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The role of aspartic acid49 (Asp-49) in the active site of porcine pancreatic
phospholipase A2 was studied by recombinant DNA techniques: two mutant
proteins were constructed containing either glutamic acid (Glu) or lysine (Lys) at
position 49. Enzymatic characterization indicated that the presence of Asp-49 is
essential for effective hydrolysis of phospholipids. Conversion of Asp-49 to either
Glu or Lys strongly reduces the binding of Ca®* ions, in particular for the lysine
mutant, but the affinity for substrate analogues is hardly affected. Extensive
purification of naturally occurring Lys-49 phospholipase A2 from the venom of
Agkistrodon piscivorus piscivorus yielded a protein that was nearly inactive.
Inhibition studies showed that this residual activity was due to a small amount of
contaminating enzyme and that the Lys-49 homologue itself has no enzymatic
activity. Our results indicate that Asp-49 is essential for the catalytic action of
phospholipase A2. The importance of Asp-49 was further evaluated by compari-
son of the primary sequences of 53 phospholipases A2 and phospholipase homo-
logues showing that substitutions at position 49 are accompanied by structural
variations of otherwise conserved residues. The occurrence of several noncon-
served substitutions appeared to be a general characteristic of nonactive phospho-
lipase A2 homologues.

Key words: phospholipase A2, site-directed mutagenesis, sequence homology of phospholipase A2,
calcium binding

Phospholipase A2 (EC 3.1.1.4; PLA) catalyzes the hydrolysis of fatty acid ester
bonds at the sn-2-position of 3-sn-phospholipids. The enzyme is abundant in mam-
malian pancreatic tissue and also in snake and bee venom. It is a small protein (14
kDa) with a high stability against denaturing conditions. The enzymatic activity of
phospholipase A2 is absolutely dependent on the presence of calcium ions. From
differential labelling experiments [1] and crystallographic data {2] of bovine pan-
creatic PLA, it became clear that aspartic acid (Asp49) is the residue that controls
calcium binding. From these and other experiments, a possible mechanism for the
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catalytic action of PLA has been proposed [3]. In this model (Fig. 1), the catalytic
unit comprises His-48, Asp-99, and a water molecule. Their function is believed to
be analogous to the catalytic residues in serine proteases. The catalytically important
calcium ion is liganded by three carbonyl oxygens of Tyr-28, Gly-30, Gly-32, two
water molecules, and Asp-49 [2]. The role of the calcium ion is probably the
stabilization of the formed tetrahedral intermediate.

Irrespective of their origin, mammalian pancreas or snake venom, the primary
structure of 53 phospholipases shows a high degree of homology. In snake venom
and in pancreatic PL.Ases, the catalytic triad (His-48, Asp-99, H,0) is conserved. In
all but two of the PLA sequences, the residues that form the calcium-binding pocket
are conserved as well. Therefore, it seemed likely that the proposed catalytic mecha-
nism is a general mode of action for all PLA species. Recently, phospholipases A2
from the venom of Agkistrodon piscivorus piscivorus (App-PLA) and Bothrops atrox,
which contain a lysine residue at position 49, were described, and these proteins were
reported to have considerable enzymatic activity [4-6]. These findings prompted us
to study the role of Asp-49 in more detail.

In the present paper, we describe the introduction of a glutamic acid and a lysine
at position 49 in porcine pancreatic PLA (D49E-PLA and D49K-PLA, respectively)
using recombinant DNA techniques. The mutant enzymes were purified and charac-
terized. Results of these studies were compared with the properties of extensively
purified Lys-49 App-PLA. The differences between active and inactive phospholi-
pases A2 were analyzed on the basis of a homology comparison of 53 phospholipases.

EXPERIMENTAL PROCEDURE
Strains and Culture Conditions

Escherichia coli K-12 strain PC 2494 (A(lac-pro), supE, thi/F’ traDsg, proA™
B* lacl4, lacZAMIS; Phabagen Collection, Utrecht) was used for plasmid construc-
tions and as a host for M13-derived vectors. HB 2154 (ara, A(lac-pro), thi/F’proA™
B *, lacl9, lacZAM15, mutL::Tn10)[7] was used as recipient strain in the mutagen-
esis experiments. Sacchazomyces cerevisiae strain GRF18 and yeast culturing condi-
tions have been described earlier[8].
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Fig. 1. Schematic representation of a proposed catalytic mechanism of phospholipase A2[3].
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Construction of Mutant-proPLA Expression Vectors

Restriction enzymes, T4 DNA ligase, and Klenow fragment of DNA polymer-
ase I were obtained from Pharmacia and used according to the manufacturer’s
instructions. The synthetic oligonucleotides were synthesized on a Biosearch 6800
DNA synthesizer.

