12400 Biochemistryl997,36, 12400-12411

Gossypol Modification of Ala-1 of Secreted Phospholipase A Probe for the
Kinetic Effects of Sulfate Glycoconjugates

Bao-Zhu Yut Joseph RogersGirish Ranadivé, Sharon Bake?,David C. Wilton§ Rafael Apitz-Castrd,and
Mahendra Kumar Jairn®

Department of Chemistry and Biochemistry, ubsity of Delaware, Newark, Delaware 19716, Department of Biochemistry,
University of Southampton, Bassett Crescent East, Southampton SO167PX, U.K., and Thrombosis Laboratory, IVIC,
Caracas, Venezuela

Receied December 4, 1996; Rised Manuscript Rece¢d June 19, 1997

ABSTRACT. Gossypol is shown to covalently modify secreted phospholipas@?BA2) in the aqueous

phase, but not at the interface. A rapid initial noncovalent binding of gossypol is followed by a slow
covalent modification of the.-amino group of Ala-1 by stoichiometric amounts of gossypol. The rate of
modification increases in the presence of calcium, but occupancy of the substrate binding site does not
alter the rate. Pancreatic PLA2 is modified at tke@mino group of the N terminus to form a Schiff

base, which can be stabilized by reduction with borohydride. Residual activity of the gossypol-modified
PLA2 from several different sources is about 10%, indicative of impaired catalytic turnover. The half-
time for the inactivation is about 10 min, and it is more than 100-fold longer for PLA2 at the interface.
Gossypol promotes binding of PLAZ2 to the interface, and the binding of PLA2 to the interface promotes
only the noncovalent binding of gossypol, but not the covalent modification. Gossypol, in conjunction
with spectroscopic and kinetic protocols, is used to characterize the kinetic effects of sulfated
glycoconjugates, heparin and artery wall proteoglycans, with human inflammatory and pancreatit PLA2.
The conjugates do not interfere with the binding of PLA2 to the interface or with the catalytic cycle at
the interface. The conjugates do not influence the kinetics of modification of PLA2 by gossypol in the
agueous phase, and the enzyme at the interface is not modified in the presence of the conjugates. The
conjugates bind to PLA2 at the interface with only a modest effect on the interfacial catalytic turnover
without dislodging the bound enzyme. Complex kinetic effects induced by the conjugates are shown to
be due to sequestration of PLA2 in the aqueous phase as a high-molecular mass complex, which dissociates
with added NacCl.

The enzymes of 14 kDa phospholipasg(RLA2) family general, and of PLA2 in particular (Gelb et al., 1995), are
are secreted from pancreas, venoms, and inflammatory celldifficult to evaluate in terms of the underlying kinetic
in response to a variety of stimuli. For example, elevated mechanisms because observed activities of interfacial en-
levels of hiPLA2 in the circulation are associated with zymes are modulated by factors not directly associated with
inflammatory conditions (Vadas, 1993), including pancreatitis the catalytic turnover cycle (Verheij et al., 1981, Jain & Berg,
(Nevalainnen & Gronroos, 1994), and certain surgical 1989). To understand possible mechanisms through which
procedures involving heparin administration such as car- the activity of PLA2s is controlled and regulated, and to
diopulmonary bypass (Nakamura et al., 1995). Metabolic identify possible kinetic artifacts, we (Jain et al., 1995) have
roles and biochemical functions of interfacial enzymes in developed protocols and controls to characterize interfacial

kinetics as
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"vic. the interface (E to E* equilibrium) determines the effective

® Abstract published il\dvance ACS Abstract§eptember 15, 1997. rate of catalytic turnover (Berg etal., 1991), because changes

1 Abbreviations: AMPA, peramidinated PLA2 from bovine pancreas; . sl . : .
deoxy-LPC, 1-hexadecylpropanediol-3-phosphocholine;FiE 1,2- in the E to E* equilibrium change the residence time of the

diacylglycerosn-3-phosphocholine; DM, 1,2-dioctanoylglycersn- enzyme at the interface (Jain & Berg, 1989). In addition, a
3-phosphomethanol; DMPM, 1,2-dimyristoylglyceso3-phospho-  slower rate of substrate replenishment on the enzyme-

methanol; DTPM, 1,2-ditetradecylglyceso-3-phosphomethanol; DNS- - : : limiti :
DTPE, N-dansylated 1,2-ditetradecylglycare 3-phosphoethanolamine: containing interface, relative to the rate-limiting chemical

g-PLA2, pig pancreatic PLA2 modified with gossypol and then reduced St€P, also |?ad3 to anomalous kinetic effects WiFh r_niXEd
with borohydride; 2H-GPC, 2-hexadecylglycerak-3-phosphocholine; micelles (Jain et al., 1993a). If the exchange equilibria are

hiPLA2, phospholipase secreted by human inflammatory cells; HPC,  constrained, it is possible to obtain kinetic results useful for

hexadecyl-1-phosphocholine; hsPG-I and -Il, heparan sulfate-conjugated . . . -
proteoglycans from human aorta; i-face, face of PLA2 that interacts Un€duivocal mechanistic interpretation (Jain et al., 1995).

with the interface during catalysis; iso-ppPLA2, natural isozyme of For example, if substrate and products do not exchange and
PPPLAZ; MJ33, 1-hexadecyl-3-(trifluoroethyl)glycerae-2-phospho- if the binding of enzyme to the interface is of high affinity,

methanol; MJ72, 1-octyl-3-(trifluoroethyl)glycesn2-phosphometha- * _
nol; PLA2, secreted phospholipase ApPLA2, phospholipaseArom the E to E* step becomes a pre-steady state step for the

pig pancreas; PNBrp-nitrophenacyl bromide (2-bromd-ditro- interfacial catalytic turnover in the highly processive scooting
acetophenone). mode, where only the substrate on the enzyme-containing
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CHO  OH OH cHo Table 2: Half-Times for the Modificatichof ppPLA2 by PNBr and
PSS w O S
PNBrt gossypot RA
oY 7 CHj Hy Z ou experiment conditions  (min) (min) (%) form
HsC: CHj HsC CH; 1. 13 mM EGTA 3 554 <10 E
. 2. 5mM Ca 100 7 <10 ECa
Ficure 1. Gossypol. 3 16mM 7 ~1000 80 E*
- — - — deoxy-LPC
Table 1: Half-Time of Inactivation and Residual Activity of PLA2s 4. Ca+ 1.6 mM 100 >1000 80 E*Ca
by Gossypol in a 1:8 Mole Ratio dexoy-LPC
source half-time (min) residual activity (%) S. l.(SZIT'\(/‘lPC S >1000 80 FE*
pig pancreas 6 22 6. 2H-GPC+Ca 1060  >1000 80 E*Ca
pig AMPA 15 17 7. 0.1 mMm 100° 10 <20 ECal
bovine PLA2 15 30 PC8-ether
bovine AMPA 9.4 6 8. 8uM MJ33 14 5 80 ECal
pig A1G AMPA 3 1 9. 0.2 mM MJ72 15 10 80 f£al
A. halys blomhoffi 12 7 10. 3mM 185 50 E*Cal
bee venom 8.5 10 PC8-ether
hiPLA2 1.2 10 11. 0.1 mM 43 >1000 80 E*Cal
V3W hiPLA2 2 10 PC8-ethert
1M MJ33
vesicles is hydrolyzed during the course of the reaction 12 0-}3@2" thert 30 >1000 70 E*Cal
progress. This permits determination of the primary rate and SﬂM'TVI i
equilibrium constants for the catalytic turnover (Berg et al., 13. deoxy-LPG- 80  >1000 80 E*Cal
1991; Jain et al., 1995), useful for interpretation of observed 5uM MJ33

kinetics (Jain & Berg,. 1989; Gelb et al., 1995).- In this paper, a Gossypol:PLA2 mole ratio of 11; PNBr:E mole ratio of 5000. RA

we use such analysis to resolve complex kinetic effects of (residual activity) is for the gossypol-modified enzyme, obtained from

gossypol and sulfated glycoconjugates on PLA2. curve fitting (Figure 2)° The values are at 5 mM Ca. In experiments
(a) First (Figures 5 and Tables 1 and 2), we show that 8-13, the calcium concentration is 0.5 mM.

