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ABSTRACT. Phosphatidylinositol-specific phospholipase C (PI-PLC) catalyzes the cleavage of- e P
bond in phosphatidylinositol via intramolecular nucleophilic attack of the 2-hydroxyl group of inositol on
the phosphorus atom. Our earlier stereochemical and site-directed mutagenesis studies indicated that this
reaction proceeds by a mechanism similar to that of RNase A, and that the catalytic site of PI-PLC consists
of three major components analogous to those observed in RNase A, the His32 general base, the His82
general acid, and Arg69 acting as a phosphate-activating residue. In addition, His32 is associated with
Asp274 in forming a catalytic triad with inositol 2-hydroxyl, and His82 is associated with Asp33 in forming

a catalytic diad. The focus of this work is to provide a global view of the mechanism, assess cooperation
between various catalytic residues, and determine the origin of enzyme activation by the hydrophobic
leaving group. To this end, we have investigated kinetic properties of Arg69, Asp33, and His82 mutants
with phosphorothioate substrate analogues which feature leaving groups of varying hydrophobicity and
pKa Our results indicate that interaction of the nonbridging $raxygen atom of the phosphate group

with Arg69 is strongly affected by Asp33, and to a smaller extent by His82. This result in conjunction
with those obtained earlier can be rationalized in terms of a novel, dual-function triad comprised of Arg69,
Asp33, and His82 residues. The function of this triad is to both activate the phosphate group toward the
nucleophilic attack and to protonate the leaving group. In addition, Asp33 and His82 mutants displayed
much smaller degrees of activation by the fatty acid-containing leaving group as compared to the wild-
type (WT) enzyme, and the level of activation was significantly reduced for substrates featuring the leaving
group with low [K; values. These results strongly suggest that the assembly of the above three residues
into the fully catalytically competent triad is controlled by the hydrophobic interactions of the enzyme
with the substrate leaving group.

Phosphatidylinositol-specific phospholipase C (PI-PLC) Scheme 1
is a key effector of signal transduction in higher organisms rcoo

(2). This enzyme is activated in response to binding of a RCOO:L o JOH )
hormone to an extracellular receptor and cleaves th® P HOOA\F(O PI-PLC 0/F|’=° PEPLC o "f/
bond of phosphatidylinositol (Pfl) by a mechanism that o o on % d on _slow_ q o on
involves the 2-hydroxyl group of inositol as an intramolecular HO OH HO&OH Ho&/w
nucleophile. In the past, we have determined that the oH oAG oH OH
mechanism of enzymes from mammalian tissues at the PI, 1 IcP, 2 P, 3

substrate level is analogous to those of the simpler bacterial

enzymes Z—4). The bacterial enzymes differ from the 1-phosphateq IP) (5, 54), while the mammalian enzymes

mammalian proteins in that the intramolecular nucleophilic hydrolyze the cyclic phosphate prior to releasing it from the

attack of the 2-hydroxyl group on the phosphorus atom active site 8, 6). Despite this difference, the more stable

(Scheme 1) to form inositol 1,2-cyclic phospha2e IEP) is and smaller bacterial enzymes can be used as surrogate

much faster than the subsequent hydrolysis of IcP to inositol models of mammalian PI-PLC for studying chemistry that
is underlying enzymatic activity.
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A B In contrast, the available X-ray structures provide much
R’ B less information about two other elements of mechanism:
S R\ general acid catalysis and phosphate activation. These are
Ore_ :\O(-D-:-_:g-_:irz%% glso aspects of ca_talysis which are subject to perennial debate
O OH---B-His12 (F|’/ s in the case of ribonucleases. Our previous SDM study
\Ff----oR His32-B:- - -HO O indicated that His82 is involved in interactions with Asp33
rR2—q \Os---HB-Lys41 OH to form a general acid diad (shown in Figure 10 of 1&j,
; HO OH the function of which is to assist the leaving group by
HB-His119 OH

protonation or hydrogen bonding. This conclusion has been
FiGure 1: Comparison of major components of the active sites of reached on the basis of kinetic evaluation of His82 and Asp33
PI-PLC and ribonuclease A. mutants with substrates featuring lowepleaving groups,

] ] . such asp-nitrophenoxide 15) or mercaptide 15, 19). In
group is deprotonated by the His12 residue (general base)general, Asp33 and His82 mutants displayed much higher
and attacks the phosphorus atom (Figure 1A), while the 5 yeactivity with these substrates than would have been
oxygen is protonated by the imidazolium form of His119 predicted from the reactivity of these mutants with the normal
(general acid). The function assigned to Lys41 is the subjectgypstrate. These results are supported by the X-ray structure
of controversy 10), and ranges from forming a strong, Iow-  of the PI-PLC-inositol complex {3) which indicates

barrier hydrogen bond to the nonbridging oxygen of the hydrogen bonding interaction between His82 and Asp33. The
phosphate groum( 11) to electrostatic stabilization of the

negative charge in the transition stafe)(
The X-ray structure oBacillus cereusPIl-PLC (13, 14)

relatively large distance between these residues (3.2 A) and
the perpendicular orientation of the carboxylate and imida-
zole groups indicate, however, that this diad is not in the

showed that, as for RNase A, its active site contains two optimal arrangement to perform the charge relay function.

histidines, His32 and His82, as well as Arg69 (Figure 1B).

Another major disparity between the RNase A and PI-

There is a major distinction between the two active sites, PLC is in the mode of stabilization of the negative charge
however, in that both histidines in PI-PLC are associated of the phosphate group. This is manifested by the large

with aspartate residues to form His32sp274 and His82
Asp33 diads 15, 16). In addition, the His32Asp274 diad
further interacts with the 2-hydroxyl group of inositdl4j,

difference in the magnitude of kinetic effects of sulfur
substitution for the nonbridging phosphate oxygeksks,
thio effect) in substrates for both enzymes. For example, the

to form a catalytic triad analogous to those found in serine RNase A-catalyzed cleavage Rf- and S,-diastereomers of
proteases. The X-ray structure of the complex of PI-PLC 2' 3-cyclic nucleoside phosphorothioate arigs3dinucleo-

with a partial substrate analogue, inositdl3( 14, 17),

side phosphorothioate showed a small thio effect ranging

showed that ASp274 and His32, and His32 OH2, are Wlthln from 2 to 70 G_O, 20, 2_’]_) In contrast, C|eavage of phOSphO-
hydrogen bonding distances of 2.7 and 2.8 A, respectively. rothioate analogues of IcP (IcPs) and dipalmitoylphosphati-
In addition, the carboxyl function of Asp274 and the dylinositol (DPPsl) by bacterial PI-PLC displayed an ex-

imidazole residue of His32 are coplandr), in optimal

tremely high thio effectKo/ks = 1.6 x 1C°) (19, 22). The

arrangement for charge relay within the triad. Furthermore, facts that substitution of the pr®exygen with sulfur results

a low-field NMR signal observed itH NMR spectra of PI-

in resistance to cleavage and that mutation of Arg69 to lysine

PLC suggested the existence of a low-barrier hydrogen bondreduces theS;-thio effect by four orders (!) of magnitude

between His32 and Asp2748). Thus, the structure and the

(22) suggest that Arg69 is involved in interaction with the

catalytic function of the nucleophile-activating part of the pro-S oxygen atom. The possibility that the interaction of
active site seem well optimized for catalysis, both in the Arg69 with the proSoxygen is quite feasible was confirmed
unliganded enzyme and in its complex with inositol. The by molecular modeling of the complex of PI-PLC with
subsequent studies by site-directed mutagenesis fully con-O-methyl inositol 1,2-cyclic phosphorane (pentacoordinated
firmed the functional significance of His32 and Asp274 as analogue of the TBP transition state) which showed that

that of a complex general basgy.

