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ABSTRACT. Changes in the affinity of calcium for phospholipaseflidam Agkistrodon piseiorus pisciorus

during activation of the enzyme on the surface of phosphatidylcholine vesicles have been investigated by
site-directed mutagenesis and fluorescence spectroscopy. Changes in fluorescence that occur during lipid
binding and subsequent activation have been ascribed to each of the three individual Trp residues in the
protein. This was accomplished by generating a panel of mutant proteins, each of which lacks one or
more Trp residues. Both Trp21, which is found in the interfacial binding region, and Trp119 show changes
in fluorescence upon protein binding to small unilamellar zwitterionic vesicles or large unilamellar vesicles
containing sufficient anionic lipid. Trp31, which is near the?Chinding loop, exhibits little change in
fluorescence upon lipid bilayer binding. A change in the fluorescence of the protein also occurs during
activation of the enzyme. These changes arise from residue Trp31 as well as residues Trp21 and Trp119.
The calcium dependence of the fluorescence change of Trp31 indicates that the affinity of the enzyme for
calcium increases at least 3 orders of magnitude upon activation. These studies suggest either that a change
in conformation of the enzyme occurs upon activation or that the increase in calcium affinity reflects
formation of a ternary complex of calcium, enzyme, and substrate.

Soluble phospholipase,APLA,,* EC 3.1.1.4) are calcium- The events that lead to activation of the enzyme on the
dependent lipases, which catalyze the hydrolysis obth2 surface of phosphatidylcholine vesicles are poorly under-
ester linkage from phosphophatidylglycerides (for reviews, stood. Studies by Burack et al. with PL&om Agkistrodon
see refgl—7). Phospholipases are active against monomeric piscivorus piscvorus (AppD49) indicate that lateral com-
and micellar substrates, small unilamellar vesicles (SUV), positional phase separatiol4) and changes in vesicle
and large unilamellar vesicles (LUV). However, maximum Mmorphology {5) occur when the mole fraction of products
rates of hydrolysis of aggregated substrates are often manye_xceed3~0.08. This phase separation coincides with activa-
orders of magnitude faster than rates observed for monomeriction of the enzyme. Fluorescence spectroscopy has shown
substrates 8). The hydrolysis of SUV §) and anionic tha_t cqnformanonal change_s of this enzyme may occur during
phosphomethanol vesicles) can be approximately modeled ~ activation (0). FTIR studies on AppD49 on supported
with a normal Michaelis Menten kinetic scheme. However, DPPG./DPPC (0.2:0.8) bilayers show that amide exchange
the hydrolysis of zwitterionic phosphophatidylcholine LUV IS S|gn|f!cantly faster for the bounq enzyme than the enzyme
exhibits complex time coursed@12). At temperatures in solution (L6). Cqmputer modeling1(7, 18) of the time
above and below the phase transition, the initial rate of g?l#]zeeor:;;ﬁ;oxzj ELDdF;F;CiOLtJh\é ig?giﬁf‘;ﬁﬂ?ggggﬁg
Elrgv(\j/uhc;gfélr;saiio(;]r:z f;ga;icggg)z ?:IIE\)//VZIS gl/tgllz;)rgisi?l g:evaesrg concentrations of an active form of the_z enzyme on the vesicle

- : ' surface as product accumulates during the lag phase.
or burst, of activity. The dependence of the time of lag phase

. . . . The molecular mechanism of increased activity toward
on the dipalmitoylphosphatidylcholine (DPPC) LUV con- joqreqated substrates is currently unknown. The initial

centration is biphasic.; the_ Iag time initially decreases as the binding of phospholipases to aggregated substrates occurs
substrate concentration is increased, reaches a minimumig an interfacial region on the protein that surrounds the
value, and then increases at higher lipid concentratib®s ( active site region. The most compelling evidence for the
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existence of a well-defined interfacial region was provided activated enzymebilayer complex is at least 1000-fold
by electron spin resonance relaxation measurements thatigher than the affinity in solution.

