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ABSTRACT. Eukaryotic phosphatidylinositol-specific phospholipase Cs-fICs) utilize calcium as a
cofactor during catalysis, whereas prokaryotie-PLCs use a spatially conserved guanidinium group
from Arg69. In this study, we aimed to construct a metal-dependent mutant of a bacterRL®land
characterize the catalytic role of the metal ion, seeking an enhanced understanding of the functional
differences between these two positively charged moieties. The following results indicate that a bona fide
catalytic metal binding site was created by the single arginine-to-aspartate mutation at position 69: (1)
The R69D mutant was activated by@aand the activation was specific for R69D, not for other mutants

at this position. (2) Titration of R69D with &, monitored by>N—1H HSQC (heteronuclear single
guantum coherence) NMR, showed that addition of"Ga R69D restores the environment of the catalytic

site analogous to that attained by the WT enzyme. (3) Updi @ativation, the thio effect of th&-

isomer of the phosphorothioate analogkgKs, = 4.4 x 10P) approached a value similar to that of the

WT enzyme, suggesting a structural and functional similarity between the two positively charged moieties
(Arg69 and Asp69-Cat). The Re-thio effect kolkr, = 9.4) is smaller than that of the WT enzyme by a
factor of 5. Consequently, R69BC&" displays higher stereoselectivitgrf/ks, = 47 000) than WT Kgy/

ks, = 7600). (4) Results from additional mutagenesis analyses suggest thatther@ing site is comprised

of side chains from Asp33, Asp67, Asp69, and Glu117. Our studies provide new insight into the mechanism
of metal-dependent and metal-independentflCs.

Engineering of metal binding sites in proteins (reviewed have been a favorite model system in mechanistic and
in refs 1—3) has been used to address a variety of problems structural studies because of their low molecular weight and
such as proteinprotein interactions and topology of trans- absence of regulatory domair®{-25). However, there are
membrane domaingl(5), regulation of enzyme activity and  significant differences between these two types of en-
specificity 6, 7), and modification of enzyme redox chem- zymes: bacterial enzymes accept only nonphosphorylated
istry (8). Surprisingly, the interchange between positively phosphatidylinositol (PI) substrates and produce mainly
charged amino acid side chains and metal ions was successeyclic inositol phosphate (IcP), which is subsequently
fully achieved only in the metal to amino acid directi@®).( hydrolyzed at a rate that is 1000-fold slower; in contrast,
To the best of our knowledge, there are no examples in themammalian enzymes prefer phosphorylated PI substrates and
literature describing a catalytic metal site that would replace, produce IcP and inositol phosphates (IP) simultaneously.
completely or partially, the function of a lysine or an arginine  Both mammalian and bacterial PPLCs have been
side chain. proposed to utilize the general acid and general base

Phosphatidylinositol-specific phospholipase Cs (Pl mechanisms to catalyze the hydrolysis of Pl (Figure 1), yet
PLCS; EC 3.1.4.10) play a key role in numerous signal their catalytic sites are quite different, as shown in Figure
transduction pathways in eukaryotic organism€-(13). 2A (mammalian P+PLC-61) and Figure 2BBacillus Pl—
While the biological role of bacterial PIPLCs is not clear, PLC). However, there is a striking similarity of the spatial
it has been shown that these enzymes may contribute toarrangement between the calcium ion in mammalian Pl
virulence of the respective microorganisnig,(15). Since PLC-01 (mPHPLC) and the arginine side chainBacillus
both eukaryotic and bacterial enzymes appear to catalyzeP|—-PLC (bPHPLC) (18, 19, 26). Both structural information
the same chemical reactiori?( 16—19), bacterial P+-PLCs
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Ficure 1: Proposed general acid/general base catalytic mechanisms foPhgl (Bacillus PI-PLC) and mP+PLC (mammalian P+

PLC-1). The identity of the general base(Bin mPI-PLC is not yet clear. DAGsn-1,2-diacylglycerol. At physiological condition,

bPI-PLC catalyzes only the first step of reaction (phosphotransferase step) and releases cyclic inositol phosphate as a final product, whereas
mPI—-PLC produces IcP and inositol phosphate (IP) simultaneously, with IP as the major product.

