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Different Effects of Substitution of the Near-Invariant Glutamine-4 on the 
Properties of Porcine and Bovine Pancreatic Phospholipases A,+ 
Gustaaf J. M. van Scharrenburg, Wouter C. Puijk, Peter R. Seeger, Gerard H. de Haas, and Arend J. Slotboom* 

ABSTRACT: The precise role of the near-invariant Gln-4 residue 
in bovine and porcine pancreatic phospholipases A2 was in- 
vestigated with semisynthesis. Both in bovine and in porcine 
c-amidinated phospholipases A2, Gln-4 was substituted by Glu, 
Asn, and Nle. Binding and kinetic experiments revealed that 
replacement of Gln-4 by Asn or Nle in bovine phospholipase 
A, eliminates most of the activity, whereas a Gln-4 - Glu 
substitution affects the enzymatic activity but not the affinity 
for neutral aggregated substrates. These results clearly in- 
dicate the absolute requirement of an 0‘1 function of Gln or 
Glu at the 4-position in bouine phospholipase A2 for a func- 
tional lipid binding domain. In contrast, all the porcine 
phospholipase A2 “mutants” show affinities for micellar ag- 

Phospholipase A2 (EC 3.1.1.4) specifically catalyzes the 
hydrolysis of all naturally occurring phospholipids in the 
presence of Ca2+. The enzyme is found in low concentrations 
in almost every cell or cellular particle studied (van den Bosch, 
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gregates comparable to that of the native enzyme and possess 
almost full catalytic activity in the kinetic assays with micellar 
and monomeric short-chain lecithins. The opposite effect of 
the substitution of Gln-4 by Nle or Asn on the properties of 
the two enzymes is most likely a result of the presence of a 
Glu residue at position 71 in the porcine enzyme instead of 
an Asn as in the bovine enzyme. The porcine phospholipase 
A, is known to possess a second Ca2+ binding site located at 
Glu-7 1 and affecting the N-terminal region. Recent X-ray 
data of bovine and porcine phospholipases A,, showing dif- 
ferent conformations of the peptide loop 59-71 in these two 
enzymes, are in good agreement with this explanation. 

1980) but is most abundant in snake venoms and mammalian 
pancreas (Slotboom et al., 1982). In the pancreas, the enzyme 
is synthesized as a zymogen. Upon secretion into the gas- 
trointestinal tract, the proenzyme is converted into the active 
enzyme by limited tryptic proteolysis (de Haas et al., 1968). 
This active enzyme possesses, in addition to the low activity 
on monomeric zwitterionic substrates, a 1 03-104-fold higher 
catalytic activity on organized lipid-water interfaces such as 
occur in micelles (Volwerk & de Haas, 1982). 

Modification and substitution of the N-terminal Ala-1 in 
the porcine pancreatic enzyme revealed that the presence of 
a free a-NH3+ group on Ala-1 is essential for binding to 
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FIGURE 1: Computer drawing of the extended H-bonded system proposed for bovine pancreatic phospholipase A2 and showing the interactions 
between the N-terminus. the active site residues. and the amino acid residues between Pro-68 and An-71 (according to the 1.7-A X-ray coordinates; 
Dijkstra et al., 1981). 

neutral lipid-water interfaces and, as a consequence, for en- 
zymatic activity on aggregated substrates (Slotboom & de 
Haas, 1975). For some snake venom phospholipases A2, it has 
recently been reported that the presence of a free a-NH3+ 
group of the N-terminal amino acid residue is a prerequisite 
for catalytic activity on micellar substrates (Verheij et al., 
1981; Meshcheryakova et al., 1982; Aianyan et al., 1982; 
Magazanik et al., 1979; Randolph & Heinrickson, 1982). In 
contrast to the pancreatic phospholipases A2, the absence of 
a free a-NH3+ group of the N-terminal residue in these snake 
venom phospholipases A2 does not abolish the affinity for 
neutral lipid-water interfaces. Apparently, as proposed for 
pancreatic phospholipase A2 (Slotboom & de Haas, 1975), 
an exact juxtaposition of the a-NH3+ function and a car- 
boxylate group is also required for full enzymatic activity of 
snake venom phospholipases A2. Chemical modification 
studies (Fleer et al., 1981), as well as X-ray data (Dijkstra 
et al., 1981, 1983), showed that this carboxylate group belongs 
to Asp-99, located in the interior of the pancreatic phospho- 
lipase A,. Furthermore, the X-ray analysis showed a direct 
interaction between the a-NH3+ group, the 0'1 atom of Gln-4, 
the carbonyl oxygen of residue 7 1, and a fully enclosed H20 
molecule that is in direct contact with Asp99 and several other 
active site residues (Figure 1). 

The presence of a Gln at position 4 in more than 35 known 
phospholipase A2 sequences suggests that this conserved res- 
idue, just like the a-NH3+ of Ala-1, plays an essential role in 
the stabilization of an extended hydrogen bridged system and 
is necessary for the enzyme to display its full catalytic activity. 
Indeed, substitution of Gln-4 by Nle in bovine pancreatic 
phospholipase A2 abolishes completely the catalytic activity 
of this enzyme toward micellar substrates (van Scharrenburg 
et al., 1982). Very recently, however, it was found that the 
phospholipase A2 from pig ileum (Verger et al., 1982) and the 

1 
BOVINE PANCREATIC : H3N+-Ala.Leu.Trp.Cln.Phe.Asn.Cly.Met. 
PORCINE PANCREATIC , H 3 N t - A l a . L e u . T r p  Gin P h e . A r g . S e r . M e t .  

