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ABSTRACT. A new substrate analogue, RR21,2-dipalmitoyloxypropanethiophosphoetmyainositol
(DPsPI), has been used in a new, continuous assay for phosphatidylinositol-specific phospholipase C
(PI-PLC). DPsPI is superior to other substrate analogs that have been used for assaying PI-PLC since it
is synthesized as a pure diastereomer and maintains both acyl chains of the natural substrate,
dipalmitoylphosphatidylinositol (DPPI). The assay that has been developed using this new analogue has
allowed us to elucidate detailed kinetic data so far lacking in the field. In addition, several mutants of
PI-PLC were constructed and assayed. The results show that Arg-69 is essential for catalysis, since
mutations at this position led to a 3010*fold decrease in activity with respect that of to the wild-type
(WT) enzyme. An alanine mutant of Asp-67, a residue also found at the active site, displays activity
similar to that of WT. We have also used nuclear magnetic resonance (NMR) and circular dichroism
(CD) spectroscopy to analyze the structural integrity and conformational stability of the mutants. The
results show that the overall global conformation of the enzyme is not perturbed by the mutants. The
I5N—1H HSQC NMR spectrum of WT PI-PLC is also reported at 600 MHz. The stereoselectivity of the
reaction toward the stereoisomers of another analogue, 1,2-dipalraitgyycero-3-thiophospho-fryc

inositol (DPPsI), was used to probe whether Arg-69 interacts with the phosphate moiety of the substrate.
We have calculated that the WT enzyme shows a stereoselectivity ratio of 160000:1 in favoiRgf the
isomer versus theS, isomer. The R69K mutant displayed a significant*1dld relaxation of
stereoselectivity. Our data support the role of Arg-69 in stabilizing the negative charge on the
pentacoordinate phosphate in the transition state during catalysis.

Although inositol phospholipids constitute 10% or less of The reactions catalyzed by enzymes from both families are
the total phospholipids in membranes of mammalian cells, thought to share a common catalytic mechanism since they
phosphatidylinositols are a physiologically important class proceed through a common steric course at the phosphorus
of biomolecules because of their significant role in signal center (Bruzik et al., 1992) and also display a region of amino
transduction and cell signaling pathways (Rana & Hokin, acid homology, the X domain, found in both classes of
1990; Dennis et al., 1991). In addition, glycosylatetdain enzymes (Rhee et al., 1989). TBacillus thuringiensisI-
serve as a membrane anchor for many proteins (Low, 1990).PLC hydrolyzes PI to IP in two distinct steps (Figure 1).

So far, two families of phosphatidylinositol-specific phos- The conversion of PI to IcP is about 1000-fold faster than
pholipase C (PI-PLC) enzymes have been identified, the

eukaryotic or mammalian family and the bacterial family

(Ikezawa, 1991; Lee et al., 1995; Rhee et al., 1989). PI-

PLCs from both sources are extremely specific foyc
inositol phospholipids. Eukaryotic enzymes, however, will
accept a multiply phosphorylated inositol ring, whereas the
bacterial enzymes will not (Bruzik & Tsai, 1994). Bacterial
PI-PLCs will also cleave the glycosyl-Pl-containing mem-
brane anchors of membrane proteins (Low & Saltiel, 1988).
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Ficure 1: Conversion of phosphatidylinositol to IcP and IP catalyzed by PI-PLC.

the conversion of IcP to IP (Volwerk et al., 1990). The same 69 is essential for catalysis, while the structural data obtained

catalytic residues are believed to be involved in both stepsby CD and NMR spectroscopy indicate that the overall

(Heinz et al., 1995). Eukaryotic PI-PLCs, however, release conformation of the mutants is not changed with respect to

both IcP and IP simultaneously (Lee et al., 1995). WT. We have also used the stereoisomers of another
Recently, the crystal structure of PI-PLC froBacillus substrate analogue, 1,2-dipalmiteytglycero-3-thiophos-

cereuswas published (Heinz et al., 1995). The structure Pho-lmyoinositol (DPPsI), to probe the role of Arg-69 in

supports the hypothesis (Bruzik et al., 1991) that the reaction catalysis. The results of the stereochemical data indicate that

proceeds through a mechanism similar to that of ribonucleaseP!-PLC is highly specific for theR, isomer of DPPs| and

A (Richards & Wyckoff, 1971) in which two histidines act Arg-69 plays an important role in determining which

as a general acid and general base pair that switch roles irstereoisomer is converted to the product.

the first and second halves of the reaction. Mutagenesis

studies have confirmed the importance of these two histidinesMATERIALS AND METHODS

