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ABSTRACT: Phosphatidylinositol-specific phospholipase C (PI-PLC) frBacillus thuringiensisis an
allosteric enzyme with both a phospholipid activator site and an active site. The activation of PI-PLC
enzyme is optimal with phosphatidylcholine (PC) binding to the activator site and anchoring the enzyme
to the interface [Zhou, C., et al. (199Bjochemistry 36347—355; Zhou, C., et al. (199Biochemistry

36, 10089-10091]. In contrast to PC, anionic short-chain phospholipids with smaller headgroups
[phosphatidylmethanol (PMe) and phosphatidic acid (PA)] as well as phosphatidylglycerol (PG) can bind
to both sites playing dual roles: nonessential activation and competitive inhibition of cyclic-(1,2)-inositol
phosphate hydrolysis. PG is also a substrate, albeit a poor one, for PI-PLC, and is cleaved slowly to
form a-glycerol phosphate. Analysis of enzyme kinetics using clIP as the substrate coupled with effects
of different short-chain phospholipids on enzyme intrinsic fluorescence indicates that anionic phospholipids
with small headgroups bind to the two sites with different affinities. If no interface is present, all
dihexanoylphospholipids bind to the activator site more strongly than to the active site. When the activator
site is occupied, it is likely that the enzyme undergoes a conformational change that allows phospholipids
to bind easily to the active site. Such behavior is consistent with the observation that enzyme activation
is detected at low short-chain anionic phospholipid concentrations with inhibition observed at higher
concentrations, and that only inhibition is seen with these phospholipids added as monomers in the presence
of a PC interface that optimally activates the PI-PLC. A kinetic model is used to extract the affinity of
short-chain lipids for the active site from experimental data.

A number of bacteria secrete a soluble phosphatidylinosi- [“interfacial activation” (L3)]. However, one of the more
tol-specific phospholipase C (PI-PLOhat is specific for unusual features of this secreted PI-PLC is a novel type of
nonphosphorylated PIL{-8) and also cleaves GPI anchors interfacial activation of the enzyme toward clP, a water-
often at a rate 10-fold higher than the rate for cleaving PI soluble substrate with no tendency to partition into interfaces.
(9). These bacterial PI-PLC enzymes share significant PC (or PE) micelles (as well as bilayers) activate the enzyme
sequence homology with one another, but little homology significantly by binding to the enzyme at a discrete site and
with mammalian intracellular PI-PLC enzymés.( PI-PLC allosterically affecting bottK,, and Vimax (12, 14, 15). In
enzymes fromBacillus sp. catalyze the cleavage of the the presence of diPC micelles K, decreased (e.g., from
glycerophosphate linkage of Pl in a stereospecifi@ @nd 90 to 29 mM with diGPC micelles added), whil&/nax
Cé&'-independent manner in two steps, (11): (i) an increased almost 7-fold. The enzyme efficien®n{/Km)
intramolecular phosphotransfer reaction to form inositol in the presence of di®C micelles increased more than 21-
cyclic 1,2-monophosphate (cIP) and (ii) hydrolysis of the fold, although it was still 20-fold lower than the initial
clP to produce inositol 1-phosphate. The second step isphosphotransferase activity for monomeric gRC It has
considerably less efficient than the phosphotransferase reacheen suggested that this type of phospholipid activation
tion since the enzyme has a much higKgrfor clP and a  serves to anchor the enzyme to the aggregate surface in a
much lowerVpax (12). more active form that enhances catalysis of water-soluble

Bacillus thuringiensis?l-PLC exhibits a 56-fold kinetic as well as interfacial substrateksf. PC activation is quite
preference for micellar PI compared to monomeric substrate striking, in part, because that molecule appears to have no
affinity for the enzyme active site. Micelles of phospholipids
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C; PLD, phospholipase D; CMC, critical micelle concentration; PI, With B. thuringiensisPI-PLC, we have used kinetic, NMR,
phosphatidylinositol; PC, phosphatidylcholine; giCL,2-diacyl phos- and fluorescence experiments to define activator and active

pholipid; PS, phosphatidylserine; PG, phosphatidylglycerol; PMe, ; indi ; ; _
phosphatidylmethanol; PEg, phosphatidylethylene glycol; PA, phos- site binding. A model is proposed that includes a nones

phatidic acid; cIP, myoinositol 1,2-(cyclic)-phosphate; MeOH, metha- S€ntial activation of PI-PLC by an amphiphile binding to
nol. the activator site coupled with phospholipids with headgroups
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smaller than PC binding to the active site as competitive 3P NMR Assay of PI-PLC Aclity. The cyclic phos-
inhibitors of cIP hydrolysis. This provides relative affinities phodiesterase activity of PI-PLC was monitored®#/NMR

of different lipids for both sites on PI-PLC. spectroscopy. The buffer used in all PI-PLC assays was 50
mM HEPES (pH 7.5). All stock solutions were prepared in
MATERIALS AND METHODS D,0, and the pH was adjusted to a meter reading of 7.5.