a stoichiometric amount of gossypql _inaptivates PLA2_ inthe EXPERIMENTAL PROCEDURES

aqueous phase by covalent modification of t@mino ) ) . .

group at the N terminus. The modification of PLA2 (E) by =~ Recombinant hiPLA2 expressed in a Chinese hamster

gossypol (G) is a two-step process where the initial rapid ovary cell line was kindly provided by J. Browning (Biogen,

noncovalent binding to form 46 is followed by Schiff base ~ Cambridge). The V3W mutant of hiPLA2 was constructed

(E=G) formation: and characterized as described (Othman et al., 1996). AMPA
and semisynthetic Ala-1-Gly AMPA, the peramidinated
(fast) (slow) (irreversible) derivatives of PLA2, were provided by A. Slotboom (Utre-

E+G=—E&G E=G + NaBH, cht). ppPLA2 (Jain et al., 1991b), pro-ppPLA2 and iso-

EG (org-PLA2) (2)  ppPLA2 (Jain et al., 1988), DMPM (Jain et al., 1986), MJ33
(Jain et al., 1991b), 2H-GPC (Jain et al., 1991a), DNS-DTPE
(Jain & Vaz, 1987), DEPM, DCsPM-ether, and DEPC-
ether (Jain et al., 1986; Rogers et al., 1992, 1996) were
prepared as described. BERC was from Avanti.

Chondroitin sulfate A (Sigma C7571), 4% hepafin
agarose (type 1), and three grades of heparin from pig
mucosa were obtained from Sigma: 1-A (H3393), un-
bleached crude (H5515), and low-molecular mass (LMW,
H3400). A sample of higher-molecular mass (HMW)
heparin was kindly provided by J. Harmony. Several batches
of hsPG-1 and hsPG-Il from human aorta, prepared as
described by Hurt-Camejo et al. (1990), were kindly provided
by F. Lopez (IVIC, Caracas). Typically, the hexuronate

B o= Ef — +S_> E* 4 p content of hsPG-I was about 30 wt %, and that of hsPG-II
was 60 wt %. The concentrations are given on the protein
\ ” @) mass basis. Qualitatively, the behavior of heparin and hsPGs
NaCl . . .
EHp<—=EH =" E was comparable in assays of the type shown in Figure 7 and
Table 4; however, most of the studies were carried out with
Binding of heparin to PLA2 at the interface to form E*H hsPG-I and LMW-heparin (H3400 from Sigma). Note that
has only a modest effect on the intrinsic interfacial catalytic both of these preparations are microscopically heterogeneous.
turnover (last step). On the other hand, PLA2 preincubated Heparins are sulfated oligosaccharides secreted by certain
with heparin does not show a significant turnover. The origin inflammatory cells. On the other hand, arterial wall hsPGs
of this apparent inhibition is due to the aggregation tendency contain somewhat different sulfated oligosaccharide heparan
of the heparir-enzyme complex in aqueous phase, EH, to repeat units conjugated to peptide chains. The peptidogly-
form a stable high-molecular mass complex, \Ewhich cans are solubilized during isolation; however, they tend to
makes PLAZ2 virtually inaccessible for interfacial catalytic form insoluble aggregates on repeated lyophilization or
turnover. freezing-thawing cycles.

The Schiff base reduced with borohydride gives a stable
modified enzyme with about 5% residual activity. Since
PLA2 at the interface is not inactivated, gossypol is a useful
chemical probe for monitoring binding of the enzyme to the
interface.

(b) In the rest of this paper, we develop a kinetic basis
for the apparent inhibition of PLA2-catalyzed hydrolysis
under certain conditions by sulfated glycoconjugates. The
conjugates do not significantly change the kinetics of
inactivation by gossypol. Complex effects of heparin and
conjugates on the PLA2 kinetics are rationalized in terms
of the following equilibria:
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Table 3: Characteristic Equilibrium Parameteia the Complexes cacodylate buffer with 0.1 M NaCl at pH 7.3 and 2G.

of V3W hiPLA2 For certain studies, the reaction mixture also contained

Vaw calcium, deoxy-LPC, and competitive inhibitors of PLA2.

parameter hiPLA2 ppPLA2  iso-PLA2 The progress of inactivation by gossypol or PNBr was

- . monitored by measuring the residual PLA2 activity with a
:gz((“gﬂg?; ?ni,%rm) ) 35%(0'7) 2% ©.79) 8213 ©.72) fluorescent substrate (Yu et al., 1993). The half-time for
Iso(3K-heparin) fg) 3.2(0.75) 13(0.73) 800 (0.73) inactivation was obtained with a nonlinear fit of the residual
I5o(NaCl) (mM) 330 25 30 activity to a single- or double-exponential decay. Spectral
Ks‘é(gfon)e 113 6.5 109 changes in the initial phase of the inactivation of PLA2 by
E + heparin 26 375 9.4 gossypol were similar to those observed with the reaction

E + hsPG-l 3.2 4.4 7.8 products of gossypol with polylysine or phenylalanine.

E+ DTPM (E*L) 0.7 03 0.4 Characterization of g-PLA2, the Peramidinated ppPLA2

a|(heparin) is the concentration of heparin (micrograms per 1.4 Covalently Modified by Gossypolg-PLA2 was prepared
mL) for a 50% change in the fluorescence obtained as in Figure 10A. by incubating 2 mg of bovine AMPA with a stoichiometric
Isf(NaCl) is the concentration of NaCl (millimolar) for a 50% increase 5 ount of gossypol (1:1.2 mole ratio) in 0.4 mL of 10 mM
;g:gigﬁggﬁgge;gfy,g;'geF}g“fe 108vis the StermVolmer consiant EPES and 0.5 mM Caght pH 8.0 and 23C. After 3 h,
the mixture was cooled in an ice bath and treated with a
100-fold molar excess of sodium borohydride with stirring
for 1 h. The mixture was dialyzed against the same buffer

Table 4: Elution Times(Minutes) for Heparin on a TSK-250

HPLC Column and then concentrated by ultrafiltration (Novacell with a 1K
no added salt with 0.48 M NaCl cutoff filter). It was purified by HPLC on a Vydec-C4
heparin  alone with ppPLA2  alone  with ppPLA2 column i a 0 to 85%acetonitrile linear gradient (30 min at
unbleached 5.0 5.0 7.4/11.15 10.3 1 mL/min) in 0.1% trifluoroacetic acid in water. The
i;\ﬁ\w 55-714 553 ;56 115).43 modified enzyme, g-PLA2, eluted at 35.9 min, compared to
MW 174 %1 8.65 103 29.9 min for the unmodified enzyme. When the reaction

mixture without reduction with borohydride was applied to

2 Elution was carried out with a flow rate of 1 mL/min with 0.5  the HPLC column, the time at which AMPA eluted was
Qmi&a%?s? mM phosphate buffer at pH 7.0ppPLA2 (complex) unchanged due to reversal of the Schiff's base formed in