determined the orientation of bee venom lipase on the

membrane surfacel®). The binding of lipases to vesicle MATERIALS AND METHODS

surfaces appears to utilize both electrostatic forces and
hydrophobic and hydrogen bonding interactions (se@ef

for a review). For lipases that possess high affinity for anionic monomeric, Asp49 isozyme of phospholipa s purified

vesicles, the binding appears to involve the interaction ! .
between positively charged lysine residues and the negativefrom venom according to published procedureg)(The

charge of the lipid. Mutagenesis studies by Han et i) ( resulting purified enzyme, App_D49, was dissol\{ed in 50 mM
on AppD49 suggest that Lys7, Lys10, Lys11, and, to a IesserKCI. Th_e enzyme concentration was determined from its
extent, Lys16 play a significant role in the binding of absorption at 280 nm using afe, 1% 0f 22.0. The recom-
AppD49 to anionic lipid<. In contrast, the lipase from bee binant enzyme (PLA was .obtame.d py expression of a
venom does not appear to utilize electrostatic interactions Syf“he“c gene for AppD49 |E§cher|ch|a .CO“ The amino

to bind to anionic vesicles2Q). Lipases that show high acid sequence of the recombinant protein differs from that

affinity for neutral vesicles appear to utilize aromatic residues OAf the vepni)m eqﬁy;ne by lstIJ_bsu_trur;qon r?f the ammo-ter_mlgal
in the interfacial region to bind to the vesicle surface. Cho s in vPLA wi er in rPLA. This change was require

and co-workers have shown that Tyr3, Trpl9, Trp61, Phe64,tb0 (inhalnce tthhe _remova}l of tht('ad igatc;)r MetPIr_esidue by
and Tyrl10 play an important role in the binding of the acterial methionine aminopeptidasiSy Pure rPLA was

; ; ; NI ; obtained from bacterial inclusion bodies by refolding and
E)zh:;))sphollpase fromlaja naja atrato zwitterionic vesicles reoxidation of the sulfonated protein (see26éffor additional

NMR studies on PLA from porcine pancrea4) have detalls). _
suggested that stabilization of the amino-terminal helix is 1€ gene for N-Ser PLAwas cloned into M13mp1&)

an important step in activation of the bound enzyme on and used as a template for site-directed mutation using the
aggregated surfaces. This stabilization may affect the struc-Kunkel method §0). Trp21 and -31 were converted to Phe,
ture of the catalytic site by permitting the formation of a While Trp119 was converted to Tyr. The W8Inutant
hydrogen-bonded network that extends from the amino (W21F and W119Y) was conspructed by subcloning various
terminus to the active sit@4). It is not clear how significant  ragments from mutant and wild-type genes. The sequence
the formation of the amino-terminal helix is in enhancing ©f @ll mutant genes was confirmed by double-stranded
catalytic activity because deletion of the amino-terminal S€duencing using the chain termination methdd).(Puri-
residue does not affekt (25). Furthermore, NMR studies fication of the mutant proteins was accompllshed using the
show that this helix is well formed in solution for AppD49 Same scheme as for rPbLAHowever, the yields of W31F
(26). Thus, the changes in fluorescence and amide exchangdVeré low, precluding a detailed kinetic analysis of this
noted above are unlikely to be associated directly with Mutant.
stability of this helix. Preparation of Lipid VesicledDPPC and diC4 PC were
Other structural changes in the active site region may occurPurchased from Avanti Polar Lipids (Alabaster, AL). DHPC
during activation. Lathrop and Biltone@)(have previously ~ Was purchased from Fluka Biochemicals (Ronkonkoma, NY).
shown that, using DPPC SUV as a substrate, the apparenf\l! lipids were used without further purification. MLV were
pKo of Ce2* of AppD49 is~40 uM compared to~2 mM prepared as previously described).(SUV were prepared
for the enzyme in solution. This large difference in affinity from MLV by sonication above the gefluid transition
for calcium has been largely ignored in discussing the details témperature. DPPC LUV were prepared from MLV by
of the mechanism of activation of PLAnsofar as deduction ~ €xtrusion as described previousbg|. Extruded LUV were
of this large change in affinity required estimation of the €duilibrated with the appropriate buffer by heating and
initial velocity following correction for product inhibition, ~ ¢00ling through the phase transition regioh, (= 41 °C)
some doubt remains as to size of this estimated change infiVe times prior to being used. LUV were stored at45on
affinity. the day of use. The monomeric substrate, diC4 PC, was dried
To obtain a better estimate of the change in affinity for rom chloroform, lyophilized, and resuspended to a concen-