) . o . The cIP concentration was 8 mM unless otherwise noted;
Materials. The short-chain phospholipids &iRC, diG-  this is well below theK, for this substrate of PI-PLCLQ).
PC, diGPE, diGPG, and diGPG and long-chain phospho-  The 31p NMR parameters were optimized on the basis of
lipids diC,gPG, diGePMe, and 1-palmitoyl-2-oleoyl-PA (1-  those initially used by Griffith and co-workersl1) as
C16-2-Cig1PA) were purchased from Avanti and used without modified by Zhou et al. {2). The reaction, initiated by
further purification. dIGP| with L-inositol Stereochemistry addition of the appropriate amount of PI-PLC, was monitored
was synthesized and purified as described previoudy. ( for 1—2 h at 30°C. The rate of cIP hydrolysis (micromoles
D20 (99.9% enriched) and Triton X-100 detergent were per minute per milligram) was calculated from the integrated
obtained from Sigma. NaOD, DCI, and Tus: were intensity of the 1-1-P (increasing) or cIP (decreasing).
purchased from Cambridge Isotope Laboratories. Fluorescence Measurement®I|-PLC used for intrinsic
Isolation of PI-PLC and Preparation of the cIP Substrate fluorescence measurements was2luM in HEPES at pH
A recombinant strain oBacillus subtilistransfected with ~ 7.5. Steady-state fluorescence measurements were taken
the B. thuringiensisPI-PLC gene for overproduction of the ~ With a Shimadzu RF 5000 V spectrofluorimeter (with a xenon
PI-PLC enzyme was obtained from M. G. Low (Columbia light source) at 23C. The excitation wavelength was 290
University, New York). The enzyme was isolated from nm, with both excitation and emission slit widths set at 3
culture supernatants and purified as described previoligly (  nm. The emission was scanned from 295 to 500 nm.
17). cIP was enzymatically synthesized from crude phos-  Preparation of Samples for TRNOE Measuremenitae
phatidylinositol (50% PI) purchased from Sigma by the purified PI-PLC enzyme was dialyzed overnight against 50
action of PI-PLC on PI/TX-100 mixed micelledZ, 14). mM NaCl (pH 7.0) and then frozen and lyophilized. The
After Pl was completely converted to cIP (as monitored by Sample was rehydrated in,O containing 20 mM Trist;
31p NMR spectroscopy), the aqueous phase was chromatobuffer (pH 7.5). A typical sample used for TRNOE

graphed on an AG1-X8 anion exchange column to purify Mmeasurements contained 1.2 mg of enzyme ini850Two-
the cIP. dimensional NMR experiments were carried out on a Varian

UNITY 500 NMR spectrometer using an indirect probe.
TRNOE spectra were acquired using the two-dimensional
NOESY pulse sequence in the phase-sensitive mode by
collecting hypercomplex data. Residual water suppression
was achieved by selectively saturating the water resonance
’ during the relaxation delay (1.5 s) and the mixing time {0.1
0.2 ms) of the NOESY sequence. Spectra were obtained at
30 °C without spinning the sample. There were 2048 points
in F2 and 256 points in F1 dimensions. Zero filling was
mployed, and final spectra contained 2K2K real points.
A Gaussian weighting function was used in both dimensions.
Kinetic Treatment for the Nonessential Aetiion and
Competitve Inhibition Bacterial PI-PLC has an allosteric
activator site as well as an active site2( 14, 15), and a
given phospholipid can bind to either site or both sites. In
the following scheme, E represents enzyme, A is an activator
or inhibitor, and S is the water-soluble substrate clP. The
notation AE represents ligand bound to the activator site;
EA or ES indicates occupation of the active site by A or S.
{A} represents activator lipid associated with an interface.
> o ~~ Binding constants and rate constants for the activated enzyme
PEg purification procedure was the same as that fo6-diC 516 35sumed to be proportional to those for the unactivated
PMe. enzyme with proportionality constants(for K¢) andg (for
Enzymatic Synthesis and Purification of Short-Chain PA. k, = kca).
PLD from Streptomycepurchased from Sigma was also used

Enzymatic Synthesis and Purification of gif®le and
diC,PEg. PLD from Streptomyce¥Il with high transferase
activity was purchased from Sigma. Fifty milligrams of ¢iC
PC (or diGPC) was dissolved in 2 mL of 50 mM acetic
acid/sodium acetate buffer (pH 6.0). For PMe synthesis
50% MeOH (2 mL of MeOH) was added along with 89
of PLD. The reaction progress was monitored®#y NMR
spectroscopy. After the reaction was complete (100%
transfer took several hours), the solvent was evaporated an
the sample was lyophilized overnight. The dry residue was
mixed with CHC} to solubilize phospholipids. After the
undissolved salt was filtered, the chloroform solution was
applied to a silica gel column and eluted with MeOH/CEICI
(2:3) saturated with 0. About 35 mg of digPMe (or diG-
PMe), characterized by #P chemical shift of 2 ppm and
the phosphorus-coupled methoxy resonadges(= 10 Hz)
at 3.5 ppm in théH spectrum [in 50 mM HEPES (pH 7.5)],
was obtained in this fashion. For the preparation ofsdiC
PEg or diGPEg, 30QuL of ethylene glycol in 50% ether (2
mL) was used in the PLD transferase reaction. ThediC

to generate short-chain PA. The reaction was carried out K, k,
with 0.1 mM C&* in 50 mM Tris-HCI (pH 7.0). After the E+S ~~~ES —» E + P
hydrolysis reaction was complete, the PA was extracted with + +

CHCIy/MeOH (4:1). The extract solution was washed twice

with H,O. The solvent was evaporated, and the sample was A A
redissolved in RO or water with 50 mM HEPES (pH 7.5).