PORCINE I N T E S T I N A L  

p j - B U N C A R O T O X I N  

n5 8 

: HjN+-Asp.Leu .Leu  Asn  P h e . A r g . L y s . M e t .  

: H3N+-Asn.Leu .  l i e .  ci Asn .Phe.  Met .Clu.Me1.  

FIGURE 2: Comparison of N-terminal amino acid sequences of bovine 
pancreatic, porcine pancreatic (Slotboom et ai., 1982), and porcine 
intestinal (Verger et al., 1982) phospholipases A2 and of P-bungar- 
otoxin (Kondo et al., 1982b). 

phospholipase A2 chain of 8-bungarotoxin (Kondo et ai., 
1982a) possess an Asn residue at the 4-position (Figure 2). 
P-Bungarotoxin does possess considerable phospholipase A2 
activity on micellar lecithins (Kondo et al., 1982a,b), but the 
intestinal phospholipase A2 only hydrolyzes monomolecular 
layers of phosphatidylglycerol (Verger et al., 1982). These 
data suggest that Gln-4 can be replaced by Asn without a total 
loss of catalytic activity on lipid-water interfaces. 

In order to get more detailed information about the role of 
Gln-4 in the extended H-bonded system around the a-NH,+ 
group of phospholipase A,, we substituted Gln-4 by Nle, Glu, 
and Asn in the bovine enzyme. The same Gln-4 analogues 
of the porcine pancreatic phospholipase A2 were also prepared. 
This enzyme possesses a second, low-affinity Ca2+ binding site 
(Slotboom et al., 1978), which has a large influence on the 
lipid binding properties (Donn6-Op den Kelder et al., 1981) 
and on the pK, of the a-amino group, the trigger of the H- 
bonded system (Slotboom et al., 1978). The present paper 
describes the preparation of the analogues and compares the 
effects of Gln-4 substitutions on the catalytic and lipid binding 
properties of the bovine and porcine pancreatic phospholipases 
A2. 

Materials and Methods 
Most of the materials used and methods applied have been 
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described in detail previously (Slotboom & de Haas, 1975; van 
Scharrenburg et al., 1981, 1982). N"-Fmocl amino acids were 
purchased from Chemalog, Chemical Dynamics Corp. 

Amino acid analyses were performed by the method of 
Spackman et al. (1958) on a Kontron liquid chromatograph 
Liquimat I11 amino acid analyzer. Protein concentrations were 
calculated from the absorbance at 280 nm with an Elo( 1%) 
of 12.5 for all the eamidinated phospholipases A,. N-Terminal 
amino acid residues were determined by dansylation according 
to the method of Gray (1972). 

Measurements of Enzymatic Activities. Enzyme activities 
were routinely determined by the titrimetric assay procedure 
with egg yolk lipoproteins as substrates (Nieuwenhuizen et 
al., 1974). In contrast to the described procedure, a 2-fold 
higher CaZ+ concentration and a 1.5-fold higher sodium de- 
oxycholate concentration were used. Kinetic measurements, 
with micellar 1,2-dioctanoyl-sn-glyceero-3-phosphocholine and 
monomeric [2,3-bis(hexanoylthio)propyl]phosphocholine, were 
performed as described before [see de Haas et al. (1971) and 
Volwerk et al. (1979), respectively]. 

UV Absorption Difference Spectroscopy. UV absorption 
difference spectra were recorded on an Aminco DW-2-a 
spectrophotometer equipped with a Midan data analyzer 
coupled to an Apple I1 desk-top computer. Measurements 
were done at 25 "C, and binding parameters were obtained 
as described by Hille et al. (1981). Experimental conditions 
were 50 mM sodium acetate, 0.1 M sodium chloride, and 0.1 
M CaCI, at pH 6.00. 

Fluorescence spectroscopy was done as described by van 
Dam-Mieras et al. (1975). 

Monolayer Experiments. The surface barostat method was 
performed with a zero-order trough and 1,2-didecanoyl-sn- 
glycero-3-phosphocholine and 1,2-didodecanoyl-sn-glycer0-3- 
phospho-rac-glycerol to measure substrate hydrolysis and in- 
duction time at pH 6.00 as described by Verger (1980). 

Synthesis of Peptides. N-t-Boc-Gly or N-t-Boc-Ala was 
esterified to chloromethylated polystyrene resin that has been 
1% cross-linked with divinylbenzene (1.34 mmol of Cl/g of 
resin) according to the method of Gisin (1973). The hepta- 
peptides H2N-Ala-Leu-Trp( For)-Gln-Phe-Arg-Ala (I), H,N- 
Ala-Leu-Trp(For)-Asn-Phe-Arg-Ala (11), H,N-Ala-Leu- 
Trp( For)-Nle-Phe-Arg-Ala (111), and H,N-Ala-Leu-Trp- 
(For)-Asn-Phe-Asn-Gly (IV) were prepared by solid-phase 
synthesis (Erickson & Merrifield, 1976), with N"-t-Boc-amino 
acids and starting with N-t-Boc-Gly or N-t-Boc-Ala resin (1.1 
mmol of Ala or Gly/g of resin). The computerized peptide 
synthesizer (SYN l) ,  developed by the Danish Institute of 
Protein Chemistry (Villemoes et al., 1978), used the same 
automatic protocol for coupling and deprotection as described 
by van Scharrenburg et al. (198 1). 