1 Abbreviations: diGPC, 1,2-dihexanoysnglycero-3-phosphocho-

line; DIPEA, diisopropylethylamine; DOsPI, R-1,2-dioctanoylox-
ypropanethio-3-(1-phosphd@myacinositol); DOsPsl, (R)-1,2-dio-
ctanoyloxypropanethio-3-(1-thiophosphb-inyainositol); DPPI, 1,2-
dipalmitoyl-sn-glycero-3-(1-phosphofl-mycinositol); DPPsl, 1,2-
dipalmitoyl-snglycero-3-(1-thiophosphoBl-myainositol); DPsPI, (R)-
1,2-dipalmitoyloxypropanethio-3-(1-phosph®-nyainositol); DTP,

4, 4-dithiobispyridine; ES-MS, electrospray mass spectrometry; Glu-

1-P, glucose 1-phosphate; Gro-Birglycero-3-(1-phosphofl-myo
inositol); Gro-sPI, (R)-1,2-dihydroxypropanethio-3-(1-phosphb-1

Arg69 is within 2.8 A of the proS nonbridging oxygen of
the phosphorane, while His82 is 3.7 A away from the
glycerol sn-3 oxygen (K. S. Bruzik and P.-G. Nyholm,
unpublished results). The structural data acquired previously
did not indicate any functional relationship between Arg69
and the general acid diad. Although the X-ray structure
showed proximity of Arg69 and Asp33 (3.0 A14), the
functional significance of this interaction was unclear.

In the past, we have described structufienction studies
(15, 16, 19, 22—24) aimed at determining the catalytic roles

of individual amino acid residues of the active site. The focus
of this paper is to describe a global view of the catalytic
phorothioate; MOPS, morpholinepropanesulfonic acid: NPIps,  S't€ and emphasize coordination of the roles of several
nitrophenyl D-myainositol phosphorothioate; PAD, pulsed ampero- catalytic functions into a single catalytic machinery. To
metric detection; PI, phosphatidylinositol; PI-PLC, phosphatidylinositol- achieve this goal, we have employed the concept of “matched

myainositol); HDPC, hexadecylphosphorylcholine; HPAEC, high-pH
anion exchange chromatography; Mycinositol 1-phosphate; IcP,
myainositol 1,2-cyclic phosphate; IcPsyyainositol 1,2-cyclic phos-

specific phospholipase C; SDC, sodium deoxycholate; SDM, site- substrate-enzyme mutagenesis”. In this approach, we com-

directed mutagenesis; TBP, trigonal bipyramidal; UcP, uridihg&-2
cyclicphosphate;3JMP, uridine 3-phosphate; & -UpA, uridyl(3,5)uridine;
WT, wild type.

pare kinetic parameters of four pairs of reactants: (i) WT
enzyme and natural substrate, (ii) mutant enzyme and natural
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RO RO MATERIALS AND METHODS
RO . RO .
H O\P»*X H S\P»\X Materials
H oY H o0y
H;&OH HgﬁOH DPPI and DPsPI were obtained analogously as described
OH OH recently @5, 26) starting from 2,3,4,5,6-pentak3{meth-

oxymethylene)ynyacinositol (15, see the Supporting Informa-
tion), and DPPsl was synthesized as reported previoGsly (
., DOsPI, 7 Natural Pl was purified from soy bean phosphoinositide
, R>-DOsPsl, 9 (Sigma) by chromatography on silica gel using a chloroform/
, Sp-DOsPsl, 10 methanol/water/ammonium hydroxide mixture (1.6:0.8:0.05:
coO 0.01, v/v) as the eluting solvent. NPIPs was synthesized as
. DPsPI, 8 reported recently15), and NPIP 27) was prepared by a
slight modification of this procedure. Gro-PR8&) was
, Gro-sPI, 12 obtained by deacylation of DPPI with methylamine in a
methanol solution at room temperature over the course of
24 h. The fatty acid methylamide was removed by extraction
o X of the aqueous solution of the reaction mixture with a
H R methanol/chloroform mixture (4:6), and the aqueous phase
Hoj\%ro Y was concentrated to give the pure product. Due to competing
Oy "OH cyclization, DPsPI was deacylated into Gro-sPI using the
lipase-catalyzed reaction (see the Supporting Information).
Diisopropylethylamine (DIPEA)D-methyl phosphorodichlo-
X=0, Y=8, Sp-NPIPs, 13 ridite, 4,4-dithiopyridine (DTP), and tetra-butylammonium
X=§, Y=0, Rp-NPIPs, 14 periodate were from Aldrich. Esterase, MOPS, and Trizma
base were from Sigma. All organic solvents were from
Fisher, and were not further purified for chromatographic
substrate, (i) WT enzyme and substrate analogue, and (iv) Use. For their use as reaction media, solvents were dried over
mutant enzyme and substrate analogue. In the last pair@PPropriate desiccants, stored in vacuum ampules prior to
alteration at the specific substrate site is matched by mutationuSe; and transferred directly to reaction glassware by
of a specific enzyme residue suspected of performing distillation under vacuum. WT PI-PLC and its mutants were
functional interaction with that substrate site. If the decreased 8XPressed and purified as reported previously; £2). All
catalytic rates in the cases of pairs ii and iii as compared to NMR spectra were recorded with a Bruker DPX-300
that of pair i are due to the removal of the same stabilizing SPectrometer. The ES-MS spectra were obtained with a
factor, no further activity decrease should be observed in Micromass Quatro Il tandem mass spectrometer.
case iv. This methodology enables detailed description of .
the functional relationship between the substrate and enzymeAssays of PI-PLC Actity
residues and further refinement of the enzyme mechanism. 31p NMR AssayAll kinetic runs were performed in 50