The chemical shift of digPA was 4.2 ppm at pH 7.5. di€ Ky 1L ﬂaKA
PA and diGPA were prepared from the corresponding PC oK, Bk

in a similar fashion. AE + § == AES ™ AE +P
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Enzyme velocity is given by = KJ[ES] + Sk[AES].
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Since PI-PLC activity toward clIP is detected without any
activating PC, the activation produced by PC micelles can
be treated as a “nonessential’ activatioimax and Ks for
clP were measured previousl¥2); Vmax = 20 umol min~t
mg !, andKs = 90 mM. The parameters and/ change
with activator concentration, making this part of the curve
hard to fit. With diGPC as an activatog = 0.3 andg =
7 when the activator site is saturated by the PC interface.

In contrast to PC, phospholipids with small headgroups
can bind to the active site as competitive inhibitors; they
can also have an affinity for the activator site which could
differ for monomeric and micellar activators. They have dual
roles in affecting PI-PLC catalysis: nonessential activation
and competitive inhibition.
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If only competitive inhibition is possible (because the
activator site is saturated with a high-affinity ligand such as
PC), eq 2 describes the effect of the inhibitor on enzyme
activity.
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In this systemVmax andKs vary with the concentration of
the phospholipid activatorK;, like K¢, can also change with
lipid concentration [in fact, a nonhydrolyzable cIP analogue
was shown to have it¥; substantially lowered in the
presence of an interfac&4)].

If the activator site is saturated by the presence of a PC
interface, binding to the active site of another amphiphile
(e.g., PMe, PG, etc.) will inhibit PI-PLC. The inhibition
due to binding of a ligand at the active site gives rise to a
measurablé;.
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The velocity equation becomes= k,[{ A} ES].

Zhou and Roberts

Extraction of thiK| value is straightforward if the inhibitor
is water-soluble and binds only to the active site. If it
aggregates and that affects the affinity for the active site,
that complicates the interpretation of the extracted numbers.
Also, if it has a higher affinity for the activator site when it
is micellar, that may affect which lipid (PC or PMe, etc.)
occupies the active site. Because of these complications,
we chose to use the term “apparéqt for describing the
extracted value that represents the inhibitory behavior of
PMe, PG, and PA toward PI-PLC hydrolysis of cIP when
diC;PC is added to activate the enzyme. THemay be
different for monomeric and for micellar ligands, and this
could also be factored into the equation, although the data
for a given lipid appear to be well fit by a singl¢ (vide
infra). For the enzyme activated by the @RT interface,
Vimax = 136 umol min~! mg* andKs = 30 mM.

RESULTS

Effect of Short-Chain Lipids on PI-PLC Acity toward
clP Hydrolysis Hydrolysis of cIP, the second step of PI-
PLC catalysis, is much slower than Pl cleavage. As a water-
soluble substrate with no measurable affinity for an interface,
clP is ideal for studying allosteric interfacial activation of
PI-PLC. Using cIP eliminates changes in the interfacial
concentration of substrate caused by an amphiphilic, surface
active substrate. A previous study2j of clP hydrolysis
by PI-PLC showed that many detergents and short-chain
lipids at 8 mM activated the enzyme about 2-fold, with PC
species vyielding the largest increases in PI-PLC specific
activity. PI-PLC specific activity toward 8 mM cIP (well
below theK,, for this substrate), examined as a function of
the concentration of TX-100, diC, diGPC, and diGPC,
reached a maximum around the CMC of the detergent. For
the PC lipids, enzyme activity remained relatively constant
as the detergent concentration increased further above the
PC CMC (diGPC activation of PI-PLC hydrolysis of cIP is
shown in Figure 1 A). This behavior indicated that the
enzyme was saturated by the activator molecule and/or
surface. PI-PLC specific activity toward cIP as a function
of the concentration of other added lipids (PG, PMe, and
PA) exhibited markedly different behavior as shown in panels
B—D of Figure 1. All of these anionic short-chain phos-
pholipids exhibited similar behavior; at low lipid concentra-
tions, PI-PLC activity toward cIP increased to a maximum,
and then decreased at higher lipid concentrations. The
concentration of lipid that led to the maximum PI-PLC
activity toward 8 mM cIP depended on the identity of the
phospholipid headgroup and on the acyl chain length. The
maximum PI-PLC specific activity occurred at 16 mM giC
PG, 8.4 mM diGPMe, and 3.4 mM digPA. The maximum
increases in PI-PLC activity under these conditions were 9-,
6-, and 4-fold for diGPG, diGPMe, and diGPA, respec-
tively. Both diGPG and diGPA were examined to deter-
mine the influence of acyl chain length on cIP hydrolysis.
The maximum PI-PLC specific activity occurred at lower
diCsPG or diGPA concentrations compared to that of the
diCs analogues, and the enhancement in activity was much
smaller (panels B and D of Figure 1). dREg exhibited
behavior similar to that of DigPG; the slightly more
hydrophobic diGPEg exhibited the same behavior as the
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Ficure 1: PI-PLC activity toward cIP as a function of the concentration of added (A}ROC (B) diGPG ©) and diGPG (0), (C)
diCsPMe, and (D) diGPA (O) and diGPA (a). Assay conditions included 50 mM HEPES (pH 7.5), 8 mM cIP, and:8.8f enzyme (A)
and 10ug of enzyme (B-D). The data shown in panel A are from rE2.

diCsPG/diGPG pair, a decreased maximum increase in Pl- 2.0 -
PLC activity toward clP occurring at a lower diPEg |
concentration. The onset of PI-PLC inhibition follows the
CMC of the short-chain phospholipid. Therefore, these
observations suggest that inhibition, i.e., binding of the
amphiphile to the active site, is enhanced when the phos-
pholipid is aggregated.

