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ABSTRACT. To identify the residues essential for interfacial binding and substrate binding of human
pancreatic phospholipase £hpPLAy), several ionic residues in the putative interfacial binding surface
(R6E, K7E, K10E, and K116E) and substrate binding site (D53K and K56E) were mutated. Interfacial
affinity of these mutants was measured using anionic polymerized liposomes, and their enzymatic activity
was measured using various substrates including phospholipid monomers, zwitterionic and anionic micelles,
and anionic polymerized mixed liposomes. Similar mutations (R6E, K10E, K56E, and K116E) were made
to porcine pancreatic phospholipase (pPLA), and the properties of mutants were measured by the
same methods. Results indicate that hpRPhAd ppPLA have similar interfacial binding mechanisms in
which cationic residues in the amino terminus and Lys-116 in the carboxy terminus are involved in binding
to anionic lipid surfaces. Small but definite differences between the two enzymes were observed in overall
interfacial affinity and activity and the effects of the mutations on interfacial enzyme activity. The interfacial
binding of hpPLA and ppPLA is distinct from that of bovine pancreatic phospholipasemthat Lys-

56 is involved in the interfacial binding of the latter enzyme. The unique phospholipid headgroup specificity
of hpPLA, derives from the presence of Asp-53 in the substrate binding site. This residue appears to
participate in stabilizing electrostatic interactions with the cationic ethanolamine headgroup, hence the
phosphatidylethanolamine preference of hpRLPaken together, these studies reveal the similarities and
the differences in the mechanisms by which mammalian pancreatic phospholipaeesrdct with lipid
aggregates and perform interfacial catalysis.

Phospholipases APLA,)! catalyze the hydrolysis of the  phospholipid molecule to the active sité, ). Structural
fatty acid ester in thesn2 position of phospholipids to (6, 7) and mutational §—10) analyses of several secretory
produce a fatty acid and a lysophospholipid. BsA&re a  PLA,s have indicated that they have an interfacial binding
large family of enzymes that are found both in intracellular surface (IBS) that is topologically distinct from the active
and in secreted formsl). Mammalian pancreatic PLA site. Due to the presence of separate IBS and active site,
(group Ib) are highly homologous proteins the main function p|a, displays two types of substrate specificity: the
of which is to digest dietary phospholipids emulsified with - sypstrate specificity of the active site and the interfacial
bile (2). .Several Ilne_s of evidence have mtljlca.ted that preference of the IBS8( 10, 11). Since secretory PLA
mammalian pancreatic Plo& are also present in different  ghoy jitle sn2 acyl group specificity, their substrate
tissues and might be myolved in the receptor-mediated specificity usually refers to the phospholipid headgroup
regl_JIatlon of cellular funcUonsSQ: S . specificity. We have recently shown that despite their high

Since PLA acts on phospholipids in membranes or in sequence homology bovine (bpPAporcine (ppPLA), and

other aggregated forms, the reaction cycle includes the : - .
interfacial binding which is distinct from the binding of a human pancreau_c'Ffo(hpPll_Ag) ha\{e distinct phospholipid
headgroup specificity and interfacial preferentg)(
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3-phosphoglycerol; SDS, sodium dodecy! sulfate. in the mechanisms by which mammalian pancreatic BLA
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interact with lipid aggregates and perform interfacial  Expression and Purification of Mammalian Pancreatic

catalysis. PLAss. Recombinant hpPLA(12), bpPLA; (8), and ppPLA
(8) were expressed ife. coli and purified as described
MATERIALS AND METHODS previously. The purity of protein was confirmed by SBS
) polyacrylamide electrophoresis. Protein concentrations were
Materials. 1-Hexadecanoyl-2-(1-pyrenedecanasyglyc- determined by the bicinchoninic acid method (Pierce). The

ero-3-phosphoethanolamine (pyrene-PE) and -glycerol (pyrene-jrcular dichroism (CD) spectra of proteins were measured
PG) were purchased from Molecular Probes (Eugene, OR).in 10 mM phosphate buffer, pH 7.4, at 26 using a Jasco
1,2-Dihexanoylsn-3-phosphoglycerol (digPG), 1,2-dio-  3.600 spectropolarimeter. Each spectrum was obtained at
ctanoylsn-3-phosphoethanolamine (d#RE), and 1,2-dio-  \avelengths between 190 and 300 nm and averaged from
ctanoylsn-3-phosphocholine (diPC) were from Avanti 10 separate scans.