the first step (eq 2). Control runs without gossypol showed

Phospholipid dispersions were prepared in water at that borohydride reduction and related manipulations had
concentrations of 1630 mg/mL, and the stock solution was little effect on the elution profile or activity of AMPA.
diluted in an appropriate medium. Kinetic measurements The homogeneity of g-PLA2 obtained from AMPA was
by pH-stat titration (Radiometer or Metrohm) were carried further checked by FPLC on an anionic MONO-S column
outin 4 mL of 1 mM NaCl and 0.5 mM Caght pH 8.0 in where it eluted in 6 min (compared to 15 min for AMPA)
polypropylene cups (Jain et al., 1986). The kinetic basis in a 0 to 0.8 MNaCl gradient in 10 mM acetate buffer at
and experimental protocols for interfacial catalysis in the pH 5.0. The molar extinction coefficient of g-PLA2 was
highly processive scooting mode by PLA2 (Berg et al., 1991; 85680 M cm™ at 260 nm;Ey,, = 69 at 260 nm and;s,
Jain et al., 1995) have been described for the reaction= 29.6 at 280 nm, compared to thgy, value of 13 at 280
progress on DMPM vesicles by the pH-stat method (Jain et nm for AMPA. The stability of g-PLA2 during dialysis and
al., 1986; Berg et al.,, 1991), kinetic characterization of HPLC suggests that after reduction a stable linkage is formed
competitive inhibition (Jain et al., 1991b, 1995), determi- between a gossypol molecule and a PLA2 molecule. The
nation of the equilibrium dissociation constants of ligand catalytic activity of g-PLA2 was 210% of the activity of
bound to PLA2 at the interface by the protection from AMPA in the various assays (Jain et al., 1991a, 1995; Yu et
alkylation of the active site histidine by ligand (Jain et al., al., 1993); however, g-PLA2 was not kinetically characterized
1991a), and measurement of residual PLA2 activity in the further.
covalent modification experiments with fluorescent substrate ~ Gel Filtration Studies HPLC measurements were carried
(Yu et al., 1993). Binding of PLA2 to the interface was out on ISCO or Rainin hardware with appropriate columns.
monitored as a change in the intrinsic fluorescence emissionThe TSK-250 gel permeation column gave very reproducible
from Trp-3 of PLA2 (Jain et al., 1982, 1986; Ramirez & results. TSK-4000 and GPC-100 columns also gave com-
Jain, 1991) or as the energy transfer to a dansyl fluorophoreparable results under certain conditions, but could not be
localized in the interface (Jain & Vaz, 1987). Fluorescence used under the whole range of conditions of interest.
measurements were carried out on a SLM-Aminco AB2 Although the matrix of the TSK columns is anionic and
apparatus with slit widths of 4 nm each. UVisible shows ion exchange properties, this was not a serious
absorbance measurements were carried out on an HP845problem for monitoring the molecular sieving characteristics
diode array spectrophotometer. Unless indicated otherwise because heparins are anionic. Retention times for PLA2 and
all spectroscopic measurements were carried out at pH 8.0heparin on the TSK-250 column were monitored as absor-
in 10 mM Tris-HCl at 23-24°C. Specific conditions used bance (at 220 nm) and fluorescence (excitation at 280 nm
for these measurements are given in the figure legends. Orwith emission at 345 nm). All samples of heparins showed
the basis of standard deviations, uncertainty in primary a weak UV absorbance with no detectable fluorescence,
experimental data is 10%, and 30% in the derived parameterswhereas PLA2, other than hiPLA2, gave the absorbance and

Modification of PLA2 by GossypolThe time course of  fluorescence signals confirmed by the activity assay. Typi-
covalent modification of PLA2 by gossypol was monitored cally, the column was equilibrated at room temperature with
in an incubation mixture containing varying mole ratios of 0.5 mM CaC} and 5 mM KHPO, buffer at pH 7.0. Elution
gossypol to PLA2 (typically 0.20.4uM enzyme) in 0.1 M was carried out in the same buffer after injection of up to
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Ficure 2: Time course for the inactivation of ppPLA2 by gossypol 60
in the presence of 0.5 mM (open circles) or absence (closed circles) ’
of calcium. The incubation mixture (36L) contained 100 mM 50 -
cacodylate buffer at pH 7.3 and 28 with 0.2uM ppPLA2 and B
1.6 uM gossypol. The dashed line is a single-exponential fit, and T 40
the full line is a double-exponential fit for the data in the presence <
of calcium. Values of the inactivation half-times reported in this 230
paper are those obtained with a single-exponential fit and are 1‘;
therefore approximate. Note that a single-exponential fit is adequate T 2
with AMPA (results not shown; however, see the text for a 0
discussion). r
. . . . —_._/4
20 ug of PLA2 preincubated with the indicated amount of o . \' s .
heparin in 2QuL of buffer. The column was calibrated with ° 1 Lf,g ca] - 4 5

several proteins at an elution rate of 1 mL/min with the _ . o
uncertainty in the retention times of less than 0.1 min: 2000 FIGURE3: (A) Dependence of the residual activity after inactivation
kDa blue dextran (4.64 min), 440 kDa ferritin (6.2 min), o; ppPLA2 or (m_set) of the c_orrespondln_g half-times as a function
! . » of the gossypol:ppPLA2 (G:E) mole ratio in the presence of 0.5
158 kDa aldolase (5.2 min), 66 kDa bovine serum albumin mm calcium (open circles) or in the absence of calcium (closed
(7.88 min), 18.4 kDa lactoglobulin (9 min), 13.9 kDa circles). (B) Dependence of the half-time for inactivation of ppPLA2
ppPLA2 and other PLA2s (10.3 min), and 12.4 kDa by gossypo! _(G:E= 11) as a_fun_ction of the calcium concentration.
cytochromec (11.2 min). Comparable studies could not be Other conditions were as in Figure 2.
carried out with hsPGs because they show a strong fluores- ) o o
cence, tend to aggregate, and have a broad distribution of The rate of inactivation is more rapid in the presence of
molecular species in the 100 kDa range. calcium (Figures 2 and 3B). The apparent affinity for the
effect of calcium on the inactivation half-time is about 0.06
RESULTS mM (Figure 3B), compared to the dissociation constant of
As outlined in the introductory section, this section 0.35 mM for the enzyme in the aqueous phase or 0.25 mM
describes two sets of studies. First, we show that inactivationat the interface (Jain et al., 1991a; Yu et al., 1993). These
of ppPLA2 by gossypol is due to covalent modification of results show that the affinity for calcium increases/sfold
the a-amino group of Ala-1 (eq 2). The fact that the in the presence of gossypol. The converse is also true; i.e.,
modification is not seen with PLA2 bound to the interface enhanced binding of gossypol to PLA2 is seen in the
is consistent with the consensus that the N terminus is a partpresence of calcium. For example, gossypol quenches the
of the face of PLAZ2 in contact with the substrate interface Trp-3 fluorescence emission intensity of ppPLA2 im-
during the catalytic turnover (Jain & Maliwal, 1993), which mediately after mixing, and the intensity does not change
we call the i-face (Ramirez & Jain, 1991). In the second after that. According to the two-step mechanism (eq 2),
part, we use gossypol as a probe, in conjunction with other jnstantaneous quenching of Trp-3 by gossypol is due to the
protocols, to show that sulfated glycoconjugates bind to & noncovalent binding, which precedes slower covalent inac-
site on PLAZ that is not the i-face or the catalytic site. tivation (Figure 2). The emission intensity after the rapid
K|net_|cs .Of Inactiation of ppEL_AZ by GossypolAs noncovalent binding of gossypol depends on its concentration
shown in Figure 2, the loss of activity of ppPLA2 incubated (Figure 4). A high affinity for the noncovalent binding of

with gossypol is time-dependent. About 70% of the inac- A
tivatign ofyt%e native enzF))/me is adequately doescribed by agossypol to PLAZ is indicated by the fact that the gossypol
concentration used for these measurements is comparable

single-exponential decay, and the balance can be fitted to at -
: : - o that of PLA2. Also the apparent affinity depends on the
second exponential, suggesting that additional groups are resence of calcium. For Fe)?(ample i ayreaition mixture