The peptides H,N-Ala-Leu-Trp-Glu(0Bu')-Phe-Arg-Ala 
(V) and H,N-Ala-Leu-TrpGlu(0Bu')-Phe-Asn-Gly (VI) were 
also synthesized by the solid-phase method, with the following 
strategy: the two C-terminal amino acids were coupled as their 
dicyclohexylcarbodiimide-activated N"-t-Boc derivatives to the 
Gly or Ala resin by the above-mentioned procedure. The four 

Abbreviations: Fmoc, (9-fluorenylmethoxy)carbonyl; t-Boc, tert- 
butyloxycarbonyl; For, formyl; OBu', 0-tert-butyl; DMF, dimethylform- 
amide; DIEA, N,N-diisopropylethylamine; EtOH, ethanol; LC, liquid 
chromatography; TFA, trifluoroacetic acid; AMPA, r-amidinated 
phospholipase A2; TPCK, L- 1 -(tosylamido)-2-phenylethyl chloromethyl 
ketone; tosyl, p-toluenesulfonyl; NO2, nitro; CM, carboxymethyl; DEAE, 
diethylaminoethyl; NMR,  nuclear magnetic resonance; CIDNP, chem- 
ically induced dynamic nuclear polarization; IEP, isoelectric point. Other 
abbreviations used follow the IUPAC-IUB Commission on Biochemical 
Nomenclature Recommendations (1967a,b, 1972). 

N-terminal amino acids (starting with Glu-OBu') were suc- 
cessively coupled as the symmetrical anhydrides of the Nu- 
Fmoc-protected amino acids, prepared in situ according to the 
procedure of Meienhofer et al. (1979). A complete cycle using 
the symmetrical N"-Fmoc-amino acid anhydrides consisted 
of the following steps: (1) CH,Cl,, 3 times for 3 min; (2) 50% 
piperidine/CH,Cl, for 5 min; (3) 50% piperidine/CH,CI, for 
30 min; (4) CH,C12, 2 times for 3 min; ( 5 )  DMF, 2 times for 
3 min; (6) H,O/dioxane (1:2 v/v), 2 times for 5 min; (7) 
DMF, 3 times for 3 min; (8) CH2C12, 3 times for 3 min; (9) 
3 equiv of in situ prepared Fmoc-amino acid anhydride in 
DMF/CH,Cl, (1:3 v/v) for 30 min and, after 15 min, 1 equiv 
of 0.5 M DIEA in CHzClz added; (10) CH2C12, 3 times for 
3 min; (1 1) DMF, 3 times for 3 min; (1 2) EtOH, 3 times for 
3 min. 

After the last complete cycle, in which N"-Fmoc-Ala was 
coupled to the peptide resin, the Fmoc group was removed by 
performing steps 1-8. During the synthesis of peptides 1-111, 
the 8-guanidino group of arginine was protected by the tosyl 
moiety. In the case of peptide V, the arginine was protected 
by a nitro group. The */-carboxyl groups of glutamic acid in 
peptides V and VI were esterified with a tert-butyl group, and 
the indole nitrogen of tryptophan in peptides I-IV was pro- 
tected by the formyl moiety. 

Peptides I-IV were cleaved from the solid support by 
treatment with liquid H F  in the presence of 10% anisole for 
30 min at 0 "C. Cleavage of peptides V and VI from the resin 
was done by catalytic transfer hydrogenation, with palladium 
acetate and ammonium formate as described by Anwer & 
Spatola (1981). During this cleavage, the nitro group used 
for Arg protection in peptide V is removed simultaneously. 

Enzymatic degradation of peptides V and VI by leucine 
aminopeptidase (Light, 1967) followed by amino acid analysis 
revealed that the tert-butyl protection of the y-carboxyl group 
of the glutamic acid was still present after the hydrogenation 
procedure. 

After cleavage, the peptides were extracted from the resin 
with acetic acid, acetic acid/H,O (1:l v/v), or trifluoroacetic 
acid. Extracts were combined, diluted with cold water, and 
lyophilized. The yield of crude peptides was 80% for peptides 
I-IV and 40-5096 for the Glu(0Bu')-containing peptides V 
and VI, on the basis of the amount of starting N-t-Boc-Gly 
or N-t-Boc-Ala resin. 

Purification of Peptides. All the crude peptides were pu- 
rified in 50-mg portions by high-performance LC on a prep- 
arative C,, reversed-phase Polygosil column (25 cm X 22.7 
mm; particle size 10 pm; Altex) with a linear gradient (2 times 
400 mL) of 10-90% of acetonitrile in H 2 0  containing 0.1% 
TFA at a flow rate of 15 mL/min. The a-amino groups of 
the purified peptides were reacted with di-tert-butyl di- 
carbonate according to the procedure of Moroder et al. (1976). 
Subsequently, a second purification was done by high-per- 
formance LC on a C18 reversed-phase Polygosil column as 
described above. The homogeneity of the N"-t-Boc peptides 
was checked by analytical high-performance LC (van 
Scharrenburg et al., 1981). Amino acid analysis of the pure 
N"-t-Boc heptapeptides showed for all six peptides the correct 
amino acid composition. 