To introduce oligonucleotide-directed mutations, the cDNA coding for porcine
pancreatic prophospholipase A2 (proPLA)[8] was subcloned in M13mp8-RF DNA to
provide single-stranded template DNA. Substitutions in the proPLA-gene were ac-
complished by the gapped duplex procedure, using amber selection [9]. The muta-
genic oligonucleotide 5° GTAGCAGTTCTC,TGTGTGTCTC 3’ introduces
simultaneously a lysine or a glutamic acid at position 49. The cDNA’s encoding the
mutant proPLA-species were sequenced by the dideoxy chain termination method
[10]. Construction of the D49E-proPLLA and D49K-proPLA encoding yeast expres-
sion plasmids was similar to that described for pCBOST [8]. The resulting plasmids
were called pCE49 and pCK49, respectively.

Expression and Purification of D49K-PLA and D49E-PLA

To obtain expression, plasmids pCE49 and pCK49 were introduced into yeast
strain GRF18, and large-scale cultures were grown. The purification procedure was
essentially the same as already described [8]. The purified mutant proPLAses were
activated by limited tryptic proteolysis essentially as described earlier [11]. After
acidification and lyophilisation, the preparation was desalted on a Sephadex G-50 fine
column eluting in 5 mM NaAc pH 5. The gel filtration step was immediately followed
by carboxy methyl (CM)-cellulose chromatography at pH 5, using a linear salt
gradient reaching 0.5 M NaCl.

Direct Binding Studies

Direct binding of calcium and substrate were measured with ultraviolet absor-
bance spectroscopy. Difference spectra were recorded on an Aminco Model DW-2a
spectrophotometer equipped with a Midan data analyser, coupled to an Apple II
desktop computer. Measurements were carried out as described earlier[12-14]. The
enzymes were dissolved in a buffer containing 20 mM NaAc, pH 6.0, 0.1 M NaCl.
Calcium chloride was titrated up to 150 mM. Substrate binding was studied by
titrating monomeric or micellar substrate analogues: n-decylphosphocholine (up to 10
mM) and n-hexadecylphosphocholine (up to S mM), respectively. Protein concentra-
tions used were 0.25 mg/ml for Ca?* binding experiments and 0.5 mg/ml for lipid
binding studies. All titrations were carried out in tandem cuvettes.

Purification of K49-PLA and D49-PLA From Agkistrodon piscivorus
piscivorus

Lyophilized venom from Agkistrodon piscivorus piscivorus was obtained from
Latoxan (France). The K49 App-PLA and D49 App-PLA were purified following the
procedure of Maraganore et al.[4]. Further purification of the K49-enzyme was done
on a CM-cellulose column at pH 8.5 (20 mM Na,B,0-), developed with a linear salt
gradient (0.1-0.5 M NaCl).

p-Bromophenacyl Bromide Inactivation

Rates of modification of App-PLAses by p-bromophenacyl bromide were deter-
mined at 15°C or occasionally at 0°C. A 0.1 M cacodylate buffer (pH 6.0) containing
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0.1 M NaCl was used. Inactivation rates were determined both in the absence and in
the presence of 50 mM CaCl,. Protein concentrations were 1 mg/ml, and the reaction
was started by the addition of 1 mg reagent in 20 ul acetone to a final volume of I
ml. The inactivation rate was determined by taking samples and analyzing them for
residual activity. Half-time values for the reaction were determined from the slopes
of semilogarithmic plots of residual activity vs. time as described before[15]. To
determine the extent of modification of histidine residues 200 ug samples were
withdrawn, and the reaction was quenched with acetic acid. Salts and reagent were
removed by gel filtration on small (5 X 0.4 cm) columns filled with Sephadex G-25
fine in 10 mM acetic acid. After lyophilization, samples were hydrolyzed in vacuo
for 24 h at 110°C in 6 N HCL. Amino acid analyses were carried out on an LKB 4151
alpha plus analyzer. Half-time values were in this case determined from the slopes of
semilogarithmic plots of the amount of histidine lost vs. time.

