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Summary 

The three-dimensional structure of porcine pancreatic PLA2 (PLA2), present in a 40 kDa ternary com- 
plex with micelles and a competitive inhibitor, has been determined using multidimensional hetero- 
nuclear NMR spectroscopy. The structure of the protein (124 residues) is based on 1854 constraints, 
comprising 1792 distance and 62 ~ torsion angle constraints. A total of 18 structures was calculated 
using a combined approach of distance geometry and restrained molecular dynamics. The atomic rms 
distribution about the mean coordinate positions for residues 1-62 and 72-124 is 0.75 + 0.09 A. for the 
backbone atoms and 1.14 + 0.10 A for all atoms. The rms difference between the averaged minimized 
NMR structures of the free PLA2 and PLA2 in the ternary complex is 3.5 A for the backbone atoms 
and 4.0 .& for all atoms. Large differences occur for the calcium-binding loop and the surface loop from 
residues 62 through 72. The most important difference is found for the first three residues of the N- 
terminal c~-helix. Whereas free in solution Ala z, Leu 2 and Trp 3 are disordered, with the e~-amino group 
of Ala I pointing out into the solvent, in the ternary complex these residues have an c~-helical conforma- 
tion with the a-amino group buried inside the protein. As a consequence, the important conserved 
hydrogen bonding network which is also seen in the crystal structures is present only in the ternary 
complex, but not in free PLA 2. Thus, the NMR structure of the N-terminal region (as well as the 
calcium-binding loop and the surface loop) of PLA 2 in the ternary complex resembles that of the crystal 
structure. Comparison of the NMR structures of the free enzyme and the enzyme in the ternary complex 
indicates that conformational changes play a role in the interfacial activation of PLA 2. 

Introduction 

Phospholipase A 2 (PLA2; EC 3.1.14) is a calcium-de- 
pendent lipolytic enzyme that stereospecifically cleaves the 
sn-2-acyl linkage of sn-3-phospholipids (Waite, 1987). 
Phospholipases A 2 occur both intra- and extracellularly, 
and are involved in a number of important cellular pro- 
cesses, such as the liberation of arachidonic acid from 
membrane phospholipids, which plays a key role in the 
biosynthesis of prostaglandins and other mediators of 
inflammation (Irvine, 1982; Seilhamer et al., 1989). The 
extracellular PLA2s are widespread in nature (Van den 
Bosch, 1980); very rich sources are pancreatic tissues of 

mammals and snake and bee venoms (Waite, 1987). They 
are small (14 kDa) enzymes, with a high stability under 
denaturing conditions, caused by the presence of six or 
seven disulfide bridges. Over 90 primary structures have 
been determined (Waite, 1987). The crystal structures of 
a number of PLA2s have been solved and show a remark- 
able similarity. A mechanism of catalysis has been pro- 
posed (Verheij et al., 1980; Scott et al., 1990). 

The catalytic activities of PLA2s on monomeric sub- 
strates are low, but increase tremendously on aggregated 
substrates. This phenomenon is called interfacial activa- 
tion. A number of  models have been proposed to explain 
the activation process. The substrate models have in 
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common that they assume the enzyme to be structurally 
invariant, and that the activation is caused by the 
changed properties of the substrate at the lipid water 
interface (Scott et al., 1990; Scott and Sigler, 1994). In 
contrast, the enzyme models suppose that conformational 
changes of the enzyme are responsible for the high activ- 
ities on aggregated substrates (Verger and De Haas, 
1976). From the crystal structures, which are very similar 
for various PLAzs both free and complexed to inhibitors, 
it was concluded that conformational changes do not 
occur in PLA 2. In other words, the crystal structures seem 
to favour the substrate models as an explanation for the 
interfacial activation. 