in both mammalian and bacterial PI-PLCs (Cheng et al., \aterials. Phosphatidylinositol from bovine brain was
1995; Ellis gt al., 1995; Heinz et al., 1995). The structure purchased from Avanti Polar Lipids.-a-[myoinositol-2-
of mammalian PI-PL@ (Essen et al., 1996) shows that the  3y1pnosphatidylinositol was purchased from Dupont NEN.
catalytic domain of the enzyme shares the barrel DEAE-cellulose was purchased from Whatman. Sodium
structure of the bacterial enzyme. deoxycholate, Sephadex G-100, and crude-Pl were
We have chosen to study a bacterial enzyme rather than gurchased from Sigma. Phenyl-Sepharose and AG-8X
eukaryotic enzyme because the bacterial enzyme is smaller(formate form) resin were purchased from BioRad. All
35 kDa (lkwasaki et al., 1994; Daugherty & Low, 1992; restriction and DNA modification enzymes were purchased
Kuppe et al., 1989), compared to-8560 kDa for eukaryotic  from either New England BioLabs, Boehringer Mannheim,
enzymes (Rhee & Choi, 1992). It allows quantitative or United States Biochemicals. Vent polymerase was
analysis of the catalytic mechanism without being compli- purchased from New England Biolabs. pET-21-b was
cated by the regulatory regions which the mammalian purchased from Novagen. pHN1403 was a generous gift
enzymes have. Though the physiological functions of from F. Dahlquist. pMY31 was a generous gift from J.
bacterial PI-PLCs are not fully understood, we believe that volwerk. Seguencing and mutagenesis kits were purchased
the mechanistic, stereochemical, and kinetic data from thefrom United States Biochemicals, Amersham, and Applied
bacterial enzymes can serve as a paradigm for their eukaryBiosystems. Mutagenic primers were purchased from The
otic cousins. Midland Certified Reagent Co. and Integrated DNA Tech-
As has been previously noted (Bruzik & Tsai, 1994), a nologies, Inc.*N-labeled ammonium sulfate was purchased
standard and accurate assay method for PI-PLCs is needefrom Isotech, Inc. Formula 989 scintillation cocktail was
to elucidate detailed kinetic and mechanistic information. We purchased from Dupont NEN. Cuvettes were purchased
herein present the development of a new continuous spec{rom Starna Cells, Inc. All chemicals were purchased from
trophotometric assay for PI-PLC based on the thiophosphateSigma Chemical, Aldrich, Fisher, or Research Organics
Pl analogue, (R)-1,2-dipalmitoyloxypropanethiophospho- unless otherwise specified.
1-0-mycinositol (DPsPI). DPsPI is an excellent analogue  Construction of Expression Vectors and Purification of
that allows the reaction to be assayed in a continuous mannerPI-PLC. To improve the expression &. thuringiensisPI-
a marked improvement over previously used specific activity PLC in Escherichia coli we cloned the PI-PLC gene, with
assays. the STII signal sequence into the plasmid pHN1403, which
NMR, CD, and the above-mentioned assay were used touses dac-tac-tacpromoter, using the<bd and Sph sites
study the properties of wild-type PI-PLC. In addition, site- found on both vectors. To express PI-PLC, we transformed
directed mutagenesis was used to probe the structural andhe E. coli cell strain MM294 with pHN1403-PIPLC using
functional roles of Asp-67 and Arg-69. The crystal structure the standard Caglmethod (Sambrook et al., 1989). For
of the PI-PLCmyainositol complex shows that these mutagenesis, the PI-PLC gene was subcloned into M13mp19.
residues are located at the active site of the enzyme (FigureMutagenesis was performed using site-specific primers and
2), and it had been suggested by the authors that the role othe Sculptormutagenesis kit from Amersham.
Arg-69 during catalysis was to stabilize the negative charge An additional expression vector, pET-21-b-PLC, was
on the pentacoordinate phosphate in the transition stateconstructed for expression of PI-PLC in minimal media since
(Heinz et al., 1995). The kinetic data demonstrate that Arg- the E. coli strain MM294 did not grow in minimal media
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FIGURE 2: Active site structure oB. cereusP|-PLC. Reproduction of Figure 7 from Heinz et al. (1995). Copyright 1995 Oxford University
Press.

and, when other strains &. coli were used, the expression 12 h at 30°C and then harvested by centrifugation at 2200
of PI-PLC was much lower or nonexistent. The pET-21- for 15 min. To remove excess media from the cells, they
b-PLC plasmid was constructed by cloning tBethuring- were washed in 20 mM Tris (pH 7.5) and 50 mM NacCl prior
iensisPI-PLC gene and the STII signal sequence into pET- to being stored at—20 °C which weakened the cell
21-b usingNdd and Sal restriction sites. These restriction membranes in preparation for extraction. PI-PLC was
sites were engineered at a location adjacent to the codingextracted from the harvested cells by sonication in 8.1 mL
region by incorporating them into the oligonucleotides used of 20 mM Tris-HCI buffer (pH 8.5) per gram of cell pellet.
to amplify the coding region via the polymerase chain The extracted protein is separated from the cellular debris

reaction. Both the upstream primet; MACAGACATAT- by centrifugation at 140@0for 25 min. The extract is loaded
GAAAAAGAATATCGCATTTCTTC-3' (Ndd site under- onto a 200 mL DEAE-cellulose column pre-equilibrated in
lined), and the downstream primer-AACAGACATAT- 20 mM Tris-HCI (pH 8.5). After thorough washing with