and the results from stereochemical and mutagenesis studie®-/S> stereoselectivity is 5-fold higher than tfe/Ss ratio
have indicated that these two similarly positioned positively of WT bPI-PLC. In addition, this constructed &abinding
charged moieties play similar catalytic roles: both stabilize site was further characterized by site-directed mutagenesis
the transition state of the phosphoryl transfer reaction via studies and kinetic analyses.
interaction withpro-Soxygen of the phosphodiester moiety
and facilitate deprotonation of the 2-OH of the inositol ring MATERIALS AND METHODS
(16, 18, 27—29). However, it is not clear whether, and how, ] . )
the use of C# versus Arg could be responsible for the Matenals.DPPgl was synthe5|zed_ as reported previously
differences in the substrate specificity and the product profile (16). P1 from bovine liver and 1,2-diheptanogi+glycero-
(ratio of the cyclic to acyclic product) between mammalian 3-Phosphocholine (DHPC) were purchased from Avanti Polar
and bacterial enzymes. To address these questions, effort&iPids. L-o-[myainositol-2°H(N)] Phosphatidylinositol ¢H]-
from other laboratories have been devoted to engineeringP!) Was purchased from Dupont NENNH.CI (at 99%*°N)
the C&*-independent P+PLC into a C&"-dependent en-  Was from Isotech Inc. Ollgon_ucleotldes were pu.rch'ased from
zyme, and vice versa, but so far without success. Specifically, Integrated DNA Technologies, Inc. THescherichia coli
the double mutant bPIPLC (R69D/K115E) displayed no ~ Strains XL1 Blue and BL21 (DE3) LysE used for gene ma-
detectable catalytic activity in either the absence or presenceipulation and protein overexpression were from Stratagene.
of Ca*, although it was shown to be folded correctiy). All DNA-modifying enzymes were from New England
The authors suggested that the?Ghinding site in mP+ Biolabs. Both 99.9% atom f® and 100% RO were
PLC probably has very stringent steric and electronic Purchased from Cambridge Isotope Laboratories.
requirementsX9). Conversely, an attempt to eliminate the Construction and Purification of Metal Dependent Vari-
Ca*-dependence of mPIPLC also failed as the calcium  ants Mutations were introduced by the double-stranded, site-
affinity was not mitigated upon mutating the negatively directed mutagenesis method (Stratagene). The mutagenic
charged calcium binding residues (E390K, E343R, or E390K/ primers used are listed' 30 3 with base substitutions
E343R) @0). It was suggested that the role of calcium is underlined and codons of interest in italics. Only forward
not restricted to providing a positive charge but is also primer sequences are shown for each mutant oligonucleotide,
involved in sterically accelerating catalysis via additional and the mutation produced is in parenthesésCGC ATT
interactions with the transition statdqQ). TTT GAT ATC GATGGA CGT TTA ACA GAT G-3

This paper describes successful conversion of#RIC (R69D); B-CGC ATT TTT GAT ATA GAG GGA CGT
into a metal-dependent enzyme by R69D mutation. The TTA ACA GAT G-3' (R69E); 3-CGC ATT TTT GAT
kinetic data demonstrate that the presence &f @ativates ATC AAC GGA CGT TTA ACA GAT G-3 (R69N); B-
the catalytic activity of this mutant substantially, while the CGC ATT TTT GAT ATC GCA GGA CGA CGT TTA
structural data obtained by NMR spectroscopy indicate that ACA G-3' (R69A); 53-CGC ATT TTT GAT ATC GGA
presence of G4 is essential for restoring the micro- GGA CGA CGT TTA ACA G-3 (R69G); 3-GGA GCT
environment of the catalytic site of the mutant to that attained CGC ATT TTT AATATT GATGGA CG-3 (D67N/R69D);
by the wild type (WT) enzyme. We also us&g and S 5'- GGA GCT CGC ATT TTTGAAATT GATGGA CG-3
isomers of the phosphorothioate analogues of phosphatidyl-(D67E/R69D); 5 CCA ATT ATT ATG TCT TTA AAA
inositol to probe the role of Cain catalysis. The results of AAA CAGTAT GAG GAT ATG-3' (E117Q); 5CAATTC
the stereochemical study indicate that in the presence®f Ca CAG GAA CAC ACG AAA GTG GGA CG-3 (D33E).
R69D is highly specific for th&e-isomer of DPPsI, and its  Mutant D33N/R69D was constructed by using the R69D
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Ficure 2: Side-by-side comparison of the active sites (stereoview) of the mammatd&?LBH1 (A), WT BacillusPI-PLC (B), and the