Ca* and any conformational changes that may occur during fration of ~100 mM in 50 mM KCI. This stock solution
activation of AppD49, a series of experiments have been Was diluted to 5 mM for enzyme assays, well below its CMC
initiated to localize the fluorescence changes that occur ©f 250-280 mM. The concentrations of all lipid stocks were

during activation. The approach has been to selectively d&t€rmined as previously described). (

replace one or more of the three tryptophan (Trp) residues Determination of Enzyme AcHly. The hydrolysis of

in AppD49 such that the contribution of each Trp residue to monomeric diC4 PC and DPPC SUV was followed by

the intrinsic fluorescence of the protein can be gauged. Themeasuring the moles of base required to maintain the pH at

fluorescent properties of these mutants suggest that the8 using a pH stat in the autotitration mode. The appafant

environments of Trp21 and Trp119 are sensitive to enzyme and kea: Were determined by examination of hydrolysis of

lipid interactions, while Trp31 is most affected by €a  DPPC SUV (enzyme concentratien7 nM, C&* concentra-

binding. These studies show that the2Caffinity for the tion = 10 mM, T = 23 °C) as a function of substrate

concentration. To perform steady state measurements, prod-

2The residue numbering system that is used is based on theUCt inhibition was alleviated by including 10 mM Mgin

homologous core developed by Renetseder ethrd the corrected  the reaction bufferd). The depenc_JIence of the in_itial velocity,
sequence of Maraganore and Heinriksan3). Vo, on the substrate concentration, [S], was fit to eq 1:

Preparation of Enzymes/enom of A. piscworus pis-
civoruswas obtained from Sigma Chemical Co. The basic,
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Vo = keaf EIISV(Ky, + [S]) ) 2500

where k.o is the apparent turnover number aKg is the
Michealis—Menten constant.
DPPC LUV enzyme assays were, on occasion, performed

2000 —

simultaneously with measurements of Trp fluorescence by NaoH 0T
placing the buret tip and combination electrode of the pH Titrated 4
stat directly into the cuvette of the fluorometer as described oM 00

previously (0). Data from the hydrolysis of LUV were not
corrected for product inhibitiorBj because hydrolysis during

the lag phase produces only a small amount of product. The 500 —

extent of product inhibition is reduced further by the fact .

that the slow hydrolysis rate permits diffusion of the products 0 : -

away from the enzyme. 0 1000 2000 3000
Fluorescence Studie3he dissociation constanky, for Time (sec)

Ca" was determined by measuring the ’Galependent  pguge 1: Effect of calcium onr for DPPC LUV. The reaction
change in the intrinsic fluorescence of the protein. Measure-was initiated by the addition of 300 nM AppD49 at 550 s. The
ments were made with a SLM8000C spectrofluorometer; excess calcium was 1 mM—), 100 uM (— — —), and 10uM
additional details can be found in r@f TheKq for gel state ~ (***). Other conditions were 1 mM DPPC, 50 mM KCI, 10
DPPC SUV was determined by quantifying the lipid- NaNs, 104M EGTA, 38.5°C.

dependent change in the intrinsic fluorescence of the protein 1800 _]
(300 nM) in the absence of €a EGTA (10 mM) was added 1600 A
to inhibit phospholipid hydrolysis. The excitation wavelength

was 280 nm, and the emission wavelength was 340 nm. Light

1400
1200 _|

scattering from SUV was assessed independently and T ]
subtracted from the emission intensity. TiKigvalues were 29 1000
determined by fitting the measured change in fluorescence 800
relative to the fluorescence in the absence of ligi, to 600 —| .
eq 2.AFnaxis the relative change in fluorescence at saturating aw00] T
[S] T T T 17T T T T T 71
0 2 4 6 8 10
AF = AF,,ISI/(Ky + [S]) 2 [Ca™] mM
0.0020 — B .
Changes in protein fluorescence during hydrolysis were . .
monitored coincidentally with pH changes during the reaction 0.0015 — -
as described above. The calcium dependence of the fluores- " 1
cence change of W31during the burst phase was obtained (sec”) 20010

by adding sufficient C& above the concentration of EGTA
to obtain the desired free €aconcentration. Lag times at
C&" concentrations of less than @M were not very

reproducible. This is in part due to difficulty in accurately 0.0000 — ‘ A l-' I
assessing the €aconcentration. 7 6 5 -4 3 2
NMR SpectraAll spectra were acquired on a Varian log[Ca®]

UnityPlus 500 MHz NMR spectrometer at 4. The Ficure 2: Summary of the effect of calcium anas monitored by
samples contained 100M protein, in 20 mM sodium PH titration. 7 is plotted as a function of [G4] in panel A. The
phosphate (pH 4.6) and 100 mM KCI. Spectra were acquired iNverse ofz as a function of log[C#] is plotted in panel B. In