GAAAAAGAATATCGCATTTCTTC-3' (Sal site under- 50 mM NacCl (30 mM for D67A), the column is eluted with
lined), contain additional nucleotides at thelr éhds that a 1200 mL gradient of 50 to 200 mM NacCl. Fifteen milliliter
act as clamping sequences to aid in optimal digestion. Thefractions are collected and analyzed for PI-PLC by absor-
PI-PLC coding region was amplified using 50 pmol each of bance at 280 nm and SBRAGE. The fractions containing
upstream and downstream primer, 150 ng of M13-PLC PI-PLC are pooled and precipitated with ammonium sulfate
(replicative form) DNA as the template, each dNTP (200 at 90% saturation. The precipitated protein is resuspended
uM), 2 units of Vent polymerase, 10 mM KCI, 10 mM in a minimum volume of 20 mM Tris (pH 8.5) and loaded
(NH4)2SOy, 20 mM Tris-HCI (pH 8.8), 2 mM MgSQ and onto a 500 mL pre-equilibrated Sephadex G-100 column.
0.01% Triton X-100 in a final reaction volume of 104 PI-PLC is eluted off in the same buffer and collected in 5
Thermal cycle parameters were 96 for 2 min (initial mL fractions, which are analyzed as above. The fractions
denaturation), followed by 18 cycles of 45 s at 96 containing PI-PLC are pooled, brought to a 1.2 M NacCl
(denaturation), 30 s at 58C (annealing), and 1 min at 73  concentration, and loaded onto a 20 mL phenyl-Sepharose
°C (extension). Cycling was performed on a Perkin-Elmer column, pre-equilibrated in 20 mM Tris (pH 8.5) and 1.2 M
480 thermal cycler. The PCR product was then purified NaCl. After the column is washed with the equilibration
using a Microcon 100 apparatus (Amicon), digested by buffer, PI-PLC is eluted off the column witha 1.2to O M
restriction enzymes, and ligated to pET-21-b cut with the NaCl gradient followed by a no salt wash. PI-PLC elutes
same restriction enzymes. Positive clones were screened byt the end of the gradient and into the beginning of the wash.
restriction digestion and sequenced to verify the entire Again, the fractions containing PI-PLC are pooled and
sequence. concentrated to a final volume of3.0 mL. PI-PLC is then
The expression of PI-PLC was carried out by inoculating dialyzed twice agairns3 L of 0.1 mMHEPES buffer (pH 7)
10 L of LB with stationary phase MM294/pHN1403-PIPLC and lyophilized for storage at20 °C. All handling of the
and growing to an OD of 1.0 at 3£, before inducing with enzyme was done at, and all buffers were pH adjusted
1 mM IPTG. After that, the cells were grown for another at 4°C.
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The expression of pET-21-b-PLC was carried out by tion, a background reaction rate was recorded for 2 min at
inducing BL21(DE3) cells containing pET-21-b-PLC at an 412 nm with a sampling rate of 150 with the spectropho-
OD of 0.8 with 1 mM IPTG and then growing for another tometer in the time drive mode. Five microliters of the
4 h at 37°C. Cells were grown in M9 minimal media with  appropriate concentration of PI-PLC (10 ag/WT) in 20
(*’NH4)2SOy (99.4 at. %'N) as the only nitrogen source. mM Tris and 2 mM EDTA (pH 7.5) was added and mixed
Purification for the'®N-labeled protein was the same as for quickly, and the absorbance was recorded for 2 min or more.
PI-PLC expressed in pHN1403-PIPLC. The extinction coefficientd) of 12 800 Mt cm™ for 5-thio-

Assays. Several assay methods were performed to deter- 2-nitrobenzoic acid (Yu & Dennis, 1991) was used to
mine the activities of both the WT and mutant PI-PLCs. The calculate enzyme activity. The initial reaction rate as a
enzymes' specific activities toward Pl were determined using function of substrate concentration was treated by curve
a minor modification of the assay developed by Griffith et fitting of the data to the MichaelisMenten equation using
al. (1991). FirstL-a-[myeinositol-2H]phosphatidylinositol SigmaPlot (Jandel Corp.).

(*H]P1) was mixed with unlabeled PI to give a specific  Structural Characterization.Both one-dimensional NMR
activity of 1 250 000 cpmvmol and an overall Pl concentra-  and two-dimensional NOESY NMR spectra were taken of
tion of 10 mM, which is then sonicated using a Branson wild-type and mutant enzymes to determine the structural
model 1210 water bath sonicator for-50 min to ensure  integrity of the mutants with respect to WT. NMR spectra
micelle formation. The reaction mixture consisted of,20 were recorded on a Bruker DMX-600 NMR spectrometer at
of this suspension, 26L of 0.8% sodium deoxycholate, and 310 K. PI-PLC was redissolved in 99.7%,® to a
40uL of 0.1 M sodium borate (pH 7.5). PI-PLC was diluted concentration of 0.2 mM and adjusted to pH 6.8 (direct pH
in 20 mM sodium borate (pH 7.5) to the appropriate meter reading). Chemical shifts were referenced to an
concentration so that the reaction did not exceed 30% internal sodium 3-(trimethylsilyl)propionate-2,2,3J3stan-
conversion of Pl to IcP. Once diluted, 20 of PI-PLC dard. Two-dimensional NOESY spectra were acquired with
was added to the reaction mixture and incubated atGB7  a mixing time of 100 ms. The residual water signal was
for 10 min. The reaction was quenched with the addition suppressed by a 3-9-19 pulse sequence with gradients (Piotto
of 500 uL of CHCIlyMeOH/HCI (66:33:1). After brief  etal., 1992; Sklenar et al., 1993). A two-dimensioctal—
centrifugation to separate the phasesub0f the aqueous  1H HSQC (Bodenhausen & Ruben, 1980; Bax et al., 1990)
phase was counted for 10 min on a Beckman LSC3801 experiment was conducted using the sensitivity-enhanced

scintillation counter with a channel setting of800. The method (Kay et al., 1992) on uniformkN-labeled sample
activity was calculated in terms of units per milligram (1 U in 90% H,0/10% D.O.

= 1 umol m_in—l). The concentration of PI-PLC was In order to measure the conformational stability of the
calculated using the extinction coefficient of 64 000"'M wild-type and mutant enzymes, a Gdn-HCl titration was
cm* reported by Volwerk et al. (1994). performed using circular dichroism (CD) to follow the

Continuous Assay for Pl Cesrsion to IcR In addition  ynfolding process. CD spectroscopy was performed on a
to the specific activity for P1, mutant enzymes that did not yjasCco-500C circular dichrometer. Spectra were recorded
have greatly (10 or less) decreased Ieyels of activity_were by scanning the spectrum between 220 and 210 nm, and the
assayed using a new spectrophotometric assay. In this assayng|ar ellipticity was recorded at 215 nm. Protein solutions
a thiophosphate Pl analogue Rj21,2-dipalmitoyloxypro-  f 0.05 mg/mL were prepared in a buffer containing 10 mM
panethiophospho-&-myoinositol (DPsPI), is used to mea-  godium borate (pH 7.5) and 0.1 mM EDTA and then titrated
sure the reaction rate. Synthesis of this substrate will be \yith 0—4 M guanidinium chloride.AG4*° values were then
detailed elsewhere (K. S. Bruzik et al., unpublished results). -5culated according to the method of Pace (1989).