Not all short-chain lipids examined had significant affinity
for the activator or the active site. As shown previously,
PS has at best a very weak affinity for the activator site since ‘
no evidence of binding was detected in TRNOE line 10 G ‘s 1 ‘O 1 ‘5 20 s
width stL_ldies with di@PS (15_), and no inhi_bition of _CIE _ ‘ B DIC_P-(L)I (mM) ' ‘
hydrolysis was observed at high concentrations of this lipid. !
Significant activation{2-fold) only occurred above the diC
PS CMC (5). The affinity of substrate PI for the activator
site is hard to assess because it is cleaved quickly by the(D-l) behaves in a fashion similar to that of ¢RXL-I); it
enzyme. A previous studylB) showed that digP-(L)I, may also bind at a site other than the active site, but such an
whose CMC is 1.4 mM, was neither a substrate nor a good interaction does not lead to the appropriate conformation of
inhibitor of the correct isomer. The activator site of the PI-PLC necessary for optimal activity.
enzyme is not specific and should not be stereoselective, so Intrinsic Fluorescence of PI-PLC in the Presence of Short-
some binding to the activator site should occur. This can Chain Lipids Pl analogues bound to the active site of PI-
be measured by examining the effect of ¢#(L-I) on cIP PLC cause a decrease in the protein intrinsic fluorescence
cleavage (Figure 2). The activation of PI-PLC toward 8 mM (18). In contrast, a small increase in the PI-PLC intrinsic
clP was 2-fold, similar to that caused by TX-100 and PS. fluorescence occurs when monomeric PC binds to the
Activation occurred below the CMC of di(L-I), suggest- activator site. This is followed by a much larger increase
ing the molecule binds to the activator site as a monomer or when the PC aggregates birith). The fluorescence of PI-
the enzyme significantly lowers the CMC of this lipid. If PLC as a function of the concentration of iR is shown
the hyperbolic activation curve is used to extract a value of in Figure 3A. The large increase in fluorescence intensity
Ka for diC;P(L-I) binding, a value of 0.3 mM is obtained. correlates with the micellization of diC and anchoring
Interestingly, this is comparable to the values for 4HC of PI-PLC to a micelle via the bound monomeric PI5)
and diGPC binding as monomers to the activator site of In contrast to PC, the other phospholipids examined led to
PI-PLC (15). This may suggest that di2(L-1) binds to the inhibition of PI-PLC activity at high lipid concentrations. If
enzyme (not at the active site), but not very effectively as these lipids were bound to the active site, the intrinsic
an activator compared to PC or PE. It is likely that fR€ fluorescence of PI-PLC should decrease. ¢8iG, diGPMe,

Rate (umol miri ' mg'?)

Ficure 2: PI-PLC activity toward cIP as a function of the
concentration of added die-(L)I.
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Ficure 3: PI-PLC (2uM) intrinsic fluorescence intensity as a function of the concentration of added (AP@iQB) diGPG, (C) diG-
PMe, and (D) diGPA. The data in panel A are from réb.

and diGPA were examined for their effects on PI-PLC to the active site. di§PA affected PI-PLC intrinsic fluo-

fluorescence. digPG has a fairly high CMC;-22 mM; the rescence in much the same way as the PMe compound. The
CMC of diCsPMe is~12 mM (19), and that of diGPA is fluorescence intensity first decreased, and then increased once
~10—-14 mM depending on buffer condition®7). The micellar PA species were formed. However, for this lipid

response of PI-PLC fluorescence to the presence oRfBC  the kinetic inhibition after activation occurs well below the
was complex (Figure 3 B) and exhibited three distinct phases. CMC of the lipid, indicating that unlike the other short-chain
At low diC¢PG concentrations, there was a small increase lipids, PA has a high affinity for the active site.

in enzyme fluorescence that reflects occupation of the An added bonus of the PI-PLC fluorescence data is that

activator site by a monomeric lipid. Above 10 mM @RS the CMCs of the lipids in the presence of the enzyme can
(but significantly below the CMC for this lipid), the decrease be extrapolated from the intersection of the linear decrease
in fluorescence indicated that monomeric §RG binding in fluorescence with the increase caused by the presence of