modified at a somewhat slower rate in the presence of exces L R
gossypol (see below). These results suggest that modificatiorFnt&ining 2.6:M ppPLA2, 50% quenching is seen at about
of one or more amino groups may be responsible for the 4 #M gossypol in the presence of calcium, and at about 18
reduced PLA2 activity. As shown in Figure 2, a rapid single- #M in EGTA. Note that the quenching efficiency of
exponential decay completely describes the inactivation of 30ssypol is virtually the same for the ECa form as it is for
bovine AMPA in which only the N terminus amino group the E*CaP form (Figure 4). Similar results were obtained
is free. As shown in Figure 3A for ppPLAthe half-time ~ Wwith DTPM, the nonhydrolyzable ether analog of the
for inactivation does not change when G:E2, and the substrate. Note that E*CalL forms of PLA2 are not co-
residual activity of the modified enzyme was less than 10%. valently modified by gossypol, although both bind gossypol
Comparable results were obtained with bovine AMPA. and are modified in the aqueous phase.
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Ficure 4: Relative fluorescence emission intensity of ppPLA2 (2.6 100 !
uM) immediately (5 s) after the addition of gossypol. The reaction
mixture contained 10 mM Tris at pH 8.0 (dots) in the presence of _ ggt
1 mM EGTA (E form) or (open circles) 0.5 mM CaQECa form) ®
alone or with (closed triangles) 0.4 mM DMPM (E*CaP form). > T
3 60 3
Inactivation of the amino group at the N terminus of g H
PpPLA2 by gossypol is a two-step process (eq 2) in which § 40 )
the initial rapid noncovalent binding is followed by Schiff 2 <
base formation with the amino group of the N terminus with € 20
a half-time of about 5 min in the presence of calcium (Tables B
1 and 2). Results in Figures-2 show that only the E or

ECa form of the enzyme in the aqueous phase is covalently
modified by gossypol, and the E* or E*L forms with or
without calcium (where = P, S, or I) are not modified by

with a half-time of>20 min, may occur at high G:E ratios,
binding is indicated by the observation that the kinetics of

modification are not limited by the concentration of free
gossypol to the enzyme, as well as by the rapid quenching.

o B 1 1 i 1
00 02 04 06 08 10
[deoxy LPC] (mM)

12

14 16

Ficure 5: (A) Time course for inactivation by gossypol of ppPLA2
L o\ . by gossypol in the (from the top down) E*I form (£ 0.4 mM
gossypol. Note that modification of additional amino groups, geoxy-LPC+ 8 uM MJ33; closed circles), E* form (B- deoxy-
LPC; open circles), and EL form (E MJ33; open triangles). (B)
which we have not characterized. The rapid noncovalent Residual activity (circles) and inactivation half-times (triangles) for
ppPLA2 by gossypol (G:E= 11) as a function of deoxy-LPC
concentration. In both cases, other conditions were as in Figure 2

with 0.5 mM Ca.

The fact that the slower Schiff base formation step is modification of ppPLA2 is reduced by 50% on modification
facilitated by calcium suggests that a significant change at by gossypol, and the intensity does not change appreciably
the N terminus is induced by calcium, which enhances the on the denaturation of the enzyme under reducing conditions
apparent affinity of gossypol. This is an intriguing observa- in dodecyl sulfate micelles or ima8 M urea solution. (g)
tion, not only because the kinetics of gossypol modification |n addition, modification of ppPLA2 or AMPA by gossypol
are not influenced by the occupancy of the active site of the is accompanied by spectroscopic changes consistent with the
enzyme in the aqueous phase but also because, as also showsrmation of a Schiff base. The time-dependent increase in
below, inactivation by gossypol is completely blocked if the the absorbance at 400 nm is seen during the incubation of
enzyme is bound to the interface. These results suggest aAMPA with gossypol, and the half-time for the absorbance
complex interplay of catalytic and interfacial binding events change was the same as that measured by the assay of the
through calcium, as also suggested by detailed kinetic residual activity (cf. Figure 2). The value of the molar
analysis (Yu et al., 1993; Jain et al., 1993b) and site-directed extinction coefficient for E=G at 400 nm, compared with

mutagenesis (Huang et al., 1996).

that of a reference standard prepared with phenylalanine,

Inactivation of ppPLA2 by Gossypol Occurs through Schiff suggested that only one gossypol moiety is incorporated per

Base Formation witha-NH, of Ala-1. Evidence that

14 000 Da of ppPLA2 (AMPA). The absorption maximum

gossypol interacts with the amino group at the N terminus at 400 nm disappears on reduction & with borohydride,

and forms a Schiff base,=EG in eq 2, is based on the

and the product is stable under HPLC conditions (Experi-

following observations. (a) Peramidinated PLA2, AMPA, mental Procedures). Although dialdehydes can form mor-

which has no other free amino group exceptdhamino of

pholino derivatives with a single amino group (King &

Ala-1, is inactivated by a single time-dependent process Colman, 1983), it is unlikely with gossypol due to the
(Figure 2). (b) AMPA is maximally inactivated by less than constraints of the ring size and geometry.

Gossypol Does Not Inactite PLA2 at the InterfaceAs

2 equiv of gossypol (cf. Figure 3A). (c) The reaction product
of ppPLA2 or AMPA with gossypol is stabilized after

shown in Figure 5A, the time course of modification of

reduction with borohydride (Experimental Procedures). (d)
The single free amino group in AMPA, which is modified
by dansyl chloride, is not free in AMPA treated with
gossypol. (e) The time-dependent loss of activity of ppPLA2
is not seen with gossypol pretreated with borohydride. (f)
Localization of the gossypol moiety in the vicinity of the
Trp-3 residue of ppPLA2 is also indicated by the fact that
the emission intensity at 333 nm from the binding and

ppPLA2 by gossypol changes dramatically in the presence
of deoxy-LPC, a neutral diluent (ND). Recall that ppPLA2
binds to aqueous dispersions of deoxy-LPC, and the active
site of the bound enzyme remains unoccupied in the absence
of added mimics (Jain et al., 1991b). This permits dissection
of two sequential equilibria:

E+ND=FE*+L=E*L 4)



Interaction of Heparin and Gossypol with PLA2

At the ND interface, PLA2 is present only in the E* form,
and both E and E* forms are alkylated by PNBr (Jain et al.,
1991b). If a mimic (L= S, P, or |) is also present in the
interface, the equilibrium shifts toward the E*L form, which
is not alkylated by PNBr.

Results in Figure 5A show that only the E form is modified
by gossypol and that E* and E*L forms are not. Results
summarized in Figure 5B show that the inactivation time
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by the occupancy of the active site, as in the EL form of the
enzyme in the agueous phase. Also, the gossypol-modified
enzyme retains 210% of the residual activity. Next, we
use gossypol to probe the basis for the kinetic effects of
sulfated glycoconjugates and to resolve certain mechanistic
alternatives, implied in eq 3, that can lower the observed
rate of hydrolysis by secreted PLA2 under certain conditions.
Polyanionic Sulfated Glycoconjugates Reduce the Rate of

and the residual activity increase with increasing concentra- Hydrolysis of DGPC Micelles by PLA2.The rationale for

tions of deoxy-LPC, and virtually complete protection is seen

a detailed analysis of the effect of heparin and related

at saturating concentrations above 0.15 mM. The initial steep conjugates on PLA2-catalyzed hydrolysis comes from a
dependence of the residual activity on deoxy-LPC concentra-variety of observations. PLA2s retained on an immobilized
tion extrapolated to the maximum residual activity suggests heparin-agarose column are eluted with 6.1 M NacCl

that, at subsaturating concentrations of deoxy-LPC, PLA2 (Diccianni et al., 1990, 1991a). A role for electrostatic

forms a stoichiometric complex with the diluent and only

interactions during interfacial catalysis is indicated by the

excess enzyme remains free to be modified by gossypol.fact that anionic charge at the substrate interface promotes
These results are apparently surprising, yet consistent withbinding and hydrolysis by PLA2 (Jain et al., 1982; Ramirez

eq 4. Our earlier results showed that the affinity of PLA2

& Jain, 1991). Thus, lower rates in the presence of heparin

for deoxy-LPC in the absence of an active site-directed mimic are attributed not only to reduced binding of PLA2 to the
is rather poor (Jain et al., 1991a,b, 1995), and the dissociationinterface (Peers et al., 1987) but also to competitive inhibition

constant for ppPLA2 from the interface decreases by 40
60-fold, from 1.6 to 0.02 mM, in the presence of an active
site-directed substrate mimic (Jain et al., 1993b).