Phospholipase Assay

Activities of phospholipases were measured with the titrimetric assay using 1,2-
dioctanoyl-3-sn-glycerophosphocholine as a substrate in 1 mM sodium acetate buffer
(pH 6.0) in the presence of 25 mM CaCl, at 25°C[16].

Sequence Analysis

The sequence of K49 App-PLA was established by automated sequence analysis
with a Beckman sequencer model 890C, using a quadrol programme no. 122974. The
phenylthiohydantoin derivatives of the amino acids were identified by high-perfor-
mance liquid chromatography.

Results

To study the role of aspartic acid 49 in phospholipase A2, two mutants of
porcine pancreatic PLA were constructed: one in which the charge was retained albeit
shifted away by one methylene group (D49E-PLA) and one in which a positively
charged lysine residue was introduced (D49K-PLA). The corresponding proPLA
mutants were expressed and secreted in S. cerevisiae, using the leader sequence of
the yeast o-mating factor, and mutant precursor proteins were purified from the
culture medium [8]. Limited trypsinolysis, followed by CM-cellulose chromatogra-
phy yielded pure proteins as judged by single bands on sodium dodecyl sulfate
polyacrylamide gels. Wild-type PLA isolated from yeast was indistinguishable from
native porcine PLA with respect to enzymatic activity. The activities of the mutant
proteins (Table I) were very low: D49E-PLA had only 0.1% activity relative to native
PLA, whereas D49K-PLA showed less than 0.004 % activity, which is in the order of
the nonenzymatic hydrolysis of this substrate. Using ultraviolet difference spectros-
copy, the binding capacity of the proteins for Ca>™* ions was determined. Following
the addition of calcium ions, wild-type PLA showed a large increase in optical density
at 242 nm. When this increase is plotted as a function of the Ca?* concentration, a
saturation curve (Fig. 2) was obtained, from which a dissociation constant of 2.8 mM
could be calculated. This value is in agreement with previously reported results[12].
With D49E-PLA, a slow monotonic increase in optical density was obtained that
might be interpreted as the binding of calcium ions with a very low affinity (Kp >
100 mM). The fact that this increase in absorbance does not occur with D49K-PLA
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TABLE I. Kinetic and Direct Binding Parameters of Native and Mutant Porcine Pancreatic
Phospholipases A2*

Viax Kca Kciopn Kciepn®
Enzyme (U/mg) (mM) (mM) (mM)
Native PLA 1840 + 100 28+03 21402 0.65 + 0.07
D49E-PLA 1.6 + 0.4 > 100 40+ 04 0.88 + 0.09
D49K-PLA 0.07 + 0.07 R 55+0.5 0.74 + 0.07

*The activity on dioctanoyllecithin was determined by varying amounts of substrate from a stock solution
of 35 mg/ml to a final concentration of maximally 12 mM. Direct binding experiments were carried out
as described in Experimental section. CIOPN: n-decylphosphocholine; C16PN: n-hexadecyl-
phosphocholine. N represents the number of lipid molecules complexed to phospholipase in the micellar
complex. N X Kp, can be defined [16] as the experimentally observed concentration where half of the
protein is bound to micelles.

*Kciepn represents the value N X Kp,.

5No detectable binding.
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Fig. 2. Binding of calcium jons to native and recombinant porcine pancreatic phospholipases A2.
Optical densities at 242 nm from ultraviolet absorbance difference spectra at various concentrations of
calcium chloride were determined for porcine pancreatic phospholipase A2 ([3)), D49E-PLA ((J) and
D49K-PLA (), respectively. For conditions see Experimental section.

suggests that the signal that is observed with D49E-PLA represents a weak but
specific binding of Ca?* ions to the latter mutant; furthermore the present authors
conclude that calcium ions do not bind to the D49K-PLA.