R69D mutanBacillusPI-PLC (C). A, B, and C are adapted from PDB files 1DJX, 1PTG, and 1PTG, respectively, and were prepared with
the WebLab ViewerPro. The program SwissModel was used to construct the model structure for R69D shown in panel C. Panel A shows
two conservative histidine residues and other side chains that form the calcium coordination sphere and the bound inositol triphosphate
within the active site. Panel B shows Arg69, His32, His82, side chains of residues (Asp33, Asp67, and Glul17) that form hydrogen-
bonding interactions with Arg69, and the bound inositol within the active site of the WT bacteriBLR. Panel C represents the active

site of the mutant R69D enzyme, constructed by SwissModel with energy minimization. Ins, inositglohnsinositol 1,4,5-triphosphate.

primer on the existing plasmid carrying the mutant D33N
gene. All mutations were verified by sequencing. Mutant
R69C was constructed previousB8j. All mutant proteins
were purified as described previousB2( 24), except that
all but the final dialysis buffer included 1 mM EDTA to
prevent metal contamination.

Activity Assay of P+PLC with [H]-PI Substrate.The

specific activities of mutants were measured according to .

the procedure reported earli@g] with minor modifications.
[3H]-PI was mixed with unlabeled PI from bovine liver to
obtain an overall Pl concentration of 5 mM and a specific
activity of ca. 1.25x 10f cpm/mol. In the divalent metal
ion activation study, the reaction mixture contained 2 mm
Pl, 8 mM DHPC, 6-2 mM MeCh, 1 mM EDTA, and 40
mM HEPES, pH 7.5 (NaOH). In the monovalent metal ion
activation study, the reaction mixture contained 2 mM PI, 8

mM DHPC, 0-50 mM MeCl, and 40 mM HEPES, pH 7.5,
where the pH of the buffer was adjusted by Tris instead of
NaOH to avoid introduction of sodium ions. In the mono-
valent metal ion inhibition study, the mixture included 2 mM
Pl, 8 mM DHPC, 1 mM CaG| 0—50 mM MeCl, and 40
mM HEPES, pH 7.5 (Tris base). An aliquot of 20 of
PI—PLC solution was added to the reaction mixture and
incubated at 37°C for 10 min. The concentrations of
enzymes were adjusted so that the substrate conversion does
not exceed 1630%. The reaction was stopped by the
addition of 0.5 mL CHGJCH;OH/HCI (66:33:1). Phases
were separated by a brief centrifugation, and radioactivity
of 50 uL of the aqueous phase was measured by scintillation
counting (Beckman). Enzymatic activity was expressed in
umol x min~t x (mg of protein)y! or U/mg.
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Table 1: Activation of Various bP{PLC Mutants by C& 2

specific activity specific activity
specific activity 0.1 mM [C&ree 1 mM [C&ree
enzyme (umol min~t mg™?) (umol min~t mg) (umol min~t mg™?)
WT 35604+ 80 3450+ 98 4240+ 13
R69D 0.293+ 0.009 4.18+ 0.20 8.67+ 0.01
R69E 0.044+ 0.001 0.04A# 0.001 0.04'A# 0.000
R69G 0.023+ 0.0004 0.02H- 0.001 0.02H- 0.001
R69A 0.068+ 0.0031 0.064+ 0.001 0.065+ 0.001
R69C 0.168+ 0.0087 0.149+ 0.003 0.142+ 0.008
R69N 0.1264+ 0.000 0.116+ 0.002 0.113+ 0.010
D33N/R69D 0.0024t 0.0002 0.002%: 0.0001 0.10A 0.002
D33E/R69D 0.0052t 0.0003 0.0049t 0.0002 0.0054+ 0.0003
D67N/R69D 0.305t 0.001 0.289+ 0.005 0.26Qt+ 0.002
D67E/R69D 0.30G: 0.010 0.278+ 0.010 0.349+ 0.011
R69D/E117Q 0.414- 0.004 0.423+ 0.004 0.36A 0.005
D33N/D67E/R69D 0.0028- 0.0001 0.0019t 0.0001 0.0019: 0.0001

aMeasured at 37C, 1 mM EDTA, 2.0 mM PI, and 8 mM DHPC in 40 mM HEPES buffer (pH 7.5).