(Dua & Cho, 1994) and allosteric modulation via the N
terminus (Diccianni et al., 1991b). Indeed, there are several

Gel possible ways in which the rate of interfacial catalysis can

permeation studies on TSK-4000 also showed that the PLA2/be reversibly lowered (Jain & Jahagirdar, 1985; Gelb et al.,
ND mixture eluted as a high-molecular mass species only 1994), and traditional assays used for earlier studies do not

in the presence of gossypol or MJ33. In short, gel

distinguish such possibilities. The mechanistic basis (eq 3)

permeation studies and the inactivation kinetics studies of the kinetic effects of heparin and proteoglycans, hsPG-I

suggest that the binding behavior of theGEcomplex of
ppPLA2 for the interface is comparable to that of the EL

and -Il from human aorta, is resolved below.
The rate of hydrolysis of micellar DEC by hiPLA2

complex; however, results described next show that, unlike decreases in the presence of several sulfated glycoconjugates

MJ33, gossypol does not bind to the active site of PLA2.
Results in Figure 5 and Table 2 show that the E* or E*L
form of PLAZ2 is not modified by gossypol, while virtually
no protection is seen in the EL form. Results in Table 2
also show that catalytic His-48 in the E or E* form is readily
alkylated by PNBr, but the #£a, E*Ca, E*Cal, and ECalL
forms are not alkylated [see Yu et al. (1993)]. Results in
rows 1-6 show that gossypol modifies the E and ECa forms
but not the E* or E*Ca forms. On the other hand, the half-
time for the alkylation of His-48 is virtually the same in the
E or E* form, and it is at least 50-fold higher for the ECa,
ECal, E*Ca, and E*CalL forms (Jain et al., 1991a; Yu et

(Figure 6A). An about 95% loss of activity is seen with
hsPG-I and -II, and in both cases, a 50% reduction in the
rate is seen at about 18 in 4 mL of reaction mixture. The
percents of reduction in the observed rate wighgof hsPG-I

for the hydrolysis of DGPC by PLA2 from the following
sources are as follows: hiPLA2 (25%), ppPLA2 (20%),
venoms of bee (34%)\aja melanoleucdE2 (33%), the
Agkistrodon halis blomhoffacidic (55%) and basic enzymes
(10%),Hemachatus hemachat(0%), Vipra rusellii (11%),
Cortalus adamenteu®2%), and\otachus scrutatur(iL1%).
These results show that the hydrolysis by all the three
evolutionarily divergent classes of PLA2 is influenced by

al., 1993). Protection from gossypol is not observed in the hsPG-I.

ECaL form for mimics (rows #9, Table 2) such as DE

The concentration dependence of HMW-heparin on the

PC, MJ33, or MJ72 present as solitary monomers in the rate of hydrolysis of D@C shows two steps (Figure 6A);

incubation mixture below their critical micelle concentration.
As expected, the half-time for alkylation by PNBr was

about 40% of the activity is lost at 208y of HMW-hepatrin,
and then a less pronounced effect is seen at higher concen-

modified under these conditions due to the occupancy of thetrations. All commercially available heparin showed only a

active site. Particularly striking are the results in rows-10

modest effect on the ppPLA2 or hiPLA2, comparable to that

12, where the half-time for inactivation by gossypol increases seen with chondroitin sulfate (Figure 6A); i.e., the initial

significantly, even though both EC-ether and inhibitors

sharp decrease is not seen. In fact, a modest increase in the

are present below their cmc, which provides an independentrate was seen at low concentrations of some preparations of

confirmation for the formation of E*L, also seen with

heparin [see also Sartipy et al. (1996) and a personal

spectroscopic and kinetic methods (Rogers et al., 1992,communication of M. H. Gelb]. While it is tempting to

1996).
To recapitulate, E or EL forms of ppPLA2 are inactivated
by gossypol. E* and E*L forms are not, even though

interpret the lower rates as a case of simple “competitive
inhibition” (Dua & Cho, 1994), detailed analysis of the
kinetic effects developed below shows that the underlying

gossypol binds to these forms. Since gossypol modifies the process is far more complex. In terms of eq 3, the apparent

a-amino group of Ala-1, it may be concluded that in E*

loss of activity is due to the formation of a complex of PLA2

and E*L forms the amino group becomes inaccessible for with the conjugate in the aqueous phase, EH ang &Hich

the modification. Although the kinetics of modification

can bind only an exchangeable substrate, such agOC

depend on the presence of calcium, the independence of théo support hydrolysis. An interfacial complex, E*H, is

gossypol modification from events of the catalytic site is

possibly formed with heparin added to the enzyme at the

shown by the observation that the kinetics are not influenced interface; however, it is catalytically functional. As shown
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sulfate A. (B) Residual activity of ppPLA2 (3 pmol) on 0.3 mM
DCgPM as a function of hsPG-II with 1 mM (open circles) or 500

mM NaCl (closed circles). In both cases, reaction progress was

monitored by pH-stat titration at pH 8.0 and 2@ in 4 mL of 0.5
mM CaCl and 1 or 500 mM NaCl. Typically, the reaction was
initiated by the addition of the enzyme; however, the order of
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FIGURE 7: Reaction progress curves for the hydrolysis of 0.24 mM
DMPM as sonicated vesicles in 4 mL of 0.5 mM Ca@&hd 1 mM
NaCl at pH 8.0 and 24C. The reaction was initiated with 14 pmol

of ppPLA2 for curves a and b or 36 pmol of V3W hiPLA2 for
curves ¢ and d. The reaction mixture for curves b and d also
contained 2.5ug of hsPG-I. Note that in the scooting mode the
extent of hydrolysis (curve a versus c) depends on the amount of
enzyme.

progress by ppPLA2 (Figure 7, curves a and b). The half-
time increases modestly without a significant effect on the
extent of hydrolysis; i.e., hsPG-I does not promote the
desorption of bound ppPLA2, nor does it promote fusion or
lipid mixing between vesicles. If this were not the case,
additional hydrolysis would be seen under these conditions
[e.g., see Jain et al. (1991c)]. In short, hsPG-I has only a
modest effect on the interfacial catalytic turnover at the
interface; i.e., the activity of E*H is only modestly lower.
Also, heparin did not show a significant effect on the scooting
mode kinetics.

A dramatic effect of the order of addition of hsPG-I on
the hydrolysis of DMPM vesicles is shown in Figure 7
(curves c and d). Although comparable results were obtained

addition of the components showed no significant difference in these With ppPLA2, for comparative purposes, these studies were

two assays.

carried out with the V3W mutant of hiPLA2, which is also
used later for the fluorescence binding measurements. For

below, a dramatic loss of activity and other anomalous kinetic example, if 2.5:g of hsPG-I is added to the reaction mixture

effects are associated with the formation of a high-molecular before the enzyme, virtually no hydrolysis occurs.

mass complex in the aqueous phase,,Bkhich does not
interact with the substrate interface.

hsPG-I Has a Modest Effect on Interfacial Catalysis by
ppPLA2 in the Scooting ModeThe rate of hydrolysis of
anionic DGPM is lower in the presence of hsPG-I, and the
effect is less pronounced in the presence of 0.5 M NaCl
(Figure 6B). Not only is the effect of the conjugate and salt
comparable to that seen with BRC micelles, but the order
of addition of components had little effect with micelles of
DC/PC or DGPM (not shown). In accord with eq 3, activity
is determined by the fraction of enzyme in E* or E*H forms,
whereas the loss of activity is putatively due to the enzyme
sequestered as EH

Results with short chain substrates do not distinguish
between the kinetic effects due to perturbed binding of the
enzyme to the interface, lower intrinsic activity of the E*H
form, or trapping of the enzyme in the EHorm. This

In
contrast, only a modest decrease in the rate is seen if hsPG-I
is added after the initiation of the reaction, that is when the
enzyme is already bound to the interface. Results with a
different sequence of additions (not described here) were
always such that little hydrolysis is seen if the enzyme comes
in contact with hsPG-I before it comes in contact with the
stable DMPM interface; i.e., DMPM vesicles are not
accessible to the EHtomplex in the aqueous phase. Thus,

a large decrease in the observed rate is expected under
conditions where the EHcomplex is preformed in the
aqueous phase. This will have a significant effect on the
rate if the enzyme returns to the aqueous phase during the
course of reaction progress, as is the case with hiPLA2
(Bayburt et al., 1993) but not with its V3W mutant which
binds more tightly to the interface (Othman et al., 1993).
The stability of EH complexes of sulfated glycoconjugates
depends on the nature of the enzyme and the salt concentra-

analysis is possible with the scooting mode kinetics, where tion (see below).

the order of addition of the components also becomes critical.