Polar Lipids, Inc. (Alabaster, AL). 1,2-Bis[12-(lipoyloxy)- Measurements of Protein Stabilitfhe thermodynamic
dodecanoylkn-glycero-3-phosphoglycerol (BLPG) was pre-  stapility of wild-type and mutant proteins was measured from
pared as describedl]). Large unilamellar liposomes of  thejr equilibrium denaturation by guanidinium chloride.
BLPG were prepared by multiple extrusion of phospholipid Briefly, proteins were incubated in 10 mM phosphate buffer,
dispersion in 10 mM Tris-HCI buffer (pH 8.4) through a  pH 7.4, containing 68 M guanidinium chloride fo2 h at
0.1um polycarbonate filter (Millipore) in a Liposofast 25 °C and their CD spectra measured. Assuming that the
microextruder (Avestin, Ottawa, Ontario) and then polym- protein folding follows the two-state model (i.e., native
erized in the presence of 10 mM dithiothreitol as described ynfolded), the molar ellipticity values at 222 nré{,) at

(16). Phospholipid concentrations were determined by phos- gifferent guanidinium chloride concentrations were converted
phate analysisl(?). Triton X-100, sodium deoxycholate, and tg the fraction of unfolded proteirf,j using the equation:
dodecylsucrose were from Pierce (Rockford, IL), Sigma, and f, = (On — 60229/(0n — 0y) where Oy and 6, are the
Calbiochem (San Diego, CA), respectively. Fatty acid-free extrapolated base lines for the native and unfolded protein,
bovine serum albumin (BSA) was from Bayer Inc. (Kanka- respectively {9, 20). The free energy of foldingAGro)

kee, IL). 5,5-Dithiobis(2-nitrobenzoic acid) and sodium \yas determined from the nonlinear least-squares analysis of
sulfite were obtained from Aldrich. 2-Nitro-5-(sulfothio)-  thef, vs [guanidinium chloride] plot using the equation:
benzoate was synthesized from'sd&hiobis(2-nitrobenzoic

acid) as described by Thannhauser et®8).(All restriction AG,y  m[guanidinium chlorid
enzymes, T4 ligase, T4 polynucleotide kinase, and isopropyl f, = 14 1+ exp— RT | RT
[-D-thiogalactopyranoside were obtained from Boehringer

Mannheim Biochemicals. Oligonucleotides were purchased yhere m indicates the slope of the plot in the transition
from Integrated DNA Technologies (Coralville, I1A) and used region.

without further pqr|f|cat|on._ Recombinant bpPLAwas Kinetic Measurement3he PLA-catalyzed hydrolysis of
prepared as described previous§.( polymerized mixed liposomes was carried out afG7n 2
Mutagenesis of hpPLAand ppPLA. The synthetic gene mL of 10 mM HEPES buffer, pH 7.4, containing QM
for hpPLA: (12) was subcloned into the pET-21a vector pyrene-labeled phospholipids (1 mol %) inserted in/@v®
(Novagen, Madison, WI), and the construct was designatedBLPG, 2uM BSA, 0.16 M NaCl, and 10 mM CaglThe
pSH-hp. The coding region of the ppPL&ene was kindly progress of hydrolysis was monitored fluorometrically, and
provided by Prof. H. M. Verheij of Utrecht University. It  the rate constant was calculated from the nonlinear least-
was subcloned into the pET-21a vector, and the constructsquares analysis of the reaction progress curve as described
was designated pBL-pp. The mutagenesis was performedpreviously 8, 11, 16). The PLA-catalyzed hydrolysis of
using a Sculptor in vitro mutagenesis kit from Amersham  diCsPG monomers and di2C micelles was measured in
Pharmacia as describeti0j. The oligonucleotides used for  the presence of 0.5 mM phospholipid, 0.16 M NaCl, and 10
the construction of hpPLAMutants were 'sCTT GAT CAT mM CaCl at 37°C. The hydrolysis of mixed micelles was
CTT CTC GAA CTG CCA AAC-3 (R6E), 3-GCA CTT measured in the presence of 2 mM Triton X-100, 1 mM
GAT CAT CTC GCG GAA CTG CCA AAC-3(K7E), 5- sodium deoxycholate, 0.5 mM diRE, 0.16 M NaCl, and
GG AAT AAC GCA CTC GAT CAT CTT GCG G-3 10 mM CaC} as described previousl21). The time course
(K10E), B-CTT CTT CGC TTGCTTGTAGCA GTT GTC- of phospholipid hydrolysis was monitored with a computer-
3 (D53K), 5-CT GTC CAG CTT CTC CGC TTG ATC  controlled Metrom pH stat (Brinkmann) in a thermostated
GTA G-3 (K56E), and 5GT GTC CAG GTT CTC GTG vessel. Under these conditions, the hydrolysis ofsBiG,
TGC CTT GTT A-3 (K116E). The oligonucleotides used diCgPE, and di@PC followed first-order kinetics because
for ppPLA; mutations were s CTT AAT CAT GCT TTC the substrate concentrations remained lower than the apparent
AAA CTG CCA TAA-3' (R6E), B-GGG GAT TGC GCA Kwm values. Thus, the pseudo-first-order rate constants were
CTC AAT CAT GCT ACG-3 (K10E), 8-GCT GTC CAG determined from the nonlinear least-squares analysis of the
GTT CTC GGC ATC TCT GTA-3 (K56E), and 5GGT reaction progress curves. The values kf/u)app Were
GTC CAG GTT CTC GTG CTC CTT GTT-3K116E). The calculated by dividing the pseudo-first-order rate constants
underlined bases indicate the location of charge-reversalby the enzyme concentrations.
mutations. After the DNA sequences of the entire coding  Binding of Pancreatic PL#s to Sucrose-Loaded Polym-
regions of mutants were verified using a Sequenase 2.0 kiterized LiposomesThe binding of pancreatic PLA to
(Amersham-Pharmacia), individual mutant pSH-hp and pBL- sucrose-loaded polymerized liposomes was measured by a
pp vectors were transformed into BScherichia colistrain, centrifugation method as described previoush?)( The
BL21(DE3), for protein expression. sucrose-loaded BLPG liposomes (100 nm diameter) were




