulted in a
shift toward higher calcium concentrations required for
PIP, hydrolysis, suggesting that all these residues con-
tribute toward Ca%* binding. Mutational analysis also
confirmed the importance of His*!! (~20,000-fold reduc-
tion) and His?%¢ (~6,000-fold reduction) for the catalysis.
Mutations within the hydrophobic ridge, which had lit-
tle effect on PIP, hydrolysis in the mixed-micelles, re-
sulted in an enzyme that was less dependent on the
surface pressure when analyzed in a monolayer. This
systematic mutational analysis provides further in-
sights into the structural basis for the substrate speci-
ficity, requirement for Ca2* ion, catalysis, and surface
pressure/activity dependence, with general implica-
tions for eukaryotic phosphoinositide-specific PLCs.
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Hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,)*
to the second messengers inositol 1,4,5-trisphosphate and dia-
cylglycerol by phosphoinositide-specific phospholipase C (PI-
PLC) is one of the earliest key events in the regulation of
various cell functions by a number of extracellular signaling
molecules (1-3). Three families of mammalian PI-PLCs with 10
different isozymes (PLCB1-B4, PLCyl—y2, and PLC&1-64)
have been characterized; PI-PLC molecules from other eu-
karyotes have properties shared with mammalian isozymes
from one of the main families. Regulation of PI-PLCs has been
extensively studied and reveals several distinct mechanisms
that link multiple isozymes to various receptors (1). Among
those mechanisms, the activation of mammalian PLCB by G
protein subunits and PLC+y isozymes by tyrosine kinase-linked
receptors are best understood.

Studies of the catalytic properties of PI-PLC revealed that,
unlike regulatory mechanisms, all eukaryotic enzymes have
some common characteristics (4). The catalytic activity is
strictly dependent on calcium as a cofactor and increases with
a rise of calcium concentrations within the physiological range
(0.01-10 um). Phosphatidylinositol (PI), phosphatidylinositol
4-monophosphate (PIP), and PIP, are hydrolyzed with a pref-
erence for PIP, and PIP, but the enzymes are unable to hydro-
lyze 3-phosphoinositides. There is a high stereospecificity for
the D-myo-inositol configuration of the headgroup but not for
the configuration of the C-2 position of the diacylglycerol moi-
ety (5). Although glycerophosphorylinositol phosphates can be
hydrolyzed by PI-PLC (6), the presence of at least short lipid
side chains is required for the efficient catalysis (7). Kinetic
studies of some PLCpB, PLCy, and PLC?S isozymes have also
demonstrated that the membrane associated isozymes can cat-
alyze several cycles of PIP, hydrolysis functioning in a proces-
sive mode of catalysis (8—10), and, when analyzed in monolayer
assays, show activity dependence on the monolayer surface
pressure (11-14).

Critical to further understanding of PI-PLCs catalytic func-
tions has been the determination of PLCS1 crystal structure
(15, 16). This revealed a four-domain organization of the en-
zyme consisting of a pleckstrin homology (PH) domain, an
EF-hand domain, a catalytic domain, and a C2 domain. An
alignment of PI-PLC sequences has suggested that PLCp,
PLCy, and PLC§ isozymes have all four domains found in
PLCé&1 (17). Although PLC6&1 shares sequence similarity with

! The abbreviations used are: PIP,, phosphatidylinositol 4,5-bisphos-
phate; PI, phosphatidylinositol; PIP, phosphatidylinositol 4-monophos-
phate; PLC, phospholipase C; PI-PLC, phosphoinositide-specific phos-
pholipase C; PCR, polymerase chain reaction; PH, pleckstrin homology;
PC, phosphatidylcholine; PS, phosphatidylserine; N, newton(s); IP;,
inositol 1,4,5-trisphosphate.

This paper is available on line at http://www.jbc.org
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TABLE I
Oligonucleotides used to generate PLC51 mutants
Primers with mutated nucleotides (underlined) and the wild type primers were used to introduce mutations into PLCS81 by the two-stage
PCR-based overlap extension method. Only forward primer sequences are shown for each mutant oligonucleotide.

Primer sequence

Mutant
Asp®*? — Ala
Asp®*® — Arg
Glu®*! — Ala
Glu®*! — His
Glu®**' — Gln
Glu®*° — Ala
Glu®**® — His
Glu®*° — Lys
Glu®**° — Gln
Phe®%° — Ala
His®'* — Ala

TGC
TGC
TGC

CAC

TG GAG CTC GCC TGC TGG G

GC TTG GAG CTC CGC TGC TGG G

CGG TGC TTG_GCG CTC GAC TGC TGG
CGG TGC TTG CAC CTC GAC TGC TGG GAG
CGG TGC TTG CAG CTC GAC TGC TGG CAG
TCC CTG GCG AAC CAC TGT AG

TCC CTG_CAC AAC CAC TGT AG

TCC CTG_AAG AAC CAC TGT AG

TCC CTG_CAG AAC CAC TGT AG

GGC TAC ACT GCT ACC TCT AAG ATA

TTA GTG TCT TCT TCC_GCC AAC ACC TAC CTG

His®%¢ — Ala CC ATC ATC TAC GCC GGC TAC

Lys*?® — Ala TC CTG TTG_GCA GGG AAG AAG

Lys*** — Ala TG AAA _GCC AAG CTG G

Leu®?° — Ala CTG GAA GAC CAG GCC ACA GGG CcCC AGC
Asn®? — Ala CT TCT TCC CAC _GCC ACC TAC CTG CTG

Arg®*® — Ala G
Ser®®? — Ala
Trp®®® — Ala
Tyr®®! — Ala
Wild type
1. Forward
(691-710)
2. Reverse
(1613-1594)
3. Reverse
(2226-2210)

AGC TGT CTG AGC GCG ATC TAC CCG GCT
TAT GAG ATG GCT _GCC TTC TCT GAG AGC

CCG GCT GGG GCG AGA ACA GAT TCC
CTG AGC AGG ATC GCC CCG GCT GGG TGG
AGG CTA GTG ACG TTT C

CCA TTT CCT GAT TCT TGC AG

GCT GGT CTC CAT TCT TAG

other PI-PLC throughout its sequence, the regions with the
highest sequence similarity are contained within the catalytic
domain. The residues within the conserved region X and the
most conserved part of the Y region (4) form two halves of the
catalytic o/B barrel (15). Based on structural studies of com-
plexes with the PIP, headgroup and the catalytic calcium, the
importance of individual residues within the catalytic domain
for the substrate binding, catalysis, and membrane interac-
tions has been suggested (15). Furthermore, the crystal struc-
ture of the complex with cyclic inositol phosphate (18) and
kinetic studies (6) have suggested a reaction mechanism for
PI-PLC catalysis. The data support general acid/base catalysis
in a sequential mechanism with cyclic inositol phosphate as a
reaction intermediate.

In this study, the data obtained from structural studies of
PLC31 complexes with the ligands have been used as a frame-
work for a structure/function analysis. The residues that con-
stitute putative active site and several hydrophobic residues in
the vicinity of the active site opening have been subjected to
site-directed mutagenesis. The impact of individual replace-
ments on the PLC activity was analyzed under different con-
ditions to establish further structural requirements for sub-
strate recognition, calcium binding, catalytic steps, and surface
pressure dependence.