A characteristic of pancreatic phospholipases A2 is their ability to bind mono-
meric substrate analogues below the critical micellar concentration (CMC) and to
form complexes composed of two protein molecules and about 80 lipid molecules
above the CMC [14]. Both processes can be studied by following the increase in
optical density at 289 nm (monomeric substrate analogues) or at 293 nm (micellar
binding) after the addition of the substrate analogues n-decylphosphocholine (CMC
= 10 mM) or r-hexadecylphosphocholine (CMC = 0.01 mM) [13]. Both mutant
PLAses bind to micelles with the same affinity as wild-type PLA: half-saturation (N
X Kp) occurs at about 0.8 mM r-hexadecylphosphocholine. A slight difference in
the affinity for monomeric n-decylphosphocholine was observed (Table I).

The absence of activity observed for D49K-PLA is in sharp contrast with reports
[4-6] that have described App-PLA with Lys-49 as enzymatically active. This dis-
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crepancy prompted us to examine in more detail the basic Lys-49 PLA from the
venom of Agkistrodon piscivorus piscivorus. The enzyme was isolated from the
venom by the same procedure as described earlier by Maraganore et al.[4]. This
purification, which includes a gel filtration step and a fractionation on sulfopropyl
(SP)-Sephadex at pH 6.5, yielded two protein peaks corresponding to D49 App-PLA
and K49 App-PLA, respectively. Amino acid analyses revealed an amino acid com-
position in full aggreement with the sequence data [5] of both enzymes. The amino
terminal sequence of the first eight residues of K49 App-PLA also agreed with the
sequence reported for this protein. The specific activity on dioctanoyllecithin of the
proteins was 12,000 (U/mg) for D49 App-PLA, whereas it was only 39 (U/mg) for
K49 App-PLA. The K49 enzyme then was further purified on a CM-cellulose column
at pH 8.5 (Fig. 3). Several minor protein peaks with enzymatic activity elute before
the bulk of the protein. The latter K49 App-PLLA has an extremely low specific
activity of 3 U/mg, which is less than 0.03% that of D49 App-PLA. Thus, the
enzymatic activity in the K49 protein after SP-Sephadex chromatography is due
mainly to the presence of small amounts of contaminating PLAses which can be
removed, to a large extent, by rechromatography on CM-cellulose at pH 8.5.

To determine whether the very low activity found in the K49 App-PLA is an
intrinsic property of this PLA species or is due to the presence of an impurity that
was not removed at pH 8.5, we performed inhibition experiments with p-bromophen-
acyl bromide, a reagent known to modify the active-site histidine in PLAses [15]. The
present study simultaneously followed the loss in enzymatic activity and the loss in
histidine content as determined by amino acid analyses (Table II). For D49 App-PLA
the loss of enzymatic activity coincides with the loss in histidine content (t;, ~ 7.5
min). For the K49 App-PLA, no such correlation was found: the enzymatic activity
disappeared much more slowly (t;» ~ 9 min) than the histidine content (t;, < 2
min). When the latter inhibition experiments were repeated at 0°C, a qualitatively
similar picture was obtained: the modification of one single histidine occurred more
rapidly (t;; ~ 22 min) than the decrease of enzymatic activity (ty;, ~ 99 min).
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Fig. 3. Purification of K49 App-PLA by CM-cellulose chromatography. Partially purified K49 App-
PLA (sec Experimental section) was purified further on a CM-cellulose column at pH 8.5, developed
with a linear gradient of NaCl. The specific activities of the eluting protein fractions (in U/mg) are as
indicated below each peak.
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TABLE II. Half-Time Values of Inactivation of D49 App-PLA and of K49 App-PLA With
p-Bromophenacyl Bromide*

—CaCl, +CaCl,
Activity Histidine Activity Histidine
Enzyme ti, (min) ty, (min) ti, (min) ty, (min)
D49 App-PLA* 7.3 + 0.7 7.9 + 0.8 39 + 4 40 + 4
K49 App-PLA? 9.2 + 0.9 <2 89 +9 <2
K49 App-PLA® 99 + 10 22 +2 ~15h 21 +2

*[nactivation was carried out at 15°C or 0°C (at pH 6.0) in the presence of a 70-fold excess of reagent,
either in the absence or in the presence of 50 mM CaCl,. Activity was measured titrimetrically with
dioctanoyllecithin as a substrate. Histidine contents were determined by amino acid analyses. For details
see Experimental section.

2At 15°C.

bAt0°C.