Mammalian Pancreatic PLA

prepared in 10 mM Tris-HCI buffer, pH 8.4, containing 0.32
M sucrose and polymerized for 30 h at 37 in the presence
of 10 mM dithiothreitol. Nonentrapped sucrose molecules
were removed by the gel-filtration chromatography using a
Sephadex G-25 column equilibrated and eluted with 10 mM
Tris-HCI buffer, pH 7.4, containing 0.16 M NaCl. For
binding measurements, 520 aliquots of 10quM of BLPG-
polymerized liposomes were incubated with G-@85 uM

(for hpPLAg) and 0.03-2 uM (for ppPLAy) aliquots of the
protein solution in 10 mM Tris-HCI buffer, pH 7.4, contain-
ing 0.145 M NaCl, 10 mM CagGJ and 1uM BSA for 30
min at 37°C. For weak vesicle binding mutants (e.g., R6E
and K116E of hpPLA and ppPLA), higher vesicle con-
centrations were used (i.e., 20800uM). The mixtures were
then centrifuged for 20 min at 10009@nd at 25°C using

a Sorvall RCM120EX microultracentrifuge equipped with a
S120AT3 rotor (Sorvall) to pellet the polymerized liposomes.
After centrifugation, the concentration of free enzyme ({JE]
in the supernatant was determined by measuring the,PLA
activity toward pyrene-PG/BLPG polymerized mixed lipo-
somes as described above. The bound Pt@ncentration
([E]p) was plotted as a function of [EJand the values afi
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and K4 were determined by the nonlinear least-squares mutants are similar.

analysis of the [B] versus [E] plot using the standard
Langmuir-type binding equation:

[E], = (IBLPG]T/n)/(1 + K/[E]) 1)
where [BLPG} represents the total BLPG concentration.
Equation 1 assumes that each enzyme binds independently

to a site on the interface composedmophospholipids and
with the dissociation constam.

RESULTS

Design and Physical Properties of Mutarifge previously
showed that hpPLAhas unique phospholipid headgroup
specificity and interfacial preferenc&2). To identify the
hpPLA; residues that are involved in its substrate and
interfacial binding, we generated a series of mutants for
hpPLA.. The design of mutants was based on our previous
finding on bpPLA (8, 9) and other secretory PL& (10,

22, 23): Their interfacial binding to anionic interfaces is
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Ficure 1: Circular dichroism spectra of human pancreatic PLA
and selected mutants including R6E, K56E, and K116E. The
concentrations of proteins were 28 in 0.01 M phosphate buffer,
pH 7.4. The spectra of other hpPkAnutants, ppPLA and its
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driven in large part by cationic side chains on their IBS (e.g., Ficure 2: Guanidinium chloride-induced unfolding of human

Lys-10, Lys-56, and Lys-116 for bpPLA and the substrate
headgroup specificity is governed in part by ionic side chains
of residues 5358 (e.g., Lys-53 and Lys-56 for bpPLA

pancreatic PLA(O), human K116E mutan®), porcine pancreatic
PLA; (»), and porcine K116EL) mutant at 25C. The concentra-
tions of proteins were 10M in 0.1 M phosphate buffer, pH 7.4.
The f, values were calculated from th#&,, values as described