To investigate interactions between the phosphate and activenv MOPS buffer (sodium salt) at pH 7.0 in the presence
site residues, we have used the natural substrate DRPPI ( of 5 mM Na-EDTA and 10% BO. The substrate concentra-
Figure 2), its phosphorothioate analogué$){ and &)- tion was 10 mM, and the detergent concentration was 40
DPPsl 6 and6, respectively), phosphorothiolate analogues mm, except for sodium deoxycholate which was used at a
DOsPI and DPsPI7(and 8, respectively), and phospho-  concentration of 20 mM. Glucose 1-phosphate (Glu-1-P) was
rodithioate analoguesR{)- and ,)-DOsPsl © and 10, used as an internal standard for quantitation. Each sample
respectively). Our results support strong cooperative effectswas prepared in the following manner. The appropriate
between substrate and enzyme residues and in particulammounts of the substrate and detergent in an Eppendorf tube
indicate involvement of a novel catalytic triad, including were dispersed by vortexing in the buffer solution (200
His82, Asp33, and Arg69, performing dual tasks of leaving containing 100 mM MOPS, 10 mM EDTA (pH 7.0),.8
group protonation and phosphate activati?8)(In addition,  (156uL), D,O (40uL), and a glucose 1-phosphate solution
we employed the same approach to study the effect of the(0.56 M, 4xL) and quantitatively transferred imta 5 mm

full structure of the leaving group on the catalytic mechanism. NMR tube. Prior to the assay, the sample was sonicated in
In this case, we used substrate analogues devoid of hydrothe ultrasonic bath to achieve optical transparency. Kinetic
phobic chains and featuring leaving groups with varyifg p  runs were performed at &, and spectra were recorded at
values, such asnglycero-3-(1-phosphoinositol) (Gro-Fl]) 121.5 MHz with a Bruker DPX-300 spectrometer. Acquisi-
1,2-dihydroxypropanethio-3-(1-phosphbD-inyainositol) (Gro- tion parameters were as follows: pulse width, 4s2 sweep
sP1,12), and the correspondingnitrophenyl thiophospho-  width, 18 kHz; acquisition time, 0.50 s; relaxation delay,
inositols, &)-NPIPs (13) and R,)-NPIPs (@4). The results 0.50 s; time domain, 18K; size, 32K; and digital resolution,
obtained from the latter series of experiments present clear0.55 Hz. For all kinetic runs, a control spectrum was obtained
evidence that the assembly of the Arg, Asp, and His residues(t = 0 min) prior to adding the enzyme. The reaction was
into the functional catalytic triad is affected by hydrophobic initiated by adding 50 ng to 0.5 mg of PI-PLC depending
interactions of the enzyme with hydrocarbon chains of the on enzyme activity. The volume of enzyme solution that was
substrate leaving group. added varied from 0.25 to 10% of the sample volume (from
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FiGure 2: Structures of substrate analogues used in this work.
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1 to 40uL). The enzyme solutions were freshly prepared  An aliquot of the concentrated stock solution of Gro-PlI
by dissolving the solid enzyme in distilled water. The (100 mM) in buffer [50 mM Na-MOPS and 0.5 mM Na-
concentration of the enzyme was determined spectrophoto-EDTA (pH 7.0)] was diluted with the same buffer to obtain
metrically € = 18 300 M1 cmt at 280 nm). The amount  a desired concentration of Gro-PI{50 mM). Into this
of enzyme used for reaction was sufficient to achieve rates sample was added the Glu-1-P solution«(2 10 mM), and
of about 0.05:mol/min (1.25% conversion/min). Reactions the volume was adjusted to 9% with buffer, followed by
were typically followed for about 1 h; however, reactions addition of PI-PLC (5uL containing 4.65ug of WT, 25ug
with a Vinax of <5 x 1072 umol min~* mg~* were followed of D33N, or 100ug of D33A). The reaction mixture was
for a period of 4-14 days. The rate of substrate cleavage stirred for 2 min, and an aliquot {15 uL) was injected onto
was calculated by comparing the integral intensity of IcP, the HPAEC column. The time course of the sum of
or the sum of IcP and IP, with that of the internal standard concentrations ([IcP} [IP]) was plotted for each concentra-
Glu-1-P. The initial velocity was obtained by fitting the linear tion of Gro-PlI; the initial slopes were calculated, and the
portion of the kinetic curve with Cricket Graph 1.3.2 Vpnax and Kn, values were determined from the double-
software. reciprocal plot of 1¥ versus 1/[Gro-Pl].

Spectrophotometric Assay of PI-PLC with Gro-sPhe
spectrophotometric method used here is a modification of RESULTS AND DISCUSSION
the procedure reported by Hendrickson and co-workesk ( Chemical versus Physical Rate-Limiting Ste@efore
Upon reaction with PI-PLC]2 was converted into IcP and  evaluation of the functional contribution of an enzyme or
1,2-dihydroxy-3-mercaptopropane. The latter product reactedsubstrate residue to catalysis, it is imperative to determine
with 4,4-dithiopyridine (DTP) to release 4-mercaptopyridine, whether the chemical step is a rate-limiting one. If a physical
allowing spectrophotometric determination of the amount of event is a rate-limiting factor, changes in free energies of
product formed, by measuring the UV absorbance at 324 activation due to substrate and/or enzyme modifications are
nm. An aliquot of the concentrated stock solutiorl@f(100 not reflected in the overall catalytic ratez9( 30), and false
mM) in water was diluted with buffer [S0 mM Na-MOPS  conclusions would be drawn about functional substrate
and 0.5 mM Na-EDTA (pH 7.0)] to obtain the desired enzyme interactions. To address this problem, we have
substrate concentration (6:6 mM) prior to the assay. The examined the kinetics of reactions of WT and mutant
diluted substrate solution (974L) was placed in a semi-  enzymes with several substrates dispersed in various deter-
micro UV cuvette, and the solution of DTP in ethanol (20 gents. With DPPI as the substrate, the highest rates of
uL, 50 mM) was added. The contents of the cuvette were cleavage were obtained with di@C and SDC detergents,
stirred and equilibrated for 5 min at 2&. A background  while the long, single-chain detergent, HDPC, produe&6-
reaction rate was recorded for 2 min against the MOPS buffer fold lower rates (Table 1). The difference between the
as a reference solution. PI-PLC (&0, 13.9ug) was added,  detergents almost completely disappeared in reactions of
and the absorbance at 324 nm was recorded fat®Bmin. DPPI with “slow mutants” (such as D33A and D33N), and
The molar extinction coefficient of 4-mercaptopyridine ( those of WT with “slow substrates” [such as DOsPI, DPsPI,
= 19800 M cm 1) was used to calculate the initial and R;)-DPPsl (Table 2)].
reaction rates. The LineweaveBurke treatment of data gave The most plausible explanation of the above results is that
a linear plot of 1V versus 1/[Gro-sPlI]. with HDPC/DPPI micelles as the substrate, a physical event,