This allows cleavage of the inositol moiety to be measured Analysis of Stereochemistry B NMR. 3P NMR spectra

in a continuous manner by following the subsequent reaction were taken on a Bruker AM-250 MH.z spectrometer at a

of the free thiol with 5,5dithiobis(2-nitrobenzoic acid) spectral frequency of 101.25 MHZP chemical shifts are

(DTNB). The spectrophotomgtric method is a modification referenced to external 85%PIO<;. D'PPsI, 1,2-dipalmitoyl-

of thke ofne reported by Hendncklso_n and Dennis (1984). A snglycero-3-thiophospho-fnycinositol, was synthesized

SDtIgCPIO cgncentrated DPsPI solution containing 2.20 mM previously as described by Bruzik et al. (1991), as a mixture
sPI.and 8.80 mM DHPC in buffer (50 mM MOPS at PH  of the R, and S, stereoisomers. These stereoisomers of

7.5) was prepared for several sets of assays by the fOIIOWIngDPPsI were then used to probe the stereoselectivity of WT

procedure. A measured amount of DPsPI was dissolved inand mutant PI-PLCs. Assays were performed in a total

chloroform/methanol, and the solution was dried under a volume of 0.5 mL containing 8.4 mM DPPsR{ plus S,)

stream of argon and thém vacuofor 10 min. MOPS buffer , . )
: : and 40 mM sodium borate (pH 7.5) with varying amounts
and 50 mM DHPC in MOPS buffer were added to achieve of WT and mutant PI-PLC. The DPPs| stereoisom&s,

Lh_e ;Ijesw%dtr]:mal concinge;tlor;s; 'Fhe tmlxturet was votrtex?d ands,, were present in the reaction mixture as a 2:1 ratio of
retly and then sonicated for > min at room temperature 1o S to R, isomers. DPPsl was prepared as mixed micelles

completely solubilize the lipid. The stock solution was with sodium deox .
) i : ) ycholate. Sodium deoxycholate was
diluted with MOPS butfer (50 mM) into different concentra- chosen as the detergent since it is used in the specific activity

tions (0-2.0 mM) prior to assaying. Diluted substrate : . .
solution (225uL) was placed in a microcuvette (2 10 mm), assay. The ratio of sodium deoxycholate to DPPs| was 2:1.

and Sul of 50 mM DTNB in ethanol was added, stired ResyLTS

well with a gel-loading tip on a Pipetteman (Ranin Instru-

ments, Inc.), avoiding bubbles. The microcuvette was Expression and Purification of WT PI-PLAn order to
equilibrated for 5 min at 25°C in a UVIKON 930 purify sufficient protein for our kinetic and biophysical
spectrophotometer (Kontron Instruments). After equilibra- studies, we constructed an expression system improved
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Table 1: Assay Results for Purified WT and PI-PLC Mutants
DPsPI assay results
Vmaxa Kmb

specific activity assay results
BH] PI (U/mg)

R'COO
o 9O

enyme
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R'COO
R'COO :L
s O

N

AN B
P=0 P=0O
T = T © ©
R69A 0.024 ND ND OH OH
R69K 1.0 0.03 0.8 Homm HO&OH
R69M 0.013 ND ND oH -
2 Units for Vimax are micromoles per minute per milligratky, is
in millimolar. One U= 1 umol/min. ND = not determined. DPPI DPsPI
compared to that previously used with pMY31 (Koke et al., Re0o Rreeo
1991). To do this, we cloned tHg. thuringiensisPI-PLC RCO0 R'coo
gene and the STII signal sequence from pMY31 into the o_ S o &
lac-tac-tacexpression vector pHN1403 using thkéd and /F’<S /P<O
SpH sites found in both plasmids. Although expression HO o HO o
levels ofB. thuringiensid?|-PLC were only moderate, highly OH OH
purified protein was obtained after three columns, a DEAE HO OH HO OH
column, a Sephadex G-100 column, and a phenyl-Sepharose OH OH
column. A silver nitrate-stained SBFAGE showed PI-
PLC to be greater than 98% pure, and typical yields were (Rp)-DPPsl (Sp)-DPPs|
30—60 mg of protein from 10 L of cells. For storage, PI-
PLC was extensively dialyzed against a weak buffer and S AP o, - S
lyophilized. N7 N7
Unfortunately, we were unable to express PI-PLC from 7 8
the pHN1403-PIPLC vector in minimal media as required o o
for 1N labeling experiments. In order to express PI-PLC Ho.ls ﬁ _ OH Homw
in minimal media, we cloned thB. thuringiensisPI-PLC OH oH
into pET-21-b. Thé>N-labeled PI-PLC was purified in the
same manner as unlabeled PI-PLC. trans-IcPs cis-IcPs

Construction of D67 and R69 MutantsThe mutants
D67A, R69A, R69M, and R69K were constructed using the
Sculptor (Amersham) mutagenesis kit, mutant oligonucle-
otide primers, and the PI-PLC gene cloned into M13mp19.

R' = CH3(CH2)14

Ficure 3: Structures of DPPI and the substrate analogues used in
this study.