Accordingly, we replaced three cationic residues in the amino ynder Materials and Methods. The theoretical curves were con-

terminus of hpPLA (Arg-6, Lys-7, Lys-10), as well as Lys-

structed using theAGsq and m values determined from the

56 and Lys-116, with glutamate. We also mutated Asp-53 honlinear least-squares analysis of data. hpPBAd all other

to lysine. Similar mutations were performed for ppRL(Re.,
R6E, K10E, K56E, and K116E) for comparison. Because
the mutated side chains of hpPLAnd ppPLA are largely

mutants (and ppPLAand its mutants) have essentially the same
AGgog andm values.

its KI116E mutant andAG°qq = 6.7 & 1.5 kcal/mol for

solvent-exposed, they did not have significant effects on ppPLA; and its K116E mutant. Other mutants of hpRLA

protein structure and stability. For both hpPLand ppPLA,

most of the mutant proteins were expressed and refolded agdata not shown).

efficiently as wild type (data not shown), and their CD

and ppPLA also behaved similarly to the K116E mutants

Kinetic and Membrane Binding Properties of hpRBLA

spectra were similar (Figure 1). The thermodynamic stability Mutants. To systematically determine the effects of the
of wild type and mutants was also comparable for both mutations on the interfacial catalysis of hpPl.Ave mea-

hpPLA; and ppPLA. As shown in Figure 2, the guanidinium

sured the affinity of wild type and mutants for polymerized

chloride-induced denaturation curves of wild type and liposomes and their activity toward various phospholipid
selected mutants are essentially the same for both hpPLA substrates. We previously showed that the changes in

and ppPLA: AG%qq = 9.0+ 2.0 kcal/mol for hpPLA and

interfacial affinity could be accurately determined using
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Table 1: Kinetic and Binding Parameters of hpRLa%d Mutants
(Keal Km)aps (M1 s7%)
pyrene-PE/BLPG- pyrene-PG/BLPG- NKe (uM)
diCsPG diCgPC TX/DC/diCsPE polymerized polymerized BLPG-polymerized
enzymes monomers micelles micelles mixed liposomes mixed liposomes liposomes
WT (7.0£0.2)x 10° (1.3+£0.2)x 1® (8.3+=0.2)x 10* (3.3+0.5) x 1¢° (22+0.5)x 10° 8+3
R6E (6.0£0.1)x 10° (6.84+0.5)x 10* (2.84+0.2) x 10* (25+05) x 1¢° (7.0+1.0) x 10¢ 80+ 20
K7E (3.0£02)x 1® (35+0.8)x 100 (1.7+0.2)x 10 (1.5+05)x 1¢  (3.3+£0.5)x 10 80+ 20
K10E (6.5£0.3)x 1* (7.2+0.9)x 10* (3.0£0.2)x 10 (2.3+0.6)x 1° (8.2+1.0) x 10* 70+ 10
D53K (1.0£0.1)x 100 (1.2+0.2)x 100 (6.6+0.2)x 10° (3.3£0.3)x 1¢  (5.1+£0.2)x 108 13+ 4
K56E (3.0+£02)x 1®* (1.5+0.2)x 1® (1.0£0.2)x 10® (3.8+£0.5) x 1¢° (6.1+0.1)x 1¢° 11+3
K116E (1.0£0.1)x 1¢  (2.14+0.3)x 10* (1.2+05)x 10® (1.5+0.2)x 10  (1.4+1.0)x 10 290+ 50

2The (ealKwm)app Values represent mean valde SD determined from three measuremehtBhe nKy values represent best fit value SD
determined from the nonlinear least-squares analyses of ‘datiéon X-100/sodium deoxycholate/dRE (4:2:1) mixed micelles.
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Ficure 3: Binding isotherms of human pancreatic RL(®), D53K
(@), and K56E 4). The binding assay buffers contained 10 mM
Tris-HCI buffer, pH 7.4, 0.16 M NaCl, 10 mM Cagland 100
uM BLPG-polymerized liposomes. The solid lines indicate theoreti-
cal curves constructed using eq 1 with theand Ky values
determined from the nonlinear least-squares analyses.

200

nonhydrolyzable polymerized liposomdd (16, 22). All the
mammalian pancreatic PLA strongly prefer anionic inter-
faces to zwitterionic ones8). To quantitatively determine
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Ficure 4: Binding isotherms of human pancreatic PlLAutants
including R6E @), K7E (»), K10E (a), and K116E MW).
Experimental conditions were the same as described for Figure 3
except that the bulk BLPG concentrations were 200 for R6E

and K10E and 30&M for K7E and K116E.