EXPERIMENTAL PROCEDURES
Materials

Oligonucleotides for mutagenesis and sequencing were supplied by
Oswel DNA Services and also made in-house using an Applied Biosys-
tems DNA synthesizer (model 394). PCR reagents and the ABI PRISM
dye terminator cycle sequencing ready reaction kit for automated se-
quencing, using an ABI 377 sequencer, were from Perkin-Elmer. Wiz-
ard PCR preps were from Promega and mini-prep kits from Qiagen.
PGEX-2T vector, glutathione-Sepharose 4B, and Mono @ column
(PC1.6/5) were from Amersham Pharmacia Biotech. Human thrombin,
sodium salts of soybean PI, bovine brain PIP and PIP,, as well as dioleyl
phosphatidylcholine (PC) and Folch extract of bovine brain (for purifi-
cation of PIP, for the monolayer assay) were purchased from Sigma. Pig
brain phosphatidylserine (PS) was from Doosan Serdary Research Lab-

oratories. Phosphatidyl([*H])inositol ([*H]PI) and Phosphatidyl
[*Hlinositol 4,5-bisphosphate ([*H]PIP,) were obtained from NEN Life
Science Products. Phosphatidylinositol 4-phosphate (inositol-2-*H)
([*'H]PIP) was obtained from American Radiolabeled Chemicals Inc.
[*P]ATP (used for synthesis of [**P]PIP, with partially purified PIP
kinase from rat brain) was from Amersham Pharmacia Biotech.

Methods

Plasmid Construction and Site-directed Mutagenesis—The 2.2-kilo-
base pair BamHI/Smal fragment from rat brain PLC81 ¢cDNA (19) was
subcloned into PGEX-2T vector, which encodes the enzyme as a gluta-
thione S-transferase fusion protein. A BamHI site had been engineered
at the 5’ end of the cDNA to enable cloning into the PGEX-2T vector; an
internal BamHI site had first been mutated by PCR without changing
the amino acid sequence. A mutation has also been introduced by PCR
at residue 60, an internal thrombin cleavage recognition site, from
arginine to lysine (Arg®® — Lys) resulting in higher yields of the glu-
tathione S-transferase fusion protein and its cleavage by thrombin only
at the engineered cleavage site. This mutation did not interfere with
any other function of the enzyme, and this mutant will be referred to as
the control PLC31.

Mutations were introduced into PLC81 Arg®® — Lys by the two-stage
PCR-based overlap extension method (20). The control PLC81 Arg®® —
Lys was used as the template for the first stage PCR reaction; gene
fragments with overlapping complementary ends from the first round
were paired to provide templates for the second round using wild type
external primers. One mutant, His®'' — Ala, prepared by M13-based
site-directed mutagenesis has been described previously (21). Mutants
Arg®*® — Ala, Ser®?? — Ala, Trp®*® — Ala, and Tyr®®' — Ala were made
using wild type primers 1 and 3; all others, excluding Asp®*® — Arg and
Glu®®° — Lys, were made using wild type primers 1 and 2. Oligonucleo-
tides used in these procedures are summarized in Table I.

Mutant fragments Asp®*® — Ala, Glu**' — Ala, Glu®*' — His, Glu®*!
— Gln, Glu**° — Ala, Glu**° — His, Glu®® — Gln, Phe®*° — Ala, His®?¢
— Ala, Arg*?® — Ala, Lys**® — Ala, Leu®®° — Ala, and Asn®'? — Ala
were digested with Accl/Bsml and subcloned individually into Accl/
Bsml sites of PLC81 Arg® — Lys. Mutant fragments Arg®*® — Ala,
Ser®?2 — Ala, Trp®*® — Ala, and Tyr®®' — Ala were digested with
Accl/Kpnl and subcloned individually into the Accl/Kpnl sites of PLC81
Arg®® — Lys. All mutations were verified by sequencing, and each
fragment was completely sequenced to confirm that no unwanted mu-
tations had been created.

Expression and Purification of Recombinant Proteins—Expression
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and purification of recombinant PLCS81 protein lacking the first 57
amino acids residues has been described previously (19, 21).The same
procedures were used to obtain PLC81 Arg®® — Lys and mutant en-
zymes. Briefly, glutathione S-transferase fusion protein was isolated
from the Escherichia coli extract by affinity chromatography on gluta-
thione-Sepharose. The PLC81 protein was separated from glutathione
S-transferase and removed from the affinity matrix by thrombin cleav-
age. Soluble PLC81 was further purified from minor contaminants by
chromatography on a Mono Q column (PC 1.6/5) using a SMART system
(Amersham Pharmacia Biotech). Determination of protein concentra-
tion was according to Bradford (22), using bovine serum albumin as a
standard, and aliquots of purified protein (5-10 mg/ml) stored at
—20 °C. Electrophoresis in SDS-acrylamide gels, performed according
to Laemmli (23), showed that purity of all PLC81 proteins was >90%. In
most cases, the protein yield was about 10 mg/liter of starting bacterial
culture.

PLC Activity in Mixed Micelles—The assay of hydrolysis of PIP, and
PI was based on methods described previously (19, 21, 24, 25). The
standard reaction mixture for PIP, hydrolysis contained 50 mm Tris-
HCI, pH 6.8, 100 mm NaCl, 0.5% sodium cholate, 5 mm 2-mercaptoeth-
anol, 0.4 mg/ml bovine serum albumin, 220 um PIP, (0.025 nCi), and
CaHEDTA buffer for the final concentration of free calcium of 50 um.
Incubation was at 37 °C for 10 min. In this assay, 1 unit of PLC activity
corresponds to hydrolysis of 1 wmol of PIP,/min. The same assay con-
ditions were used to monitor hydrolysis of PIP and PI. In addition, PI
hydrolysis was also analyzed in sodium deoxycholate mixed micelles
(0.05% sodium deoxycholate) in the presence of 1 mm calcium. The
calcium dependence of PIP,, PIP, and PI hydrolysis was analyzed using
a range of calcium buffers as described previously (24).

For kinetic analysis of control and mutant enzymes, initial velocities
were measured at PIP, concentrations of 0.055, 0.110, 0.220, 0.440, and
0.660 mM, with incubation times of 0, 2.5, 5, 10, and 20 min. Apparent
K, and V_ . values were determined by plotting results as the double
reciprocal Lineweaver-Burk plot.

PLC Activity in Monolayers—Monolayer assay of the activity of the
control and mutant PLCS1 enzymes were performed as described pre-
viously for B-isoforms of PLC (13, 14, 26). The composition of the
monolayers was 70% PC, 27% PS, 3% PIP, by molarity, which were
spread over a buffer comprising 10 mM Hepes, pH 7.2, 120 mm KCI, 10
mM NaCl, 2 mm EGTA, 1 mm MgCl,, and 1 uM free Ca®* ions. Enzyme
(200 ng) was added to the subphase, via an injection port in the Teflon
trough, 5 min after the monolayer was spread to allow the surface
pressure to stabilize. PIP, hydrolysis was assayed for 15 min, during
which time the monolayer radioactivity was assayed continuously as
described previously. Induction times were determined by computer-
aided integration of the trace recording of changes in radioactivity in
the monolayer, and the extent of the reaction was determined by sam-
pling the radioactivity remaining in the monolayer and in 1 ml of
subphase buffer at the end of the reaction.

RESULTS

Residues Selected for Site-directed Mutagenesis—Based on
the structure of PLCS61 complexes with inositol phosphates
and/or calcium analogues (15, 18), the following residues have
been implicated in interactions with the ligands: His®!!,
Asn®12] Glu?4, Asp®®3, His?, Glu®®, Lys*®®, Lys*, Ser®??,
Arg®*® and Tyr®®! (Fig. 14). These putative active site residues
are present within a broad, solvent accessible depression on the
C-terminal end of the catalytic «/B-barrel. Comparison of 23
sequences of PI-PLC from mammalian sources and other or-
ganisms such as slime mold, yeast, and plants demonstrated
that these residues are well conserved among eukaryotic en-
zymes (Fig. 2). Residues corresponding to His®!!, Asn312
Glu®*!, Asp343, His356, Ser®?2, and Arg®*® in PLC51 are invari-
ant in all PI-PLCs. Other active site residues in PLC81 (Glu®%°,
Lys*®®, Lys**, and Tyr®®!) are replaced conservatively in only
a few sequences. Thus, Glu®%° is replaced by aspartic acid only
in PLC&4, Lys*3® by serine in plant PI-PLCs, Lys**® by histi-
dine in the enzyme from Dictyostelium discoideum, and Tyr®>*
by phenylalanine in Arabidopsis thaliana. This strict conser-
vation of residues that could comprise the PI-PLC active site
suggests that substrate recognition and mechanism of catalysis
are likely to be common to all eukaryotic enzymes.