HPAEC Assay of PI-PLC with sn-Glycero-3-(1-phospho- e.g., lateral diffusion of a substrate molecule on the micelle
1D-myo-inositol) (Gro-Pl,11). High-pH anion exchange surface or lipid exchange between micelles, rather tha® P
chromatography (HPAEC) coupled with pulsed amperomet- bond formation and/or cleavage, is a rate-determining step.
ric detection (Dionex, PAD-2) was employed to quantitate This conclusion is supported by the observation thatfh
IcP and IP. The Carbopack PA1 column (Dionex, 4.6 mm NMR spectra of PI/HDPC dispersions, the line width of the
x 250 mm) was eluted with a sodium acetate gradient (from substrate NMR signal is broader than those of PI/SDC or
40 to 200 mM over the course of 15 min) in isocratic 100 PI/diCPC dispersions (data not shown), suggesting slow
mM sodium hydroxide (1 mL/min flow rate). Elutions were molecular tumbling in the former. With HDPC as a detergent,
monitored with the detector sensitivity set atA, and the the chemical step becomes rate-limiting when catalysis is
ionization potentials set as follows; = 0.05 V,E; = 0.6 made less efficient, such as in the cases of relatively sluggish
V, andE; = —0.6 V. Glucose 1-phosphate was used as an mutants or less reactive substrates (witfi,ax of less than
internal standard to ensure high accuracy of measurement~50umol mg* min~2). This is because it is highly unlikely
of IcP and IP concentrations. Quantitation of IcP and IP, that single-residue mutation of the enzyme or minor alteration
both products of the enzymatic reaction of Gro-PI with PI- of the substrate structure (such as<3 replacement) would
PLC, was performed by obtaining calibration curves for each in any significant way affect the rates of these diffusional
compound (see the Supporting Information). Five duplicate processes. Hence, the chemical step should be rate-limiting
samples of IcP and IP with concentrations of 0.2, 0.4, 0.6, for the |R,)-DPPsHWT pair and other less reactive enzyme
0.8, and 1 mM were prepared, each containing 0.2 mM Glu- substrate pairs, the activities of which are not responsive to
1-P. The samples were chromatographed, and signals at 4.%he detergent change. It is, however, possible that the highest
(Gro-PI), 8.7 (IcP), 11.7 (IP), and 13.2 min (Glu-1-P) were rates observed in this work could be capped by a physical
integrated. The plots of the IcP/Glu-1-P and IP/Glu-1-P area step. The fact that the same highest activit2000 zmol
ratios versus the concentration of IcP and IP were linear andmg* min™?1) is observed with two structurally unrelated
had slopes of 1.56 and 0.6, respectively. These slopes weraletergents (SDC and di2C) suggests, however, that such
used to calculate quantities of IcP and IP from HPAEC physical step limitation, if it indeed exists, is unrelated to
chromatograms. lipid—water interface phenomena.
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Table 1: Activities of PI-PLC Mutants toward DPPI arfg,(- and &,)-DPPst

thio effect

enzyme-detergent DPPI R;,)-DPPsI &)-DPPsI Kolkg, kolks, stereoselectivitkr/ks
WT—diCsPC (2.0+0.18) x 10° 53+ 3.4 (6.5+£0.4)x 10 37+7  (3.1+0.5)x 10 8.2+ 1) x 1C°
WT-SDC (1.1+£0.13)x 1°®  29+3 (1£01)x10°% 38+13 (1.1+£0.3)x 10° (29.6+ 6) x 10°
WT—HDPC 60+ 0.2 11+1 (4.8+£05)x 10® 55+0.5 (1.3+0.1)x 10¢ (23.5+ 4.5) x 1%
D33E-diCsPC 1.1+ 0.04 (6.6+0.8)x 10° (1.2+0.2)x 10* 167+30 (9.2+2.2)x 1C° 58+ 16
D33N—-diCsPC 11+ 0.9 2.0+ 0.1 (7£0.6)x 102 6.0+£0.3 157+29 29+ 14
D33N-HDPC 8.2+ 0.4 1.0+0.1 0.17+ 0.04 8.2+1.6 48+18 6+2
D33A—diCsPC 4.6+0.1 (4.7+£03)x 102  (9+1)x 103 98+9 511+ 77 541
D33A—-HDPC 3.6+ 0.2 (1.2+0.2) x 102 (6+0.8)x 10° 300+80 600+ 130 2+ 05
H82A—-SDC (9.2+0.2)x 103
D67A—diCsPC (2.2£0.1)x 10° 110+ 10 (6+0.7)x 10 2043 (3.7£0.37)x 10°  (18.8+3.8) x 1C°
D198N-diCsPC 6.9+ 0.3

a All activities are expressed in micromoles per minute per milligram. DPPsl| was a 57/43 mixtureSy #rel R,-diastereomers. The reaction
rates were determined 3P NMR. " Obtained for Pl from soybean.

Table 2: Activities of PI-PLC Mutants toward DOsPI and DO$PsI

enzyme-detergent DOsPI kolks (Rp)-DOsPsI 6,)-DOsPsl kr/ks,
WT—diCsPC 58+ 5 34+ 7 15+1 0.67+ 0.07 22+ 5
WT—-HDPC 64+ 6 0.94+ 0.01

WT-SDC 53+5 21+5

D33N—-diCsPC 0.68+ 0.04 16.3+ 2.3 0.84+ 0.06 0.10+ 0.01 8+ 2
D33N—HDPC 0.74+ 0.06 111+ 1.4

D33A—-diCsPC 49+ 3 0.094+ 0.008 3.0+ 0.02 0.10+ 0.01 30+ 4
D33A—HDPC 62+ 4 0.58+ 0.07

H82A—diCsPC (5+0.3)x 10°3 (0.6+0.1)x 1073 8+2
R69A—dICsPC 1.57x 1073 2.7 (2.1+0.1)x 10 (0.9+0.2)x 104 2+1
D198N-diCsPC 0.88+ 0.07 7.8+1

a All activities are expressed in micromoles per minute per milligram. The activities were determiiiéfel KivR.

Effect of Sulfur Substitution on Substrate Binding Proper- containing substrates (thio effedip/ks) is related to the
ties Since much of the kinetic data reported in this work strength of such protonic interactions, whereas the position,
were obtained for phosphorothioate analogues of P, it is the substitution of which alters the activity to a greater extent,
essential to assess the effect of sulfur substitution on substraténdicates which of the two pr& or pro-S oxygens of the
binding properties. Furthermore, since many kinetic data phosphate group is the interaction site. In the past, we have
were obtained using the mixture Bf- andS,-diastereomers  studied the effect of nonbridging sulfur on activities of the
of DPPsI as a substrate, it is also important to estimate theWT and Arg69 mutantsl@, 22). In this work, we examined
magnitude of the inhibitory effect of one diastereomer on the effect of mutations at positions which are not directly
reaction rates of another one. Thus, with DPsPI as the assaynvolved in interactions with phosphoryl oxygens, such as
substrate K = 0.26 mM), theK; values for theR,- and Asp33 and His82. Activities of PI-PLC and its mutants
S-isomers were 2.1 and 0.56 mM, respectively (see the toward DPPI, R,)-DPPsl, and$,)-DPPsl, the stereospecific
inhibition data in the Supporting Information). In addition, thio effects ko/kr, andkol/ks,), and theR/S, stereoselectivity
the Vimax value for the cleavage of DPPI in the presence of (kg/ks) are summarized in Table 1.
equal concentrations of botlR{)- and &;)-DPPsl was 612 For WT PI-PLC and substrates presented asfiCand
umol mg* min~t, ~3-fold lower than that for DPPI alone.  SDC dispersions, replacement of the [it@xygen in DPPI
In agreement with the above, theaxvalues for the cleavage  with sulfur (ko/kg, thio effect) resulted in the 3650-fold
of individual diastereomers were as follows: 20®o0l mg? decreases in activity, somewhat larger than those that we
min~t for (R,)-DPPsl, ~4-fold higher than for theRy/S, reported previously (Table 1)19, 22). In contrast, the
mixture (1:1); and 0.014mol mg* min~* for (S,)-DPPsl, replacement of the pr&-oxygen with sulfur Ko/ks, thio
2-fold higher than for the mixture. Given that thg, value effect) resulted in extremely large reductions in activity on
for DPPI is ~1 mM (31), these results indicate that the order of 18-10°-fold. Consequently, th&/S, stereo-