400 500

reduction in interfacial affinity. In contrast, the mutations in
the putative substrate binding site (D53K and K56E) had
no significant effect on interfacial binding. Together, the
binding data indicate that Arg-6, Lys-7, Lys-10, and Lys-

the contributions of mutated residues to the energetics of116 are involved in the binding of hpPLAo anionic

the interfacial binding of hpPLA equilibrium dissociation

membranes.

constants were determined for wild type and mutants using We then measured the enzymatic activity of hpRlafd

anionic BLPG-polymerized liposomes. Binding isotherms are
illustrated in Figures 3 and 4. Because they all show a

mutants toward polymerized mixed liposomes. We previ-
ously showed that the changes in interfacial enzyme activity

saturation binding pattern, the data were analyzed using aof bpPLA, could be sensitively detected using polymerized
simple Langmuir type equation assuming the presence ofmixed liposomes as substraté. (In a polymerized mixed

the enzyme binding sites composedrophospholipids on
the liposome surface. Note thiy reflects the molarity of
these enzyme binding sites, and, thusy is the dissociation
constant in terms of molarity of single lipid molecules. The
nKq values determined from the curve fitting of binding data
to eq 1 (see Materials and Methods) are listed in Table 1.
All three mutations in the amino terminus resulted in ca.
10-fold increases imKy, indicating that the three cationic
residues (Arg-6, Lys-7, Lys-10) make significant and com-
parable contributions to the binding of hpPL.£ anionic
membranes. Another cationic residue in the carboxy termi-
nus, Lys-116, also appears to be important for interfacial
binding as its mutation resulted in the largest 30-fold

liposome system, it is also possible to accurately determine
the headgroup specificity of PLAy varying the headgroup
structure of hydrolyzable phospholipids in an inert polym-
erized matrix {1, 16). Two phospholipids, pyrene-PE and
pyrene-PG, were used as inserts in the BLPG-polymerized
matrix. If the altered activity of a mutant toward polymerized
mixed liposomes is solely due to its altered liposome affinity,
then the relative activity of mutants should directly reflect
the relative population of the liposome-bound enzyme. The
values of [E}ound[E]wtar for individual mutants can be
estimated from theinKy values using the equation: [E]/
[Eltotas = /(1 + nKy/[BLPG]r) when [BLPG} > n[E]tar

For instance, the percent of membrane-bound K116E was
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18 times lower than that of the wild-type enzyme under our 200 , . T
kinetic conditions ([BLPG] = 10 uM; see Materials and

Methods). Similarly, R6E, K7E, and K10E had about 5-fold

lower population of membrane-bound proteins than did wild

type. Note that these estimates are all smaller than the 150
decreases in their activity toward pyrene-PG/BLPG-polym-
erized mixed liposomes, which ranges from 200-fold for
K116E to 30-fold for R6E and K10E (70-fold for K7E). This
discrepancy would suggest that the mutation might reduce
not only the interfacial binding affinity but also the catalytic
efficiency of the enzyme.

The wild-type hpPLA slightly favored pyrene-PE to
pyrene-PG in polymerized mixed liposomes, which is unique
among pancreatic PLA that normally have a strong
preference for an anionic PG substrai®)( All the IBS
mutants of hpPLA R6E, K7E, K10E, and K116E, exhibited 0
essentially the same headgroup specificity, indicating that 0 100 200 300 400
Arg-6, Lys-7, Lys-10, and Lys-116 are not directly involved
in the interaction with the phospholipid headgroup. In [E]; (nM)
contrast, D_5_3K and KS6E mutations had differential effects Ficure 5: Binding isotherms of porcine pancreatic PLsutants
on the activity of hpPLA toward pyrene-PE and pyrene- including R6E (), K10E @), and K116E 4). Experimental
PG in polymerized mixed liposomes. D53K showed 10-fold conditions were the same as described for Figure 3. The binding
lower activity than wild type toward pyrene-PE but 2.5-fold data of wild type are not shown because of the difference in the
higher activity than wild type toward pyrene-PG. On the data scale.
other hand, K56E was 1.2-fold more active than wild type interfacial activity of IBS mutants. We previously reported
toward pyrene-PE but 4-fold less active than wild type toward that phospholipids dispersed in the anionic mixed micelles
pyrene-PG. Note that the two mutations had minimal effects of Triton X-100/sodium deoxycholate are good substrates
on the affinity of hpPLA for BLPG. Thus, these data clearly for pancreatic PLAs because of the anionic surface charge
indicate that Asp-53 favorably interacts with the cationic and the relatively loose surface packing density of these
headgroup of the active-site-bound pyrene-PE and that Lys-micelles @, 21). As summarized in Table 1, the amino-
56 is involved in interaction with the PG headgroup. terminal mutants were only modestly less active than wild