Structural studies of PLC81 (15) also revealed a cluster of
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hydrophobic residues around the active site opening (Fig. 1B).
This hydrophobic ridge, located at one end of the active site
opening, consists of a residue from helix o5 and residues from
three loops connecting 1 with a1, B2 with a2, and B7 and «6.
The hydrophobic residues include Leu®2° in the loop B1/al,
Tyr3® and Phe®®° in the 82/a2 loop, Trp®*® in the B7/a6 loop,
and Leu®?® from helix o5. Comparison of PI-PLC sequences
(Fig. 2) have shown that positions equivalent to PLC81 Leu®2°
are occupied by hydrophobic residues in all PI-PLCs. There is
at least one hydrophobic residue in the loop B2/«2 at positions
corresponding to PLC81 Tyr®*® and Phe®%°; Phe3%° is better
conserved with a hydrophobic residue absent in only two (bo-
vine y1 and human y2) sequences. Conservation of hydrophobic
residues equivalent to Trp®%® is limited to only a few sequences.
However, in most other sequences the position corresponding
to residue 557, also present in the B7/a6 loop, is occupied by
hydrophobic residues and could also contribute to a hydropho-
bic ridge as described for PLC81.

All PLC6&1 active site residues and Leu®2°, Phe®®°, and Trp®®°
within the hydrophobic ridge were individually replaced, first
by alanine and, in the case of Glu®*!, Glu®>?°, and Asp®*?, by
other residues as well (Table II). All changes have been intro-
duced into the full-length PLC81 using PCR-based site-directed
mutagenesis. The control enzyme and PLCS61 with the point
mutations were expressed as fusion proteins, subjected to
thrombin cleavage, and further purified and concentrated on a
Mono Q column. Expression levels of different point mutants
were comparable to the control (~10 mg/liter of bacterial cul-
ture) with the exception of Ser??? that was reduced 5-10-fold.

Effects of Replacements of the Active Site Residues on Activity
of PLC81—PLC activity of the enzymes with single point mu-
tations of the active site residues was compared with the ac-
tivity of the control enzyme using a sodium cholate/PIP, mixed
micelle assay. In previous studies using this assay system (19,
21, 27), it was demonstrated that the deletion of the PH domain
(containing the high affinity, non-catalytic PIP,-binding site)
had no effect on the rate of PIP, hydrolysis and that the
remainder of the enzyme could directly bind and hydrolyze the
substrate presented in this way.

Data obtained from analysis of the active site residue re-
placements by alanine are summarized in Table II and Fig. 3.
Specific activity of the control enzyme at a calcium concentra-
tion of 50 um (control conditions) was about 1,000 units/mg,
consistent with our previous measurements (19). The Glu34! —
Ala mutation caused the greatest reduction of specific activity
to 0.004 unit/mg, i.e. over 200,000-fold. The His®!! — Ala,
Asn31?2 — Ala, and Ser®?2 — Ala mutations resulted in reduc-
tion of specific activity to 0.03—0.09 unit/mg (10,000-35,000-
fold). A reduction of 600—6,000-fold (specific activity 0.1-2
units/mg) was observed for the mutants Asp34® — Ala, His3%¢
— Ala, Glu®%° — Ala, Arg®*® — Ala, and Tyr®>! — Ala. Replace-
ments of Lys*3® and Lys**° resulted in only 30-fold and 5-fold
reductions, respectively.

The impact of the point mutations on activity of PLC381 was
also analyzed using PI and conditions adjusted for maximum
hydrolysis of this substrate (1 mMm calcium, sodium deoxy-
cholate mixed micelles) (Fig. 3). The -fold reductions of PI
hydrolysis calculated for replacements of His®!!, Asn®!2
Glu®*!, Asp®#2, His?%%, Glu®%°, and Tyr®°! to Ala were compa-
rable with the data obtained for hydrolysis of PIP, (all differ-
ences were less than 3-fold). In contrast, the specific activities
of Lys*3® — Ala, Lys*® — Ala, Ser®?2 — Ala, and Arg®%® — Ala
toward PI were not reduced to the levels measured with PIP, as
a substrate with the ratio PIP,/PI between 5- and 60-fold.
Substrate specificity of these mutants toward PIP,, PIP, and PI
were studied further (see below).
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Ala0.216
006

His 0.0156

Gin 0.010
\ngz

Ala

Fic. 1. Schematic representation of the catalytic domain of phosphoinositide-specific phospholipase C. A ribbon representation of
the PLC31 catalytic domain/IP, complex as reported by Essen et al. (15). A, left panel, view looking down into the active site of the domain with
the bound IP, substrate analogue shown in ball-and-stick representation and the calcium co-factor for the reaction is shown as a large sphere; right
panel, schematic representation for the interactions between the protein and the substrate analogue. Beneath each residue interacting with the
substrate analogue are listed the mutants that were constructed and the specific activities of the mutants toward PIP, (umol/min/mg). B, left panel,
view of the catalytic domain roughly 90° from the view shown in A. The loops forming the hydrophobic ridge at the rim of the active site opening
are indicated. Right panel, expanded view of the hydrophobic ridge with hydrophobic side chains shown in ball-and-stick representation. The

residues that were mutated are indicated.

In addition to alanine replacements, Glu®>*! was also mu-

tated into glutamine or histidine, Asp>*® into arginine, and
Glu®®° into glutamine, histidine, or lysine (Table II). The im-
pact of the histidine and glutamine replacements on PLC ac-
tivity was similar to the effects of alanine mutations except for
the Glu®?° — GIn mutant, which had a slightly higher residual
activity. In the case of the Asp3*® — Arg and Glu®®° — Lys
mutations, where negative charges have been replaced by pos-
itively charged residues, activity was reduced an additional 30-

or 80-fold, respectively.

Since a relatively large number of mutations have been made
and many replacements greatly reduced the enzyme activity, a
detailed kinetic analysis was performed only with the control
PLC6&1, Glu®®° — Ala, Arg®*® — Ala, His%%% — Ala, and His3!!
— Ala. Based on structural studies (15), these selected resides
are likely to perform different functions. The main differences
for all tested mutants were in the V. values. The K|, values