Mutations were confirmed by sequencing the gene after yyrnover to be calculated by measuring the increase of

mutagenesis.
Specific Actiities of WT and MutantsThe B. thuring-
iensisPI-PLC catalyzes the conversion of PI to IP in two

absorbance at 412 nm. The continuous assay of WT PI-
PLC with DPsPI, in the form of mixed micelles with DHPC,
was carried out with the concentration of DPsPI varied from

different steps as shown in Figure 1. Several assay methods) to 2 mM. The concentration of DHPC was 4 times that
have been used so far to probe the activity of PI-PLCs. Sinceof DPsPI. DHPC was chosen as the detergent because it

the conversion of Pl to IcP is 1000-fold faster than the

was found to be the best solubilizing agent for DPsPI.

conversion of IcP to IP, most assays have focused on theDHPC, because of its unique properties, has been found to

conversion of Pl to IcP. Most frequently used is a

be a superior detergent for many biological applications

discontinuous assay in which the released cyclic intermediate(Kessi et al., 1994). Without any detergent or DHPC present,
is separated from the substrate in an agueous phase anthe turnover of DPsPI by PI-PLC was undetectable. The
measured by either phosphate determination or more recentlyassay time course was linear without a lag phase. Initial

radioactivity (Griffith et al., 1991). We have used this

reaction rates were linear with respect to the amount of

method to assay t_)oth the wild-type and the_mutant PI-PLCs. enzyme used in the assay (up to at least 100 ng of WT PI-
The results of this assay are presented in Table 1. ThepPLC/assay) (Figure 4A). When 4dithiobispyridine (DTP)

specific activity for our recombinant WT PI-PLC agrees well

with previously reported values for the specific activity of

bacterial PI-PLCs, 12001500 U/mg (Griffith et al., 1991).
Development of a Continuous Assay with DPs order

to collect more detailed kinetic data on the hydrolysis of P,

was used instead of DTNB as the coupling reagent, a similar
rate was observed. Sodium deoxycholate and Triton X-100
were not as good as DHPC for solubilizing DPsPI, and the
activities were considerably less than those with DHPC. A
ratio of 1:4 DPsPI/DHPC for mixed micelles resulted in

it is desirable to use a continuous assay. We have developeaptimal PI-PLC activity. With this ratio of substrate to

a continuous spectrophotometric assay that usBy12-
dipalmitoyloxypropanethiophosphogtmyainositol (DPsPI,

detergent, the plot of the initial reaction rate versus the bulk
concentration of DPsPI resulted in a hyperbolic curve (Figure

Figure 3) as a substrate. The synthesis of DPsPI will be 4B). The enzyme became saturated at DPsPI concentrations
described elsewhere (Mihai et al., 1997). Upon reaction with above 2.0 mM. When DHPC was held at a constant
PI-PLC, DPsPI is converted to cyclic inositol phosphate and concentration (8.1 mM) rather than at a constant ratio to

thiodiacylglycerol. The thiol group on the thiodiacylglycerol
then reacts with a coupling reagent, DTNB, allowing DPsPI

DPsPI, a hyperbolic curve was also observed, but the
saturating concentration appeared to be much higher as also
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5 Structural Characterization by NMRSince the essence
of site-directed mutagenesis is the substitution of one amino

A acid with any other amino acid, it is important to confirm
4 © that the global structure of the protein is not changed. Two

methods of structural characterization were employed. First,
the one-dimensional NMR spectra (data not shown) and two-
3 - dimensional NOESY spectra (data not shown) of WT and
mutant proteins were obtained. Little or no global confor-
mational change of the mutant enzyme structures is indicated
since the one-dimensional and two-dimensional NOESY
NMR spectra of WT and the mutants are similar. To ensure
o that PI-PLC did not lose its structure during the 22 h NOESY
experiment, a one-dimensional spectrum was taken of PI-
PLC after the completion of the NOESY experiment; the
S spectrum was unchanged with respect to the spectrum taken
prior to the NOESY experiment (data not shown). The only
0 T ! ! ! ' mutant with significant differences in its one-dimensional

0 20 4 60 &0 100 20 and two-dimensional NMR spectra is R69A, which has a

WT PLPLC Amount (ng) slightly broader one-dimensional spectrum and fewer cross-

peaks in its two-dimensional spectrum. The fact that
observable NOE cross-peaks in the spectrum of the R69A
o 8 mutant align quite well with the spectrum of WT suggests
that differences in the spectra are due to higher flexibility
and/or lower stability of the mutant and not to a global
conformational change of the molecule.

In order to gain further structural information, and in
pursuit of structure and dynamics of PI-PLC in solution, we
obtained two-dimensiondN—H HSQC spectrum of uni-
formly *>N-labeled enzyme (data not shown). Remarkably,
for a protein of this size, signals from about 80% of backbone
NH groups are observed even without deuteration. In
agreement with a high content gfsheets in the structure
10 7 (Heinz et al., 1995), there is a large chemical shift dispersion
of NH signals: 5.311.0 and 103133 ppm in the!H and
N dimensions, respectively. Further work in this area is
0 ! ! ! j ! underway. None of the mutants presented in this study have

0.0 0.5 1.0 15 20 25 3.0 U . : ; : )
significant perturbations in their one-dimensional and two-

(DPsPY (mM) dimensional NMR spectra that would require further char-
FiGure 4: (A) Continuous assay of enzyme dependence. Initial acterization by HSQC at this time.
reaction rate of WT PI-PLC as a function of the enzyme concentra- . . .
tion used for each assay. The substrate is mixed micelles of DPsPI/ Analysis of Conformational Stability by CDWe have
DHPC at a ratio of 1:4. (B) Continuous assay of substrate used circular dichroism spectroscopy as a qualitative measure

dependence. Initial reaction rate of WT PI-PLC as a function of of secondary structures in comparing the mutants to WT.

the concentration of DPsPI:O} 1:4 DPsPI/DHPC andX) 8.08 CD spectra of WT between 190 and 250 nm show two local

mM DHPC. The micelles were prepared in 50 mM MOPS at pH ~ .