Preparation of Porcine Des-(Ala'-Ser')-AMPA. Porcine 
AMPA was split selectively at Arg-6 by treatment with 10% 
TPCK-treated trypsin (w/w). Subsequently, the new N-ter- 
minal Ser-7 was removed by a preparative Edman degradation, 
yielding porcine des-(Ala1-Ser7)-AMPA (Slotboom 8c de 
Haas, 1975). 
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Preparation of Bovine Des-(Ala'-Gly7)-AMPA. The 
preparation of this protein fragment is described by van 
Scharrenburg et al. (1981). 

Preparation of the Semisynthetic Bovine and Porcine 
AMPA Analogues. Coupling of the pure N'-t-Boc hepta- 
peptides (I-VI) to the desired protein fragment, bovine 
des-(Ala'-Gly7)-AMPA or porcine des-(Ala'-Ser7)-AMPA, 
was performed by using the mixed carbonic anhydride method 
(Meienhofer, 1979; van Scharrenburg et al., 1981). The re- 
sulting N-t-Boc-[Trp3(For)]AMPA analogues were desalted 
on a Sephadex G-25 coarse column (3 X 80 cm) equilibrated 
with 1% acetic acid, and the fractions containing the protein 
peaks were pooled and lyophilized. The crude N-t-Boc- 
[Trp3(For)]AMPAs were then deformylated by treatment with 
1 M NH4HCO3 (pH 9.00) for 24 h (Yamashiro & Li, 1973). 
After deformylation, the semisynthetic N-t-Boc-AMPA ana- 
logues were desalted on a Sephadex G-25 coarse column (3 
X 80 cm) in 1% acetic acid, lyophilized, and purified by 
chromatography on CM-cellulose at pH 6.00 or 5.00 as de- 
scribed previously (van Scharrenburg et al., 198 l) .  Fractions 
containing the N-t-Boc-AMPA analogues were pooled, dia- 
lyzed and lyophilized, and treated with 2 mL of anhydrous 
trifluoroacetic acid under N2  at room temperature. After 
15-30 min, the mixture was diluted with a large excess of cold 
H 2 0  and lyophilized immediately. The semisynthetic bovine 
and porcine AMPA analogues were obtained in 15-30% yield 
after chromatography on DEAE-cellulose (van Scharrenburg 
et al., 1981, 1982). All the semisynthetic proteins were ho- 
mogeneous on gel electrophoresis (pH 9.3) (Studier, 1973), 
and dansylation showed Ala as the N-terminal amino acid 
residue in all cases. 

Results 
Preparation of Bovine and Porcine AMPA Analogues. The 

semisynthetic approach to obtain phospholipase A2 "mutants" 
requires the protection of the e N H 2  groups of all lysyl residues 
to avoid undesired side reactions during coupling or degra- 
dation steps. E-Amidinated bovine and porcine pancreatic 
prophospholipases A2 were used to prepare the N-terminally 
substituted enzyme analogues. The eamidinated phospho- 
lipases A2 (AMPAs) behave nearly identical with the corre- 
sponding native enzymes with respect to catalytic activity and 
substrate binding properties (Slotboom & de Haas, 1975; van 
Scharrenburg et al., 1981). 

Bovine des-(Ala'-Met8)-AMPA was obtained by cleavage 
of the e-amidinated prophospholipase A2 with CNBr at the 
unique Met-8 residue (Figure 2). Subsequent coupling of the 
N-hydroxysuccinimide ester of N-t-Boc-L-Met followed by 
treatment with TFA yielded bovine des-(Ala'-Gly')-AMPA, 
the protein entity used for condensation with the synthetic 
peptides. 

For the preparation of the N-terminally shortened porcine 
AMPA, CNBr cleavage at Met-8 cannot be used because of 
the presence of an additional methionine residue at position 
20 in this enzyme. Trypsin was, therefore, used to selectively 
split the Arg6-Ser7 linkage in porcine AMPA, followed by a 
preparative Edman degradation furnishing the desired porcine 
des-(Ala'-Ser7)-AMPA (van Scharrenburg et al., 1983). 

The N-terminal heptapeptides (I-IV) containing Asn or Nle 
at position 4 were synthesized by the solid-phase procedure 
with N"-t-Boc-protected amino acids and were removed from 
the resin by liquid H F  (van Scharrenburg et al., 1981). During 
solid-phase synthesis of the Glu-4 containing heptapeptides 
(V and VI), N'-t-Boc protection was also used for the coupling 
of the three C-terminal amino acid residues. The four N- 
terminal amino acid residues were attached by using sym- 

V O L .  2 3 ,  N O .  6 ,  1 9 8 4  1259 

metrical N"-Fmoc-protected amino acid anhydrides. The use 
of basic conditions to split off the Na-Fmoc has the advantage 
that the tert-butyl group used to protect the y-carboxyl 
function of the Glu-4 is not removed during the remainder of 
the synthesis. The side-chain protection of Glu-4 must be 
maintained for the unambiguous coupling of the heptapeptides 
V and VI to the a-NH2 group of the N-terminally shortened 
bovine and porcine AMPA fragments, and therefore, liquid 
H F  cannot be used to cleave peptides V and VI from the resin. 
Removal of these peptides from the resin with retention of the 
side-chain protection of Glu-4 was mediated by hydrogenation 
as described recently by Anwer & Spatola (1981). Although 
these authors reported a recovery of more than 90% of their 
peptide from the resin by this procedure, we succeeded after 
two successive treatments to obtain only 50% yield with our 
peptides. We protected Arg-6 in peptide V with a nitro group, 
which is removed simultaneously during the cleavage of the 
peptide from the resin by hydrogenation. 