max

determined for the Glu®?° — Ala (83 = 15 M), His?%¢ — Ala
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5lhum - -QPLSHYLVSSSHNTYLLEDQLAGPSSTEAYIRALCKGCRCLELDCWDG_ PNQEPI_IVEGYTFTSKILFCDVLRAIRDYAFKASPYPYILSLENHC_TLEQQRVMARHLHAILGPMLL__NRPLDG_VTN__SLP_PEQLKG
8l rat - -QPLSHYLVSSSHNTYLLEDQLTGPSSTEAYIRALCKGCRCLELDCWDG_FNQEPI_IYHGYTFTSKILFCDVLRAIRDYAFKASPYPVILSLENHC SLEQQRVMARHLRAILGPILL__DQPLDG_VTT___ SLPSPEQLKG
&lbov - -QPLNHYYINSSHHTYLVEDQLCGQESVEGYIRALKRGCRCV‘ZVDIWDG__FSGEPI _VYHGHTLTSRIPFKDVVAAIGOYAFQTSDYPVI LSLENHC_SWEQQEI IVRHLTEILGDULL__TTALDGQPPT___QLPSPEDLRG
8 rat - -QPLSHYYINSSHNTYLLGDUFCGUSSVEGYIRALKRGCRCVEVDTWDG__PDGEPV_VYHGRTLTSRILFKDVLATLAQYAFQSSDYPLILSLDNHC TWEQQKTMAHHLIAILGEQLL__STTLEEQLID__IMPSPEQLRG
B D.m - -QPLAHYYINSSHNTYLSGRQIGGKSSVEMYRQTLLAGCRCVELDCWNGKGEDEEPT_VTBGHAYCTEILFKDCIQATADCAFVSSEYPVILSFENHC_NRAQQYKLAKYCDDFFGDLLL__KEPLPDRPLDPGLPLPPFCKLKR
rat - -HPLAHYFISSSHNTYLTGROFGGKSSVEMYROVLLAGCRCVELDCWDGKGEDQEPI_ITHGKAMCTDILFEDVIQAIKETAFVTSEYPVILSFENHC _SKYQUYOMSKYCEDLFGDLLL__KQALESHPLEPGRLLPSPNDLER
hum - -HPLAHYFISSSHNTYLTGROFGGKSSVEMYRQVLLAGCRCVELDCWDGKGEDQEPI_ITEGKAMCTDILFKDVIQAIKETAFVTSEY PV LSFENHC _SKYQQYKMSKYCEDLFGDLLL__KQALESHPLEPGRPLPSFNDLKR
D.m - -QFMSHYFINSSHNTYLTGHQLTGKSSVEIYRQCLLAGCRCVELDFWNGRT __EEPV_IVEGYTFVEEIFAKDVLEATAESAFKTSEYPVILSFENHCN_PROQAKIANYCREIFGDMLL__DKPLDSHPLEPNMDLPPPAMLRR
Zhum - -QPLNHYFINSSHNTYLTAGQFSGLSSAEMYROVLLSGCRCVELDCWKGKEPPDEEPI_ITEGFTMTTDIFFKEAIEATAESAFKTSPYPIILSFENHVDSPROQAKMAEYCRTIFGOMLL__ TEPLEKFPLKPGVPLPSPEDLRG
3hum - -QPLSAYFINSSHNTYLTAGOLAGTSSVEMYROALLWGCRCVELDVWHGRPPEEEPF_ITHGFTMTTEVPLROVLEAIAETAFKTSFYFVILSFENHVDSAKQOAKMAEYCRSI FGDALL__IEPLDKYPLAPGVPLPSPQDLMG

| rat - -QPLSHYFINSSENTYLTAGULAGNSSVEMYRQVLLSGCRCVELDCWKGRTAEEEPV_ITHGFTMTTEISFKEVIEATAECAFKTSEFPILLSFENHVDSPHOQAKMAEYCRLIFGDALL__MEPLEKYPLESGVPLPSPMOLMY
gl bov - -QPLSHYFINSSHNTYLT! LSGCRCVELDCWKGRTAEEERY_ITHGFTMTTEISFKEVIEATAECAFKTSPFPILLSFENHVDS PKOOAKMAEYCRLI FGDALL__MEPLDKY PLESGVPLPSPMDLMY
@.m - --PLSHYFIYTGHWSYLTGNQLSSDCSDVEPIINALKRGVRVIELDIWEN__ ASKDNIDVLEGRTLTTPVELIRCLRSIKDHAFVASEYPVVITLEDHL TF AEMVTETFGDLLF__TFN_S___ ESVKEFPSPESLKK

5 A.t - --PISHYFIFTGHNSYLTGNOLSSDCSEVPIIDALKKGVRVIELDIWPN__SNKDDIDVLHGMTLTTPVGLIKCLKAIRAHAFDVSDYPVVVTLEDHL TPOLOSKVAEMVTEIFGEILF__TPPVG___ ESLKEFPSPNSLKR
& A.t - NOPLSHYFLYTGHMSYLTGNOLNSNSSIEPIVKALRNGVRVIELDLWEN_ ! sssxmwmnmmm«cmvwwwswpwmmwn TPILOKKVARMVSKTFGGSLFQCTDETT____EC___FPSPESLKN
8 D.d - SKPLSYVFINSSHENTYLSGHQLKGLSTSEMYTNTLROGCKCVELDVWDG__NDGDPI_IFEGNTLTSQIKFSHVCETTKARGFETSEYPVILSLEVHC_SVPOQIMMANHMKEIFGEML__ PTPLP___ EGTKELPTLDSLKY
ylrat - NNPLSHYWISSSHWTYLTGDQLRSESSTEAYIRCLRAGCRCIELDCWDG_ PDGKPI_IYHGWTRTTHIKFDDVVQAIRDHAFVTSSFPVILSIEEHC SVEQQRHMAKVFKEVLGDLLL__TKPTE___ ASADQLPSPSQLRE
Y2hum - NNPLSHYWISSSHNTY. SESSPEAY IRCLRMGCRCIELDCWDG__PDGKPV_IVHGWTRTTK IKFDDVVOATKDHAFVTSSFPVILSIBEHC_SVEQQRHMAKAFKEVFGDLLL__TKPTE____ ASADQLPSPSQLRE
Yl bov - NNPLSHYWISSSENTYLTGDOFSSESSLEAYARCLRMGCRCIELDCWDG_ PDGMPV_IYHGHTLTTKIKFSDVLHTIKEHAFVASEYPVILS IEDHC_SIAQURNMAQYFKKVLGDTLL__TKPVD____ IAADGLPSPNOLKR
yl rat - NNPLSHYWISSSHNTYLTGDQFSSESSLEAYARCLRMGCRCIELDCWDG_ PDGMPV_IYHGHTLTTKIKFSDVLHTIKEHAFVASEYPVILSIEDHC SIAQQRNMAQHFRKVLGDTLL__TKEVD __ IAADGLPSENQLKR
| hum - NNPLSHYWISSSHNTYLTGDQFSSESSLEAYARCLRMGCRCIELDCWDG__PDGMEV_IYEGHTLTTHIKFSDVLHT IKEHAFVASEYPVILSIEDHC_SL WFRKVLGDTLL__TKPVE____ ISADGLESENQLKR
S.c - --PLNHYFIASSHNTYLLGKQIAETPSVEGYIQVLODGCRCVEIDIWDG__ENG_PV_VCHGF_LTSAIPLKTVIRVIKKYAFITSPYPLIISLEINCN_KDNOKLASLIMREVLAEQLYF____VGTR___ TDKLPSPRELKH
is.p - --PLNEYLISSSMI'YLIGKQPGGESSIEGYIRSLQWDCKCIBIDCWDG PNG_EV_VCHGHTFTSMIKFNDVIDAIRKYAFVVSPYPLFISLEIHCC_ PDQQRQMVSYMKQRFGDTLVM__KFVTAN___ESVLPSPEDLLN
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81 hum KILLRGKK | DMV T Y CKSVHFGGFSSPGTEGOAFY EMASFSENRALRLLOES_GNGFV____ SRIYPAGWRTDSSHY QIVALNFQTPGPEMDVYQDRFQ__ DNGAC__GYVLKP-
8l rat KILLRGEK_____LVPELSDMIIYCKSVHFGGFSSPGTSGOAFYEMASFSESRALRLLOES_GNGFV___| mxmrwmmssmsmmmszmpmmmo DCHGGC__GYVLKP-
82bov - KILVRGRK____ LCPALSALVVYLKAVTFYSFTHS_REHYHFYETSSFSETKAKSLIKEA_GDEFV____ QHNAWQLSRVYPSGLRTDSSNYNEQ QTAGLEMDLCDGLFR_____ QMNAGC__GYVLKPD
54 rat KILVRGEK ____ LCPDLSALVVYLRTAPFCSFTHS_KENYHIYDISSFSESKAKNLIREA_GNEFV. QHNmqu:nmscmmssnmpoEHmvucomwummmmcmLm_mGGs_cwmpE
po.m KILIENER___ MVHPWLSSMVNYAQPIKFQGFDKAIEKNIA_HNMSSFAESAGMNYLKQS_SIDFV____ NYNKRQMSRIYPKGTRADSSNYMPOUFWNAGCOMVSLNFQSSDLEMOLNOGKFE_____ YNGGC__GYLLKP-
rat - KILIENER___ LIHPYLSTMINYAQPVKFQGE RNIH_YNMSSF GYLKTH_AIEFV____ NYNKROMSRIYPKGGRVDSSNYMPQIFWNAGCOMVSLNYQTPDLAMQLNQGKFE __ YNGSC_ GYLLKP-
hum KILIKNER LIHPYLSTMINYAQPVKFQGE RNIH_YNMSSF GYLKTH_AIEFV____ NYNKROMSRIYPKGGRVDSSNYMPQIFWNAGCOMVSLNYQTPDLAMOLNQGKFE ____ YNGSC__GYLLKP-
D.m KIIIRNEKKGAEL SALVNYVOPIHFSSFENAEKKNRC_YEMSSFDEKQATTLLKER_PIEFV___ NYNKHQLSRVYPAGTRFDSSNFMPOLFWNAGCOLVALNFQTLOLAMOLNLGIFE____ YMARS__GYLLKPE
2hum - KILIENKKNYEEM SSLVNY IQPTKFVSFEFSAQKNRS_YVISSFTELKAYDLLSKA_SVOFV___ DYNKRQMSRIYPKGTRMDSSNYMPQMFYNAGCOMVALNFQTHDLEMOQNMAVFE___ FNGQS__GYLLKHE

RILVENEKRTEEM______
KILVENFEKTEEM, SHLVINY IQPVKFESF!