introduction of sulfur into the nonbridging position of Pl does
not significantly affect ground-state binding properties of the
substrate. On the other hand, introduction of sulfur into the
bridging position lowers th&,, value several-fold 15, 25).
Effects of Sulfur Substitution on Enzyme Aitti Non-
bridging Thio EffectsPhosphate activation toward nucleo-
philic attack can be realized by hydrogen bonding or
protonation of either the pr& pro-S or both phosphoryl
oxygen atoms. Substituting sulfur for an oxygen atom acting

selectivity was also very high;v8000-30000. Since we
regarded Asp33 as an intimate part of the general acid diad
(15, 16), it was surprising to note that any mutation of this
residue resulted in a significant decrease in the magnitude
of the thio effect and stereoselectivity. Thus, the D33N
mutant exhibited a 6-fold reduction ikb/kr, and a 2000-
fold reduction inko/ks,, as compared to the values for the
WT in diCsPC micelles. Interestingly, the low value ki/

ks, is due to both a decrease ka and an increase iks,.

as a Brgnsted base strongly diminishes such interactions,Thus, with &)-DPPsl as a substrate, the D33N mutant was

resulting in significantly lower rates for sulfur-containing

11-fold more active than the WT enzyme in g micelles.

substrates. The activity ratios between the oxygen- and sulfur-The behavior of the D33A mutant was similar to that of
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trans-lcPs  cis-IcPs In reactions of phosphodiesters not involving protic acid
24h \’u/ catalysis, the nonbridging thio effect is usually very small
(37). For example, imidazole-catalyzed cleavage pof
65 min L M nitrophenyl inositol phosphate (NPIP) and the corresponding
phosphorothioates Rf)- and &)-NPIPs, occurs with the
s2min | JL same rate constar8§), and the thio effect for specific base-
- catalyzed cleavage of uridiné,Z-cyclic phosphorothioate
2min | JL (UcPs) is only 6 89). In contrast, the thio effect for the
: specific acid-catalyzed cleavage 6f2-UcPs is~200 (39).
10 min JL In this work, we have determined the rate constants of both
specific acid- and base-catalyzed cleavage of IcP and IcPs
0 min Se-DPPYI M"'DPPS' as our reference points. The obtained rate constants of IcP
and IcPs are close to those of UcP and U@&% &4nd are as
follows: k= 1.5 x 1073 s for 0.15 M HCIQ; and IcP k
70 58 56 04 62 B0 88 56 %4 ppm =5x 106s1for0.15 M HCIQ, and IcPsk=5.5x 10*
s 1 for 0.25 M KOH and IcP, antk = 1.4 x 10 % s for
Ficure 3: Time course of the cleavage ®(S,)-DPPsl withthe .25 M KOH and IcPs. Hence, the magnitude of the thio

D33A mutant as monitored B3P NMR. Reaction conditions: 10 : f
mM (Ry/S,)-DPPsl, 20 mM SDC in Na-MOPS buffer (20 mM, pH effect for acid-catalyzed cleavage of IcP is 300, and that for

7.0), 53ug of the D33A mutant, temperature of 2. the hydroxide-catalyzed cleavage is only 4. It is worth
mentioning that chemical acid-catalyzed hydrolysis occurs
D33N: a 3-fold increase iko/kr, and a 600-fold decrease probably without much distinction between protonation at
in ko/ks, as compared to those of the WT. As a result, the the proRand proSsites; therefore, one could expect a much
ratios of theVia values for the cleavage of th&- and S, greater nonbridging thio effect if protonation was stereospe-
diastereomersR;/S, stereoselectivities) by D33A and D33N  cific.
mutants were also very small, ranging from 2 to 58. A clear (i) With the sulfur located in the scissile bond (bridging
illustration of a low discrimination factor between the two position), the magnitude of the thio effect depends on the
diastereoisomers by the D33A mutant is shown as the time balance of two mutually compensating factors. A loss of most
course of the cleavage of thRy(S,)-DPPs| mixture (Figure  of hydrogen bonding stabilization of the leaving group upon
3), where simultaneous formation of batitans and cis- sulfur substitution reduces the catalytic rate, whereas the
isomers of IcPs is apparent. The data presented abovedecrease in thelfy of the leaving group (. = 9.5 for
implicate strong functional interaction between Arg69 and mercaptide and i, = 14.5 for alkoxide) increases the
Asp33 residues. Since we have previously demonstratedinherent chemical reactivity of the substrate. As a reference
functional interaction of the same Asp33 with His82, these point, we studied the effect of sulfur substitution of the
results collectively indicate the existence of a novel catalytic bridging oxygen irsn-3-glycerophosphoinositol (Gro-PI) on
assembly involving Arg69, Asp33, and His82. chemical reactivity under the base-catalyzed condition. The
Mechanistic Interpretation of Thio Effects in PI-PLC reactivity of Gro-Pl in 0.25 M KOH expressed as a sum of
There are two types of kinetic effects of © S structure the second-order rate constants for formation of IcP and IP
modification, depending on the modification site. (i) With was 6.5x 10° M~ s71, and that of Gro-sPl was 3.4
the sulfur atom located in the nonscissile bond (nonbridging 102 M~* s™1. This ~500-fold increase in reactivity should
position), the thio effect could be a direct consequence of be considered as an upper limit, since in the enzyme-
decreased hydrogen bonding stabilization of the transition catalyzed reactions the degree of charge development on the
state. The other possible effect of sulfur presence could beleaving group is smaller than that in the chemical reaction
due to an increased steric size of a phosphorothioate group(15, 40). The net bridging thio effect would thus depend on
as compared to phosphatg2). The resulting unfavorable the balance of the energy of hydrogen bonding to the natural
steric interactions in the transition state could affect alignment oxygen-containing leaving group and energy of stabilization
and cooperation between essential catalytic residues of theof the negative charge developing in the transition state by
active site 82). The latter possibility, although it cannot be the more stable mercaptide leaving group in the substrate
ruled out completely in the case of PI-PLC, appears to be analogue. In general, WT enzymes should produce large
less likely. This is because as we have shown here, and hasionbridging thio effects>1), whereas enzyme mutants
been reported by other83), the O— S modification of Pl deficient in leaving group stabilization should display small
at the nonbridging positions has a relatively minor effect on (~1) or inverse bridging thio effects<(l).
ground-state binding to PI-PLC. Furthermore, variation of  The results in Table 1 show that the stereospecific thio
the side chain length at position 69 only moderately effects in the WT enzyme upon substitution of the fSro-
influences the magnitude of the thio effect, and has virtually oxygen ko/ks) are on the order of £6-1P-fold, correspond-
no impact orRy/S, stereoselectivity34). Potential complica-  ing to the loss of 78 kcal/mol in the overall stabilization
tions resulting from the increased steric size of phospho- energy, whereas substitution at the R@ite is associated
rothioate as compared to phosphate, as well as from thewith only a modest decrease in activity. The results of this
somewhat different electron distribution in these two types and the accompanying worl84) indicate that this loss of
of substrates35, 36), are alleviated by the fact that many stabilizing energy due to sulfur substitution results from
conclusions from this work are based on the comparison of alteration of two types of interactions: (i) hydrogen bonding
the kinetic properties of two phosphorothioate diastereomers,or proton transfer to nonbridging and bridging oxygens and
where the steric size and electronic structures are the same(ii) bringing the phosphate group into proximity with the
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Ficure 4: Mechanism of PI-PLC proposed on the basis of this
study, showing the function of the Arg6®sp33—His82 triad. The
interaction between Arg69 and the 2-OH of inositol is supported R.-DOSPs| T