7.5, and 1 mM DTNB was used as the coupling reagent. minima, one near 214 nm and the other at 205 nm (data not
shown). Similarly, the mutants show a very similar CD
spectrum, with only R69A displaying a slightly more shallow

shown in Figure 4B. Considering the amount of substrate spectrum. The conformational stabilities of the mutants and

needed to run each assay, we chose to hold the DPsPI:DHPGVT enzyme were determined by Gdn-HCl-induced dena-
ratio constant at 1:4. Values of 53./nol min~t mg™* for turation measured CD spectroscopy. The denaturation curves

Vimax and 0.18 mM foK, .ppWere obtained for WT PI-PLC  of mutants and WT enzyme are shown in Figure 6 and

under these conditions. All mutant assays were performeddisplay a behavior consistent with an apparent two-state

using the same conditions as those of WT. The kinetic datafolding mechanism. The denaturation data were fit with the

thus obtained are shown in Table 1. following equation (Pace, 1989):

v, (nmol min™")
o}
(e}

o
23
)
I
1

A
[=}
1

=)
1
'}

¥ (umol min™' mg™")
- )
1

Although theVpax values from the continuous assay are AG, = AG,"® — mGdn-HCI]
lower than the specific activities obtained by the radioactive
assay, the two assays agree in the relative activities between, oo AGyq is the Gibbs free energy change at various
WT and the mutants. R69K is 3fold less active than WT,  ~gncentrations of Gdn-HCAG¢C is the Gibbs free energy
and D67A has an aCtiVity in the same range as that of WT. Change at a zero concentration of Gdn_HCL ands a
The alanine and methionine mutants of R69 have comparableconstant related to the susceptibility of the energy toward
levels of activity, approximately 50000-fold less than that denaturation by the denaturant. A plotAa6Gy versus Gdn-
of WT, and approximately 50-fold lower than that of R69K. HCI concentration was then constructed. T@4"-° values
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FiGURE 5: 3P NMR analysis of the stereoselectivity of PI-PLC towaRj){ and &)-DPPsl. (IA) 3P NMR spectrum of the reaction
mixture before addition of enzyme, showing a 2:1 mixture of $hesomer (peak 1) and thig, isomer (peak 2). (IB) With 0.055 unit of

WT enzyme added to IA, the spectrum is after 15 min (midpoint of the spectrum) of incubation with enzyme. Peak tBaissttofs
product which has been converted from Rgisomer (peak 2). (IC) Spectrum taken after 84 min (midpoint) of incubation with 0.055 unit
of WT. (IIA) At 15 min (midpoint) after addition of excess WT enzyme (195 units) added to the reaction mixture. (lIB) At 133 min
(midpoint) after addition of excess WT addded to the reaction mixture. (1IC) At 450 min (midpoint) after addition of excess WT enzyme.
Peak 4 is theis-IcPs product which has been converted from$hesomer (peak 1). Peak 5 is 1-inositol phosphorothioate which has been
converted frontrans{cPS (peak 3). (1ID) At 72 h postincubation with excess WT enzyme. (IIE) The WT reaction from 11D treated with
an additional 275 units of WT. Peak 3timnsIcPs. Peak 4 isis-IcPs. Peak 5 is 1-inositol phosphorothioate. (111A) Spectrum taken after
15 min (midpoint) with 0.45 unit of R69K added to the reaction mixture (spectrum IA). (IlIB) Spectrum taken after 133 min (midpoint)
(R69K mutant). (I1IC) Spectrum taken 450 min (midpoint) postincubation with the R69K mutant (l1ID) Spectrum taken after 48 h (R69K

mutant).
and the slopent) were determined from this plot. Those it is difficult to compare theilAG4'° values because they
values, along with the midpoint of the denaturation curve have different values ofn. The loss of the aspartate side
(D1r), are listed in Table 2. The data suggest that the chain, which is proposed to form a hydrogen bond with Arg-
mutations at position 69 did not significantly alter the 69, may cause the enzyme to be more susceptible to
conformational stability. The D67A mutant shows the denaturation by Gdn-HCI, though its structure is not signifi-
greatest perturbation in stability with respect to WT, though cantly disturbed as measured by CD and NMR spectroscopy.
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f—; 0 R Table 3: Specific Activities for thdr, and S, Stereoisomers of
E 505 L %;’y,‘/:”‘“ DPPsl, Rate Constants, and the Stereoselectivity Ratio for WT and
£ : e A R69K
6 [ R
§ 110" L4 specific  specific
0 _15x10° b ! activity for activity for ks, (UM~ ks, (uM~1 selectivity
§’ F o/ enzyme R,(U/mg) S,(U/mg) min?) min—1) kr/Ks,
= 6 °
> 20 / T WT 1100 0014 135 8.5 10° 1.6x 10°
£ 25x10° | o ChesA R69K  0.14 0018 1.% 102 1.1x10* 16
3 - I B RE9K
L 3x10° | RSP Co  DETA )
. - to thecis-IcPs product (peak 4) is clearly visible in Figure

1 5 3 4 5 5 (IIC). Further incubation led to the conversion of peak 3
GdnHCI (M) to 1-inositol phosphorothioate (IPs) (peak 5), as shown in

FiIGURE 6: Denaturation curves for WT and mutants at various Gdn- Figure 5 (IID). Much of theS, isomer is still remaining

HCI concentrations. Enzyme solutions containing 10 mM borate even after 72 h [Figure 5 (IID)]. It takes an additional 275

e acroue 1 b o 255 v 3 ooy . TS OTWT PLELC to frish he conversion oftpisomer

515 nm was recorded. ' pucity at jnto product [Flgure 5 (E)]. Theci;-lcPs (peak 4),

however, remains unhydrolyzed even in part IIE.
In the third experiment [Figure 5 (IIAD)], the R69K

-1

Table 2: Free Energy of Gdn-HCI-Induced Denaturation for WT

PI-PLC and Mutants mutant (0.45 unit) was added to the same mixture of
enzyme  AG (kcallmol)  m(kcalmoF:M-3) Dy, (M) stereoisomers to see how the stereoselectivity of the mutant
changed with respect to WT. Comparison between the
WT 7.0 —3.6 2.0 . ; S
D67A 47 Y 19 results of the second and third experiments clearly indicates
R69A 5.9 —2.8 2.1 that, while the formation of peak 3 in the third experiment
R69K 6.4 —2.8 23 is slower than that in the second experiment, the formation
RG69M 6.5 —38 17 of peak 4 is faster in the third experiment. These results
aThe error limit inAG¢"° is estimated to be:0.5 kcal/mol. clearly indicated a relaxation in the stereoselectivity for the
R69K mutant.
Stereochemistry of WT and Mutant PI-PLi@ 31P NMR. The rates of conversion of th® isomer to thdransIcPs