STLVNY IEFVEFKSFEAARKRNKC _FEMSSFVETKAMEQLTKS_FMEFV____
ETSKKRNKS_FEMSS!
_____ SNLVNY IQPVKFESFEISKKRNRS_FEMSSFVETKGLEQLTKS_FVEFV,
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LTKS_FVEFV___EYNKMOLSRIYPRGTRVDSSNYMPQLFWNAGCOMV]

EYNKQOLSRI¥YPKGTRVDSSNYMPQLFWNVGCQLVALNFQTLDVAMQLNAGVFE _____ YNGRS__GYLLKPE
LAMQINMGMYE, YNGKS__GYRLKPE

KILVFNEEKTEEM, . EYNKMQLSRIYPEGTRVDSSNYMPQLFWNAGCOMVALNFOTVDLAMOINMGMYE. YNGKS__GYRLEPE
G.m RIIISTEE PAPEYRRLIAIHAGKPKGGLAECLKVDPDKVRRLELSEQQLEKAA_INHGQQIV____RFTQRNILRVYPKGTRIDSSNYNPLIGWMHGAQMVAFNMOGYGRSLWLMHGMFR ANGGC_GYVEKP-
A.t RIIISTRP_____ P_PQOYKHLIAIHAGKPKGGITECLKVDPDKVRRLSLSEEQLEKAA EKYAKQIV____ RFTQHNLLRIYPKGTRVTSSNYNPLVGWSHGAQMVAFNMOGYGRSLWLMOGHMFR_____ ANGGC__GYIKKP-
A.t KILISTE PAIEYRDLISIHAGNREGGLENCLNGDPNRVIRLSMSEQWLETLA_KTRGFDLV, KFTORNLLRIFPKTTRFDSSNYDPLVGWI HGAQMVAFNMOSHGRYLWMMOGMFK______ ANGGC__ GYVEKP-
D.d KILLRGHT_____ SAPEFEELIYLVSHGFKSG__NTTKEIPSYKIH_SLVEEKVKQLV_QSEFREVV____EASQONHLLRVYPRGTRFDSSNFDEMPGWSIGCQLAALNDOTSSEPMWINDGMES. __GYVLKP-
'|Q rat EIIIFHEK AIELSDLVVYCKPTSKT_KDHL__ENPDFREIRSFVETKADSIV_ROKPVDLL RYNOKGLTRVY PKGQRVDSSNYDPFRLWLCGSOMVALNFOTPDE YMOMNHALFS, LNGRT__GYVLOP-
Y2 hum KITIFHRK_____ LAIELSDLVVYCKPTSKT_KDNL__ENPDFREIRSFVETKADSII_ROKPVDLL KYNQEGLTRVY PKGQRVDSSNYDPFRLWLCGSOMVALNFOTADK YMOMNHALFS, LNGRT__GYVLQP-
¥l bovw KILIKHRK_____ LALELSELVVYCREVPFD_EEKIGTERACYRDMSSFPETKAEKYVNKAKGKKFL____ QYNRLOLSRIYPKGQRLDSSNYDPLPMWICGSQLVALNFQTPDKPMOMNQALFL, AGGHC_GYVLOP-
¥l rat KILIFHRK___ LALELSELVVYCRPVPFD_EEKIGTERACYRDMSSFPETKAEKYVNKAKGKKFL____QVNRLOLSRIYPKGQRLDSSNYDFLPMWICGSQLVALNFOTPDKPMOMMOALFM _ AGGHC _GYVLQE-
| hum KILIKHEK LALELSELVVYCRPVFFD_EEKIGTERACYRDMSSFPETHKAEKYVNKAKGKKFL____ QYNRLOLSRIYPKGQRLDSSNYDPLPMWICGSQLVALNFQTPDKPMOMNQALFM_____ TGRHC__GYVLQP-
8.¢ KILLESEKTIN____ DVSNISG_TIHGIKFRNF___SLPESKTIAHCFSLMEREVEYMIKDEHLEL, SLDKHNRRYLMRVY PHVLRYKSSNFNP I PFWKAGVQMVATNWQTND I GQQLNLAMFQILDHQPDGSFKSGY VLK P -
3 s5.p I(ILLKVNCSVQ ELQQLAPYARSLKFRNF__ SLPESKTYSHIFBFSER'PIK__KHGMPRLSWLRYLCRWPGPLRUGSWFNPWYPIRLMN}\IM’JQTYDNLQINDALF IADPF______ TGYLLKP-
- EE I "

Fic. 2. An alignment of the catalytic domain amino acid sequence from different PI-PLC isozymes. The catalytic domain sequences
incorporating residues from the X and Y regions of sequence similarity have been compared; the linker region (X/Y linker) was omitted. The
following sequences, described in Ref. 17, were compared: human PLC&1 (81 hum; residues 299-442 and 489-606), rat PLCS1 (81 rat; residues
299-442 and 489-606), bovine PLC82 (82 bov; residues 293—437 and 487-603), rat PLC84 (84 rat; residues 293—437 and 500—616), Drosophila
melanogaster norpA (B-like) PLC (B D.m; residues 322—-471 and 546-633), rat PLCB4 (B4 rat; residues 316—465 and 562—679), human retinal
PLCpB4 (B4 hum; residues 163-312 and 408 -525), D. melanogaster (B-like) ple-21 (B D.m; residues 321-468 and 596-712), human PLCB2 (B2 hum;
residues 315-465 and 539-655), human PLCB3 (B3 hum; residues 320—470 and 587-703), rat PLCB1 (BI rat; residues 319—-469 and 537-653),
bovine PLCB1 (B1 bov; residues 319—-469 and 537-653), soybean (Glycine max) 6-like PLC (8 G.m; residues 109-252 and 330-447), A. thaliana
d-like PLC 2 (8 A.t; residues 106—249 and 313-430), A. thaliana 8-like PLC 1 (8 A.¢; residues 108—250 and 290-407), D. discoideum &-like PLC
(8 D.d; residues 325-467 and 536—650), rat PLCy2 (y2 rat; residues 315-458 and 927-1041), human PLCy2 (y2 hum; residues 315-458 and
927-1041), bovine PLCv1 (yI bov; residues 323—-466 and 950-1067), rat PLCy1 (yI rat; residues 323—466 and 950-1067), human PLCy1 (yI hum;
residues 323-466 and 950-1067), Saccharomyces cerevisiae 8-like PLC (8 S.c; residues 383—-522 and 584—707), and Schizosaccharomyces pombe
8-like PLC (8 S.p; residues 444586 and 635-750). All-against-all comparisons of the sequences were performed using the Darwin suite of programs
running on the Computational Biochemistry Research Group Server at Eidgenossische Technische Hochschule, Zurich (http:/cbrg.inf.ethz.ch/
welcome.html). Residues in PLCS81 selected for mutagenesis are shown in bold. Invariant residues in all sequences are indicated by an asterisk.
Secondary structure elements and residue numbers of PLCS1 are also shown.