by the results reported in the following paper in this issB.( prOUSEs DOsPI Sp-DOsPsl

Ficure 5: Diagrammatic representation of activities of WP PI-

attacking hydroxyl group, 1.€., formatlon of the near-_attack PLC with phosphorothioate and phosphorodithioate analogues of
conformation. The latter depends on simultaneous interac-p.

tions of Arg69 with the 2-OH group and the p&phosphoryl
oxygen, and is most likely affected by sulfur modification of the lone electron pair on the leaving group oxygen,
(34). The most important result of this work is the finding consistent with its protonation by the His82 general acid.
that themagnitude of the nonbridging thio effect is greatly =~ To the best of our knowledge, this is the first observation
reduced in both D33 mutant3his result has far-reaching of the bidentate catalytic triad performing a dual catalytic
implications. First, the catalytic role of Asp33is not limited task. Other known triads such as the -Skis—Asp triad of
to association with the His82 general acid, as we envisionedserine proteased?) or the Cys-His—Asp(Asn) triad found
earlier (L5). It is clear that interaction of Asp33 with Arg69 in thiol proteases43) are monodentate as they make only a
is also very important for catalysis. Hence, a part of the single contact with the substrate molecule. The more recently
decrease in activity for Asp33 mutants results from the loss identified triads include the AspHis—Asp triad of epoxide
of the influence of Asp33 on the acidbase property and/or  hydrolase 44) and the SerHis—His triad of CMV protease
orientation of the Arg69 side chain. (45). In all these assemblies, the substrate-proximal residue
Catalytic Mechanism lilving the Arg69-Asp33-His82 such as Ser, Cys, or Asp serves as a nucleophile to form a
Triad. Since we have previously established the complex reactive intermediate; the internal His functions as a general
nature of the general acid as consisting of Asp33 and His82base activating the serine hydroxyl or water molecule, and
residues 15), and we now show the importance of Asp33  the distal Asp (Glu) is the general base modifying th& p
Arg69 interactions, these results indicate collectively that the and/or tautomeric state of the His residue, and also acts as
functions of all three residues are inseparable. We proposean orientation device for the imidazole residue. The -Arg
that the three residues form a catalytic triad involved in both Asp—His triad reported here is distinct from all those listed
phosphate stabilization and leaving group protonation (Figure above in that it contains general acids at both flanks and
4). The details of the communication within the triad and makes double contact with the substrate molecule.
with the phosphate group, however, remain unclear, par- Interdependence of Nonbridging and Bridging Thio Ef-
ticularly regarding the specific nature of the interaction fects: Phosphorodithioate Substrat@he function of the
between Arg69 and the phosphate. In our view, the datanew Arg—Asp—His catalytic assembly is to make simulta-
presented here are most consistent with a dual general acicheous stabilizing contacts with both bridging and nonbridging
mechanism where the two general acids, Arg69 and His82, oxygens in the trigonal bipyramidal transition state. If these
are tracking the progress of charge buildup on the nonbridg- three residues indeed act cooperatively as proposed, alteration
ing and leaving group oxygens, making hydrogen bonding of interactions at the nonbridging oxygen site should affect
contacts, or transferring protons as needed. In the initial phasethose at the bridging site, and vice versa. To probe this
of the reaction, the approach of the negatively charged possibility, we have studied the kinetic behavior of phos-
inositol 2-oxygen toward phosphorus is facilitated by hy- phorodithioate analogues in which sulfur replaces both the
drogen bonding to the nonbridging oxygen by Arg69, bridging and nonbridging oxygens (DOsPsl), and compared
whereas in the late stage of the reaction, the opposite wouldthe obtained data with those obtained for phosphoromono-
be beneficial, since the buildup of negative charge on the thioates (DPPsl and DOsPI). In stark contrast to the
nonbridging oxygen would help repel the negative charge extremely highRy/S, stereoselectivity displayed by the WT
of the leaving group. This could be accomplished by the enzyme with phosphorothioate DPPsI isomers, the discrimi-
movement of the arginine proton away from the nonbridging nation betweerR;- and S;-isomers of DOsPs| was reduced
oxygen with simultaneous movement of the imidazolium to only 22 upon introduction of a second sulfur atom into
proton toward the bridging oxygen, to an extent depending the bridging position, such as in phosphorodithioate, DOsPsI
on the position of the reactive complex on the reaction isomers (Table 2).
coordinate. Another potential function of the triad is to assist  The effects of introducing the second sulfur atom are also
and coordinate formation of the reactive conformation of the diagrammatically shown in Figures 5 and 6. Thus, introduc-
substrate (near-attack conformatiod}l). Such a conforma-  tion of the first sulfur into the prdR position or bridging
tion is characterized by the proximity of the 2-OH to position of DPPI results in ar37- and~34-fold decrease
phosphorus, the antiparallel orientation of the scisstt®©P  in activity, respectively (Figure 5). Introduction of the second
bond versus the attacking nucleophile, and the orientation sulfur atom into either the prB-position of DOsPI or the
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Ficure 6: Relative activities of the D33A mutant with phospho-
rothioate and phosphorodithioate analogues of PI.

bridging position of R,)-DPPsI follows the same trend,
although its effect is only 4-fold. This behavior is in great
contrast to introducing sulfur into the p®position, where
the first nonbridging sulfur reduces the activity more than
10°-fold, whereasntroduction of the second sulfur into the
bridge position of (§-DPPsl actually increases the agity
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Table 3: Activities of PI-PLC Mutants toward NPIPs
Diastereomef®