. . . : both panels, the solid line is generated from a least-squares fit to
with a sweep width of 8 kHz (16K Comp_le_x_ p0|r_1ts) using a eq 3 with aKapp value of 30uM. The dotted line in panel B was
relaxation delay of 1 s. The total acquisition time was 20 calculated assuming Ky, value of 2 mM. The conditions of the
min. Data were processed using Felix98 (Molecular Simula- experiments were as described in the legend of Figure 1.
tions Inc.) usilg a 1 Hzline broadening functiontH—1N
heteronuclear correlated spectra (HSQC) were acquired ashanges in the amount of light scattered by the vesicles. Time

previously described26). courses at three different &aconcentrations, obtained using
the pH stat method, are shown in Figure 1. The lag time,
RESULTS is shown as a function of Gaconcentration in Figure 2A.

9 The same data, represented asviefsus log[C&'] in Figure

Ici D f the Ti f AppD4 .
Calcium Dependence of the Time Course of App 2B, have been fit to eq 3.

Hydrolysis of DPPC LUVThe time course of hydrolysis of
DPPC LUV by VvPLA is characterized by a lag phase 1/r=A[Ca2+]/(K + [Ca2+]) 3)
followed by a sudden burst in activity. The time of the burst app

can be accurately estimated by monitoring the amount of whereA is the limiting value of 1# at infinite [C&'] and
base used to neutralize the fatty acid product, the change inK,p, is @ phenomenological dissociation constant fof'Ca
the intrinsic fluorescence of the protein, changes in a The solid line is calculated for aA of 0.0018 s?, and
fluorescence probe such as a pyrene-labeled fatty acid, orKapis 304M. The dotted line was calculated assuming the
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Table 1: Thermodynamic and Kinetic Propertiesfofpisciorous pisciorous Phospholipase Aand Its Tryptophan Mutants

AppD4% rPLA, Trp21F Trp31F Trpl19Y w3fb

monomer kinetics

V, (diC4 PC) 1.0+0.1 1.0 1.0 1.0 0.6 0.5
SUV kineticg

Km (mM) 0.14+ 0.04 0.36 0.10 NB 0.4 0.5

Keat (S7) 3504 20 310 300 ND 428 300
DPPC SUV bindin§

Kg (MM) 0.06+ 0.006 0.11 0.28 0.49 0.41 0.31

NAFma 2.8 2.6 1.6 2.5 2.2 0.5
Ca&" binding

K (mm) 26+0.1 2.8 1.9 ND 2.1 1.8

NAF mayf 1.1 1.2 1.1 NDB 1.0 1.1

aThe relative errors listed for the wild-type enzyme apply to all other species asPWeH1" is the W21F/W119Y double mutarftActivity
expressed relative to venom PLANT) = 1.0. The activity of this enzyme is4 s™' toward 5 mM micelles and 10 mM Cag{pH 8.0).9 SUV
refers to DPPC small unilamellar vesicles. All experiments were carried out 4t 28d pH 8.0. Binding was assessed in the presence of 10 mM
EGTA. Hydrolysis was assessed in 10 mM CaQQther details are given in Materials and Methat§ot determined! AFmay is the relative
change in fluorescence extrapolated to saturating conditidxst determined. No fluorescence change detectedkarmbuld not be determined.

same value foA and assuminéap,= 2 mM, the dissociation  tion from enzyme absorbed to the surface of the reaction
constant for the free enzyme. It has previously been shownvessel 82), it is clear that all of the altered proteins have
that 7 is the time required to hydrolyze a constant mole similar catalytic activities toward the monomeric substrate
fraction of substrate. It therefore follows that 1¢ propor- as the native enzyme.

tional to a rate constant times the amount of active enzyme. The activity of rPLA and the mutant proteins toward
Interpretation of these results in terms of the model describedDPPC SUV shows some interesting trends. Kheof rPLA,

by eq 3 is that an “active” form of the enzyme exists during is 2-fold higher than the value found for vPLAt has been
the lag phase, it requires €aand its interaction with the  observed with the pancreatic PLAhat alterations of the
cation is described by an apparent dissociation constant ofamino terminus affect binding to phosphatidylcholine vesicles
30 uM. This interpretation is consistent with the results of (25). Further, note that in the W21F mutant #g is similar
Lathrop and Biltonen9) using DPPC SUV as a substrate. to that found for vPLA. Position 21 is close to the interfacial
However, it can be shown with straightforward thermody- binding region 19, 33), and alterations at this position appear
namics arguments thitt,,, = Ko/fo, wheref, is the fraction  to compensate for the amino-terminal alteration of Asn to
of active enzyme in the absence of°Caand K; is the Ser. Three proteins (rPLAW21F, and W31) have identical
intrinsic dissociation constant of the active form. Itis thus k., values, which suggest that the catalytic mechanism is
possible that the small amount of hydrolysis occurring during not affected by these. Kinetic parameters for W31F toward
the lag phase is the result of a small amount of the active DPPC SUV were not obtained because of the limited yields
form with a Ky that is significantly less that 30M. of this protein.