The high-resolution 3D solution structure of free por- 
cine pancreatic PLA 2 has been determined by NMR, 
using doubly labeled [13C,15N]-PLA2 (Van den Berg et al., 
manuscript submitted for publication). The structure 
shows significant deviations from the crystal structures. 
Free in solution the first three N-terminal residues are 
disordered, whereas in the crystal structure an c~-helical 
conformation is present. In addition, an important con- 
served hydrogen bonding network linking the c~-amino 
group to the active site is incomplete in the free enzyme, 
whereas in the crystal structures it is intact. The presence 
of this network could be the cause for the low catalytic 
activities on monomeric substrates. We have proposed 
that when the enzyme binds to micelles with subsequent 
binding of an inhibitor in the active site, the N-terminus 
and the active-site residues adopt a rigid conformation, 
leading to high catalytic activities on aggregated sub- 
strates: 

In the present paper we describe the assignment of the 
IH, ~3C and 15N resonances of PLA 2 in the ternary com- 
plex, composed of the enzyme bound to micelles with a 
strong competitive inhibitor present in the active site, 
using doubly 13C,1SN-labeled protein. The 3D solution 
structure of the enzyme in this ternary complex was deter- 
mined using NOE distance constraints supplemented with 
a limited number of dihedral angle constraints. To our 
knowledge, this is the first solution structure determina- 
tion of a lipotytic enzyme complexed to a high-molecular- 
weight lipid aggregate. Comparison of the NMR struc- 
tures of the free enzyme and that in the ternary complex 
indicates that conformational changes play a role in the 
mechanism of interfacial activation of PLA 2. 

Materials and Methods 

Synthesis of the phosphonate transition-state analogue 
The synthesis of the phosphonate transition-state ana- 

logue used in the current study was performed in a simi- 
lar way as described in the literature (Yuan and Gelb, 
1988; M.H. Gelb, personal communication). The structure 
of the inhibitor, (R)-l-thio-octyl-2-heptylphosphonyl-1- 
deoxyglycero-3-phosphoglycol, is shown in Fig. 1. 

Inhibitory power of the phosphonate transition-state analogue 
The inhibitory power (Z) of the phosphonate analogue 

with porcine pancreatic PLA 2 was determined in the pH 
stat using a mixed micellar system consisting of 3 mM 
sodium-taurodeoxycholate and 3 mM 1,2-didodecanoyl- 
sn-glycero-3-phosphocholine as the substrate (De Haas et 
al., 1990), in a buffer containing 150 mM NaC1, 50 mM 
CaC12 and 5 mM NaAc, pH 5.0, at a temperature of 25 
~ Under these conditions all enzyme is present at the 
interface (data not shown), and its specific activity is 
approximately 20 U/mg. 

Determination of the molecuNr size of the ternary complex 
The size of the ternary complex was determined using 

a Sephadex G75 gel filtration column (Pharmacia), essen- 
tially as described by De Araujo et al. (1979). To this end 
the enzyme (0.2 mM) was dissolved in a 5 mM acetate 
buffer, pH 4.3, containing 150 mM NaC1 and 50 mM 
CaC12. Dodecylphosphocholine (DPC) was added in an 
80-fold excess to PLA 2 (16 raM). The molecular weight of 
the protein-lipid complex was determined in the presence 
and absence of the phosphonate inhibitor in the active 
site of the enzyme (added in a 10% molar excess to the 
enzyme). The column was equilibrated in buffer contain- 
ing 1.5 mM DPC. The elution volume of the ternary 
complex was calibrated using several non-lipid binding 
proteins with known molecular size. 

Sample preparation 
The preparation of the uniformly (> 90%) doubly 13C, 

~SN-labeled and 10% 13C-labeled PLA 2 has been described 
(Van den Berg et al., manuscript submitted for publica- 
tion). The protein (3 mM) was lyophilized and dissolved 
in 450 gl of an H20 solution (containing 7% D20), in the 
presence of 250 mM (83 molar equiv) fully deuterated 
dodecylphosphocholine (DPC; Cambridge Isotope Lab- 
oratories) and 3.3 mM of the phosphonate inhibitor. The 
protein concentration in the 10% 13C-labeled PLA 2 sample 
was 1.5 mM in D20 , in the presence of 120 mM deuter- 
ated DPC and 1.65 mM inhibitor. All samples contained 
150 mM NaC1 and 50 mM CaC12, at pH 4.30. 