For example, ppPLA2 remains bound to DMPM vesicles

Sulfated Glycoconjugates Do Not Influence the Binding
of Substrate Mimics to the Aet Site of PLA2 The half-

during the course of the reaction progress in the scootingtime for alkylation of catalytic His-48 of PLA2 is very

mode (Jain et al., 1986, 1995). Thus, an apparent first-ordersensitive to the occupancy of the catalytic site (Jain et al.,

reaction progress (Figure 7, curve a) results because thel991a; Bayburt et al., 1993). Not only is the effect of heparin

reaction ceases as the substrate on the enzyme-containingn the intrinsic catalytic turnover in the interface modest at

vesicle surface is exhausted. hsPG-l has a small butbest, as in the preceding subsection, but independent
significant effect on the first-order course of the reaction measurements also showed tKat, Kcs*, and Kg* values
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Ficure 8: (A) Time course of inactivation by gossypol of the E* 0.70a e ot A ) B
form of ppPLA2 in deoxy-LPC (closed circles) without or (open "0 250 500 750
circles) with 10ug of hsPG-I. The time course for the inactivation [NaCl] mM
of the E form in the aqueous phase in the presence of (open ) o .
triangles) 13Qug of heparin or (closed triangles) 1@ of hsPG-I Ficure 9: (A) Change in the fluorescence emission intensity of

or (diamonds) without any additive. (B) Time course of inactivation V3W hiPLA2 at 345 nm (excitation at 280 nm) as a function of
of hiPLA2 by gossypol in the presence of 1@ of hsPG-I for ~ heparin (reaction volume of 1.4 mL) in 10 mM Tris at pH 8.0:
(open circles) the E or (closed circles) the E* form in the presence (closed circles) high-molecular mass heparin or (open circles)
of 5 mM hexadecylphosphocholine (a neutral diluent for hiPLA2). LMW-heparin and (squares) LMW-heparin in the presence of 0.8
The enzyme:gossypol mole ratio for these measurements was 11M NaCl. (B) Salt concentration dependence of the change in the
Other conditions were as in Figure 2. fluorescence emission from V3W hiPLA2 (square) alone or in the
presence of 13@g per 1.4 mL (open circles) high-molecular mass

for ppPLA2 or hiPLA2 did not change in the presence of heparin or (closed circles) LMW-heparin.

heparin or hsPG-I. Also, calcium-dependé&tvalues for  the fluorescence emission from Trp-3 of the V3W mutant
competitive inhibitors, MJ33 with ppPLA2 (Jain et al., of hiPLA2, and that there is little effect of heparin in the
1991b) or HK40 with hiPLA2 (Bayburt et al., 1993), are presence of 0.8 M NaCl. Qualitatively similar results were
not altered in the presence of the conjugates. These resultgptained with ppPLA2 and isoPLA2 (Table 3). Although
show that the binding of conjugates must occur at a site otherthe heparin-induced decrease in the Trp-3 emission was about
than the catalytic site, that the conjugate does not influence309 in all cases, the concentration of heparin required for
the binding to the catalytic site, and that the conjugate must half of the change, théso(heparin) values in Table 3, is
not influence the binding to the catalytic site. appreciably different for the three PLA2s. Although the
Heparin Does Not Influence the Accessibility of the structural basis for the quenching is not known, the results
a-Amino Group. hsPG-I or heparin has little effect on the described below suggest that it is due to the formation of
rate of inactivation by gossypol. For example, ppPLA2 EH, aggregates. For example, the effect of the NaCl
bound to deoxy-LPC is not inactivated by gossypol in the concentration on the fluorescence emission of V3W hiPLA2
presence or absence of hsPG-I (Figure 8A). The time coursewith or without heparin, shown in Figure 9B, clearly shows
of inactivation of the E form is not significantly influenced that the effect of heparin on the environment of Trp-3 is
in the presence of heparin or hsPG-I. Similar results were completely reversed by NaCllso(NaCl) values (Table 3),
obtained with hiPLA2 (Figure 8B). These results show that the salt concentrations required for a 50% decrease of the
hsPG-I has only a modest effect on the time course of effect at the saturating heparin concentration, suggest that
inactivation of ppPLA2 or hiPLA2 in the aqueous phase. the EH, complex of V3W hiPLA2 is appreciably more stable.
The fact that the E* form of both of these enzymes is not  The accessibility of Trp-3 in the complex of PLA2 with
inactivated in the presence of hsPG-I shows that the boundheparin was monitored by fluorescence quenching by acryl-
enzyme does not leave the interface in the presence of theamide, a water-soluble quencher. The Stevilmer plots,
glycoconjugate. The conclusion, from the kinetic results from which the Ksy values were obtained, suggest a
described in this and the preceding sections, that the collisional quenching mechanism. Steiviolmer constants
conjugates bind to a site other than the catalytic site or the (Ksy) in Table 3 suggest that Trp-3 in the E form can be
i-face of PLA2 is also supported by spectroscopic results. accessed from the aqueous phase (Jain & Maliwal, 1993).
Spectroscopic Hdence for the Binding of Heparin to the  The Ksy value decreases significantly in the presence of
E Form. Results in Figure 9A show that heparin quenches heparin or hsPG-I, and the decrease is lost at 0.5 M NaCl
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Table 5. Elution Times(Minutes) for PLA2s from a TSK-250 hsPG are microscopically heterogeneous but also because
HPLC Column the tryptophan fluorescence from the protein component of
alone with heparin (1:15) hsPG, and a lack of tryptophan in the synovial PLA2, make
' it more difficult to do the kind of analysis which have been
PLA2 noNaCl 048MNaCl noNaCl 048MNaCl ., qieq out with heparins and ppPLA2. At least qualitatively,
iF’S%F_"-AgLAZ 13-3 18-3 g-g 18-3 these results clearly show that the hepappPLA2 com-
pro-%%PLAz 99 99 57 99 plexes exist as large molecular mass species, thefah
bovine PLA2  10.3 10.3 5.6 10.3 in the absence of NaCl.
V3W hiPLA2 9.6 11.2 4.2 11.2

Comparable elution behavior is seen with all the five

2 Conditions as in the footnote to Table 4 with details in Experimental PLA2s (Table 5), indicating that they form a stable complex
Procedures. with heparin which dissociates with added NaCl. This
similarity, despite significant differences in their interface
binding behavior, suggests that the primary effect of salt is
on the stability of EH and Eflcomplexes. Note that pro-
ppPLA2 with seven extra amino acid residues at the N
terminus behaves just like ppPLA2, which also rules out a
role for Ala-1 in heparin binding.