(110 = 21 pm), and His®*!! — Ala (74 + 14 um) were similar to
the control (83 = 17 um), whereas the value determined for
Arg®%® — Ala was somewhat higher (125 + 21 um).
Mutations Affecting Substrate Specificity—Among mutations
that differentially affected hydrolysis of PIP, and PI, Lys*®8,
Arg®®®, and Ser®?? have been implicated in interactions with
the 4-phosphoryl group and Lys*4® in interaction with the
5-phosphoryl group of the inositol ring. To distinguish whether
the reduction in PIP, hydrolysis resulted from a loss of inter-
actions with the 4- or 5-phosphate, we compared the PLC
activity of these mutants toward PI, PIP, and PIP,, prepared as
sodium cholate mixed micelles, in the presence of 50 um cal-
cium (Fig. 4). Activity of the Lys**® — Ala mutant was reduced
(~5-fold) only with PIP, as a substrate. The specific activity of
this mutant was similar to the specific activity of the control
enzyme toward PIP (Table II), consistent with Lys*4® interac-
tion with the 5-phosphoryl group. The Lys**® — Ala mutation
resulted in a reduction of both PIP, and PIP hydrolysis (15—

20-fold) with very little effect on PI hydrolysis. The specific
activity of this mutant was comparable with the activity of the
control enzyme using PI as a substrate. The mutation Arg®*® —
Ala had an effect on hydrolysis not only of PIP, and PIP but
also PI. Both the hydrolysis of PIP, and PIP were greatly
reduced relative to hydrolysis of PI. This ratio (PIP,/PI and
PIP/PI) for Arg®*® — Ala was the most pronounced (about
50-fold) among the analyzed mutants. The effect of this muta-
tion on PI hydrolysis could be due to an additional interaction
with the 2-hydroxyl of the inositol (Fig. 1A) that would affect
hydrolysis of all inositol-lipid substrates. In the case of Ser®?2
— Ala replacement, the effect on PI hydrolysis was a reduction
of about 1,000-fold with a further decrease in specific activity
(5-10-fold) toward PIP and PIP,,.

Calcium Dependence of Substrate Hydrolysis—It has been
shown previously that activity of PLC81 (as well as other PI-
PLC enzymes) has different calcium dependence curves when
analyzed with PIP, and PI as a substrate presented as sodium
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TaABLE II
Phospholipase C activity of control and mutant PLC81

Control PLC81 and different mutants were expressed in bacteria and
purified to homogeneity. For calculation of specific activity, the activity
of the control and mutant PLCS1 were analysed using PIP, as a sub-
strate in the presence of 50 uM calcium (control conditions). Specific
activities of control protein towards PIP,, PIP, and PI were determined
at 50 uM calcium. The specific activity towards PIP, was also deter-
mined in the presence of 3 mmM EGTA. The data are averages of two
measurements that did not differ more than 20%.

PLCs1 Activity
units/
mg
Control PLC81
PIP,, 50 uM calcium 1080.0
PI, 50 uM calcium 21.6
PIP, 50 puM calcium 360.0
PIP,, 3 mm EGTA 0.059
Mutations in the active site
PIP,, 50 puM calcium
His?'' — Ala 0.060
Asn®'? — Ala 0.032
Glu®*! — Ala 0.004
Glu®*** - Gln 0.010
Glu®*' — His 0.015
Asp?*? — Ala 0.216
Asp®*® — Arg 0.006
His®**% — Ala 0.174
Glu®*° — Ala 0.900
Glu®**° — Gln 4.50
Glu®%° — His 0.734
Glu®*® — Lys 0.011
Lys**® — Ala 33.75
Lys**® — Ala 216.0
Ser®?? — Ala 0.088
Arg®*® — Ala 1.27
Tyr®®* — Ala 1.770
Mutations in the hydrophobic ridge
PIP,, 50 uM calcium
Leu®?® — Ala 284.2
Phe®%° — Ala 276.9
Trp®®® — Ala 302.1
TyrS51Ala B s
Arg549Ala P :Pz

SerS22Ala [ T
Lysd40Ala bz

Lysd38Ala PPz

GIUI0Ala P et )

HiS358Ala B e i

ASp3A3Ala B

QU Al B e i i ]
SN Al B s el

His31 Al B s ‘
1 10 100 1000 10000 1000001000000

Substrate hydrolysis (fold reduction)

Fic. 3. Effect of replacement of active site residues by alanine
on substrate hydrolysis. Purified proteins were analyzed for PIP,
(light hatched bars) and PI (black bars) hydrolysis under optimal con-
ditions for the substrates. The data are averages of two measurements
that did not differ more than 20% and are expressed as -fold reduction
of control PLC&1 activity.

cholate or sodium deoxycholate micelles (19). The specific ac-
tivity of the control PLC61 used in this study toward PIP, was
~300 units/mg at 0.5 uM calcium, ~1,000 units/mg at 50 um
calcium, and ~140 units/mg at 1 mwm calcium. The specific
activity toward PI in a similar assay system increased within
the tested range of calcium concentrations (0.5 um to 10 mm)
and was ~7 units/mg at 0.5 puM calcium, ~18 units/mg at 50 um
calcium, and ~25 units/mg at 1 mm calcium. Although simpler
relationship of calcium dependence was observed with PI than

11655

with PIP, as a substrate, the reduced activity of the mutants
made the measurements difficult with this less efficiently hy-
drolyzed substrate. Therefore, the activity of the control and
mutant enzymes with the point mutations of the active site
residues was compared at different calcium concentrations (0.5
M to 10 mm) using PIP, as a substrate. The control (Fig. 5) and
His3%6 — Ala, Lys*®® — Ala, Lys*4® — Ala, Ser®?? — Ala, Arg®4®
— Ala, and Tyr°®! — Ala mutants (data not shown) had a
similar calcium dependence of PIP, hydrolysis with the maxi-
mum at about 50 uM calcium and decreasing at higher calcium
concentrations. Mutations of Asn®'2 Glu®*!, Asp3*?, and
Glu®%°, however, resulted in changes of PLC81 calcium depend-
ence (Fig. 5). Some differences have been also observed for the
His?!! — Ala mutant, which shows less inhibition of activity at
high calcium concentrations than the control enzyme. The ac-
tivity of the Asp®4® — Ala and Asn®'? — Ala mutants at 1 mm
calcium was comparable to their activities at concentrations of
50 uM, whereas for Glu®*! — Ala and Glu®°° — Ala the peak of
the activity was shifted to 1 mm calcium. A similar shift was
observed for the Asp?*? — Arg and Glu®%° — Lys mutants (data
not shown). Residues Asn®2, Glu®*!, Asp®*?, and Glu®?° have
been implicated in calcium binding (Fig. 1A), and this differ-
ence in PLC dependence of calcium concentrations further sup-
ports their proposed role.

Analysis of the control PLC81 has shown that the enzyme
prepared and analyzed in the presence of 3 mmM EGTA had a
specific activity reduced to about 0.06 unit/mg (Table II). Under
these conditions, it is still possible that some calcium remained
bound to PLC81 and that the complete removal of the metal
could have an even more pronounced effect. Based on these
observations, it is expected that mutation of residues essential
for the calcium binding would result in a great reduction of the
enzyme activity. All mutations of Asn®'2, Glu3*!, Asp®*3, and
Glu®?° residues (in particular, Glu®*! — Ala, Asp®*? — Arg, and
Glu®*® — Lys) had a large impact on the activity (1,000—
200,000-fold) (Table II). It is however difficult to assess
the relative contribution of each of these residues, since a
role of some residues may not be limited to calcium binding
(see “Discussion”).

Mutations within the Hydrophobic Ridge—Analyses of the
Leu®?° — Ala, Phe3%° — Ala, and Trp®®® — Ala mutants in
PIP,/sodium cholate mixed micelles at 50 pum calcium have
shown that these mutants, in comparison with the mutants in
the active site, had little effect; they resulted in a small reduc-
tion in PIP, hydrolysis (Table II). Similar data have been
obtained using the substrate/dodecyl maltoside mixed micelles,
and measurements of K,, values in this assay revealed that
enzymes with mutations in the hydrophobic ridge behaved
similarly to the control enzyme, having largely unaltered in-
terfacial K, values (data not shown).