It must be emphasized that the above analysis is only Although the above results show that the altered proteins
applicable to the state of the enzyme during the lag phase,have enzymatic properties similar to those of the wild-type
and the question still remains as to its relationship to the enzyme, it is important to show that they assume a tertiary
events occurring at the burst in activity. To seek answers to structure in solution that is similar to that of the wild-type
these questions, a series of tryptophan mutants were engienzyme. One-dimensiondH NMR spectra of AppD49,
neered to characterize structural changes in the enzyme duePLA,, W21F, W119F, and W31show that the aromatic
to lipid binding and activation. region of the spectrum of these mutant proteins is similar to

Characterization of Mutant ProteinsThe three Trp that of rPLAy, supporting the fact that the structure of these
residues in rPLAwere altered by site-directed mutagenesis. mutant proteins is similar to that of the native protein (data
Four enzymes with altered Trp residues have been characternot shown). Therefore, on the basis of the enzymatic data
ized. Three of these engineered proteins have single-aminoas well as the NMR data, the structures of the Trp mutants
acid changes (W21F, W31F, and W119Y), and one has twoappear to be sufficiently similar to that of rPLAo that
changes (W21F and W119Y). The latter mutant will be comparisons between these proteins will be meaningful.
termed W31. The enzymatic properties of all four altered Effect of Lipid Binding on the Fluorescence of the Trp
proteins, and AppD49, are similar to those of the native Residues in PLA The effect of lipid binding on the
enzyme (see Table 1). The activities of W21F and W31F environment of each Trp residue in PLéan be determined
toward the monomeric substrate diC4 PC are quantitatively by an analysis of the changes in fluorescence of the mutated
similar to those found for AppD49 and rPLAThe activities proteins that arise as a result of lipid binding (see Table 1).
of W119Y and W31 toward the monomeric substrate diC4 AFnaxis defined as the experimentally estimated change in
PC are 56-60% of that of the native protein. The decrease fluorescence in the limit of saturating lipid relative to the
in activity of the W31 enzyme can be accounted for solely instrinsic fluourescence of the protein in the absence of lipid.
by the presence of the W119Y mutation. It therefore appearsTo simplify the analysis, we assumed that the average
that the two alterations in the W3%knzyme have no greater intrinsic fluorescence of each Trp residue in all species is
effect on the activity toward the monomeric substrate than the same and equal . This approximation is valid since
either mutation individually. Although the kinetic measure- the intrinsic fluorescence of each protein is proportional,
ments utilizing monomeric substrate will include a contribu- within 10%, to the number of Trp residues in the protein.
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Equation 4 describes the contribution of each Trp residue to
the overall fluorescence.

AF = S GAF; 1 /F° (4)

oj = 1 or 0 depending on whether a specific residue is a
Trp or not.AFj maxis the maximal change in fluorescence in
residug, andn is the number of Trp residues of a particular
protein species.

We find that if both Trp21 and Trpll9 are present
(AppD49 and rPLA) thennAFm.x = 2.7 = 0.1. However,
if both Trp21 and Trp119 are mutated (W31then AFqax
= 0.5. Solving the six simultaneous equations generated by
six enzyme species yields best estimateABfma./F° of 1.4
+ 0.1 for Trp21, 0.9+ 0.1 for Trpl119, and 0.@: 0.1 for T L B e e
Trp31. Thus, the fluorescence change observed upon lipid 0 4 6 8 10 12 14 16
binding is dominated by Trp21 and Trp119. On the basis of [Ca™] (mM)
this analysis, Trp31 contributes less than 10% to the lipid- Ficure 3: C&" binding to AppD49 and W31 The dependence
induced changes in fluorescence. The small lipid-induced of enzyme fluorescence on [€3 is shown for AppD49 ©) and