Heparin Binds to PLA2 at the InterfaceMeasured as an
increase in the fluorescence emission from Trp-3, the high-
affinity binding of V3W hiPLAZ2 to anionic vesicles (Figure
11A) is similar to that seen with pancreatic enzymes (Jain
& Vaz, 1987). Also as shown elsewhere (Othman et al.,
1996), compared to the wild type, the V3W mutant has a
somewhat higher affinity for the interface, as is the case with
the W3 mutants of pancreatic PLA2 (Liu et al., 1995). Only
the magnitude of the change depends on the source of the
enzyme; however, a linear increase with the bulk lipid
concentration shows that apparelt, the dissociation
0 5 10 15 constant for the bound enzyme, is much smaller thanNd0

time. (min) The initial region of this curve extrapolated to the maximum

F'GIURE 10: "!tp'-c de'”“fh” ptmf”tes Lromﬂa TSK-250 gel pe”ln(ea)‘titon ¢ Change suggests that each enzyme molecule binds to about
column monitored as the tryptophan fluorescence signal (a) for -
ug of ppPLA2 alone, (b) with 0.12 mg of 3 kDa heparin with 10 25 molecules of DMPM at the interface.

mM NaCl, or (c) with 0.48 M NaCl in the elution buffer. Other It is particularly striking that the fluorescence change,
conditions are given in Experimental Procedures. The flow rate gssociated with the binding of PLA2 to the interface, is not
was 1 mL/min. seen on the addition of DMPM if heparin or hsPG-l is present
(not shown), which is consistent with the salt-induced in the reaction mixture (Figure 11A). Similar behavior
dissociation of the complex. Note that the accessibility of (Figure 11B) was seen if the binding of V3W hiPLA2 to
Trp-3 in the EH form is lower compared to that of the E  the interface was monitored by resonance energy transfer
form; however, the shielding is far more pronounced in the from Trp-3 to the dansyl fluorophore, DNS-DTPE, at the
E*L form on DTPM. interface (Figure 11B). The increase in the energy transfer

Gel Permeation Behdor of EH, Complexes Complex- intensity at 500 nm (excitation at 292 nm) is seen with
ation of ppPLA2 with heparin was characterized by gel increasing enzyme concentrations, and a 3-fold increase is
permeation through a TSK-250 column (Tables 4 and 5), seen at saturating levels of the enzyme where the vesicle
which adequately separated 14 kDa PLA2 from larger surface is completely covered by the enzyme. In the
complexes (Figure 10). The proportion of enzyme eluting presence of heparin in the reaction mixture, the change in
as a high-molecular mass complex increases with the ratiothe resonance energy transfer intensity is considerably smaller
of heparin to ppPLA2. The elution profile also shifts toward and the increase is seen only at higher enzyme concentra-
the higher-molecular mass range, suggesting that a range ofions, where only the enzyme not bound to heparin is
complexes are formed. As summarized in Table 4, at the available for the binding to the interface. Results in panels
flow rate of 1 mL/min, all four samples of heparin eluted at A and B of Figure 11 show that the enzyme bound to heparin
5 min (compared to the void volume of 3.9 min). On the (as the EHcomplex) cannot bind, nor does it dissociate for
other hand, in the presence of 0.48 M NaCl, heparins elutethe binding of free enzyme, to DTPM vesicles. Note that
as lower-molecular mass species with elution times-ofd addition of heparin or hsPG-I to the E*L (DMPM) form on
min. Results in Table 4 also show that at low salt ppPLA2 vesicles does not cause a significant desorption of the bound
eluted with the aggregated heparin peak, but at 0.48 M NaClenzyme. If the enzyme was desorbed, a decrease in the
heparin and PLA2, peaks correspond to the lower-molecular emission from Trp-3 or the energy transfer signal will be
mass species. The elution behavior of the four heparin seen. In fact, as shown in Figure 11C, addition of heparin
preparations as complexes with ppPLA2 was comparable causes a small (12%) but significant increase in the energy
with significant quantitative differences. The effect of salt transfer intensity and a small (4%) decrease in the Trp-3
concentrations on the elution profile indicated that the emission. hsPG-I also showed a similar behavior (results
proportion of ppPLA2 that eluted with the higher-molecular not shown). Collectively, spectroscopic results confirm the
mass complex decreases with [NaCl]. We did not investigate kinetic results and show that the conjugates bind to PLA2
these complexes in detail, not only because heparins andat the interface without dislodging it.

F (arb.)
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N catalytic or interfacial binding behavior of PLA2. The
Ar » - significance of these observations is discussed below.
s Drug Potential of Gossypol as an Inhibitor of PLARale
3r antifertility properties of cotton seed have been attributed to
5, gossypol (National Coordinating Group on Male Antifertility
Agents, 1978). It is a polyphenolic dialdehyde (Figure 1),
Al N which can form a Schiff base with amino groups. Therefore,
| it is not surprising that gossypol modulates activities of
ok A . . R ) several enzymes (Olgiati et al., 1984; Ohuchi et al., 1988);
) 20 60 however, modification of PLA2 with stoichiometric amounts
DM (v9) of gossypol is probably the most dramatic of such effects.
30 S " N Evidence for potential PLA2 targets of gossypol is indicated
s by several reports. Gossypol modulates the acrosomal
s reaction (Yanagimachi et al., 1982). PLA2 activity is
201 implicated in the acrosomal reaction (LIanos et al., 1982).
" A PLA2 has been isolated from human spermatozoa (Vainio
s et al., 1985). The tumor promoter-induced arachidonate
tor -, metabolism in peritoneal macrophage, which secretes
. . hiPLA2, is inhibited by gossypol (Ohuchi et al., 1988). It
. N . is also worth noting that gossypol inhibits cholesterol and
% 5 1 3 triglyceride absorption (Shandilya & Clarkson, 1982), as do
PLAZ (19) inhibitors of PLA2 (Homan & Krause, 1997). In short, some
s of the cellular functions modulated by gossypol could have
¢ their origin in the role of PLA2.
wol Gossypol Is a Probe for the-Amino Group of Ala-1 of
ppPLA2. Specific probes are valuable tools for resolving
° molecular events underlying more complex kinetic situations.
K osp As a probe for the interfacial recognition region (i-face) of
PLA2 (eq 3), gossypol has several attractive features. The
100K inactivation is specific for the.-amino group of Ala-1. It is
AN e e d virtually stoichiometric. The equilibrium for the Schiff base
- - . i
035, = o is reversed on t.he remoyal of the reagent. Gossypol modifies
Heparin (1g) all three evolutionarily divergent classes of secreted PLA2s

Ficure 11: (A) Change in the fluorescence emission intensity at
333 nm (excitation at 292 nm) of V3W hiPLA2 (4@g) as a
function of DMPM concentration in the (open triangles) absence
or (closed triangle) presence of 139 of heparin (reaction volume

(Table 1). As a probe for PLA2, it complements the
alkylating reagents for catalytic His-48 (Verheij et al., 1981).
For example, phenacyl bromide, which is reasonably selec-
tive for His-48, must be used in stoichiometric excess;

of 1.4 mL). Similar results were obtained in the presence of hsPG-I however, it has proven to be remarkably useful for deter-

instead of heparin. (B) Change in the resonance energy transfer . _.. . S . . .
intensity at 500 nm (excitation at 292 nm) on the addition of V3w mination of the binding equilibria fc.)r active site-directed
hiPLA2 to 2% dansyl-DTPE in DTPM covesicles in the (open Substrate mimics (Jain et al., 1991a; Yu et al., 1993, 1997).

triangles) absence or (closed triangles) presence of [dB®f Note that modification of PLA2 by manoalogue occurs at
heparin. Similar results were obtained in the presence of hsPG-I considerably higher than stoichiometric concentrations, and

instead of heparin. (C) Effect of heparin on (closed circles) the
intrinsic Trp-3 fluorescence emission of V3W hiPLA2 bound to

saturating DMPM as in panel A or (open circles) resonance energy

transfer as in panel B of V3W hiPLA2 bound to dansyl-DTPE/

it also modifies several amino groups (Ghomashchi et al.,
1991).