Arg-6 in peptide V cannot be protected with the tosyl 
moiety, because it is not removed during the hydrogenation 
procedure used for cleavage of the peptide from the resin. To 
check the presence of Glu(0Bu') in peptides V and VI, as well 
as the absence of NO2-Arg in peptide V, both purified peptides 
were digested with leucine aminopeptidase. Quantitative 
amino acid analyses of the reaction mixtures showed in both 
peptides the presence of 1 mol of Glu(0Bu') in addition to 1 
mol of each of the other constituting amino acid residues. No 
nitroarginine was found to be present in the reaction mixtures 
of peptide V. 

After protection of the a-NH2 group with di-tert-butyl 
dicarbonate, the N'-t-Boc heptapeptides thus obtained were 
covalently coupled to the respective bovine des-(Ala1-Gly7)- 
and porcine des-(Ala1-Ser7)-AMPA fragments by using the 
mixed-anhydride method. Subsequent purification by ion- 
exchange chromatography before and after deprotection gave 
the pure AMPA analogues in a yield of 15-30%. The fea- 
sibility of the procedures applied has been established previ- 
ously by preparing semisynthetically the original bovine and 
porcine AMPAs, which were found to be indistinguishable 
from the respective %ativen AMPAs (van Scharrenburg et 
al., 1981, 1983). 

The heptapeptides coupled to the bovine des-(Ala1- 
Gly7)-AMPA fragment possess only one substitution at the 
4-position as compared to the original sequence. The hepta- 
peptides coupled to the porcine des-(Ala1-Ser7)-AMPA possess 
in addition to the substitutions at the 4-position another 
substitution at the C-terminal position, that is, Ser-7 - Ala. 
This latter substitution was introduced for practical reasons, 
because yields for coupling peptides that contain Ser as the 
C-terminal residue are lower as compared to peptides with Ala 
as the C-terminal residue (van Scharrenburg et al., 1983). For 
this reason, all the 4-substituted porcine AMPAs possess an 
Ala instead of a Ser at position 7. The effect of the Ser-7 - 
Ala substitution on the properties of porcine AMPA has been 
described recently (van Scharrenburg et al., 1983). As a result, 
it was found that about 70% of the catalytic activity on mi- 
cellar substrates was retained, while the affinity for micellar 
substrate analogues remained unchanged following the Ser-7 - Ala substitution in porcine AMPA (see also Table 11). 

Kinetic and Substrate Binding Properties of Bovine AMPA 
Analogues. As can be seen from Table I, substitution of Gln-4 
by Asn in bovine AMPA reduces catalytic activity both on 
micellar and monomeric substrates. Only residual activities 
in the order of 10% of native AMPA could be measured. 
These results are comparable with the data reported previously 
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Table I: Comparison of Kinetic and Binding Properties of Semisynthetic Bovine e-Amidinated [Glu4]-, [ Am4]-, and 
[ Nle4] Phospholipases A, with Native e-Amidinated Bovine Phospholipase A, 

kcatlKMC 
vmax (micellar [ tnonomeric K ,  (binding 

sp act. L-dioctanoyllecithin bis( thiohexanoy1)- of micellar cis-9- 
(egg yolk assay) assay) (pequiv lecithin assay] octadecenylphos- 

AMPA analogue (pequiv min-' mg-I ) a  min-l mg-' ) b  ( s - '  M - l ) c  phocholine) (niM)d 

native AMPA (Gln-4) 5 0 r  3 2300 i 160 1 7 2 i  I O  5 .0  i 0.6 
Glu-4 7.5 i 0.8 1050 i 50 9 8  i 4 4.6 i 0.3 

Nle-4 e 70 i 20 45 i 5 f 
Asn-4 4.5 i 0.6 158 I 20 1 8 r 2  f 

a Determined at pH 8 as described previously (van Scharrenburg et al., 1982). Determined by titration of fatty acid liberated with 10.3 
mM NaOH at pH 6 and 45 "C (50 mM CaCl,, 10 mM acetate, and 0.1 M NaC1) as described previously (de Haas et al., 1971; van Scharrenburg 
et al., 1982). Determined at pH 6.0 (50 mM acetate, 0.1 M NaCI, 
and 0.1 M CaC1,) by ultraviolet difference spectroscopy (Hille et al., 1981: van Scharrenburg et ai., 1982). e No detectable activity. f N o  
detectable binding. 

Determined at pH 8.5 and 25 "C as described by Volwerk et al. (1979). 

Table 11: 
[Nle4,Ala7] Phospholipases A, with e-Amidinated Porcine [Ala']Phospholipase A, and Native e-Amidinated Porcine Phospholipase AZa 

Comparison of Kinetic and Binding Properties of Semisynthetic Porcine e-Aniidinated [Glu4, Ala']-, [Am4,  Ala']-, and 

kca t lK ,  
Vmax (micellar [monomeric K ,  (binding of 

sp act. L-dioctanoyllecithin bis(thiohexanoy1)- micellar cis-9- 
(egg yolk assay) assay) (pequiv lecithin assay] octadecenylphos- 

AMPA analogue (pequiv min-' mg- ' )  min-' mg- ' )  (s.1 W')  phocholine) (mM) 

native AMPA (Gln-4, Ser-7) 3 1 0 i  15 2220 r 100 476 i 30 0.16 f 0.02 
Gln-4, Ala-7 2 4 0 i  10 I340 2 50 440 i 25 0.09 i 0.01 
Glu-4, Ala-7 125 I 10 910 i 50 425 i 25 0.09 i 0.01 
Asn-4, Ala-7 85 r 5 950 t 50 920 i 90 0.33 i 0.02 
Nle-4, Ala-7 6 1  1 864 i 50 132 i 17 0.13 i 0.03 

a See footnotes a-d of Table I. 