For further studies of these mutants, the possibility that the
hydrophobic ridge could penetrate into a phospholipid mem-
brane was examined by measuring PIP, hydrolysis in mono-
layers at different surface pressures. Fig. 6A shows that
increasing monolayer surface pressure in PC/PS/PIP, mono-
layers (70:27:3 by molarity) was accompanied by a decline in
PIP,, hydrolysis catalyzed by the control PLCS1. The decrease
in rate of hydrolysis was linear with about a 5-fold difference
between activity at the surface pressure of 10 mN/m and 35
mN/m. Analysis of the mutants in this system, in contrast to
the mixed micelle assay, revealed an increase in activity com-
pared with the control. Furthermore, as illustrated for the
Phe®%° — Ala mutant (Fig. 6B), activity was less dependent on
increasing surface pressure. The surface pressure/activity re-
lationship was also analyzed by measurements of the induction
time 7 between addition of the enzyme to the subphase and
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onset of catalysis. The induction time measured for the control
PLCé&1 was greater at higher monolayer pressures (Fig. 6C). It
has been suggested that in this assay system the penetration
rate (k,) would be inversely proportional to the 7 time (13).
Therefore, the data for the control PLC61 would suggest that
increasing surface pressure reduces the penetration rate into

the monolayer. When PLC81 enzymes with the point mutations
within the hydrophobic ridge were compared with the control,
it was found that the 7 time of Trp®®® — Ala and Leu®?° — Ala
mutants was less dependent on monolayer pressure and that
the Phe®%° — Ala mutant was independent of the surface pres-
sure (Fig. 60).
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Fic. 6. Effects of replacements of the hydrophobic ridge resi-
dues on PLC681 activity in a monolayer assay. A, pressure-activity
relationship of the control PLCS1 in mixed phospholipid monolayers.
PC/PS/PIP, monolayers containing 3*P-labeled PIP, were spread as
described previously (13, 26) and 200 ng of enzyme added after 5 min.
Reaction times were 15 min, and the rate of PIP, hydrolysis was
determined from linear portions of continuous trace recordings of ra-
dioactivity in the monolayer. Data points are the mean * range of
duplicate monolayers, except 10 and 35 mN/m, which were taken from
single experiments. B, the Phe®*° — Ala mutant was analyzed as
described in A. C, induction times for PIP, hydrolysis in PC/PS/PIP,,
mixed monolayers by the control and three hydrophobic ridge point
mutants of PLC81. Induction times (7) were derived by computer-aided
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DISCUSSION

In this study, we describe the first systematic analysis of
amino acid replacements within the PLC81 catalytic domain
based on the crystal structure of this enzyme. The data provide
further evidence for a relationship between the individual res-
idues and the catalytic properties of PI-PLC enzymes (includ-
ing substrate specificity, requirement for Ca2?" ion, and surface
pressure/activity dependence) with implications for all eukary-
otic PI-PLCs.

It is generally accepted that agonist stimulation of PI-PLC
activity can result in preferential hydrolysis of polyphospho-
inositides and, in particular, PIP, (see, e.g., Ref. 28). Although
presentation of PIP, in cells could contribute toward a prefer-
ence for this inositol lipid, it has been shown that the substrate
selectivity is, to at least some extent, a property of PI-PLC
enzymes (4). Characterization of PI-PLC enzymes in vitro re-
vealed that all eukaryotic enzymes, unlike bacterial PI-PLC,
can hydrolyze PIP, and PIP. Generally, a preference
PIP,>PIP>>PI has been observed. However, some differences
between PI-PLC families have been found, such as lower ratio
of PIP,/PI hydrolysis for PLC+y than for PLCB and PLCé (29).
The degree of preference for polyphosphoinositides described
for the same isozyme also varies considerably depending on the
conditions and substrate presentation used in different assays
in vitro (30-33). Some of these differences could be due to
composition and concentration of detergents and metal ions
affecting directly hydrolysis by the enzyme and also substrate
presentation of different inositol-lipids. Within a multidomain
structure of eukaryotic PI-PLCs, some of the domains could
interact non-catalyticaly with the inositol lipids and (depend-
ing on the assay conditions) also influence the rate of substrate
hydrolysis (8, 10). In this study, we used mixed micelles of each
inositol-lipid substrate with sodium cholate and found that the
PLC31 specific activity with PIP, as a substrate was about
3-fold higher than with PIP and about 50-fold higher than with
PI(Table II). The ratio of substrate hydrolysis in this assay was
not affected by a deletion of the PH domain, eliminating a
contribution of this high affinity non-catalytic PIP, binding
site. The structural studies of the PLCS$ catalytic domain (15,
18) implicated Ser°??, Lys*3® and Arg®*® in interactions with
the 4-phosphate and suggested their importance for preference
of both PIP and PIP, over PI. The only residue that could
interact with the 5-phosphate, Lys*‘°, emerged as a candidate
residue that could provide specificity for PIP,. Replacements of
each of these residues by alanine resulted in selective changes
of PIP,, PIP, and PI hydrolysis consistent with their predicted
functions (Fig. 4). Among these mutations, the greatest impact
on preference for polyphosphoinositides was the Arg®*® — Ala
replacement. However, replacements of some residues, most
notably Ser®22, not only selectively reduced hydrolysis of
polyphosphoinositides, but also significantly reduced hydroly-
sis of PI suggesting their role in some other functions of the
enzyme or their importance for the protein stability. Replace-
ment of Tyr®®!, implicated in hydrophobic interactions with the
sugar ring of inositol, equally reduced hydrolysis of PIP, and PI
(Table IT and Fig. 3). Several of the residues implicated in
substrate binding and selectivity have been analyzed previ-
ously. A study of the conserved region rich in basic residues in
PLCB2 (residues 457—464) identified Lys*%! and Lys*%2, corre-
sponding to Lys*3® and Lys**° in PLC$81, as important for PIP,

integration of trace recordings of ®3P-labeled PIP, hydrolysis by the
different enzymes at all surface pressures examined, as described pre-
viously (13). Each data point is the mean (* range or S.D.) of at least
two determinations of 7 from each assay performed. Circles, control
PLC81; inverted triangles, Trp®®® — Ala; squares, Leu®?° — Ala; trian-
gles, Phe®%® — Ala.
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hydrolysis (34). It is, however, difficult to compare those data
and this study further, since a different assay system has been
used and PLCB2 was analyzed only with PIP, as a substrate.
Replacements of four arginine residues within the Y region of
conserved sequences in human PLC81 identified Arg®*® as se-
lectively important for PIP, compared with PI hydrolysis (30,
35). The replacement of this residue with glycine, as with our
Arg®®® — Ala mutant, also somewhat reduced PI hydrolysis,
whereas Arg®® — His mutation only affected PIP, hydrolysis
(30).

Kinetic analysis of PI and PIP, hydrolysis by PI-PLC en-
zymes, in the assay systems where preference for PIP, was
clearly observed, revealed only small differences in the appar-
ent K, values (24, 31-33, 36). Consistent with these observa-
tions, the main effect of Arg®*® replacements, which selectively
reduced hydrolysis of polyphosphoinositides, was on V.. (Ref.
30 and this report). It is therefore possible that additional
interactions with the 4- and 5-phosphoryl groups of the inositol
ring in PIP, have little effect on the affinity for this substrate.
However, these interactions could greatly reduce flexibility of
inositol headgroup movements within the active site, resulting
in higher hydrolytic efficiency. Recent structural studies using
an inositol monophosphate support this possibility (18).