The usefulness of gossypol as a probe comes from the
fact that its reaction with ppPLA2 and hiPLA2 is virtually

DTPM covesicles.
completely blocked in the E* or E*L form, where L is a

DISCUSSION mimic bound to the active site. The key result reported here

The independence of the catalytic site from the interfacial is the fact that complexation of PLA2 with heparin or hsPG-I
binding region of PLA2 is a key feature of interfacial does not significantly interfere with the catalytic or the
catalysis (Berg et al., 1991; Jain et al., 1995), and thus, theinterfacial recognition function of PLA2. The gossypol
interfacial kinetic behavior of PLA2 is a functional measure modification results also support the notion that the N
of the enzyme at the interface (Jain & Berg, 1989). The terminus is a part of the i-face of PLA2 (Dijkstra et al., 1983;
fact that gossypol does not inactivate PLA2 at the interface Ramirez & Jain, 1991). It is most surprising that binding
makes it a useful probe for sorting out interfacial binding of calcium to PLA2 makes it more susceptible to gossypol
events associated with complex kinetic situations induced and the rate of inactivation is significantly faster in the
by glycoconjugates. Results described here show that PLA2presence of calcium (Figures 3 and 4). The X-ray structure
in the aqueous phase forms the Etémplex which makes  of the Ca-PLA2 complex has been characterized (Dijkstra
PLA2 inaccessible to the interface (eq 2). There are et al., 1983; Scott et al., 1991; Scott & Sigler, 1994), but
indications that the conjugates bind to PLA2 bound to the the structure of the calcium-free enzyme is not available.
interface, the E* form, with a modest effect on the catalytic Thus, distal structural changes associated with the binding
turnover; however, the conjugates do interfere with alkylation of calcium to PLA2 are not established. However, note that
of catalytic residue His-48. Together, these results show thata calcium-induced UV spectral change in the 290 nm region
sulfated glycoconjugates do not directly interfere with the ppPLA2 has been reported (Verheij et al., 1981), presumably
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due to the perturbation of Trp-3. Our results are also SVKAETKKQKHRH of apoB-100, it has been suggested
consistent with the observations that calcium is not required that a cationic segment, such as KRLEKR{&B) of PLA2,
for the binding of PLAZ to the interface, that the binding of could be a part of the h-site on hiPLA2 (Dua & Cho, 1994;
a ligand to the active site is not required for the binding of Kinkaid & Wilton, 1995). It appears that the role of specific
PLA2 to the interface, and that under certain conditions residues in stabilizing heparin binding is rather modest, as
premicellar aggregates of PLA2 are formed with monomeric expected for weak electrostatic interactions. For example,
amphiphiles (Table 2). mutation of cationic residues in the heparin binding site of
Sequestering of PLA2 by Heparir key result reported  antithrombin results in only a modest 8-fold) decrease in
here is the fact that secreted PLA2 forms a high-molecular the binding (Meagher et al., 1996).
mass complex (Ek} with glycoconjugates, and that PLA2 hsPGs are major components of the subendothelial layers
sequestered in these complexes is not readily accessible 1Q¢ the arterial walls (Camejo et al., 1993). The observation
the substrate in the bilayer form. The fact that both the (4t secreted PLA2 form the EMype of complex supports

catalytic site and the i-face of PLAZ2 in Ettomplex are  he yjiew that the role of hsPG is to sequester circulating
free and not perturbed is also suggested by the kinetic a”dhydrolytic enzymes (Bosman et al., 1988), including lipo-

protection studies. Evidence for an apparently high affinity protein lipase (Hultin et al., 1992: Lookene et al., 1996),

of heparin binding to PLA2 comes from conditions that ip| A2 (Sartipy et al., 1996), and serum lipoproteins (Hurt-
promote formation of EH Although it is not a focus of Camejo et al., 1990). Beyond the scavenger role, more
the present study, formation of a stable high-molecular massg o ific functions for such interactions have also been

comp.lex of PLAZ. an(_j heparjn (Figure 11, Tables 4 and 5) described (Ross, 1993; Cheng et al., 1993; Suga et al., 1993),
must involve multiple interactions between several PLA2 and and the function of the peptidoglycan from the extracellular

heparin molecules. Itis however clear that the,Ebimplex . matrix of artery vessel wall is still being debated (Sartipy et

sequesters PLA2 and makes |t|nacces$|bleforthe hydrolyssal” 1996). Much of the discussion is now focused on the
of nonexchangeable substrate on vesicles.

At this st | late about whether th consequences of the view that in subendothelial matrix the
. IS stage, one can only specufate about whether ereproteoglycans retain and sequester cationic proteins from
is a heparin binding site on PLA2, which for the present

di on | lled the h-site. Immunoloaical evidence f rplasma, and therefore increase their residence time. For
anS(r:wl-J;i?eoon SPEizehas Eeéﬁ ri.po e du(MOucr)e?k(:rlnieet a? iggi) example, depending on the relative affinities of hiPLA2 for
Our results show that heparin interacts with PLA2 at the low-density lipoproteins and peptidoglycan, and the salt

) o . . X . concentration in the extracellular matrix, increasing the
interface with little perturbation of the interfacial catalytic . . . X . .

S L residence time of hiPLA2 will lead to an increased production
cycle, which indicates that the h-site is distinct from the

active site with His-48, or from the i-face of PLA2 with Ala- gt?]'gifr’:g’re \'l'vlzﬁlsl r\ll(\ilhul((;fi1n'[r|§]ge(ra ::rifizlrr]aot;kren gilrlorehs;o:?n?cs)
1. The conjugates bind to E, E*, and E*L forms of PLA2, y ’ gdeg phag

and that with hsPGs the E*H complex (Figures 6, 7, and foam cell.

11C, Tables 4 and 5) of hiPLA2 has a modestly (50%) lower On the basis of our results, it can now be said that hiPLA2
rate of interfacial catalytic turnover without desorption of Pound to proteoglycans at the subendothelial surface would
the enzyme from the interface. In terms of eq 3, the primary be catalytically functional with their active site exposed to
evidence for the interactions involving the h-site comes from the aqueous environment. Of course, the interfacial catalytic
the E*H or EH species, and not from the FElomplex. function of the bound enzyme will be expressed only if the
Although the EH complex is very stable in the absence of substrate can access the i-face of the bound enzyme. In this
salt, the salt dependence shows that relatively weak ioniccontext, the fact that LDL is also sequestered in the
interactions are at work in these complexes. Since the saltproteoglycan matrix deserves serious attention (Camejo et
concentration dependence is different for PLA2s from al., 1993, 1996). Itis also relevant to point out that the 44
different sources, cationic groups on PLA2 exposed to the kDa calcium-independent PLA2 (PAF-hydrolase) present in
aqueous phase in the E* form of PLA2 must be involved in plasmais neither inhibited nor sequestered by proteoglycans
the putative h-site. (R. Apitz-Castro and M. K. Jain, to be published).

The structural rationale for electrostatic heparfLA2 To recapitulate, sulfated glycoconjugates sequester secreted
interaction comes from the fact that heparin is a polyanionic 14 kDa PLA2 in a high-molecular mass stable complex, and
linear copolymer of glycosamine and uronic acid with such a complex could sequester the circulating PLA2. In
numerous sulfate ester linkages. hsPGs contain a characthe complex, catalytic site and interface recognition regions
teristic core protein conjugated with sulfated glycosami- of PLA2 are exposed to the aqueous environment. Seques-
noglycan chains attached to a serine-glycine-X segmenttration of PLA2 can have a significant role in regulating the
(Jackson et al., 1991). In addition to the possibility of formation of bioactive lipids produced by lipolysis, and

bonding through multiple sites, complex structural and changes in the proteoglycan matrix (related to age or disease)
functional issues regarding the role of these conjugates arecould result in the loss of this regulatory role.

difficult to resolve because most glycoconjugate preparations
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