for the bovine [Nle4]AMPA. This mutant possesses a slightly 
higher activity in the monomeric bis(thiohexanoy1)lecithin 
assay than does [Asn4]AMPA (van Scharrenburg et al., 1982). 
The low activities of the bovine [Nle4]- and [Asn4]AMPA 
analogues toward micellar substrates are most likely due to 
the fact that these AMPA analogues have lost their affinities 
for neutral substrates. As can be seen from Table I, these two 
bovine AMPA analogues do not bind to micelles of the sub- 
strate analogue cis-9-octadecenylphosphocholine. This loss 
of a functional lipid binding domain is not found upon re- 
placement of Gln-4 by Glu in bovine AMPA. The KD value 
for the binding of bovine [Glu4]AMPA to the micellar sub- 
strate analogue is almost identical with that of native bovine 
AMPA. The [Glu4]AMPA possesses about 50% of the activity 
of native AMPA by the micellar L-dioctanoyllecithin assay, 
which also demonstrates that the [Glu4]analogue recognizes 
and binds to neutral lipid-water interfaces. Bovine [Glu4] - 
AMPA possesses only 15% of the specific activity of native 
AMPA at pH 8 in the egg yolk assay (Table I). A plausible 
explanation for this remarkably low value could be the si- 
multaneous presence of the negative charge on Glu-4 in the 
N-terminal lipid binding domain at pH 8 and of the negatively 
charged mixed micelles of egg yolk lecithin and sodium de- 
oxycholate. 

pH Dependency of Fluorescence Intensity of Bovine AMPA 
Analogties. Figure 3, part 11, shows the effect of pH on the 
fluorescence intensity of Trp-3 in native AMPA and semi- 
synthetic bovine [Am4]-, [Nle4]-, and [Gln4]AMPAs. The 
catalytically active [Glu4]AMPA has a high fluorescence in- 
tensity as in native bovine AMPA. In contrast, the bovine 
[Nle4]- and [Asn4]AMPA analogues, both devoid of catalytic 
activity and affinity for neutral lipid-water interfaces, possess 
a much lower fluorescence intensity. The lower fluorescence 
intensity of the latter two AMPA analogues must be due to 
a different, more quenching environment surrounding Trp-3 
in these two AMPA analogues compared to that in the native 

:/- 

1-1 1 
1 1 1 1  

' 2 3 4 5 6 7 8 9  
PH 

FIGURE 3: pH dependence of fluorescence intensities of porcine (I) 
and bovine (11) AMPA analogues: (I) (A) [Gln4, Ala7]AMPA (B) 
[Glu4, Ala7]AMPA; (C) [Am4, Ala7]AMPA; (D) [Nle4, Ala7]- 
AMPA. (11) (A) [Gln4]AMPA (=native); (B) [Glu4]AMPA; (C) 
[Asn4]AMPA; (D) [Nle4]AMPA. Experimental conditions: 1 mM 
Tris, 1 mM sodium acetate, 0.1 M NaC1, 14.2 fiM protein. Excitation 
was at 295 nm, and intensities were measured at the emission max- 
imum (342 nm) at 25 OC. 

AMPA and [Glu4]AMPA. The fluorescence intensity of 
[Glu4]AMPA (Figure 311-B) shows a 2-fold increase in going 
from pH 4 to 7.5. Since the only difference with the native 
bovine AMPA is the Gln-4 - Glu substitution, this rise of 
the fluorescence signal could be attributed to the deprotonation 
of the Glu-4 residue adjacent to the tryptophan at position 3. 
The high pK, value of 5.8 for this Glu-4 is probably a con- 
sequence of the rather hydrophobic microenvironment created 
by the neighboring Trp-3 and Phe-5 residues. 

Kinetic and Substrate Binding Properties of Porcine AMPA 
Analogues. The data in Table I1 show that for porcine 
AMPA, substitution of the near-invariant Gln-4 by Glu, Asn, 
or Nle does not eliminate the enzymatic activity toward mi- 
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cellar substrates nor the binding to micelles of cis-9-octade- 
cenylphosphocholine. As compared to [Ala7]AMPA, the 
Gln-4 - Glu substitution has almost no effect on the properties 
of the enzyme. Both in the micellar L-dioctanoyllecithin and 
in the monomeric bis(thiohexanoy1)lecithin assays, the activ- 
ities are greater than 65% of that found with [Ala7]AMPA. 
Only the specific activity, determined with negatively charged 
mixed micelles in the egg yolk assay, is lower but not as low 
as that found for the same substitution in the bovine enzyme. 
The affinity of [Glu4, Ala7]AMPA for the micellar substrate 
analogue cis-9-octadecenylphosphocholine at pH 6 is identical 
with that of native AMPA, while the affinity of [Am4, 
Ala7]AMPA is about 4 times lower. This decrease in the 
affinity toward aggregated substrates can be attributed to a 
perturbation of the hydrogen-bonded system around the N- 
terminal Ala- 1, but a functional lipid binding domain is still 
present. Although the Gln-4 - Asn substitution causes a 
considerable decrease in the specific activity when assayed in 
the egg yolk assay, the V,,, value obtained in the micellar 
L-dioctanoyllecithin assay is less affected. The high activity 
of porcine [Am4, Ala7]AMPA in the monomeric bis(thio- 
hexanoy1)lecithin assay at pH 8.5, viz., more than 200% of 
that of [Ala7]AMPA, is remarkable. A similarly high activity 
in the monomeric assay has been found for enzymes with a 
blocked or modified Ala-1 such as prophospholipase A2 or 
transaminated phospholipase A2. It is also surprising that the 
substitution Gln-4 - Nle is not lethal for the porcine AMPA. 
The affinity of [Nle4, Ala7]AMPA for micellar cis-9-octa- 
decenylphosphocholine is identical with that of native AMPA, 
and the V,,, value in the micellar short-chain lecithin assay 
is 64% of that of [Ala7]AMPA. The Gln-4 - Nle substitu- 
tion, however, dramatically decreases the activity on mono- 
meric substrates and in particular the specific activity in the 
egg yolk assay. 