Ca&* Titration of R69D Monitored by NMRUniformly Our approach was first to construct a number of mutants
15N-labeled WT and R69D were expressed in M9 minimal (R69D, R69E, R69G, R69A, R69C, and R69N) and screen
media using®NH,Cl as a single nitrogen source and purified them for activation by Cd under steady-state conditions,
as described above. Two-dimensiotthl—*H HSQC spectra by monitoring the formation of IcP. Table 1 shows the
of the uniformly'>N-labeled protein at G4 concentration activities of WT and various mutants in the conversion of
ranging from 0 to 5 mM were obtained on a Bruker DRX- Pl to IcP, in the absence and presence ¢f@ans (0.1 and
800 spectrometer at L. Each sample contained 0.4 mM 1 mM). It is interesting that two mutants with carboxyl side
enzyme and 50 mM HEPES buffer in 90%®10% DO, chain substitutions at position 69, R69D and R69E, behave
pH 7.5. very differently. The R69E mutant is inactive (0.044 U/mg,

3P NMR Assays with DPPsThe assays were performed as compared to 3560 U/mg for WT enzyme) and is not
according to the procedure reported earl@8)( 3P NMR activated by any divalent metal ions tested, including'Ca
spectra were recorded on a Bruker DRX-600 spectrometerR69D, on the other hand, is relatively active (0.29 U/mg)
at 242.88 MHz. The reactions were carried out a@5n and can be further activated ca. 30-fold by?Caddition.

50 mM HEPES buffer (pH 7.5). A mixture &% and Re- Mutants R69G, R69A, R69C, and R69N were also con-
isomers £6:4 ratio) of DPPs| at a total concentration of 10 structed, and their metal dependencies were examined. None
mM and a 4-fold excess of DHPC were dispersed as micellesof these constructs was activated by Cdhese initial results

in a bath sonicator. For the reaction carried out in the absencesuggested that the presence of an aspartate residue at position
of Ca*, 0.5 mM EDTA was added to chelate any contami- 69 creates a catalytic metal binding site. Thus, further studies
nating metal. For the reaction carried out in the presence ofwere carried out and focused on this mutant.

Ca*, 1.5 mM CaCj and 0.5 mM EDTA were added. It is important to indicate that all of the assays described
Reactions were initiated by adding an appropriate amountin this paper deal with the conversion of Pl to IcP (the
of the enzyme diluted in the reaction buffer, and a second phosphotransfer reaction), not the hydrolysis of IcP, which
aliquot of the enzyme was added after the reaction with the occurs 1000 times slower. On the basi$%f NMR analysis,
preferred Re) isomer had been completed. The rates of the we found that like WT bP+PLC, IcP is also the only

reactions were calculated from the linear portions of the p|0t detectable product for R69BC&" under our experimenta|
of the inositol 1,2-cyclic phosphate (IcP) concentration versus conditions.