W31 (@) in solution and for W31 bound to SUVs of dihexade-
fluorescence change observed for W3see Table 1) may cylphosphatidylcholinel). The enzyme concentration was 300 nM,

be a consequence of the two altered Trp residues in thisang the experiment was performed in the presence of 10 mM
protein. The small contribution of Trp31 to the lipid-induced EGTA. The excitation wavelength was 280 nm, and emission was
fluorescence changes is consistent with the fluorescencemonitored at 340 nm. Light scattering was measured separately
quenching studies of Yu et al. which showed that residue and subtracted from the emission intensity. The data were analyzed
31 in the pancreatic enzyme is fully exposed to solvent in according to eq 2.
the presence of membrane vesiclad)(
The dissociation constants for the interaction of AppD49 A B
and rPLA with DPPC SUV were in reasonable agreement
(Table 1). HoweverKy increases by factors of-3 for the g
various Trp mutants. This amounts te0.6—1.0 kcal/mol
in the change in the Gibbs energy. This change is either due
to changes in specific interactions between the lipid bilayer
and the Trp residues or due to subtle changes in the protein ©
due to the mutation.
Effect of C&" Binding on the Fluorescence of the Trp &
Residues in PLA Changes in protein fluorescence can be
used to monitor CA binding to AppD49 and several of the o

. . - . 127.1 } i 7. 6. }
mutant species (Figure 3). The results are summarized in 1264 12§lit7rogen (ppr1n§71 12eq 1ees

Table 1. In all cases where a fluorescence change WaSE . e - 115\ HSQC spectra of rPLA A small region of the

observedKq was in the range of 2.3 0.5 mM. However, HSQC spectra ofN-labeled rPLA in the absence (A) and presence
the magnitude of the fluorescence changes was extremelyof C2t (B). The peak assigned to Cys28 cannot be found in the

sensitive to the enzyme species being investigated. The facispectra acquired in the absence ofCa
that thenAFnax values are all equal to 1 0.1 indicates
that a single residue is contributing to the calcium-induced dynamic behavior in the absence ofChecause their amide
fluorescence. Solving the simultaneous equations given byresonance lines are either broad or missing (e.g., residue
eq 4 provides best estimates #F; na,/F° of 1.14 0.1 for Cys28) from théH—15N correlated spectrum of the calcium
Trp31 and 0.0t 0.1 for Trp21 and Trp119. It thus appears free enzyme. Addition of Ca to the enzyme reduces the
that only Trp31 contributes to the fluorescence change degree of exchange broadening for Cys28 (see Figure 4).
resulting from calcium binding. This is underscored by the  Changes in C& Affinity during Actvation. Since the
fact that W31F, which is missing only Trp31, does not exhibit fluorescent properties of Trp31 are altered by'Czinding,
a change in fluorescence in the presence of calcium ion. but those of Trp21 and Trp119 are not, W3dan be used
The contribution of Trp31 to calcium-induced changes in as a sensitive probe to monitor &ainding to the enzyme.
fluorescence is not surprising since the peptide carbonyl The affinity of binding of C&" to PLA; in solution has been
oxygens of residues 28, 30, and 32 are part of the specificdetermined with fluorescence spectroscopy (Table 1 and
calcium binding loop, defining an isosceles triangle in which Figure 3). In all cases, th€y for C&" was found to be in
C&" is located 21, 35). The observed changes in the the range of 1.82.6 mM. Therefore, the alterations of
environment of Trp31 are also consistent with the work of residues Trp21, Trp119, and Trp31 do not appear to have
Kuipers et al 86), who demonstrated that calcium has a significantly affected C& binding to the enzyme in solution.
strong influence on the excited state population distribution Furthermore, &4 of 3.9 mM was determined for €ato
in a mutant of porcine pancreas PiA8ontaining a single W31 bound to the surface of the nonhydrolyzable substrate
Trp at position 31. Furthermore, NMR studi&6) indicate DHPC SUV (Figure 3). This result is consistent with the
that residues in the region of the Tabinding loop show conclusion of Bell and Biltonenl(Q), who showed that the
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Ficure 5: Simultaneous changes in enzyme fluorescence and proton release occurring during rapid hydrolysis of DPPC LUV. The time
dependence of hydrolysis of DPPC LUVs is shown for AppD49 (A), W31F (B), and®W@g1land D). Hydrolysis was quantified by the

amount of base titrated with a pH stat to maintain the pH at 8:Q The scale on the ordinate refers to nanomolar NaOH added. Enzyme
fluorescence was measured simultaneously in the same sample using an SLM 8000 fluorithetée(scale used for the fluorescence
changes is not indicated, but was the same in all panels. The excitation wavelength was 280 nm, and the emission wavelength was 340 nm.
The concentration of enzyme was 250 nM, and the concentration of DPPC wadvil®@easurements were performed at 4D in the

presence of 1 (AC) or 10 mM (D) calcium.