NMR spectroscopy 
All NMR spectra were recorded in 93% H20/7% D20 

at 313 K on a Bruker AMX600 spectrometer, equipped 
with a three-channel NMR interface and a triple-reson- 
ance [~H,15N,~3C]-probe with an additional gradient coil. 
The assignment of the backbone resonances was accom- 
plished by recording and analysis of 3D triple-resonance 
HNCO, HNCA (Ikura et al., 1990a,b; Kay et al., 1990), 
HNCOCA (Bax and Ikura, 1991) and HCACO (Kay et 
al., 1990) experiments in combination with a conventional 
15N-edited TOCSY-HSQC experiment. The assignment of 
the side chain resonances of the ternary complex was, 
using various 13C-edited HCCIt-TOCSY experiments (Bax 
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Fig. 1. Structure of the phosphonate transition-state analogue used in this study, (R)-l-thio-octyl-2-heptylphosphonyl-I deoxyglycero-3-phospho- 
glycol. 

et al., 1990a,b), carried out as described for the protein 
free in solution (Van den Berg et al., manuscript sub- 
mitted for publication). The assignment of NOEs in the 
ternary complex was accomplished using a time-shared 
[15N,~3C]-NOESY-HSQC experiment (Pascal et al., 1994; 
Vis et al., 1994), and a 13C-edited NOESY-HSQC experi- 
ment for the aromatic region. The latter experiment was 
acquired with a mixing time of 100 ms, recording 100 
complex points in F1 (~H), 52 complex points in F2 (13C) 
and 1024 complex points in F3. The spectral widths in the 
indirectly detected LH and ~3C dimensions were 5952 and 
4000 Hz, with the carrier positions at 4.60 and 124.5 
ppm. The spectral width in the ~H acquisition dimension 
was 5952 Hz, with the carrier at the water frequency (4.60 
ppm). The time-shared [15N,13C]-NOESY-HSQC experi- 
ment was acquired with a mixing time of 100 ms, record- 
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Fig. 2. [~H,'SN]-HSQC spectrum of PLA2 in the ternary complex. Note 
the resonance at 12.4/170.4 (1H/ISN) ppm, which originates from the 
hydrogen bond between His 48 and Asp 99, and the resonance at 7.61/ 
40.9 ppm, which belongs to the c~-ammonium group of Ala ~. The 
probable identity of the additional upfield 'SN signals is described in 
the text. 

ing 100 complex points in F1 (1H), 48 complex points in 
F2 (15N, 13C) and 1024 complex points in F3. The spectral 
widths in the indirectty detected ~H, ~SN and ~3C dimen- 
sions were 10000, 2000 and 5000 Hz, with the carrier 
positions at 4.60, 117.5 and 39.7 ppm, respectively. The 
spectral width in the ~H acquisition dimension was 10 000 
Hz, with the carrier at the water frequency (4.60 ppm). 
All NMR spectra were processed on Silicon Graphics 
workstations using the in-house TRITON software pack- 
age. Zero-titling (once or twice) was employed in all in- 
directly detected dimensions. Linear prediction was used 
in most cases to extend the data by approximately 30% in 
the heteronuclear dimensions. Separate baseline correc- 
tions were applied after the Fourier transformations and 
appropriate window function multiplications. The spectra 
were analysed directly on Silicon Graphics workstations 
using the program REGINE. 

Stere�9 assignments 
The stere�9 assignments for the prochiral methyl 

groups of the valine and leucine residues in PLA2 were 
obtained from a [IH, t3C]-HMQC spectrum recorded on a 
sample of 10% labeled enzyme present in the ternary 
complex (Senn et al., 1989). As with the protein free in 
solution, no stere�9 assignments for the prochiral 
a-protons of glycines and (13) methylene protons were 
used in the structure calculations. 