The lack of structural perturbation in the mutants presented Product and thes, isomer tocis-IcPs were then estimated
above and the decrease in ¥igyof Arg-69 mutants allowed ~ from the®!P NMR spectra shown in Figure 5 for both WT
us to conclude that the side chain of Arg-69 is important for @hd R69K. The second-order rate constants forRhand

the catalysis by PI-PLC. However it does not address “how” S Stereoisomers of WT and the R69K mutant were then
it is involved in catalysis. To address this question, we Calculated from these data and are summarized in Table 3.

examined the stereoselectivity of PI-PLC tow&gdand S, The data shown in Table 3 clearly indicate that the stereo-
isomers of DPPsI. It has been shown previously (Lin & Tsai, Selectivity, kz/ks, is relaxed by a factor of ¥0n R69K.
1989) that PI-PLC is specific toward tiRs isomer of DPPsI. The mechanistic significance of this result is addressed in

If the stereoselectivity is reversed or significantly relaxed in the Discussion.
the mutant, it can be concluded that the arginine side chain
interacts with the phosphate moiety of PI. Such an approachDISCUSSION

has been used previously to address enzysubstrate Advantages of Continuous Assay Using DPs®Ve have
Interactions In adenylate kinase (Jlang et aI., 1991, Dahnkedeve|oped a Spectrophotometric assay using a phospho_
etal., 1991). rothioate analogue as a substrate. Others (Hendrickson et

Figure 5 (IA) shows thé'P NMR spectrum of a mixture  al., 1992; Leigh et al., 1992; Shandishar et al., 1991a,b) have
of the S, andR, isomers of DPPsI. Th&, isomer shows a  also used substrate analogues to develop continuous assays.
signal at 55.9 ppm (peak 1), and tRg isomer displays a  These previously used analogues, hexadecylthiophosphoryl-
signal slightly upfield at 55.2 ppm (peak 2), which agrees 1-mycinositol (CS-Pl) andmycinositol 1-(4-nitrophenyl
with previously assigned values (Lin & Tsai, 1989). Integra- phosphate) (NPIP), hawéax values of 6.56 and 650mol
tion of the peaks reveals that the ratio §fto R, is 2:1. min~t mg, respectively. NPIP is a water soluble analogue
Three sets experiments-1ll , were performed using the  which does not form micelles and therefore does not present
same amount ofR,S,)-DPPsl/sodium deoxycholate micelles. a water/lipid interface as the enzyme normally encounters.
In the first experiment, a limiting amount of WT PI-PLC This is probably reflected in a higky, for NPIP (5 mM).
(0.055 unit) was added to the mixture of stereocisomers shownAs such, NPIP is not a suitable analogue for detailed
in Figure 5 (IA) and the time course of the reaction was mechanistic studies, especially in comparing WT to mutants.
then monitored by!P NMR. Time points in this experiment  C16S-Pl does have a hydrophobic moiety and thus alaw
are shown in parts 1B and IC of Figures 5. TRgisomer (0.011 mM), but the hydrophobic moiety is an alkyl chain
is selectively converted to peak 3 at 69.9 ppm, which has rather than a diacylglycerol. DPsPI is the most similar to
been assigned amns-inositol 1,2-cyclic phosphorothioate  the structure of DPPI, with only a sulfur atom replacing an
(translcPs) (Lin & Tsai, 1989) (see Figure 3 for the oxygen atom. It is thus far the best analogue used for a
structure). In the second experiment (HME), an excess  continuous assay for PI-PLC.
amount of WT enzyme (195 units) was used in an attempt Our continuous assay is also validated by an almost 1:1
to convert theS, isomer to thecis-inositol 1,2-cyclic correspondence in activities between the specific activity
phosphorothioatec(s-IcPs) product. A peak corresponding assay and our continuous assay. For example, the D67A
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mutant shows a 1.5-fold increase in activity as measured bybetween Arg-69 and the phosphate group is provided by the
the specific activity assay. The same mutant exhibits a 2-fold stereochemical studies discussed in the following section.