affinity of AppD49 for DHPC SUV was not significantly The change in the fluorescent properties of Walliring
influenced by C&". Since AppD49 binds DPPC and DHPC activation could be either due to a change in the occupancy
SUV with approximately equal affinity, it would appear that of the C&* binding site or due to changes in the intrinsic
theKq values for C&" of the solution enzyme and the bilayer- environment of the fluorophore at activation. These two
bound enzyme are also essentially identical. possibilities can be distinguished by determining the change
Lathrop and Biltonenq) estimated from catalytic experi-  of W31+ fluorescence as a function of €aconcentration.
ments that the apparer€y of Ca" for AppD49 under If the fluorescence is the result of changes in the amount of
conditions of maximal rate of hydrolysis of SUV wasiO bound calcium, then the magnitude of the fluorescence
uM. This value is at least 20-fold smaller than the equilibrium change should reflect the difference in the degree of site
Kq. The latter study was based on measurements of the initialoccupancy before and after activation. Figure 5 (panel D)
velocity of the hydrolysis reaction as a function of calcium shows that at 10 mM Ca, well above theKq of the solution
concentration. Although excess Rfgwas included in the  form of W31, there is no change in fluorescence from
reaction mixture to reduce the level of product inhibition, it residue W31 because the enzyme is essentially saturated with
was still necessary to correct for time-dependent product cz2+ at all times. At lower C& concentrations, when the
inhibition, which introduced systematic errors into the enzyme is not fully saturated with calcium, a fluorescence
analysis. Such a correction is not necessary here because &dhange is observed at the beginning of activation. This is

the slow rate of hydrolysis of LUV. The availability of the  consjstent with the second hypothesis: the fluorescence
W31" mutant and the use of LUV now allows another change results from an increase in the”Caccupancy at

approach to determining the apparéatfor Ca* binding the burst.
to the enzyme during catalysis.

Figure 5 shows simultaneous changes in both enzyme . .
fluorescence and product release during Rcatalyzed were obtained fo_r W31 as shown n pa{‘e.'s C and D of
hydrolysis of DPPC LUV. Panel A shows typical data F|gur_e 5. The reC'Erqca' .Of the lag time", is shown as a
obtained with AppD49 at 1 mM C&, where only about 30 fu.nctlon of Iog[Cé. lin F|ggre 6. The same data were f't.
40% of the enzyme in solution binds €aAfter a lag period, with eq 3 as described previously. The apparent dissociation

the enzyme activity rapidly increases. Concomitantly, there constant was estimated to be/ad, ShOV.V” as the solid line.

is a large change in protein fluorescence. This change inThe dotted line was cglculat_ed_assumlng the same value for
protein fluorescence arises from changes in the environmentg” Used for the analysis of s[nllar data for AppD49 shown
of all three Trp residues because fluorescence changes ard! Figure 2 and assuming = 1.9 mM, the dissociation
observed with the Trp31 mutant (panel B) as well as in W31 constant for the free enzyme. As Wlth the studies on AppD49,
(W21F/W119Y; panel C). The observed changes in fluores- this model suggests that an “active” form of W3gxists
cence could be a due to several factors: enhanced bindingiuing the lag phase, it requires Taand its interaction with

to the bilayer, enhanced €abinding, or a protein confor- the cation is described by an apparent dissociation constant
mational change. Panel C should be compared to panel D,Of 80 uM.

where it is shown that in the presence of 10 mMC&/31" Activation results in a change in calcium affinity. There-
exhibits no significant fluorescence change at the burst.  fore, the magnitude of the fluorescence changes that are

Fluorescence time courses at differentCeoncentrations
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Ficure 8: Interfacial binding region of AppD49. The structure of

] ) AppDA49 is shown [LVAP Z1)]. The protein is oriented such that
FiGure 6: Reciprocal ofr for W31 as a function of log[C¥]. the plane of the membrane is perpendicular to the page and below
The conditions were the same as for the data depicted in Figure 5.the molecule. The peptide chain is rendered as a ribbon. The bound
These results were analyzed as described in the legend of Figureczt ion is the light blue sphere. Lysine residues (K7, K10, and

log[Ca?*]