to the active site was significant and dominated the intrinsic micelles. For diGPG, diGPMe, and diGPA, these values
fluorescence behavior of the protein. The decreasing PI-are 22, 10.5, and 8 mM, respectively.
PLC fluorescence corresponding to active site binding of PG Affinity of Phospholipids for the PI-PLC Act Site
correlated with a decreased PI-PLC activation level and, in Anionic phospholipids with small (PA or PMe) or moderate
the vicinity of the CMC, inhibition of the enzyme activity  sjze (PG) headgroups have affinity for both the activator site
toward cIP (Figure 1B). Above 25 mM di€G, the protein  and the active site of PI-PLC. If we can saturate the activator
fluorescence increased again, consistent with anchoring thesite, the affinity for the active site can be measured under
enzyme to the PG interface. these conditions. difPC was chosen to saturate the activator
The fluorescence of PI-PLC in the presence ofsfikle site since it has high affinity~0.2 mM) for the enzyme
is shown in Figure 3C. The kinetic data in Figure 1C and since it has a low CMC1B). As shown above, the
(notably, the decrease in activity at a lipid concentration 5 added anionic lipids have weaker affinities for the activator
mM above that producing the maximum activity) suggest site and compete poorly with aggregated PC at the activator
that diGPMe is a more potent inhibitor than ¢f@G. Rather site. However, they may patrtition to the PC interface and
than appearing triphasic as the fluorescence of PI-PLC with decrease the PC surface concentration which would in turn
diCsPG, the PI-PLC fluorescence decreased atseliMe cause inhibition of PI-PLC. This surface dilution effect was
concentrations below the CMC and then increased asexamined using TX-100 (0.26 mM CMC) as shown in Figure
interface was present (above 10 mM) and served to anchordA. If it is assumed that micelles of TX-100 and ¢RC
the enzyme. Since low concentrations of PMe activated PI- mix ideally [an assumption reasonably well-justified by
PLC, the decrease in fluorescence must include both thefluorescence studies of mixing of pyrene-labeled PC with
binding to the activator site and the binding to the active the nonionic detergen2()], the presence of 8 mM TX-100
site. Because the affinity of diMe for the active site is  dilutes the diGPC (8 mM) surface 2-fold. However, PI-
higher than that of digPG, the fluorescence change due to PLC activity toward clP decreased only 15% as the PC
the binding to the activator site is canceled by the binding surface concentration was decreased 2-fold, indicating that
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FIGURE4: (A) TX-100 surface dilution of 8 mM di@”C activation
of PI-PLC toward cIP and (B) inhibition of di®C (8 mM)-
activated PI-PLC hydrolysis of cIP by} diCsPG, €) diCsPMe,
and (n) diCsPA.

the PC has a higher affinity for the activator site than TX-
100. The decrease in PI-PLC activity was proportional to
the concentration of TX-100. If PG, PMe, and PA dilute
the PC surface in a fashion similar to that of TX-100 and do
not bind significantly to the activator or to the active site,
this is the magnitude of the inhibition of PI-PLC activity
toward clP that would be expected. The three lipidsediC
PG, diGPMe, and diGPA in the monomer concentration
region were examined for their effects on gRC-activated
PI-PLC hydrolysis of cIP (Figure 4B). Under these condi-
tions, the distribution of anionic lipids in the PC interface
should be very small and the surface dilution effect (e.g.,
reduction of the effective concentration of PC at the activator
site or replacing it with a less effective anionic lipid) can be
ignored. Of the three anionic lipids, djEA was clearly the
most potent inhibitor; digPG was the weakest of the three.
As mentioned earlier, the extent of competitive inhibition
of an additive with cIP can be estimated when the PI-PLC
activator site is saturated with PC. THevalue extracted
is fairly quantitative for a monomeric additive, but its
interpretation of the value is more complicated if the additive
partitions into the PC micelles and is a strong competitor

12
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Table 1: ApparenK; Values for Phospholipids Binding to PI-PLC
and Inhibiting cIP Hydrolysis in the Presence of gRC Causing
Saturation of the Activator Site

apparent apparent
phospholipid Ki (mM)P phospholipid Ki (mM)b
diCsPA 1.0 diGPMe 2.4
diC/,PA 1.2 diGesPMe 1-2
1-Cis-2-CiglPA 0.7 diGPG 23
diCsPMe 10 diGsPG 1.1

a Assay conditions include 8 mM cIP and 8 mM @R, in 50 mM
HEPES (pH 7.5)° ApparentK; values of the added phospholipid
determined from fitting PC-activated PI-PLC activity toward clIP in
the presence of dPX as a competitive inhibitor.

active site of PI-PLC. For the other two anionic lipids, the
Ki values correspond to the CMC values for ¢fG and
diCsPMe. This strongly suggests that micellar PG and PMe
have a higher affinity for the active site than the correspond-
ing monomeric lipids. Interestingly, th€ values estimated
for diC;PMe and diGPA are 2.4 and 1.2 mM, respectively
(Table 1). The value for difPA is essentially the same as
that for diGPA, while theK; for PMe follows its CMC. A
comparison of longer-chain phospholipids (Table 1) indicates
that once an inhibitory molecule is in interface, the apparent
Ki values are all similar and in the-2 mM range; i.e., there
is no dependence on chain length for molecules binding to
the active site. Alternatively, the inhibition data indicate that
a mole fraction of 0.20.2 PA, PMe, or PG in the PC surface
is sufficient to occupy 50% of the active sites and inhibit
clP hydrolysis. This is consistent with what has been
extrapolated from the crystal structure of the enzyme with
inositol bound 28). Chain interactions of the substrate with
the enzyme are predicted to be relatively nonspecific.
Affinity of Different Phospholipids for the PI-PLC Acd-
tor Site Previous studies using TRNOE and line shape
analysis derived a dissociation constant of-005 mM for
binding of PC to the activator sitd%). For the other lipids
with smaller headgroups, binding to both activator and active
sites makes an analysis of phospholipid line shape intractable.
However, the TRNOE pattern can provide a qualitative
analysis of monomeric lipid binding to PI-PLC. Monomer
concentrations of digPMe and diGPG exhibited a few
positive NOEs, similar to monomeric concentrations ofgeliC
PC. In the presence of PI-PLC (0.1 mM), the cross-peaks
due to cross relaxation of di€Me or diGPG (4 mM)
changed to the same phase as diagonal peaks, indicating
NOEs were now negative. The number and identity of cross-
peaks observed depended on the TRNOE mixing time as
shown in Figure 5. At a mixing time of 0.1 s, negative NOEs
were observed between different acyl chain protons or
between different backbone protons. When the mixing time
was increased to 0.2 s, all resonances were correlated (i.e.,