pH Dependency of Fluorescence Intensity of Porcine AMPA 
Analogues. The effect of pH on the fluorescence intensity of 
the Trp-3 in the porcine analogues is shown in Figure 31. A 
remarkable increase in fluorescence intensity is evident on 
increasing the pH from 4 to 7.5 with the porcine [Glu4, 
Ala7]AMPA. Glu-4 in this enzyme has approximately the 
same apparent pKa value as that found for bovine [Glu4]- 
AMPA. The fluorescence intensity of Trp-3 in [Glu4, Ala7]- 
and [Am4, Ala'IAMPAs is more than 2-fold increased as 
compared to that of [Ala7]AMPA, while [Nle4, Ala'] AMPA 
possesses a fluorescence intensity comparable to that of 
[Ala7]AMPA. These results thus suggest that Trp-3 in the 
catalytically active porcine [Am4, Ala7] - and [Nle4, Ala7]- 
AMPAs is not in a low-quenching environment. 

Discussion 
The presence of Asn or Nle at position 4 in bovine pan- 

creatic phospholipase A2 abolishes completely the affinity for 
micelles composed of the substrate analogue cis-9-octadece- 
nylphosphocholine (Table I). This lack of affinity for micelles 
explains the very low catalytic activity of these two "mutants" 
on the micellar substrate L-dioctanoyllecithin. The findings 
obtained with bovine [Am4]- and [Nle4]AMPA show unam- 
biguously the need for an 0'1 of glutamine or glutamic acid 
for the maintenance of a functional lipid binding domain. The 
1.7-%L X-ray structure (Dijkstra et al., 1981; Dijkstra, 1980) 
of bovine phospholipase A2 suggested an important role of the 
conserved Gln-4 in stabilizing the H-bonded system around 
the N-terminus that is essential for a lipid binding domain 
(Figure 1). The interaction between the a-NH3+ and the 0'1 
or Gln-4 or Glu-4 seems critical for an exact internal juxta- 
position of this a-amino group of bovine phospholipase A2. The 
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lack of affinity of bovine [Asn4]AMPA toward neutral lipid- 
water interfaces demonstrates that even a small shift in the 
position of the amide carbonyl oxygen in the side chain of 
Gln-4 disrupts the functional conformation of the lipid binding 
site. The disruption of H-bridge connections around the a- 
NH3+ group influences the conformation of the a-helical 
N-terminal region (residues 1-1 3) that contains amino acids 
like Leu-2, Trp-3, and Asn-6 important for the hydrophobic 
interaction with micelles. The conformational change in this 
N-terminal region is reflected in the decreased fluorescence 
intensity of Trp-3 in both bovine [Nle4]- and [Asn4]AMPA 
compared to native bovine and bovine [Glu4]-AMPA (Figure 
31). Previous results obtained with bovine [Nle4]AMPA, from 
the photo CIDNP 'H NMR technique and an immunological 
assay, also indicated that a drastic conformational change 
occurs following substitution of Nle for Gln at position 4, 
giving rise to a more inward position of Trp-3 (van Schar- 
renburg et al., 1982). Substitution of Gln-4 by Asn or Nle 
has, as one would expect, the same consequence as blocking 
or modifying the a-NH3+ function of Ala-1, that is, the loss 
of a functional lipid binding domain. The hydrogen-bonding 
system (Figure 1) also links the a-NH3+ group, via a H 2 0  
molecule to the active site couple His-48-Asp-99. Due to the 
substitution of Gln-4 by Asn or Nle, the a-NH3+ function and 
the catalytic center are probably no longer in close contact. 

The absolute requirement for an 0'1 at position 4 in bovine 
phospholipase A2 contrasts remarkably with findings obtained 
with the same mutants of the porcine pancreatic enzyme. 
Substitution of Gln-4 by Nle or Asn in porcine phospholipase 
A2 does not give proteins devoid of affinity and enzymatic 
activity toward neutral aggregated substrates (Table 11). 
Obviously, Gln-4 is of minor importance in porcine pancreatic 
phospholipase A2. The opposite effect of the substitution of 
Gln-4 by Asn or Nle in the bovine and porcine phospholipases 
A2 is most likely due to differences in the H-bridge system 
around the a-NH3+ function of these enzymes. Differences 
in the microenvironment of the N-terminal amino groups 
present in bovine and porcine phospholipase A2 are also re- 
flected in their pK, values. The pK, values of the a-NH3+ 
functions in the native porcine and bovine enzymes are 8.4 and 
8.9, respectively, as determined by I3C NMR titrations 
(Slotboom et al., 1978; Jansen et al., 1979). Furthermore, 
Slotboom et al. (1978) showed that, at basic pH values, a 
second Ca2+ ion was bound with low affinity to porcine 
phospholipase A2. Binding of this second Ca2+ ion perturbs 
Trp-3 and shifts the pK, of the a-NH3+ group from 8.4, in 
the absence of Ca2+, to 9.4 at 250 mM Ca2+. The authors 
concluded that porcine pancreatic phospholipase A, possessed 
a second low-affinity Ca2+ binding site close to the N-terminal 
part of the protein. 