time. Metal lon Specificity of the R69D Mutarkfter showing
RESULTS AND DISCUSSION the unique_ ca acti\_/z_iti_on property of R69D, we e_xamined
the metal ion specificity of this mutant. The activation of
Construction of a Mutant Showing Agtition by C&*. R69D by alkaline earth metal ions was studied first. This
The design of the Ca binding site was based on the simi- mutant was activated to different extents by WgC&*, and
larity of the spatial arrangement between the calcium ion in SP* as shown in Figure 3A. The enhanced activity of R69D
mammalian P+PLC-¥1 (mPHPLC) and its counterpart by these metal ions obeyed saturation kinetics with respect
arginine side chain irBacillus PI-PLC (bPFPLC). In to the metal ion concentration. Another alkaline earth metal
addition, crystallographic structural data show that Arg69 ion, B&*, neither activated nor inhibited R69D bBFPLC
of bPI-PLC is hydrogen bonded to three acidic residues at concentrations up to 1 mM. The magnitude of R69D
(Asp33, Asp67, and Glul117) (Figure 2B), which are located activation by different alkaline earth metal ions is sum-
in positions similar to those of Asn312, Glu341, Asp343, marized in Table 2. The maximal velocities of R69D
and GIlu390 that form the coordination sphere of the calcium complexes with Mg", C&*, and St* at saturating substrate
ion in mPHPLC (Figure 2A) (8, 19, 26). Therefore, concentration (2 mM) were 102 0.2, 12.0+ 0.3, and 2.7
eliminating the positive charge of Arg69 while maintaining =+ 0.3 U/mg, which give a 35-, 41-, and 9-fold activation,
the negative charges of Asp33, Asp67, and Glul17 as showrrespectively. The results described above can be considered
in Figure 2C provides a rough blueprint for the future metal- successful for a de novo metal binding sitg8l) For
binding site proposed in our studies. comparison, mP+PLC was activated by Ca at lower



2426 Biochemistry, Vol. 42, No. 8, 2003

12

Specific Activity, U/mg

200

400 600 800 1000

Me*, uM
6
B
5
o
E 4
)
>
= 3
3
2 p
Q
=
3 2
Q.
w
]
0 v v v v .
0 200 400 600 800 1000
Me*], uM

Ficure 3: (A) Activation of R69D bP+PLC by alkaline earth
metal ions: calcium@), magnesium®), strontium §), and barium
(V). All reactions included 0.51.0 ug R69D mutant in 40 mM
HEPEPS, 1 mM EDTA, 2 mM PI, 8 mM DHPC, and-Q@ mM
free metal ion, pH 7.0, for 10 min at 3. Solid lines represent
nonlinear fit of each data set to the Michaelldenten equation,

V = Vinad M ZJ/(KEPP+ [M27]), and the parameters are summarized
in Table 2. The activity of R69D in the absence of metal ions (0.29
U/mg) was deducted prior to plotting. (B) Activation of R69D bPI
PLC by transition metal ions: cobalt ID), manganese || @),
cadmium Il ), and zinc 1l (¥).

Table 2: Kinetic Parameters of R69D BHPLC with Alkaline
Earth Metal lon3

Vimax KPP of M2+
metal ion (umol min~t mg?) (mM)
0.29+£0.01 NAP
Mg?* 10.19+ 0.19 0.18+ 0.01
cat 11.93+ 0.33 0.16£ 0.02
St 2.67+£0.28 0.49+£ 0.13
Ba?*™ 0.30£ 0.02 0.64+ 0.1

aMeasured at 37C, 1 mM EDTA, 0-1 mM free metal ion, 2.0
mM PI, and 8 mM DHPC in 40 mM HEPES buffer (pH 7.8)The
Ki#*rvalue for B&" is extrapolated from LineweaveBurk plot using
Ba?" as an inhibitor of C# . K2Pis calculated by using the equation
KPP = KPP (1 + [lo)/ Ki#PP), whereK#" is theK42PPin the presence
of 0.5 or 1.0 mM Ba&"([lq]).

concentrations (apparent dissociation constant for calcium:
KPP = 1.3 uM) but not by Mg" at concentrations up to 5
mM (32, 33). Further analyses of the data show that the
extent of activation correlates roughly wita®? of the metal

ion: C&* and Mg" bind to the mutant well and provide

Kravchuk et al.

good activation, St is intermediate in these properties, while
B&" binds to the mutant but does not activate it (Table 2).
In addition, the K@PP (and K values correlate ap-
proximately with the ionic radii: Mg (0.66 A) < Ca*
(0.99 A) < S”* (1.12 A) < Ba* (1.35 A) (34) with the
C&" ion best fitting the binding site. Although the exact
cause for the different catalytic effects of Kgand C&" is

not clear without structural information, we suspect that upon
arginine to aspartate mutation at position 69, the ligand donor
atoms may not readily form a well-defined octahedral
geometry that favors Mg. On the other hand, this coordina-
tion sphere may favor Cg, which forms looser complexes
of higher and variable coordination numbers, without direc-
tionality, and with variable bond length84).