To figure out the cause for the unexpectedly low interfacial type toward the mixed micelles, with K7E showing the
activity of IBS mutants of hpPLA we measured the activity  lowest activity. This suggests that the binding of hpBIté\
of wild type and mutants toward diG monomers. The  mixed micelles depends less on the IBS cationic residues.
substrate concentration, 0.5 mM, is well below the critical However, a drastic decrease in activity was seen with K116E
micelle concentration for this short-chain phospholipid (ca. (60-fold), implying that Lys-116 might play a special role
7 mM) (24). Although the premicellar aggregation of short- in the interfacial catalysis of hpPLAoward mixed micelles.
chain phospholipids with some PL#\has been reporteds), Finally, the effects of D53K and K56E mutations on the
it is generally thought that the pancreatic Pt#atalyzed activity of hpPLA, toward the mixed micelles were in line
hydrolysis of these substrates below the critical micellar with those seen with pyrene-PE/BLPG-polymerized mixed
concentration does not involve interfacial binding. Thus, the liposomes, showing that the effects mainly derive from
relative activity of mutants toward di€G monomers versus  altered substrate binding.
wild-type hpPLA would reflect the changes in the catalytic Kinetic and Membrane Binding Properties of ppRLA
efficiency and the substrate headgroup specificity of the Mutants.To see whether ppPLAbinds to the membrane
active site. The values ofkf/Ku)app determined from  surface in a similar mode, we determined the kinetic and
reaction progress curves are summarized in Table 1. Amongmembrane binding properties of ppPLANd its mutants.
the mutants of IBS residues, K7E and K116E showed 2.3- We first measured the affinity of these proteins for BLPG-
fold and 7-fold decreases in activity whereas R6E and K10E polymerized liposomes. Binding isotherms are shown in
were essentially as active as wild type. This accounts for Figure 5 and thenKy values determined from curve fitting
why the former mutants showed significant lower activity are listed in Table 2. ThaKy value of ppPLA is ca. 3.5-
than the latter toward polymerized mixed liposomes. This fold lower than that of hpPLA which is consistent with
still does not fully explain, however, why all four mutants the higher activity of the former toward polymerized mixed
exhibited lower activity toward polymerized mixed liposomes liposomes 12). The effects of R6E, K10E, and K116E
than expected from their liposome affinity. In accordance mutations on the interfacial binding affinity of ppPLAre
with the kinetic data on polymerized mixed liposomes, the 2—4 times larger than those seen with their human coun-
mutations of Asp-53 and Lys-56 had opposite effects on the terparts. In contrast, K56E bound polymerized liposomes as
activity of hpPLA on diGPG, corroborating that Asp-53  tightly as wild type, showing that Lys-56 is not involved in
repels a PG substrate whereas Lys-56 interacts favorablyinterfacial binding. We then measured the activity of ppRPLA
with it. and its mutants toward polymerized mixed liposomes. For

We then measured the activity of hpPLANnd mutants  R6E, K10E, and K116E, decreases in activity toward
toward Triton X-100/sodium deoxycholate/dRE (4:2:1) polymerized mixed liposomes were comparable to or smaller
mixed micelles to further elucidate the origin of the low than those in affinity for polymerized liposomes. This, which

100

[E],,(nM)

50
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Table 2: Kinetic and Binding Parameters of ppRLa%d Mutants

(KealKm)aps (M~1s71)

pyrene-PE/BLPG- pyrene-PG/BLPG- nKg° (uM)
diCsPG TX/DC/dICsPE polymerized mixed polymerized mixed BLPG-polymerized

enzymes monomers micelles liposomes liposomes liposomes

WT (5.0£0.1) x 103 (2.8+0.2) x 10* 8.1+ 1.0)x 10° (1.440.2) x 107 2.3+1.0
R6E (5.0+£0.1)x 10° (1.1+0.1)x 10 (3.0+1.2)x 10° (1.4+02)x 1° 90+ 5

K10E (7.0£0.2) x 108 (1.0£0.2) x 10* (8.1+1.5)x 10° (1.0£0.1) x 108 4742

K56E (2.0+£0.2) x 1¢° (6.7+0.1) x 10 (5.3+0.7) x 1® (8.0+1.5)x 1¢¢ 23+10
K116E (0.8+0.1) x 10° (4.0£0.5) x 102 (4.5+ 2.0) x 10¢ (2.3+0.2) x 10° 120+ 20

3The (KealKwm)app Values represent mean valde SD determined from three measuremehfBhe nKy values represent best fit value SD
determined from the nonlinear least-squares analyses of ‘datiéon X-100/sodium deoxycholate/dRE (4:2:1) mixed micelles.

is in contrast to the kinetic properties of hpPLkutants,

companying paper 30). Lys-56 plays no role in the

suggests that the reduced activity of these mutants largelyinterfacial binding of hpPLA and ppPLA. The three
reflects the decreased interfacial binding affinity. Also, these pancreatic PLAs, however, share some common traits in
mutants and wild type prefer pyrene-PG to pyrene-PE to that cationic residues in the amino terminus and Lys-116 in
comparable degrees, indicating that Arg-6, Lys-10, and Lys- the carboxy terminus are involved in the interfacial binding
116 are not involved in substrate binding. In contrast, K56E of all these PLAs. Between hpPLAand ppPLA, small but
had modestly enhanced activity toward pyrene-PE and definite differences are noted in the interfacial binding mode

reduced activity toward pyrene-PG, indicating its involve-
ment in substrate binding.