Constraints 
NOEs were assigned from 3D 13C- and lSN-edited 

NOESY spectra with mixing times of 100 ms. To relate 
the NOE intensities with distances we used the distances 
between 8- and a-protons in aromatic residues (2.5 A) and 
the d~s(i,i+ 3) distances (3.5 A) in ~-helices as a calibra- 
tion. The NOEs were classified as strong, medium, weak 
and very weak, corresponding to interproton distance 
constraints of 2.0-2.8, 2.0-3.7, 2.0-5.0 and 2.0-5.5 ~,  
respectively. The values of the pseudoatom corrections 
were 1.0, 0.9 and 2.0 A, for methyl group protons, non- 
degenerate methylene protons and aromatic ring protons, 
respectively. Qualitative constraints for dihedral ~ angles, 
obtained from a ~SN-HMQC-J experiment (Kay and Bax, 
1989), were -50 + 40 ~ for 3JHNc~ < 6 Hz, and -125 + 50 ~ 
for 3juy,~ > 4 Hz (Pardi et al., 1984). No hydrogen bond- 
ing constraints were used in the structure determinations, 
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and no constraints for calcium in the distance geometry 
cMcalations. However, because small changes in the struc- 
ture of the calcium loop occurred during the refinement 
procedure, five constraints for the calcium ion, inferred 
from the crystal structure, were int~vduced during refine- 
ment. The corresponding catcium-tigand distances, in- 
volvi.ng the ca~boxyt oxygens of  Asp 49 mad the backbone 
carbonyt oxygens of  Tyr 2~, Gty 3~ and Gt3P 2, were con- 
strained between 3.0 and 4.0 A (Dijkstra e t  al., 1983). 

The final DG structures Ibr PLA: in the ternary com- 
plex were calculated based on 1854 experimental NMR 
constraints, which is on average 15 constraints per resi- 
due, These constraints comprised 1792 approximate dis- 

tances, which could be subdivided in the following way: 
497 intraresidue, 593 sequential interresidue ([i - j ]  = 1), 
365 medium-range (2 < li - j [  --- 5), and 337 long-range 
(Ii -Jl  > 5) constraints. In addition, 62 approximate 0 tor- 
sion angle constraints were obtained. 

Structure calculations 
Protein structures were generated with distance geom- 

etry (Havel, 1991) using the DGII program (Biosym, San 
Diego, CA). An iterative procedm'e was used for the 
generation of the final structures, as described previously 
(Powers et al., 1993). The structures were refined with the 
program Discover (Biosym). The refinement protocol con- 
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Fig, 3. Cross sections through ~H33C planes of the HNCO (A), HNCA (B) and HNCOCA (C) triple-resonmlce spectra of PLA 2 in the ternary 
complex, taken at a ~sN chemical shift of 120.0 ppm, The intraresidual (HNCA) and interresidual (HNCA, HNCO, HNCOCA) connectivities from 
several amide resonances to the corresponding C ~ or CO (HNCO) resona~aces are indicated. 
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Fig. 4. Cross sections through the 1H-13C planes of the 13C part of the time-shared [lSN,13C]-NOESY spectrum and of the 13C-edited NOESY 
spectrum in the aromatic region of PLA2 in the ternary complex. The ~HJ3C planes were taken at the ~H chemical shift of the Ala ~ [3-proton at 
-0.36 ppm (A), the s 3 group of Met 8 at 1.73 ppm (B), and the H ~ protons of Phe z2 and Tyr m at 6.80 ppm (C). Several long-range as well as 
short-range NOE contacts are indicated. 

(250 steepest descent steps, followed by 2000 conjugate 
gradients steps). Displaying and visual inspection of the 
structures was performed on Silicon Graphics worksta- 
tions, using the InsightII program implemented in the 
NMRchitect software package (Biosym). The structures 
have been deposited in the Brookhaven protein databank. 

sisted of a restrained energy minimization step (100 iter- 
ations using steepest descent minimization and subse- 
quently 1000 iterations using conjugate gradients minimi- 
zation), followed by restrained molecular dynamics for 6 
ps, using a consistent valence force field (CVFF; Biosym). 
Finally, another energy minimization step was performed 
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Fig. 5. Total number of NOE distance constraints (A) and number of long-range NOE distance constraints (B), assigned for PLA2 in the ternary 
complex, shown as a function of the residue number. 
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Docking of the inhibitor in the active site of PLA 2 in the 
ternary complex 