for PC binding to the activator site, and once bound does cross-peaks between all resonances were detected). This

not induce the same extent of activation. The curves in

latter pattern is similar to that for diC in the presence of

Figure 4B represent the fits to eq 2 which assumes competi-PI-PLC at a mixing time of 0.1 s16). The apparenk;

tive inhibition by the anionic lipids. Th&; values were
23, 10, and 1 mM for digPG, diGPMe, and diGPA,
respectively. All the anionic phospholipids with small
headgroups have a higher affinity for the active site than
clP Ky ~ 30 mM). PA is a potent inhibitor when it is
monomeric, since 2 mM PA added to a system with 8 mM

values representing binding of these lipids to the active site
when the activator site was saturated with 8 mM #C
were 10 mM for diGPMe and 23 mM for digPG. Since
theK, for cIP andK; for cICH,P, a substrate analogui4j,

are at least 3-fold higher when the activator site is not
saturated by PC, it is likely that affinities of PG and PMe

diC;PC decreased the extent of cIP hydrolysis by more thanfor the active site are poorer and tkevalues higher than

50%. This dianionic lipid clearly has a high affinity for the

those mentioned above. Since the TRNOE experiments were
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Ficure 5: NOESY contour plots for 4 mM difPG (A) and 4 mM diGPMe (B) in the presence of 0.1 mM PI-PLC. The mixing time is
0.2 sin panels a and 0.1 s in panels b. All cross-peaks have the same phase as diagonal and indicate negative NOEs.

carried out without PC, thi§; values for PG and PMe binding  so that cleavage of d¥PG is detected. The headgroup of
to the active site are no lower than 10 mM for PMe and 23 PG has a hydroxyl group at theposition, similar to the
mM for PG and are probably higher. Thus, very little of 2'-OH of inositol. Presumably when PG binds to the active
these species should be bound to the active site of thesite, this hydroxyl group can be oriented for an intramolecular
enzyme, and active site-bound phospholipid should represenfphosphotransferase reaction to form a cyclic intermediate
a minor fraction of the lipid at the 4 mM diG and diG- which is then released. Such a cyclic glycerophosphate
PMe concentrations used in the TRNOE experiments. Underwould not be stable and would quickly be hydrolyzed in
these conditions, the bulk of the lipid interacts with PI-PLC water to forma-glycerophosphate. The PI-PLC specific
through the activator site. The TRNOE data indicated that activity toward 4 mM diGPG (e.g., monomeric PG) was
PMe or PG affinities for the activator site are weaker than estimated to be I8 umol min~* mg™, about 250-fold lower
that of PC [but much stronger than that of PIS). than with a comparable concentration of cIP as a substrate.
A striking observation in the TRNOE spectrum (0.1 s The observation that PG is a substrate supports the hypothesis
mixing time) for diGPG is that there are extra peaks in the that it (and PMe and PA) is a competitive inhibitor of cIP
acyl chain region (Figure 5Ab), suggesting another specieshydrolysis by PI-PLC.
is present in the sample (this experiment was carried out The activation curves in Figure 1 are hard to fit using eq
after the TRNOE with a 0.2 s mixing time). TR&# NMR 1 because, as discussed previously, parametersd3 are
spectrum (Figure 6) of this sample showed a new resonancenot constant but a function of lipid concentration. In a
corresponding tan-glycerophosphate. Thus, under these simpler model, the contribution to the observed PI-PLC
conditions where monomeric PG can bind to the activator activity from short-chain phospholipid binding to the active
site, sufficient PG must also bind to the PI-PLC active site site as a competitive inhibitor can be estimated. This will
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Ficure 6: 3P NMR spectra of digPG (A) alone or (B) after o
incubation with 0.1 mM PI-PLC for 30 h at 3@ and (C) authentic 5 ]
o-glycerophosphate. 5
g
produce a new curve that reflects only lipid activation of S N
PI-PLC toward cIP. There are two limits for approximating =
the activation. (i) The activator site is not occupied; Kye n
values for monomeric difPG and diGPMe are probably at ‘
least 69 and 30 mM (3 times higher than the values 00 T s o
determined for these lipids in the presence of;8C), while DiC _PMe (mM)
theKs for cIP is 90 mM. (i) The activator site is saturated . Approximation of (A) diGPG- and (B) diGPMe-
with the anionic phospholipid interface; values for jnqyced activation of PI-PLC toward cIP by removing the effect

monomeric diGPG and diGPMe are 23 and 10 mM, and  of competitive inhibition by the same short-chain lipids. The
theKsfor cIP is 30 mM. According to eq 2, the competitive  experimental dependence of the extent of PI-PLC hydrolysis of cIP
inhibition can then be corrected with the factor [[S]Ks(1 on dshort-chain Iipidh_ctc))_r)cent_ratiﬁn, Whiqth%”tai“S both ?ctiv_?tion