We then measured the activity of ppPLANnd mutants
toward diGPG monomers and Triton X-100/sodium deoxy-
cholate/diGPE (4:2:1) mixed micelles. As was the case with
hpPLA;, K116E displayed a 6.3-fold decrease in activity

and in the contribution of each cationic residue to interfacial
binding.

Our binding measurements show that the cationic residues
in the putative IBS of hpPLAand ppPLA make significant
individual contributions to overall interfacial binding. These
cationic residues include Arg-6, Lys-7, Lys-10, and Lys-

toward diGPG monomers, suggesting that the mutation also 116 for hpPLA and Arg-6, Lys-10, and Lys-116 for ppPLA

impairs the catalytic efficiency of ppPLAON the other hand,
R6E and K10E had the full wild-type activity. Also, K56E

Using the equatioMAG® = RT In [nKy(wild type)hKg-
(mutant)], one can estimate that the mutations of the amino-

showed the decreased activity which was comparable with terminal residues of hpPLQA\decrease the free energy of
that seen with pyrene-PG/BLPG-polymerized mixed lipo- pinding to anionic liposomes by 1.3 kcal/mol under the
somes. Toward the mixed micelles, R6E and K10E had standard conditions whereas the K116E mutation reduces the
modestly decreased activity whereas K116E showed a draStiCenergy by 2.1 kcal/mol. These energy values compare well

70-fold reduction in activity, which is similar to the finding

with the energy contributions from the cationic IBS residues

with their human counterparts. KS6E was more active than of hpPLA, (8) andAgkistrodon pisaiorus piscborus PLA,

wild type, as expected from its higher activity toward pyrene- (10). For ppPLA, individual contributions are larger: the
PE/BLPG-polymerized mixed liposomes. Taken together, RGE and K116E mutations decrease the binding energy by
these results indicate that Arg-6, Lys-10, and Lys-116 of 2 3 kcal/mol and the K10E mutation by 1.8 kcal/mol. We

ppPLA; are important in its binding to anionic interfaces
and that Lys-56 is involved in interaction with an active-
site-bound substrate.

DISCUSSION

This report describes a comparative analysis of the

interfacial binding and substrate binding modes of hpPLA
and ppPLA. In conjunction with our previous studies on
bpPLA; (8), this study thus reveals similarities and differ-

previously reported that despite comparable interfacial af-
finity, the individual contributions of the IBS cationic
residues of human group lla PLAo interfacial binding are
considerably smaller than those Af p. piscborus PLA,,
because the former contains a much larger number of cationic
residues on its IBS than the latt&2). Similarly, the lower
individual contributions of the IBS residues of hpPLight
simply reflect the fact that hpPLAhas the largest number

of IBS cationic residues among the three pancreatic 8LA

ences in the mechanisms by which mammalian pancreatic A unique finding about hpPLAis that the charge-reversal

PLA;s interact with lipid aggregates and catalyze the lipid
hydrolysis. An earlier crystallographic study of bpPLA

mutations of its IBS cationic residues led to larger decreases
in activity on polymerized mixed liposomes than expected

predicted that its IBS is composed of the residues clusteredfrom their reduced affinity for polymerized liposomes. This
in the amino and carboxy termini and several other residuesfinding is not due to the artifacts inherent in our polymerized

(26). Previous structurefunction studies of bpPLAiIndi-
cated that Lys-10, Lys-56, and Lys-116 are involved in
electrostatic interactions with anionic interfac8sgnd Trp-3
and Leu-20 in nonelectrostatic interfacial interactidh<l@).
The present study shows that hpPLAnd ppPLA have
similar interfacial binding modes, which are different from
that of bpPLA. Apparently, the most striking difference is
the critical involvement of Lys-56 in the interfacial binding
of bpPLA,, the origin of which is the subject of the ac-