The phosphonate inhibitor was docked in the active 
site of the restrained minimized averaged N M R  structure 
of PLA 2 in the ternary complex by performing a restrain- 
ed energy minimization. In order to do this, a number of 
intermolecular NOEs were assigned from the hetero- 
nuclear 3D NOESY spectra, and distance constraints 
were generated in a similar way as for the intramolecular 
NOEs. The experimental N M R  constraints were supple- 
mented with two constraints inferred from the crystal 
structure. One constraint was introduced for the contact 
between the calcium ion and the phosphate group of the 
inhibitor. Another constraint was included for the contact 
of  the Tyr 69 hydroxyl group with the phosphate group of 
the inhibitor. In total, 16 intermolecular constraints be- 
tween PLA 2 and the inhibitor were used. A list of the 
intermolecular protein-inhibitor contacts is included in 
the supplementary material to this paper. 

Results and Discussion 

Binding of the phosphonate inhibitor to PLA 2 
The binding of a competitive inhibitor in the active site 

of PLA 2 can be expressed by means of the Z-value, which 
is - for strong inhibitors - proportional to the affinity of 
the enzyme for inhibitor over substrate (Ransac et al., 

A 

1990). At pH 5.0, a Z-value of 10000 was obtained for 
the phosphonate analogue. Comparing this value to the 
Z-values for the acylamino substrate analogues used 
previously (ranging from 100 to 500 at pH 5.0; Dekker et 
al., 1991; Peters et al., 1992b), it is clear that under acidic 
pH conditions phosphonate transition-state analogues are 
much better inhibitors of PLA2 than the corresponding 
acylamino analogues (Yu and Dennis, 1991). 

The [1H,15N]-HSQC spectrum of the enzyme in the 
ternary complex with inhibitor and micelles at pH 4.3 is 
shown in Fig. 2. The spectrum shows cross peaks at 7.61/ 
40.9 (1H/15N) and at 12.42/170.4 ppm, which were also 
observed in spectra obtained previously for the acylamino 
analogues at pH 5.0 (Peters et al., 1992a). These cross 
peaks originate from the c~-amino group of Ala 1 and the 
important hydrogen bond between the side chains of the 
active-site residues His 48 and Asp 99, respectively. In Fig. 
2, two upfield 15N resonances are visible close to the a-  
amino group resonance. The absence of these resonances 
in the spectrum of free PLA 2 could indicate that they are 
associated with the binding of the inhibitor in the active 
site of the enzyme. The 15N-HSQC spectrum of the PLA 2 
mutant K56M, in which Lys 56 is replaced by a methio- 
nine, showed that the upfield ~SN signal at 7.93133.9 ppm 
is likely to arise from an interaction between the Lys 56 4- 
N H  3 group and the phosphoglycol headgroup of the 
inhibitor. This supports biochemical studies, from which 

65 

12 

Fig. 6. Stereoviews showing the best fit superpositions of the backbone (N, C ~, CO) resonances of the 18 refined distance geometry structures of 
PLA 2 in the ternary complex. The view in (B) is rotated about the x-axis approximately 90 ~ with respect to that in (A). The numbers of some 
amino acid residues are indicated. 
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Fig. 7. Atomic rms distributions about the averaged structure (in A) 
for the a-carbon atoms of the 18 refined distance geometry structures 
of PLA2 in the ternary complex, as a function of the residue number. 

complex. This accounts for the good quality of the spec- 
tra and indicates that the protein has a relatively high 
mobility on the micellar surface. A similar observation 
was made by Lauterwein et al. (1979) for the case of  
mellitin complexed to DPC micelles. The resolution of the 
spectra is still sufficient to assign more than 85% of the 
backbone resonances. In the middle of both large central 
helices several correlations in the triple-resonance spectra 
were very weak, and in a number of cases even absent. 
Assignment problems were also encountered in the sur- 
face loop between residues Cys 61 and Yyr 69, where the 
correlations for a number of backbone resonances were 
totally missing. In these regions we had to rely on the 

A 

it was deduced that Lys 56 interacts with the headgroup of 
substrates and inhibitors (Noel et al., 1991; Lugtigheid et 
al., 1993). The identity of the other upfield 15N signal at 
7.43/33.4 ppm is not yet clear; it does not originate from 
Arg 53, which is also thought to have interactions with 
substrates and inhibitors. The 15N-HSQC spectrum of the 
R53M PLA 2 mutant is in the upfield 15N part identical to 
the HSQC spectrum of the wild-type enzyme (B. van den 
Berg, unpublished results). 