These results are consistent with an inactive K49 App-PLA that rapidly reacts with p-
bromophenacyl bromide (t;, ~ 22 min, at 0°C), whereas this PLA species is
contaminated with a small amount (< 1%) of some kind of active PLA that reacts
slower (t;, ~ 99 min, at 0°C) with p-bromophenacyl bromide. The inhibition
experiments were repeated in the presence of Ca’™ ions, which are known [15] to
protect the active site histidine from modification. Indeed, the D49 App-PLA was
protected by the presence of Ca " ions as was the enzymatic activity in the K49 App-
PLA. Modification of histidine as determined by amino acid analyses was retarded
for the same extent in the case of D49 App-PLA, whereas the rate of modification in
the case of K49 App-PLA was unaffected (Table IT). This is consistent with the fact
that K49 App-PLA does not bind calcium ions.

DISCUSSION

The presence of Asp-49 in the active site has been demonstrated to have a
crucial role in the catalytic action of phospholipase A2. A chemical modification
study showed modification of the side chain of Asp-49 to be accompanied by a loss
in binding of the essential cofactor Ca?* and concomitant loss of enzymatic activity
[1]. Crystallographic analysis [2] showed that the Ca?* ion was liganded not only by
Asp-49 but also by Tyr-28, Gly-30, and Gly-32, residues that are highly conserved
in all phospholipases A2 except in two proteins isolated from the venom of Agkistro-
don piscivorus piscivorus and Bothrops atrox in which Asp-49 is replaced by lysine.
These Lys-49 PLAses were reported to have considerable enzymatic activity: ke,/Km
values as high as 30-40% of related Asp-49 phospholipases from the same venom
[4-6]. The different properties of these D49 and K49 PLAses have been explained
exclusively on the basis of this substitution [5]. Both homologues, however, contain
different amino acids at 62 positions (more than 50%) of the sequence. Therefore, in
the present study, it was decided to replace by a point mutation Asp-49 in porcine
pancreatic phospholipase A2 and to substitute it with either a lysine or a glutamic
acid. The mutant containing Glu was about 1,000 times less active than native PLA.
This low but reproducible activity may be caused by the fact that the Ca®* ion, which
is bound to the carboxylate of Glu, instead of Asp, is too far away from the susceptible
ester bond of the substrate to polarize effectively the carbonyl of the ester bond and
stabilize the tetrahedral intermediate, as has been suggested to be the case for the
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native enzyme (Fig. 1). The mutant in which Asp-49 is replaced by lysine shows an
activity 25,000 times lower than native phospholipase A2 even in the presence of
Ca’* concentrations as high as 250 mM. In fact, activity may be even lower, because
under the assay conditions, the addition of 500 ug of mutant enzyme results in
hydrolysis rates about equal to the non-enzymatic hydrolysis of the substrate. Because
the D49K-PLA still binds to monomeric and to micellar substrate analogues the loss
of activity must be due to the loss of affinity of the mutant protein for calcium ions.

These results emphasize the essential role of Asp-49 for phospholipase A2
activity but conflict with. the activities reported for naturally occurring Lys-49 phos-
pholipase homologues. Purification of K49 App-PLA following the two-step proce-
dure described by Maraganore et al. [4] yielded a protein with a low enzymatic
activity. Additional separation at a different pH value removed traces of active
phospholipase A2 contaminants, which were not revealed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis or amino acid analyses. The resulting K49 App-
PLA has a specific activity of 3 U/mg, which is about 4,000 times less active than
the related Asp-49 enzyme isolated from the same venom, but still high compared
with recombinant pancreatic D49K PLA, which had a specific activity as low as 0.07
U/mg on dioctanoyllecithin, the substrate on which pancreatic phospholipase is most
active [16]. To determine if the low activity of the Lys-49 venom PLA was an intrinsic
activity or if it was due to the presence of a contaminating active phospholipase A2
species, irreversible inhibition experiments were conducted, which clearly showed
that the enzymatically active component of the Lys-49 App-PLA reacts much slower
with p-bromophenacyl bromide than with the bulk of the protein (Table II). Moreover,
in the presence of calcium ions, the modification reaction leading to the loss in
enzymatic activity is slowed down a factor ten, as expected for Asp-49 phospholipases
A2 [15]. In line with the lack of affinity for calcium ions of venom Lys-49 PLA, the
bulk of the protein is modified with the same velocity both in the presence and
absence of Ca®" ions. Thus, the present authors conclude that the residual activity of
venom Lys-49 PLA must be due to a (small) contamination with (an) active phospho-
lipase A2 species.