A similar shift in the pK, of the a-NH3+ group or pertur- 
bation of Trp-3 is not observed upon addition of high amounts 
of Ca2+ to bovine phospholipase A2. The second, low-affinity 
Ca2+ binding site was very recently located on Glu-71 of both 
the porcine and equine phospholipases A2 (DonnbOp den 
Kelder et al., 1983) but not in the bovine enzyme (Asn-71). 
The bovine enzyme possesses only the catalytic Ca2+ binding 
site. The Glu-71 of the porcine phospholipase A2 is a car- 
boxylate having an abnormal pK, of 6.25. Deprotonation of 
this residue results in a complete loss of affinity for neutral 
lipid-water interfaces (Donne-Op den Kelder et al., 198 1). 
Binding of Ca2+ restores micellar binding and shifts, as 
mentioned above, the pK, of the a-NH3+ group to 9.4. This 
is 0.5 pH unit higher than the pK, of the a-NH3+ function 
in bovine phospholipase A2 (pKa = 8.9). As a matter of fact, 
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FIGURE 4: Comparison of the schematically represented H-bonded 
systems of bovine and porcine pancreatic phospholipases A2 (Dijkstra 
et al., 1983). 

the presence of an Asn at position 71 in the bovine phospho- 
lipase and a Glu at the same position in porcine phospholipase 
A2 is the only striking dissimilarity between the residues in- 
volved in the H-bridge system around the a-NH3+ group of 
these phospholipases A2 (Figure 4). The other amino acid 
residues involved are conserved in all the pancreatic phos- 
pholipases A2. Therefore, the differences in pKa values of the 
a-NH3+ functions and the opposite effects of a substitution 
of Gln-4 by Asn or Nle in the bovine and porcine enzymes 
could be attributed to the differing residues at position 71. 

The X-ray structure of porcine pancreatic phospholipase A2, 
recently refined to 2.6 A (Dijkstra et al., 1983), shows a great 
resemblance to the X-ray structure of bovine pancreatic 
phospholipase A, (1.7 A) (Dijkstra et al., 1981). According 
to the authors, one of the main differences in the backbone 
conformation of these two enzymes is the structure of the 
peptide loop 59-71. A short a-helical structure in bovine 
phospholipase A,, occurring between residues 59 and 66, is 
not present in the porcine enzyme. The residues 67-7 1 in the 
porcine phospholipase A, form a short stretch of 3,,, helix, 
whereas in the bovine protein this part is a random coil. These 
structural differences are thought to be a result of the only 
two substitutions in the peptide loop 59-71, that is, Val-63 -. 
Phe-63 and Asn-7 1 - Glu-7 1 in the bovine and porcine en- 
zymes, respectively. The different backbone structures in this 
region also have consequences for the interactions around the 
a-NH3+ functions of these enzymes. Figure 4 shows sche- 
matically the interactions between the N-terminus and the 
active site for both the bovine and porcine pancreatic phos- 
pholipases A2. It is clear that the conserved active site residues 
His-48, Asp-99, Tyr-52, and Tyr-73 occupy exactly the same 
positions around the a-NH3+ group in both enzymes. These 
pancreatic enzymes differ, as expected, in the interaction of 
the 0'1 of Gln-4 and in the interaction of the peptide bond 
carbonyl functions of the loop 67-71 with the N-terminus. 

These relatively small variations in the structure of the H- 
bonded systems must account for the deviation in the pKa 
values of the a-NH3+ group and the opposite effect of the 
substitution of Gln-4 by Asn or Nle in the porcine and bovine 
enzymes. 

Verger et al. (1982) purified recently a phospholipase Az 
from pig ileum with an Asn at position 4 and an activity 
directed only toward phosphatidylglycerol monolayers. It does 
not seem likely that the Asn at position 4 of the intestinal 
phospholipase A2 is entirely responsible for this substrate 
specificity. Monolayer experiments with porcine [Nle4, Ala7]- 
and [Am4, Ala7]AMPA using lecithin and phosphatidyl- 
glycerol did not indicate any change in substrate specificity. 
Furthermore, the phospholipase A, chain of @-bungarotoxin 
(Kondo et al., 1982a,b) has been reported to possess an Asn 
at position 4, and it also possesses phospholipase A, activity 
in the egg yolk assay (Kondo et al., 1982a,b), as well as in the 
micellar L-dioctanoyllecithin assay (H. M. Verheij, personal 
communication). Obviously, the presence of Asn at the 4- 
position in the porcine intestinal phospholipase A,, @-bun- 
garotoxin, and porcine pancreatic phospholipase A2 does not 
eliminate enzymatic activity of these three enzymes. The 
near-invariant character of Gln-4 in over 35 sequences of 
phospholipase A2 suggests, however, that in most cases the 
interaction between Gln-4 and the a-amino group is essential 
for full enzymatic activity. 
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