Resonance and NOE assignments of PLA: in the ternary 
complex 

Using gel filtration chromatography, the total size of  
the ternary complex was found to be the same as for the 
enzyme-micelle complex and estimated to be 40 +_ 5 kDa. 
This value is in accord with a previous estimate by 
Dekker et al. (1991) of 38 kDa, using time-resolved fluor- 
escence spectroscopy. A molecular weight of  40 kDa is 
consistent with a composition of the complex of either 
one protein molecule and 60 DPC monomers or two 
protein molecules and 30 DPC monomers. Since we have 
never observed NOEs indicating dimer formation, the 
former interpretation (one protein per micelle) is more 
probable. Also, Jain et al. (1991) have shown that pancre- 
atic PLA2s are catalytically active as monomers on bilayer 
vesicles. Despite the large size of the complex, the quality 
of the triple-resonance HNCO, HNCA, HNCOCA and 
HCACO spectra is still acceptable. This can be seen from 
Fig. 3, where examples of selected 15N planes from the 
HNCO, HNCA and H N C O C A  spectra are shown. In the 
HNCOCA spectrum circa 90% of the resonances are 
present, whereas the H N C A  spectrum contains 65% of 
the (weaker) interresidual connectivities. From the amide 
proton linewidths in the HMQC-J  spectrum a T~ of circa 
16 ms was estimated, which yields a correlation time of 
approximately 12 ns, corresponding to an apparent mol- 
ecular weight of 25-30 kDa for the enzyme in the ternary 
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Fig. 8. (A) Best fit superposition of the C ~ atoms of the restrained 
minimized averaged NMR structures of PLA2 free in solution (orange) 
and in the ternary complex (green). The positions of some residues are 
indicated. (B) Deviations in C ~ positions between the NMR structures 
of the enzyme free in solution and in the ternary complex, shown as 
a function of the residue number. 
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heteronuclear 3D TOCSY and NOESY spectra to com- 
plete the sequential assignments. 

After assignment of the backbone resonances, the side- 
chain assignments for many (long-chain) spin systems 
were readily obtained from the HCCH-TOCSY spectra. 
However, for several AMX spin systems the assignments 
of the side chains could only be obtained from 3D hetero- 
nuclear NOESY spectra. Most of these problematic spin 
systems are found in the middle regions of the large cen- 
tral helices, as was also the case for the backbone reson- 
ances, and in the N-terminal a-helix. In contrast, both 
backbone and side-chain resonances for the residues in 
the C-terminal part of PLA 2 (residues Pro 11~ to Cys TM) are 
intense and could be easily assigned. The resonance as- 
signments for the aromatic side chains were obtained by 
comparison with the assignments of the free enzyme, and 
from the observation of intra- and interresidual NOE 
patterns in heteronuclear 3D NOESY spectra. Stereo- 
specific assignments for the prochiral methyl groups of 
valine and leucine residues could be obtained for all resi- 
dues of PLA2 in the ternary complex. Most side chain 8- 
N H  2 resonances of asparagine residues were assigned, 
except those of Asn 67, Asn 88 and Ash 97, as well as the e- 

N H  2 resonances of Gln 4. The a-NH resonances of the 
arginine residues could be assigned, but no assignments 
were obtained for the r h and TI2 NH(2 ~ resonances of the 
arginines and the ~ (NH~) resonances of lysines. At the 
end of the procedure more than 95% of the 1H, 13C and 
15N resonances of  PLA2 present in the ternary complex 
were assigned (the table with assignments is available as 
supplementary material). 