Extracellular phospholipases A2 show a high degree of homology. On the basis
of a comparison of the sequence of 32 phospholipases from mammalian pancreas and
from snake venom, it has been concluded [17,18] that these enzymes have developed
through a divergent evolutionary process from a common ancestor. Table III shows a
sequence comparison of 53 phospholipases and phospholipase homologues. Most of
the proteins listed in this table have phospholipase A2 activity; there are, however,
exceptions of species that have a very low activity or do not display any enzymatic
activity at all: sequences 10, 17, 19, 20, 48, and, according to this study, also 51. As
shown in Table III, it appears that 19 amino acids are completely conserved. Of these
residues, ten are half-cystines corresponding with the fact that all phospholipases have
five conserved disulfide bridges. The half-cystines 61 and 91 form a disulfide bridge
in most phospholipases, but this bridge is lacking in two venom enzymes (sequences
4! and 42). Amino acids, which are nearly invariant, are possibly of more interest
for the analysis of the structural elements that distinguish active phospholipases from
inactive homologues. Examples of such nearly invariant residues are: Phe-5, Tyr-28,
Gly-30, Gly-33, Gly-35, His-48, Asp-49, Ala-102, Ala-103, and Phe-106. The hydro-
phobic residues Phe-5 and Phe-106 are buried and form a hydrophobic wall that
shields the active site from the aqueous environment. The x-ray structures of bovine
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TABLE I1I. Aligned Amino Acid Sequences of 53 Phospholipases A,* (continued)

*The IUPAC one-letter amino acid code [Eur. J. Biochem. 5:151-
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; 4, ovine

3, bovine pancreas [17]

]

1531, 1968} is used. Gaps (~) have been introduced in order to get
maximal alignments of half-cystines and maximal homology. Residues
identical to the corresponding residue in porcine pancreatic PLA are
indicated with an asterisk. Note that gaps do not contribute to
Asn-123—Lys and probably corresponds to the more basic iso-enzyme

3178} is identical to the sequence given here except for a substitution
found in bovine pancreas [Eur. J. Biochem. 53:92-97, 1975]

numbering and that the numbers here do not necessarily correspond
recently described DNA sequence [Nucleic Acids Res, 15 (1987)

to those in the original publications. Key: I, porcine pancreas [17]

2, porcine pancreas, iso-enzyme [19]
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pancreatic [2] and Crotalus atrox [36] phospholipases A2 suggest that replacement of
these residues would severely distort the structure. Ala-102 and Ala-103 are close to
the entrance of the active site, and the presence of larger, bulky side chains might
interfere with the productive binding of substrate near the active site residues His-48
and Asp-49 (see also Fig. 1). Finally, residues 25-35 constitute to the calcium-binding
loop, which together with Asp-49, keep the cofactor calcium in position. It is clear,
as shown in Table 111, that all inactive phospholipase A2 homologues have in common
that one or more substitutions in these nearly invariant residues have occurred. In
addition, some substitutions disturb functional rather than absolute conservation, as
exemplified by sequences 10 and 20, which contain at position 31 a proline; this leads
undoubtedly to severe damage of the conformation of the calcium-binding loop.
Another interesting example is the presence of Ser-69 and Asn-69, respectively in
sequences 19 and 20, in which active phospholipases contain either a lysine or tyrosine
residue. Although the precise function of Lys-69 and Tyr-69 is not known, it is
tempting to assume that the phenolic OH or e-amino group are involved in the
interaction with substrate.

The naturally occurring Lys-49 App-PLA is characterized by several substitu-
tions of nearly invariant residues: Phe-5 — Leu, Tyr-28 — Asn, Gly-33 — His, Asp-
49 — Lys, Ala-102 — Val, and Phe-106 — Leu. Although the individual effect of all
these substitutions is unknown, each of these changes alone may be sufficient to cause
a severe decrease in enzymatic activity. Therefore, all results based on the activity of
Lys-49 Agkistrodon piscivorus piscivorus “phospholipase” and their implications for
the mechanism of action of phospholipases A2 should be therefore considered invalid.
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