In contrast to the alkaline earth metal ions,2Gdvin®",
and Cd* provide different activity-versus-metal ion con-
centration profiles (Figure 3B). These transition metal ions
increase the activity of the R69D mutant at low concentra-
tions, reaching maxima at the concentrations of 25, 50, and
100 uM for Cd?", Mn?*, and C@", respectively. The
maximal activation is less than 7-fold for &gl ca. 14-fold
for Mn?*, and 18-fold for Cé". Further increases in metal
concentration inhibit the enzyme activity, although it stays
above the background level even at 1 mM concentration for
both Mr*t and C@". The inhibitory effect of C&" is
stronger, and Z4 totally abolishes the activity of the enzyme
at <1 mM concentration.

In addition, the effects of alkaline (monovalent) metal ions
on the activity of R69D were tested. NaK™, and Cs
showed no activation, whereas'lgave a 5-fold activation
at saturating concentrations. None of these monovalent metal
ions inhibits the C& -induced activity of R69D. Therefore,
the sodium ions in the assay system, which were introduced
through EDTA and HEPES buffer, should not contribute to
the activation and inhibition effects from divalent metal ions
described above. Since the activation fromt is mild and
is not likely due to any specific binding to the active site of
R69D, the exact cause for this activation was not further
pursued.

As a control, the activity of WT bPtPLC was also
examined in the presence of various metal iong, Na',

K*, Cs", Mg?t, C&*, S+, Ba&", and Mt all showed slight
activation effects £30%), whereas Co, Cc**, Ni%*, and
Zn?* brought about severe inhibition. The mechanism of the
slight activation effect of some metal ions is not likely due
to any specific binding to the WT enzyme as indicated by
the>N—1H HSQC experiments (described in a later section).
The mechanism of the inhibitory effect of some other divalent
ions, which has been observed previou8y)( could be due

to the nonspecific binding of the ions at or near the active
site. Therefore, the observed activation of R69D-HPLC

by various metal ions is a specific property of this mutant,
most likely resulting from the metal ion binding at the active
site.

Structural Biidence for the Catalytic Metal Site in R69D.
Heteronuclear NMR spectroscopy was used to examine the
possible changes introduced by R69D mutation. We found
that the mutation alters signal positions and intensities in
both the backbone amide region and arginine side chain
(‘NH) region of the!™>N—H HSQC spectra. Although the
changes in the backbone amide region cannot be rationalized
without a complete NMR assignment, the changes in the
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FIGURE 4: Arginine side chain<NH) region of 1°N—H HSQC
spectra of uniformly*>N-labeled bP+PLC: (A) WT; (B) R69D;

(C) R69D in the presence of 1 mM Cathand (D) R69D in the
presence of 5 mM CaglHorizontal arrows indicate the position
of the signal from Arg71, vertical arrows indicate the position of
the signal from Arg163, and the open circle with dashed line
represents the missing signal from Arg69 in R69D.
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HSQC spectrum (data not shown). These results suggest that
the R69D mutation triggers local conformational changes
and/or perturbed dynamic properties at or near the active
site. In addition, binding of Ca to R69D restores the
environment of the catalytic site analogous to that attained
by the WT enzyme. Taken together, these results strongly
support the hypothesis that €ebinds to the active site of
the R69D mutant, occupies the position of the Arg69 side
chain in the WT enzyme, and thereby activates R69D.

Stereochemical #dence for the Catalytic Metal Sités
has been shown earlie2Z, 24, 28), Arg69 is the key residue
responsible for the WT’s unusually large thio effect toward
S-DPPsl kolks, = 3.1 x 10°) and very high stereoselectivity
(kro/ksp = 7600). Results from these studies not only provided
evidence for a direct interaction between the guanidinium
group of Arg69 andro-Soxygen of the substrate but also
suggested that the bidentate interactions of Arg69 during the
transition state (hydrogen bonds to both 2-OH gmnd-S
oxygen of the substrate) could be responsible for these
observations. In the study reported previousli6)( a
systematic analysis of the origin of the unusually high
nonbridging thio effect was conducted through a site-directed
chemical modification metheoethe arginine residue at posi-
tion 69 was replace by a cysteine residue and then chemically
attached to acetamidine (AA), thioacetamidine (TAA), pro-
pylamine (PA), and ethylamine (EA). The mutant enzymes
featuring bidentate side chains (R698A and R69C-TAA)
at position 69 display significantly higher activity, higher
nonbridging thio effect, and greater stereoselectivity than do
those with monodentate side chains (R6FA and R69C-

EA) (Table 3).