(R)-NPIPs &)-NPIPs Ks/K,
WT 0.045+ 0.05 44+ 5 978+ 220
D33N 0.6+ 0.05 4.8+0.3 8.1+ 1.2
D33A 0.2+ 0.02 1.6+0.1 8.1+ 1.2
H82A (3.7+0.4)x 10°  0.6+0.05 162+ 30
R69A°  (0.6+£0.1)x 10* (3.7+02)x10% 6+2
D198N  (2.5+£0.3)x 105 0.013+ 0.01 520+ 120

aThe reaction rates were determined®y NMR. All activities are
expressed in micromoles per minute per milligrdithe assays were
performed at subsaturating concentrations of NPIPs: 7.53xnisbmer
and 5.75 mMRy-isomer.¢ The activity of the R69A mutant with Pl
was 4.21x 1073 ymol min~t mg? (25).

determined thekg/kg, ratios for WT and mutant PI-PLCs
toward the diastereomers pfitrophenyl inositol phospho-
rothioate [&)- and R,)-NPIPs,13and14, respectively] and
compared the results with the analogous data for the mixture
of DPPsI isomers (Table 3). Please note that due to the
reversal of ligand precedence around phosphorus in NPIPs,
the S-isomer of NPIPs actually corresponds to Bygsomer

~100-fold These results are interpreted as an indication that of DPPsI. As predicted, the WT PI-PLC displayed0-fold

the removal of the nonbridging interactions [such asSj-(

reduced stereoselectivity with isomers of NPIPs as compared

DPPsl] also removes the bridging interactions [as manifestedto DPPsI, mainly as a result of the increased reactivity of

by the greater chemical reactivity &&§-DOsPsl]. Likewise,

the nonpreferred isomerRR{)-NPIPs. Consistent with coop-

the removal of the bridging interaction (such as in DOsPI) erativity of bridging and nonbridging effects, the H82A
causes a significant reduction in the extent of nonbridging mutant exhibited a further 6-fold reduction in stereoselec-
interactions [manifested by a small nonbridging thio effect tivity. Like the behavior of D33 mutants with DPPslI

for ($)-DOsPsl;ko/ks, = 87]. In conclusion, the status of

diastereomers, a large reduction in stereoselectivity was

one interaction determines the strength of another, and hencepbserved with both of these mutants, due to the lower
the transition state consists of substrate and enzyme groupseactivity of (§)-NPIPs and the increased reactivity 8§)-

which are closely communicating their status to both
substrate and enzyme environments. Consisteathingle

NPIPs, as compared to the WT enzyme; however, no
significant change was observed for the D198N mutant

break in the communication chain, such as in the D33A despite its low activity (crystal structure shows that D198

mutant, causes the bridging and nonbridgingests to
become unrelate@igure 6). Thus, for the D33A mutant,
introduction of the nonbridging sulfur always results in a
similar small reduction in activity (regardless of whether it
goes to the pr& or proR position, and whether it is the
first or second sulfur). In contrast, introduction of the

could not interact with the phosphate group).

Effect of Leaing Group Structure on Catalytic Functions
of Asp33 and His82PI-PLC activity is strongly affected by
the presence of fatty acid chains in the substrate leaving
group, with a large decrease Vfax @and an increase iKn,
upon removal of hydrophobic functiongl§ 47). Thus,

bridging sulfur always results in increased activity [regardless nonhydrophobic substrate IcP displayd/g.x of 22 umol

of whether it is introduced to DPPI 0§()- or (R,)-DPPsl].

mg ! min~! and aK,, of 80 mM (47), and p-nitrophenyl

The observation of interdependence between bridging andinositol phosphatel(l) has aVmax of 650 umol mgt min=*

nonbridging thio effects is complementary to the com-

and aK, of 5 mM (27). The assessment of the degree of

munication between Arg69 and His82. Showing it both ways impairment of catalytic efficiency due to the absence of
diminishes the possibility that the communication between hydrophobic chains in these two substrates is difficult, since
R69 and H82 is caused by structural effects in the mutants.the intrinsic reactivity of IcP, as compared to that of PI, is

Interdependence of Nonbridging and Bridging Interac-
tions: Substrates Featuring a Low-pKeaving Group In

increased by the ring strai2®), and that of NPIP is
increased due to the lowKp of the leaving group.

the previous section, we demonstrated the cooperativity To estimate the effects of the leaving groug.@and the
between bridging and nonbridging interactions by inserting presence of hydrophobic chains on substrate reactivity, we

sulfur in place of the bridging oxygen and observing a

significant decrease in the strength of nonbridging interac-

have tested four substrates: DPPI (hidhsfeaving group,
hydrophobic), DOsPI (low Ig,, hydrophobic),sn-glycero-

tions. Similar, albeit smaller, effects should be observed for 3-(1-phospho-D-myoinositol) (Gro-Pl,11, Figure 2, high
substrates where diminished bridging interactions are duepK, nonhydrophobic), and B-1,2-dihydroxypropane-3-(1-

to the lower X, value of the leaving group oxygen. It has

thiophospho-D-myainositol) (Gro-sP1,12, low pK,, non-

been shown previously that aryl esters require less protona-hydrophobic). Within this series of substrates, a change in
tion and/or hydrogen bonding assistance from the generalhydrophobicity is achieved without a significant change in

acid to their aryloxy leaving grou®). Weaker interactions

pK, (diacyl glycerol vs glycerol), and the change iKas

to bridging oxygen should translate into weaker nonbridging accomplished without a major alteration in hydrophobicity

interactions and result in lowd®y/S, stereoselectivities for

(dioctanoyl vs dipalmitoyl). To evaluate Gro-PI as a sub-

aryl esters than for alkyl esters. To test this hypothesis, we strate, we have applied a new assay procedure based on
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Table 4: Maximal Velocities of PI-PLC Mutants toward
Nonhydrophobic Substrate Analogées

Gro-PI Gro-sPI
WT 1.2dg 1.18fi
D33A 9.2x 10%cgh 0.6Chi
D33N 0.059gh 0.8Zhi
H82A 0.032] 0.67hi

a Assays were performed at 2&. ° Expressed in micromoles per
milligram per minute ¢ Determined by the HPAEC assay methédhe
Km value determined for Gro-Pl was 88 mi¥Determined by the
spectrophotometric assay methb@he K, value determined for Gro-
sPl was 39 mM¢ Value estimated on the basis of the velocity at a
substrate concentration of 3.0 mMThe Vi value estimated from
the equation ¥ = Ky/V[S] + 1/, where [S] is the initial substrate
concentration. The calculation was performed assuming thaKthe
values for the mutant enzymes are the same as that for the WT PI-
PLC."Value estimated on the basis of the velocity at a substrate
concentration of 3.7 mM.Determined by?'P NMR.

quantitation of the Gro-PI and two products of its cleavage,
IcP and IP, using high-pH anion exchange chromatography
(HPAEC) coupled with pulsed amperometric detection
(PAD). This procedure ensures greater detection sensitivity
and the use of a smaller assay volume as comparétPto
NMR analysis. The activities of PI-PLC with nonhydropho-

bic substrates are summarized in Table 4, whereas the

comparison of activities of WT PI-PLC and D33N and H82A
mutants with the four substrates is illustrated in Figure 7.
We have found that WT PI-PLC has very low activity toward
Gro-PI with aVmax of 1.2 umol min~! mg* and aK, of 88
mM. Thus, theemaval of fatty acids from the diacylglycerol
moiety results in a 1Bfold lower Vi and a 106-fold
decrease in the J/Kn, ratio. A similar result has been
reported previously for mammalian PI-PLd- (48).