2. The solid line was calculated using eq 3 witKg of 80 uM. K11) that are responsible for binding to anionic vesicles are rendered
The broken line was calculated assuminé#, of 1.9 mM, the in sticks and colored in CPK. The three Trp residues are rendered
value obtained for the enzyme in solution (see Table 1). as space-filling molecules, colored cpk, and labeled. In this

orientation, Trp21 and Trp119 are at the base of the molecule and
point toward the membrane while Trp31 is located near the center
of the protein, close to the bound €aion. The location of the
C&" ion was modeled using the structure of tNe naja atra
enzyme [1POB 33)].

of K¢* of less than 3uM, almost 1000-fold lower than that
observed for the free enzyme. At aaoncentration of
60 uM, the maximum change in fluorescence is observed.
At this concentration, the inactive enzyme binds insignificant
levels of C&", but upon activation, the enzyme binds near-
saturating amounts of €a

Al F343

DISCUSSION
R L B | As with studies on porcine PLA36) and other membrane
® s “ 3 2 proteins 87), the deletion of Trp residues at selected
loglCa®] locations in the protein has proven to be very useful in

Ficure 7: Calcium dependence of the change in W8dorescence  deconvoluting spectroscopic signals. The fluorescence change
ﬁt the burst a? &/:;lectiot:] og calcium. Tlhe (;elativr? change in that occurs upon binding of AppD49 to DPPC LUV appears
Cﬁg;?;%%‘;eersed, ‘s sarfof/vr? agrit%u?,?;{irgﬁ 'gfloé?@;.riem;;';m to emulz_ite primarily from residues Trp21 and Trp119. This
were analyzed according to eq 5, assumirgyaalue of 1.6 mM conclusion is based on the fact that the Wadutant shows
for the inactive form of the enzyme (see Table 1) and a value of a relatively small change in fluorescence upon binding to
1.3 uM for the active enzyme. SUV while both W21F and W119Y proteins exhibit sub-
stantially larger changes in relative fluorescence. The region
of phospholipases that interacts with the lipid surface has
been inferred from electron spin resonance studi€sgnd
crystallographic 2, 21), fluorescence 36, 38, 39), and
biochemical studiestQ, 41) of several small, secreted PLA
enzymes. This region includes an extensive segment of the
_ + amino-terminabi-helix (21) as well as hydrophobic residues
AF = AFma)ACaZ o in the vicinity of the active site3). The studies presented
AF, JCE (K + [CaT]) — 1Ky + [CaT)] (5) here support the involvement of Trp21 and Trp119 in lipid
binding. This result is consistent with the work of Dua et al.
ACa* is the difference in the degree of saturation between (41), who showed that Lys119 is involved in the binding of
the activated enzyme and the inactive enzyme with dissocia-porcine pancreatic PLAto bilayer surfaces, and that of
tion constant&q* and Kq, respectively. The other parameters Sumandea et al2), who showed that Tyr119 is involved
have been defined previously. in the binding ofN. naja atrato neutral vesicles.

The relative changes in fluorescence at the burst were fit  Prior to this study, there has been no direct evidence
to eq 5, and the fitted line is shown in Figure 7. In this showing that the region of AppD49 in the vicinity of residues
analysis,Kq was assumed to be the value obtained for the 21 and 119 was involved with binding to the bilayer surface.
protein in solution. Analysis of these data yielded an estimate Figure 8 shows a molecular model of AppD49, indicating

observed at different calcium concentrations (shown in Figure
7) can be described quantitatively in terms of the dissociation
constants for calcium of the active and inactive forms of the
enzyme, as shown by eq 5.
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the location of the three Trp residues in AppDA49, the location difference in the dissociation constant for the two forms of
of the catalytic C&" ion, and the three Lys residues that are the enzyme. However, the affinity of the bilayer-bound
important for binding to anionic vesicle21). As evident porcine enzyme for G is still substantially lower than the
from this structure, Trp21 and Trpll9 are close to the micromolar dissociation constant found for the activated
N-terminal interfacial binding region and thus could partici- enzyme in this study. It therefore follows that upon activation
pate in lipid binding. Since the binding properties of the an additional enzyme structural change occurs or a new
mutant proteins are similar to those of the wild-type enzyme, protein-lipid complex is formed. This new form is charac-
the specific contribution of tryptophan residues at positions terized by its high affinity for calcium and its increased
21 and 119 to membrane binding must be small. However, catalytic ability. It should be noted that formation of this
the presence of a hydrophobic residue at these positions mayighly active form occurs simultaneously with or just
play a significant role in binding to the membrane. subsequently to large morphological changes in the bilayer

During the hydrolysis of DPPC LUV by AppD49, there Promoted by product accumulation.
is a large change in Trp fluorescence that occurs simulta-
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