mixed liposome kinetic system, as corresponding ppPLA
mutants do not show the same behavior (see Table 2). Nor
does it seem to be due to the deleterious conformational
changes of the proteins as the mutants have similar CD
spectra and thermodynamic stability as wild type. The most
pronounced differences seen with K7E and K116E are in
part due to the perturbation of the active site as indicated by
significantly reduced activity toward diG monomers (2.3-
and 7-fold reduction in catalytic efficiency, respectively).
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Considering the remoteness of Lys-7 and Lys-116 from the
active site, this effect might derive from either steric
hindrance to active-site entry (for Lys-7) or a change in the
electrostatic potential in the active site (for both lysines). A
similar effect by remote cationic residues on the catalytic
site has been reported for human group lla RI(22). If

this factor is taken into account, all four mutants (R6E, K7E,
K10E, K116E) would show comparable 480-fold de-
creases in activity toward polymerized mixed liposomes,
which is still larger than expected from their interfacial
affinity. It has been indicated that Pl.Anolecules can bind

to membrane surfaces in different orientations, only a limited
selection of which are conducive to interfacial cataly&id (
27). Thus, it is possible that the low activity of the IBS
mutants of hpPLA is due to the enhanced proportion of
liposome-bound mutants with nonproductive orientation. This
notion in turn implies that the cationic IBS residues of
hpPLA; might be involved not only in the initial interfacial
adsorption of enzyme molecules but also in the proper
orientation of liposome-bound enzymes. As shown in Tables
1 and 2, ppPLA has significant higher interfacial activity
and affinity than does hpPLAPresumably, the orientational
effect by cationic IBS residues is not as critical for ppBLA
that has significantly higher intrinsic activity for liposomal
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be directly involved in this process. Further studies are
needed to understand the relevance, mechanism, and physi-
ological significance of the complex formation in the
digestive actions of pancreatic PL#

As far as the substrate headgroup specificity is concerned,
the unique specificity of hpPLAcan be accounted for in
terms of electrostatic interactions between the charged side
chains of residues 53 and 56 and the phospholipid headgroup.
The BLAST search of the primary structures of mammalian
pancreatic PLAs shows that hpPLAIis the only enzyme
with an anionic residue in position 53. It has been shown
that Lys-53 of bpPLA (8) and Arg-53 of ppPLA (14) are
involved in favorable electrostatic interactions with the
headgroup of active-site-bound anionic phospholipid. For
hpPLA,, Asp-53 appears to participate in stabilizing elec-
trostatic interactions with the cationic ethanolamine head-
group, hence the modest PE preference. The physiological
significance of this substrate specificity of hpPLA terms
of the digestion of dietary phospholipids remains to be
elucidated. For all three pancreatic PlsALys-56 seems to
be involved in stabilizing interactions with the headgroup
of anionic phospholipids. Since Lys-56 is absolutely con-
served among mammalian pancreatic R&At is expected
that all pancreatic enzymes will effectively catalyze the

substrates. A similar argument can be used to account forhydrolysis of anionic phospholipids.

the relative activity of hpPLAmMutants toward Triton X-100/
sodium deoxycholate/d¥PE (4:2:1) mixed micelles. All
three amino-terminal mutations of hpPLAodestly (2-3-
fold) decrease its activity on mixed micelles. Since these
micelles provide more loosely packed and less anionic
surfaces for hpPLAthan do polymerized mixed liposomes,
the interfacial binding might be less dependent on electro-
static interactions, and the requirement for the productive
orientation of surface-bound PlLAnight be less stringent.
The involvement of Lys-116 in the interfacial binding of
bpPLA; was disputed, based on the unaltered activity of a
bpPLA; mutant lacking the carboxy-terminal regiog].
The finding that Lys-116 is also involved in the interfacial
binding of hpPLA and ppPLA would, however, support
the notion that this absolutely conserved cationic residue
plays a significant role in the interfacial binding of pancreatic
PLA,s. The K116E mutants of both hpPLAnd ppPLA
show drastically reduced activity (70- and 130-fold decreases,
respectively, compared to their wild-type enzymes) toward
mixed micelles. This raises an interesting possibility that Lys-
116 might be involved in the formation of enzymmicelle
complex, which has been proposed to occur in the interfacial
catalysis of ppPLAon micellar substrate29). The forma-
tion of this complex, containing multiple enzyme and lipid
molecules, appears to be distinct from the adsorption of PLA
to liposome surface£9). To further explore this possibility,
we measured the activity of wild-type hpPLANnd mutants
toward zwitterionic di@PC micelles. As listed in Table 1,
K116E again showed a drastic 50-fold decrease in activity

whereas other IBS mutants exhibited only modest changes

in activity. Similar results were observed for both bpRBLA
and ppPLA (data not shown). Given that electrostatic forces
would play a less important role in binding to zwitterionic
surfaces of digPC micelles, these results point to the
involvement of Lys-116 in the formation of an enzyme
micelle complex. The insignificant effects of other mutations
also suggest that the amino-terminal IBS residues would not
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