For the WT enzyme, the addition of the hydrophobic
chains into the high4g, leaving group (Gro-P DPPI)
resulted in the 1640-fold increase Mmnax (Figure 7A);
however, a similar action in the substrate with a lokgp
leaving group (Gro-sPt DOsPI) resulted only in the 43-
fold activation. Furthermore, a decrease in th& pf the
hydrophobic leaving group (DPP+ DOsPI) brought about
a 34-fold reduction in/max Whereas the analogous action in
the nonhydrophobic leaving group (Gro-P1 Gro-sPlI) did
not affect at all theVmay value. TheVnax decrease upon O
— S substitution in the hydrophobic substrate indicates that
the loss of a hydrogen bond to the leaving group due to sulfur
substitution predominates over the gain in chemical reactivity
due to low [K,. Since the gain in intrinsic chemical reactivity
upon O — S substitution should be similar for both
hydrophobic and nonhydrophobic leaving groups, the results
shown in Figure 7A suggest that hydrogen bonding stabiliza-
tion of the nonhydrophobic leaving group by the enzyme is
much weaker than that of the hydrophobic one.

For the D33N mutant, the effect of hydrophobic side
chains in the high-#g, leaving group is about 1 order of
magnitude lower than that in the WT (187 vs 1640, Figure
7B). The most striking observation is, however, that for the
D33N mutanthere is no effect of adding hydrophobic chains
onto the low-pK leaving group(Gro-sPl— DOsPI). On the
other hand, lowering thely, of the hydrophobic leaving
group results in a reduction in activity similar to that observed
for the WT enzyme (15 vs 34), whereas lowering tig m
the nonhydrophobic leaving group actuallycreasesthe

Kubiak et al.
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Ficure 7: Comparison of activities of WT and mutant PI-PLC
with DPPI, DOsPI, Gro-PI, and Gro-sPI: (A) WT, (B) D33N, and
(C) H82A. Thevmaxvalues for Gro-Pl and Gro-sPIl were estlmated
as indicated in footnote h of Table 4 from the rates obtained at a
substrate concentration of 3 mM. Maximum velocities are expressed
in the logarithmic scale.

activity 14-fold. If it is assumed that the increase in activity
due to enzyme interactions with substrate hydrophobic chains
is in some way mediated by Asp33, the D33N mutant should
display smaller activation, and a change to a lowe€s-p
leaving group in the nonhydrophobic substrate should result
in higher activity. This is what is indeed observed (Figure
7B). A similar correlation can be drawn for the H82A mutant
(Figure 7C). For this mutant, however, the decreasekin p
increases the activity even in the case of the hydrophobic
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leaving group (DPP+ DOsPI), and adding the hydrophobic CONCLUSIONS
chains onto a substrate has a negligible effect for both low-
and high-fX, leaving groups. The interpretation of the first
observation is that for this mutant in neither substrate (DPPI
or DOsPI) is the leaving group activated; therefore, te p
has the dominant effect. Consistently, the removal of
hydrophobicity from both the high- and lowKg leaving

The observed large stereospecific thio effects of the$ro-
nonbridging site of the WT PI-PLC and its significant
reduction upon mutation of Arg69 indicate that this residue
is primarily responsible for direct interaction with the go-
oxygen. On the other hand, the significant reduction in the
nonbridging thio effect in Asp33 mutants, as compared to

group brings abount no significant change in activity. WT PI-PLC, indicates that this residue is involved in
Assembly of the Arg69Asp33-His82 Triad Is Affected  interaction with Arg69. These results, along with those
by Interactions with the Hydrophobic Leiag Group described earlier showing interaction of Asp33 and His82,

Activation of PI-PLC by the hydrophobic chains should be demonstrate the presence of the unique catalytic triad
considered as part of an induced-fit mechanism dependentcomposed of Arg69, Asp33, and His82. This triad is involved
on binding of the hydrophobic leaving group. The underlying N both phosphate activation and protonation of the leaving
molecular mechanism has not been not understood so far9roup- The observed large increases in activity of the WT
however, on the basis of kinetic studies of several active €"2YMe induced by hydrophobic chains in the higt-p

site mutants with hydrophobic and nonhydrophobic substrates:eaving groups, .agq TU(;E fTﬁ"er: ((ajffec';]s g\_/ith_ ltOWKEE.p
performed by Gssler et al. 14), it is clear that the eaving groups indicate that the hydrophobic interactions

LT : P affect catalysis of the departure of the leaving group. In
hydrophobp .mteracnons do not IS|gn.|f|c'antIy alter the addition, small effects of hydrophobicity on the activities of
catalytic efficiency of the nucleophil&his is so because Asp33 and His82 mutants suggest that the hydrophobic
mutations at His32, Asp274, and Aspl198 positions bring interactions affect the assemblv of the Are68sp33—His82
about similar reductions in activity for both the hydrophobic ! ! Y P I

(P1) and nonhydrophobic (NPIP) substrat&g)( The results triad.
of the current work establish Asp33 and His82 as mediators SUPPORTING INFORMATION AVAILABLE
through which the hydrophobic interactions between the
enzyme and the substrate affect enzymatic catalysis. The
most straightforward explanation is that hydrophobic interac-
tions influence the relationship of His82 with two other
members of the catalytic triad, Asp33 and Arg69. This REFERENCES
conclusion is in agreement with structural data showing the
His82 side chain located at the tip of a flexible lod8 1. Berridge, M. J. (1993Nature 361 315-325. _
The exact positioning of the loop could be affected by 2"2-'727(3'2'755‘97“““' F., and Tsai, M.-D. (199Bjochemistry 29
hydrophobic binding. 3. Bruzik, K. S., Morocho, A. M., Jhon, D.-Y., Rhee, S. G., and
Analogous Modes of Actition of Ribonuclease and PI- A Esah_ll(vl.}-(D.S(199§)$|oqh'<\eﬂm||§try13551_83—51'a3a Chem. 2
PLC by Leaing Group. It is generally accepted by enzy- '4éfz7'2i +S., and Tsai, M.-D. (1994icorg. Med. Chem.,
mologists that the His119 residue of RNase A is a general 5 volwerk, J. J., Shashidhar, M. S., Kuppe, A., and Griffith, O.
acid function taking part in electrophilic assistance to the H. (1990)Biochemistry 298056-8062.
leaving group 9), although this notion has been disputed 6. R’AV“‘FY(igpés?ri)séfag{éMti@,r%%1R1'2L2"}K1a1t§§éM" and Roberts,
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