. g ; - and competitive inhibition, is shown with the open circles. Two
+. [ K')]/.([S] +Ky). The two limits for correcting for active models are used to estimate activity vs lipid concentration without
site binding of PG and PMe lead to the dotted and dashedinpipition due to lipid binding at the active site. (i) The activator
lines in Figure 7. These calculated curves now have specificsite is not occupied; thi; values for monomeric digPG and diG-
activities considerably higher than the actual data (open PMe are 3 times higher than the values determined for these lipids

circles). The true course of PI-PLC activation toward clp in the presence of di®C, while thek; for cIP is 90 mM (dotted
) € ° line). (i) The activator site is saturated with the PG or PMe

induced by diGPG a”f?' d'GPMe will be Somewhere between interface;K; values for diGPG and diGPMe are 23 and 10 mM,
the two calculated lines since saturation of the enzyme yespectively, and thi for cIP is 30 mM (dashed line). It is likely
activator site by PG and PMe may not induce the same extentthat the true activation curve lies between the dotted and dashed
of activation of PI-PLC toward cIP as PC (i.e., these anionic lines.

phospholipids behave more like TX-100 and not like PCs). Even when monomeric lipids are examined, ¢HC

A more complicated model could have the highand K, induces significantly higher PI-PLC activity than ¢RS or
values for monomeric lipid and the 3-fold lower values once diCsPMe. The constant for binding of di2C to the

the added phospholipid forms micelles. However, the effect activator site is 0.20.5 mM (15); however, the extent of

of the anionic interface may not be the same as that of a PCkinetic activation of PI-PLC toward clP is linear in the range
interface. If upon binding to the PI-PLC activator site it of 1—10 mM PC. A reasonable interpretation of this is that
behaves more like TX-100, then relative affinities of ligands the increase in PI-PLC specific activity with an increasing
for the active site are weaker than when the enzyme has PCamount of “monomeric” PC arises from local aggregate
bound to the activator site. Given these complications, we formation around the tightly bound monomeric lipid that
chose to use a singl§ (optimized for PC-activated PI-PLC)  optimally activates some of the PI-PE@iCsPC complexes.

for each specific anionic lipid; for digphospholipid, the; Once the CMC is reached, dieC enhances PI-PLC activity

in the presence of a PC interface is dominated by monomerdramatically because now all the PI-PE@C complexes are
behavior, and for the digipid, the K; in the same PC-  saturated with interfaces. On the basis of the comparisons
activated PI-PLC system is dominated by the effect of the of the TRNOE profiles, the affinities of monomeric @G
aggregated phospholipid. The point of these calculations isand diGPMe for the PI-PLC activator site are lower than
that with corrections for PG and PMe competitive inhibition, that of diGPC; yet they must be sufficiently strong such
the maximum PI-PLC activity (18mol min~t mg for diCs- that an enzymemonomeric phospholipid complex is formed
PG and 1Qumol min~* mg* for diCsPMe) induced by the in the millimolar region. Similar to what is proposed for
anionic phospholipids begins to approach that for cIlP PC, the linear increase in PI-PLC specific activity with
hydrolysis in the presence of PC micelles {7 umol millimolar monomeric PG or PMe may also represent local
min~tmg). Itis, however, still lower, strongly suggesting aggregate formation about a PI-PE@GiCsPMe or PLC-

that occupation of the activator site by the anionic lipids does diCsPG complex that stabilizes a more active conformation
not stabilize the optimal PI-PLC conformation. of PI-PLC. However, the lack of a very strong enhancement
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Table 2: Effect of Different Short-Chain Phospholipids on the UU"' b5 | — U + P
Specific Activity of PI-PLC toward cIP N N
[diC,PX] (mM) apparenk; ¢ A A
phospholipid CME@(MmM)  for SAnax  SAmaliSA,  (MM) WL
diCsPC 14 >15 30-50 ni Monomer
diC,PC 15 >4 30-50 nt _— A+ X?f] g =—— _— §?57 + P
diCsPG 215+ 1.5 16 8.5 23 I__@_"ﬂ:l l—@—ﬂ—l
diCsPG <4 2 1.4 — A
diCsPA 14+ 19 34 4.0 1.0 Micelle N
diC;PA 1.8 2 1.4 -2 AW U QAL AL
diCsPMe 12 8.4 5.7 10 PN oy Eﬁ.\\ﬁg A/f/ n\\%
aDetermined in 50 mM HEPES (pH 7.8)Ratio of maximum PI- — A t s == g t P
PLC activity induced by added short-chain phospholipid to enzyme
activity in the absence of phospholipitApparentK; of the added Competitive Inhibition Non-essential Activation

phospholipid (diGPX) determined from fitting PC-activated PI-PLC o
activity toward clIP in the presence of dieX. ¢ No inhibition of PI- U Active site
gcl)_ Cr:nt\:ﬂaﬁézzge?gtcérc()éys '2.8;;Cf:z'r?i:;émIE?go%ngﬁﬁﬁetggnsgtg n Ficure 8: Kinetic model for phospholipid activation and inhibition
for lipids in 0.05 M Tris-HCI and 0.1 M NaCl (pH 8.520). of PI-PLC enzyme. The lipid attached to the left side of E represents

binding to the activator site, while the species (nonsubstrate lipid
or substrate) on the right side of E indicates occupation of the active
site