The magnitude of th&-thio effect was expected to be
decreased in the R69D mutant resulting in a relaReg®s
stereoselectivity, as has been demonstrated by other Arg69
mutants (e.g., R69K, R69A, R6HPA, and R69C-EA)Z8).

If Ca?* indeed substitutes functionally for the side chain of
Arg69, as has been demonstrated in the conservative R69

arginine region are informative for the following reasons: mutants (R69€AA and R69C-TAA) (28), the presence

(i) The WT enzyme (35 kDa) possesses nine arginine of C&" should restore some of the stereoselectivity lost in

residues, each giving a separate signal in the arginine regiorR69D. To test this hypothesis, we determined the stereo-

of the N—'H HSQC spectrum. (ii) Three arginine signals selectivity of R69D in the presence and absence Gf G

(Arg69, Arg71, and Argl63) have been assigned based on®P NMR. The data, along with those from previous studies

the comparison between the spectrum of WT and those of (28), are also summarized in Table 3.

the corresponding alanine mutants (unpublished results). (i) The results in Table 3 raise several important points. (i)

Arg71 and Arg163 are adjacent to the active site, while other In the absence of Ca, R69D demonstrated &-thio effect

arginine residues are distant from the active site. (kofksp) of 7.8 x 1% which is ca. 3 orders of magnitude
The comparison between theN—H HSQC spectra of  lower than that of WT Ko/ks, = 3.1 x 10P). Upon C&"

WT and R69D in their arginine side chaindNH) region activation, theS--thio effect kolks, = 4.4 x 1) was restored

(Figure 4A,B) shows that the signals of Arg69 and Arg71
disappeared, while the signal of Arg163 is shifted slightly
upfield in the R69D mutant. In the absence of global
conformational differences between WT and R69D, as

to the WT level. These results suggest that the bourfd Ca
is likely to mimic the bidentate nature of Arg69 and is
responsible for the very larg&-thio effect. (ii) In the
absence of CGd, the Re-thio effect (o/ks, = 0.6) of R69D

indicated by 2-D NOESY spectra (data not shown), these is close to unity; thisRe-thio effect increases to 9.4 upon
signal changes/disappearances should be expected for thos€a* addition. The latter value is modestly lower than that
residues that are either mutated or adjacent to the mutationof WT (ko/ks, = 42). Together with the structural data

site. Upon Ca' titration of the R69D mutant (Figure 4C,D),

obtained in the previous section, we postulate that the small

the signal from Arg71 gradually reappears at the same Re-thio effect demonstrated by R69D originates from in-

position as WT, while the signal of Arg163 shifts back to
its original position. As a control, the WT enzyme was also
titrated with C&" while the 1>SN—'H HSQC spectra were

creased flexibility in the active site, which allows the enzyme
to accommodate a sulfur atom at {r®-R position. Binding
of Cat to R69D likely restores the network of active site

monitored. No noticeable change was observed in either theinteractions, causing this mutant to more closely resemble

backbone amide region or arginine region of #id—H

WT enzyme structurally. This would explain why tfg-
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Table 3: Specific Activity, Thio Effects, and Stereoselectivities of WT and R695-BRC

PI° Rp-DPPsI® Sp-DPPsI®

Enzymes Functional Group ko' kRpc Ko/kz kSPL' ko/ks; Kep/ksp

wT¢ JNC 2200 53 42 0.007 3.1x10° 7,600
™

R69D /\n/o' 029 0438 0.6 0.00037 7.8x 10> 1,300

[o)