increase with respect to WT in the continuous assay. Arginine-69 Interacts with the Phosphate Moiety of
Likewise, the R69K mutant displays a 1300-fold decrease pposphatidylinositol. It has been previously demonstrated
in activity in comparison to WT using the specific activity (Bruzik et al., 1992) that PI-PLC lacks stereorecognition
assay, while the continuous assay reveals a 1800-foldoward the 1,2-diacylglycerol moiety of phosphatidylinositol.
decrease for this mutant with respect to WT. Thus, we |t has been shown, however (Lin & Tsai, 1989; Lin et al.,
conclude that DPsPI is the best substrate analogue availablqggo), that PI-PLC is stereospecific toward the phosphate
for a continuous assay of PI-PLC activities. However, since moiety of phosphatidylinositol and selectively utilizes the
DPsPI was used in the form of mixed micelles with DHPC, R isomer of DPPsl instead of tH& isomer. Our previous
the VimaxandKm values should be considered apparent values. work, however, did not quantitatively determine the degree
Structural and Functional Roles of Asp-6The activity of stereoselectivity. The data presented in Table 3 indicate
of the D67A mutant toward Pl (Table 1) is slightly higher that PI-PLC favorsRy)-DPPsl over &)-DPPsl by a factor
than that of WT. The data regarding its conformational of 1.6 x 1(°. To the best of our knowledge, this is the
stability are somewhat difficult to interpret. Th&GgHC highest stereoselectivity towaR} and S, isomers of phos-
value indicates that it is significantly less stable than WT phorothioate analogues that have been quantitatively mea-
(Table 2). However, then value for D67A denaturation is ~ sured and reported. The result is particularly intriguing since
significantly different than then value of WT, and thd®,, the catalysis byB. thuringiensisPI-PLC does not involve a
Gdn-HCI concentrations for both WT and D67A are similar. divalent metal ion. One would expect that the metal
This suggests that D67A is more susceptible to Gdn-HCI as Phosphate interaction is a likely mechanism for the observed
a denaturant than WT but does not mean that its structure isStereoselectivity.
significantly perturbed. The one-dimensional NMR data  As shown by our specific activity assay (Table 1), the
(data not shown) and the two-dimensional NMR experiments activity of R69K toward DPPI decreases by 3 orders of
(data not shown) suggest that the global structure of D67A magnitude relative to the activity of WT PI-PLC. The
is similar to WT. From the crystal structure (Figure 2), Heinz activity of R69K toward R,)-DPPsI decreases further (Table
et al. (1995) proposed that Asp-67 is involved in a hydrogen 3), by 4 orders of magnitude. On the other hand, the activity
bond with Arg-69, possibly stabilizing the charge in the of R69K toward §&)-DPPsl is comparable to that of WT.
absence of substrate. Both Asp-67 and Arg-69 are highly Consequently, the stereoselectivityRfS, is relaxed by 4
conserved residues in the bacterial PI-PLC family (Daugh- orders of magnitude, from 1.6 1C° for WT to 16 for R69K.
terty & Low, 1993). While our results indicate that Arg-69 Such a large change in the stereoselectivity toward DPPsI
is critically important for catalysis as described in the next is strong evidence that the side chain of Arg-69 interacts
section, they suggest that Asp-67 does not play a significantdirectly with the phosphate moiety of phosphatidylinositol.
role in the catalysis or the structural integrity of PI-PLC.  Since the effect is mainly on the rate of catalysis, the
Structural and Functional Roles of Arg-69The mutants interaction should occur at the transition state, which is likely

of residue Arg-69 show little global conformational change (@ be @ pentacovalent species.

when compared to WT. The mutation to alanine at this site  In the case of adenylate kinase, we have also shown that
exhibits the largest difference in the NOESY spectrum (data stereoselectivity for the conversion of AMPS RyX- or (S)-

not shown) as compared to WT. The smaller number and ADPaS can be manipulated by site-directed mutagensis
lower intensity of NOE cross-peaks suggest that the R69A (Jiang et al., 1991; Dahnke et al., 1991). TR, ratio for
mutant’s conformational mobility is increased with respect WT is 95:5, which is completely reversed upon R44M
to that of WT. The global conformation should not have mutation and enhanced to 99.5:0.5 upon R97A mutation. It
been perturbed since the overall pattern of detectable peakshould be noted that, in the case of adenylate kinase and
resembles that of WT. This mutant also has slightly less AMPS, the choice the enzyme faces is between two
conformational stability than WT as shown by i&G4H-° diastereotopic oxygen atoms, while in PI-PLC and DPPsl,
value (Table 2). Both R69K and R69M have similar the choice is between two diastereomers. The degree of
conformational stabilities with respect to WT as judged by stereoselectivity and the degree of change upon mutation are
their AG{"° values, and both mutants show virtually both more dramatic for PI-PLC than adenylate kinase.
identical NOESY spectra (data not shown). The significantly  Conclusions. We have developed a new assay method
decreased activities (3010*-fold) of the mutants at position  using DPsPI/DHPC mixed micelles as substrate, which has
69 with respect to WT, and conserved global structures, allowed us to obtain quantitative kinetic data for WT PI-
indicate that Arg-69 is intimately involved in catalysis. The PLC and several mutants. The kinetic data, coupled with
importance of the conservation of the positive charge is structural analyses by NMR and CD, allowed us to examine
shown by the higher activity and structural integrity of the the structural and functional roles of both Asp-67 and Arg-
lysine mutant. The exact position of this positive charge is 69, which are located near the inositol binding site. The
obviously important as indicated by the significantly lower results indicate that Arg-69 is critically important for
activity of the lysine mutant compared to that of WT (Table transition state stabilization. Stereochemical analysis using
1). Heinz et al. (1995) proposed Arg-69 to be involved in DPPsI analogues led us to further pinpoint that Arg-69
the stabilization of the negative charge on the pentacoordinateinteracts directly with the phosphate moiety of the substrate.
phosphate group in the transition state. However, the crystalThe degree of stereoselectivity toward the diastereomers of
structure solved by Heinz et al. (1995) is a PI-PLC cocrystal phosphorothioate analogues and the degree of change in the
with myeinositol which lacks the phosphodiacylglycerol stereoselectivity upon R69K mutation are both among the
moiety. The experimental evidence on the interaction highest observed for all enzymes.
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NOTE ADDED IN PROOF
The synthesis of DPsPI, cited as “to be described

Hondal et al.

lkezawa, H. (1991ell Biol. Int. Rep. 15115-1131.
lwasaki, Y., Niwa, S., Nakano, H., Nagasawa, T., & Yamane, T.
(1994)Biochim. Biophys. Acta 121£21-228.

elsewhere,” has now been published (Mihai et al., 1997). In Jhon, D.-Y., Lee, H.-H., Park, D., Lee, C.-W., Lee, K.-H., Yoo, O.

addition, the synthesis of the dimyristoyl analogue of DPsPI

K., & Rhee, S. G. (1993). Biol. Chem. 2686654-6661.

and its use for the kinetic assay of PI-PLC have also beenJiang, R. T., Dahnke, T., & Tsai, M.-D. (1993) Am. Chem. Soc.

published by others (Hendrickson et al., 1996).
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Figure 1 showing the one-dimensional NMR spectra of
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