Activator site

in specific activity around the CMC of the anionic lipids
suggests that this active conformation is not optimal. In other ) ) ,
words, the ligand at the activator site does exhibit specificity PLC (eft side of the figure). The bottom of the figure shows
in promoting the allosteric change of PI-PLC to its most that when the enzyme is anchored to the interface it exists
active conformation. PC and PE [as shown previous®]( N the most active form.

are the most effective ligands, leading to a 70-fold increase

in PI-PLC specific activity toward 8 mM clP (the result of DISCUSSIONS

a loweredK,, and a loss of cooperativity and increadégdy). The kinetic data presented in this work indicate that all
Other phospholipids are not as effective; anionic lipids with short-chain phospholipids have some affinity for the PI-PLC
small headgroups can produce at most a—18-fold activator site, and except for the affinity of PA, these

enhancement (as extrapolated above) under these conditiongffinities are higher than those for the active site. PS and
while PS andL-PI, anionic lipids with relatively larger Pl with L-inositol stereochemistry were less effective in
headgroups, lead to an only 2-fold enhancement of PI-PLC binding to the allosteric site and had virtually no affinity for
cyclic phosphodiesterase activity. the enzyme active site. Monomeric ¢S binding to PI-
Kinetic Model for PI-PLC Actiation and Inhibition by PLC could not be detected by TRNOE, nor was there an
Phospholipids Although bacterial PI-PLC is a small protein increase in PI-PLC activity toward clP when this lipid at
(33 kDa), it is an allosteric enzyme with an activator site as 4—8 mM was present with cIP. A less than 2-fold activation
well as an active site, although whether they are spatially asabove the CMC of digPS indicated the weak affinity of PS
well as functionally distinct is a point yet to be resolved. for the activator site which required an interface to enhance
Binding of a ligand to the activator site can induce a this lipid binding. For diGP(L-)I, monomeric lipid appeared
conformational change in the enzyme that incre&sgand to bind to PI-PLC; however, it was not effective in promoting
decreaseX,. However, the most active conformation of the optimal conformational change of the protein since no
the enzyme is stabilized when the enzyme is anchored to anmore than a 2-fold increase in specific activity was observed.
interface through the activator sitd5. A number of Substrate digP(D-)I will likely have the same affinity for
phospholipids with relatively small headgroups have affinity the activator site as thePl. This is consistent with earlier
as monomers for both the activator site and the active site observations where activation of PI-PLC toward Pl in mixed
(for a summary of activation and inhibition by these different diC;PC/PI micelles required a PC:PI ratio o6, a value
species, see Table 2). For the giipids examined, the  considerably greater than the amount of PC needed to
affinity of the monomers for the activator site is higher than solubilize the PI (PC:P+ 2). In that mixed micelle assay
the affinity for the active site and binding to the active site system, the PC was important not only in solubilizing the
can be ignored (except for that with @iFA). Once amicelle Pl but also in saturating the activator site with the more
interface is available, these same lipids have decreised potent effector. Interestingly, when short-chain Pl was used
values, indicating a stronger affinity for the active site. A as a substrate, a%-fold interfacial activation of PI-PLC
kinetic model incorporating this behavior is shown in Figure was observedi3) upon PI micellization. This activation is
8. The top of the figure illustrates that activation of PlI- much smaller than that observed for PC (activation of PI-
PLC by a phospholipid molecule is not absolutely essential PLC for cIP or Pl hydrolysis). The Pl interfacial activation
for hydrolysis of cIP. Occupation of the activator site by a can be broken down into a 2-fold interfacial activation similar
monomeric phospholipid leads to allosteric activation of the to that produced by PS, other detergents, and most notably
enzyme (right side of the figure), although optimal activation diC;P(L-)l and a 2-3-fold change due to other parameters
requires an interface and a bulky headgroup that precludes(e.g., processive catalysis). The latter enhancement is similar
binding of the ligand to the active site (e.g., PC). In contrast in magnitude to what is observed for the nonspecific PLC
to PC, PS, and-PI, phospholipids with smaller headgroups (21).
also compete with cIP for the enzyme active site. This The effectiveness of lipids binding to the activator site
competitive inhibition can be added to the model for PI- may be related to the conformation of the short-chain lipid
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in solution. Lipid conformation includes chain stacking and andL-Pl surfaces must be different from that with PA, PG,
headgroup orientation. Both PC and PE have an sn-2 chainand PMe surfaces. To be consistent with the data, occlusion
kinked at C-2 of the acyl chain, while PG and PA have the of the enzyme active site must exhibit a specificity that is
sn-1 chain kinked in crystal structures of these lipidg, ( not related to lipid charge but related to headgroup structure.
23). Since all of these phospholipids can activate PI-PLC, The simplest explanation is, again, that PG, PMe, and PA

the orientation of the chains is not critical. The headgroup inhibitory lipids bind to the active site.

orientation is more likely to be important. In bilayers, the
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