Structural studies and kinetic analysis of both eukaryotic
and bacterial enzymes have outlined a common mechanism of
substrate hydrolysis: general acid/base catalysis with forma-
tion of cyclic inositol in a phosphotransfer step, followed by its
conversion to an acyclic inositol in a phosphohydrolysis step (5,
37). However, a distinct characteristic of substrate hydrolysis
by all eukaryotic enzymes is dependence on Ca®* as a cofactor.
Structural studies of PLC81 have suggested that the principal
function of the Ca®" is to lower the pK, of the 2-hydroxyl group
of the inositol moiety so as to facilitate its deprotonation and
subsequent nucleophilic attack on the 1-phosphate. A second
role of the metal could be to stabilize the negatively charged
transition state (18). Although all eukaryotic enzymes require
Ca?*, some differences in calcium dependence have been ob-
served among different PI-PLCs and among inositol-lipid sub-
strates (24, 29, 32, 33, 36). Generally, maximum hydrolysis of
PIP, was achieved at 5-50 uM calcium and further increase in
calcium concentrations (1-10 mm) had an inhibitory effect.
Crystallographic studies of complexes of PLC81 with Ca2" and
PIP, headgroup (IP;) revealed complex interactions with the
catalytic Ca®" involving several negatively charged residues in
the active site (Glu®%°, Glu®*!, and Asp3*%), Asn®'2, and 2-hy-
droxyl group of IP5 (15, 18). Replacement of these residues by
alanine resulted in a great reduction of the enzyme activity
(1,000—-200,000-fold) (Table II). Furthermore, calcium depend-
ence of these mutants was shifted toward higher calcium con-
centrations (Fig. 4) showing the importance of all these resi-
dues in coordination of calcium. In previous studies, based on
sequence alignments, only one of these residues (Glu®*! in
PLC681) had been analyzed. The replacement of Glu®*! in
PLCA81 by glycine resulted in a loss of the enzyme activity; the
calcium dependence of this mutant, however, was not analyzed
(35). The same replacement has been found in the p130 protein,
containing X and Y regions found in PI-PLCs with the closest
similarity to PLC81, but without detectable PI-PLC activity
(38).

The acidic residues that coordinate the catalytic Ca®* in
eukaryotic PI-PLCs are not present in the enzyme from Bacil-
lus cereus. Instead, basic residues (Arg® and Lys!!%) are pres-
ent in the positions equivalent to Asp®*® and Glu®%° within a
similar o/B barrel structure (37, 39). It has been suggested that
these basic residues, like Ca%* in eukaryotic enzymes, facili-
tate nucleophilic attack and stabilize the resulting transition
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state (37, 39). A recent mutational analysis of Arg®® is consist-
ent with this proposal (40). In our attempts to generate a
PLC81 mutant that is calcium-independent like the bacterial
enzyme, mutations Glu®° — Lys and Asp®*® — Arg (Table II)
as well as the double mutant (data not shown) have been made.
However, these mutations did not reduce calcium dependence,
possibly due to small structural differences between the active
sites of eukaryotic and the bacterial enzymes, which could still
be too complex to allow this conversion. Another reason for the
inability to convert PLC61 into a calcium-independent enzyme
by these mutations could be that the role of calcium is not
restricted to a positive charge. The structure of the enzyme in
complexes with intermediate analogues suggests that the CaZ*
makes additional ligations with the transition state that may
sterically accelerate catalysis (18).

An effort has also been made to clarify the identity of resi-
dues important for the phosphotransfer and phosphohydrolysis
steps. It has been suggested that in PI-PLC from B. cereus
His®? and His®? act as general base/acid catalysts (37, 39). A
residue in eukaryotic enzymes that could have an equivalent
role to His®? is likely to be the conserved histidine correspond-
ing to His®®® in PLC&1. A replacement of this residue by ala-
nine resulted in a great reduction of the enzyme activity (Table
I). Similar observations have been reported previously for
PLC81 Leu®5% mutant (35) and a replacement of the corre-
sponding His®®® in PLCyl to phenylalanine (41). However,
three candidate residues in PLC#81, His®*'!, Glu®?°, and Glu®4,
have been considered for the role of His?? from the bacterial
enzyme, which is located within hydrogen bonding distance of
the 2-OH group of the inositol and could deprotonate the hy-
droxyl in a step leading to the formation of the cyclic interme-
diate (15, 37). Mutational analysis in this (Table II) and previ-
ous studies (21, 35, 41) identified PLC81 His®!!, and the
corresponding His??® in PLCy1, as an important catalytic res-
idue. In the structural studies, using inositol phosphates that
mimic the binding of substrates and the reaction intermedi-
ates, His®!! appears to be too distant and unfavorably oriented
for hydrogen-bonding with the 2-hydroxyl group of any of the
studied inositol phosphates (18). The structural data are more
consistent with the notion that His®!! is essential for the sta-
bilization of a pentavalent transition state. Alternative candi-
dates for the general acid/base catalyst, Glu®*! and Glu®%°, are
not only the calcium ligands but also form hydrogen bonds to
the 2-OH group of the inositol. A proton transfer between
either of the glutamate residues and the 2-hydroxyl group
would be feasible even in the presence of the positively charged
calcium, because any change in the partial charge of the car-
boxyl group would be compensated by an opposing charge at
the 2-hydroxyl. An example for a glutamate residue acting both
as a metal ligand and as a nucleophile is Glu”™ in inositol
monophosphatase. In addition to structural data supporting
these roles of Glu™ (42, 43), it has been shown that the muta-
tion of this residue to glutamine decreased % ,, dramatically
while leaving metal binding unaffected (44). This is consistent
with the prediction that the Glu”® — GIn mutant would be able
to coordinate the metal but would not function as a nucleophile.
The mutational analysis of PLC81 (Table II) has shown about a
100-fold greater impact of the Glu®*! — Ala replacement com-
pared with the Glu®°° — Ala mutation. To analyze the function
of these two glutamate residues further, replacements to glu-
tamine were also made; this mutation would eliminate the
function of a general acid/base catalyst. Since the Glu®>?° — Gln
mutation resulted in significant residual activity compared
with the GIn®%° — Ala mutant, the Glu®*! residue would be
more likely to act as the general base of the first step of the
reaction.
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Studies of eukaryotic (8—10) and bacterial (45) PI-PLC en-
zymes suggested that interactions with the membrane involve
interactions additional to the substrate binding in the active
site. Although some of these sites in eukaryotic enzymes are
clearly outside the catalytic domain (e.g. the PH domain of
PLC31), the hydrophobic ridge at the rim of the active site
opening could provide a non-catalytic membrane interaction
site for this domain (17, 46, 47). Experiments where depend-
ence of PLC activity on surface pressure was examined in lipid
monolayers have shown a decrease of PLCB, PLCy, and PLC8
activity as the pressure increases. The surface pressure/activ-
ity relationship observed for PLCS was less complex than for
PLCB and PLCYy, where changes of the pressure within a small
range resulted in a dramatic reduction of the activity (11). A
more linear relationship for PLCS observed in this study (Fig.
6A) is in agreement with the the data reported previously (11,
12). One possible interpretation offered for the surface pressure
dependence was that a part of the PL.C molecule (estimated to
be ~1 nm? in PLC&1) inserts into monolayers in a work-requir-
ing step prior to activation (12). The surface area of the PLC81
hydrophobic ridge is roughly consistent with the area that
could penetrate into the membrane. The possibility that the
residues present in the hydrophobic ridge could underlie this
activity/surface pressure relationship was supported by the
observation that the replacements of these residues by alanine-
generated enzymes that were less dependent on the surface
pressure (Fig. 6, B and C). The greatest change is caused by the
replacement of Phe3%°, the hydrophobic residue most exposed
in this area. These data (Fig. 6C) have also shown that at high
surface pressure (30—-35 mN/m), when the packing of phospho-
lipids is believed to be comparable to that in biological mem-
branes, the enzymes with the reduced hydrophobic surface had
shorter induction times than the control, suggesting a negative
rather than positive contribution of the hydrophobic ridge to
the rate of substrate hydrolysis. Thus, overcoming such a neg-
ative influence potentially could play a part in the activation of
PI-PLC’s in vivo.
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