R69D-Ca?* /\n/o‘ . 12 13 9.4 0.000027 4.4 x10° 47,000
C
s a

R69C-AAY NH+ 160 4.0 40 0.001 1.6x10° 4,000
~-S NH,

R69C-TAAY NH,+ 50 13 38 0.0004 12x10° 3,000
g8 NH,

R69C-PA? DN L 0.043 35 0.0038 3.9 x 10? 11

R69C-EAY g~ N 0.50  0.014 36 0.0046 1.1 x 10? 3.0

R69K? NN NHF 0.1 0.0029 34 0.003 27x10 1

aMeasured by radioactive ass@Measured by?'P NMR. ¢ In umol min~* mg. ¢ R69C-AA, R69C-TAA, R69C-PA, and R69C-EA are
chemically modified R69C mutant2§). AA, TAA, PA, and EA stand for the covalently linked functional groups acetamidine, thioacetamidine,
propylamine, and ethylamine, respectively.

thio effect for R69D increases upon Taactivation. (iii) between saPLC1 and R69ITa" will likely enhance our
The observed stereoselectivitigfks,) can be dissected into  understanding of the catalytic roles of ain various
the ratio of the thio effects for botRe- and S-isomers, Ko/ enzymes.

ksp)/(Ko/kro)- In the presence of C& the R69D mutant Further Characterization of the Metal lon Binding Site

(R69D—-Ca*) shows a similaB-thio effect but a decreased  Using Multiple Mutants. Since the results in the two
Re-thio effect, as compared to the WT enzyme. Consequently, preceding sections suggest that thé‘dan should bind to
R69D-Ca" displays higher stereoselectivitjksf/ks, = R69D bPHPLC at the position occupied by the guanidinium
47 000) than WT Kzy/ks, = 7600). However, this increased  group in the WT enzyme, its coordination sphere is expected
stereoselectivity does not originate from a more stringent to include the side chains of Asp33, Asp67, and Glu117 [i.e.,
discrimination of C&" against the sulfur atom (in forming  the same residues that are hydrogen-bonded to the Arg69
the coordination sphere) as compared to that of the arginineside chain in the WT enzymd 7, 26, 38)] as well as the
side chain (in forming a hydrogen bonding interaction). newly introduced Asp69 (Figure 2C). To verify the participa-
Rather, this increase in stereoselectivity is derived from the tion of these amino acids in the metal coordination, all three
greater flexibility of R69D-C&* in accommodating a sulfur  carboxylic acid residues potentially participating in metal ion
atom at thepro-R position of the substrate thus resulting in  coordination were mutated (one at a time) to create the
a relatively smallR--thio effect. following double mutants: D33N/R69D, D33E/R69D, D67N/

Comparison with Streptomyces antibioticus#PLC1. ~ R69D, DE7E/RG9D, REID/E1L7Q, and a triple mutant
Recently, a bacterial PIPLC fromS. antibioticugsaPLC1) D33N/D67E/REID.

has been shown to be €adependent36). We found that As shown in Table 1, in the absence of metal ions the
saPLC1 displays an extraordinarily hi@h-thio effect ko/ activities of the three double mutants D67N/R69D, D67E/
ke, = 1.6 x 10°) and very high stereoselectivitkd/ks, = R69D, and R69D/E117Q are of the same magnitude as of

6.2 x 10F) in the presence of G& (37). Both values are 2 R69D. However, none of the three can be activated By Ca
orders of magnitude higher than those for WT bPLC as These results suggest that Asp67 and Glull7 are involved
well as R69D-Ca*, which are already among the highest in the binding of C&".

of all enzymes. The detailed mechanistic differences between Asp33, which forms a hydrogen bond with Arg69 in the
saPLC1 and R69BCa&* remain to be established. However, WT enzyme, should also be involved in Labinding in
examination of thio effects indicates that the higher stereo- R69D on the basis of the following results. The activities of
selectivity of saPLCL1 is derived mainly from a highgr all three mutants involving this residue, D33N/R69D, D33E/
thio effect. Further structural and mechanistic comparison R69D, and D33N/D67E/R69D, are all lower than that of the
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this engineered metal-dependentbPLC in the context of
other naturally occurring calcium-dependentPLCs could
provide insight into how enzymes have evolved from metal-
independence to metal-dependence, as well as how the metal
binding site is fine-tuned for optimal specificity and catalytic
function through the evolutionary process.
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