The 3D time-shared [lSN,~3C]-NOESY spectrum is of 
sufficient quality to enable extraction of a large number 
of  NOEs. This is illustrated in Fig. 4, where selected 1H- 
~3C cross sections are shown of the 13C part of the time- 
shared NOESY spectrum of PLA 2 in the ternary complex. 
The distribution of all NOEs and of the long-range NOEs 
is shown in Fig. 5. The final structures were calculated on 
the basis of  1792 approximate distance constraints, in- 
cluding 337 long-range ones, which is on average 15 con- 
straints per residue. 

The .final structures 
For PLA2 in the ternary complex, 35 distance geometry 

structures were calculated. These structures were analysed 
for the presence of chiral, dihedral and distance constraint 
violations, which yielded a final set of 28 distance 
geometry structures. After refinement of  these structures, 
distance and dihedral violations were acceptable (1-5 
distance violations larger than 0.5 A, none larger than 0.7 
A; 4-8 torsion angle violations larger than 5~ The total 
energies and the violation energies of the refined struc- 
tures were analysed. The structures with high total 
energies and violation energies were discarded, which left 
a final set of 18 refined distance geometry conformers. 

The superposition of the backbone (N, C a, CO) atoms of 
these conformers is shown in Fig. 6. It is clear that the 
structures are well defined for large parts of the protein. 
The average rms difference between the 18 conformers 
with respect to the average structure is 0.89 + 0.09 ,~ for 
the backbone atoms and 1.35 _+ 0.10 A for all atoms. I f  
the disordered surface loop running from residues 62 
through 72 is not taken into account, the rms difference 
values are 0.75 + 0.09 A for the backbone atoms and 1.14 
+ 0.10 A for all atoms. The 18 refined structures exhibit 
on average three distance violations larger than 0.5 A 
(largest: 0.66 A) and seven ~) dihedral angle violations 
larger than 5 ~ (largest: 35~ The stereochemical quality of 
the structures was checked with the program PRO- 
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Fig. 9. (A) Best fit superposition of the C a atoms of the restrained 
minimized averaged NMR structure of PLA2 in the ternary complex 
(green) and the X-ray structure (purple). The positions of some resi- 
dues are indicated. (B) Differences in C a positions that occur in the 
ternary complex and the crystal structure, plotted as a function of the 
residue number. The X-ray structure is that of Finzel et al. (1991). 
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CHECK (Morris et al., 1992). All structures, as well as 
the energy minimized averaged structure, show reasonably 
good stereochemistry. Classifications range from 2 to 3 
for the criteria of Z ~ and H-bond standard deviation. For 
the criterion of ~/gt distribution, a few structures have a 
classification of 4 (Morris et al., 1992), with 52-55% of 
the residues present in the core regions of the Ramachan- 
dran plot. A probable reason for the somewhat lower 
stereochemical quality of the main chain is that relatively 
few dihedral angles could be obtained from the ~SN- 
HMQC-J spectrum due to the molecular size of the 
ternary complex. The protine and glycine residues are all 
present within the favoured regions with respect to their 
~/~ distribution (Morris et al., 1992). 

To give an impression of the precision of the structure 
along the polypeptide chain, in Fig. 7 the 0~-carbon rms 
deviations of the ensemble of structures with respect to 
the averaged coordinates are shown as a function of the 
residue number. The largest rms deviations are found in 
the calcium-binding loop, the surface loop running from 
Lys 62 through Ser 72, and the C-terminus (up from residue 
AspHg). The positional variation of the calcium-binding 
loop arises during the refinement procedure. In the dis- 
tance geometry structures, the position of the calcium 
loop is much better defined. The poor definition of the 
surface loop up to Pro 6~ is a reflection of the small num- 
ber of NOE contacts present between this loop and the 
rest of the protein (Fig. 5). In the C-terminal region many 
NOE contacts are found, but most of these are sequential 
or medium-range. This preserves secondary structure, but 
it allows considerable conformational freedom for this 
part of the protein. 

The structure of  PLA 2 in the ternary complex: Comparison 
with the solution structure 

The average rms difference between the PLA, 
conformers and the average structure is larger for the 
ternary complex than for the free enzyme (0.89 ]k for the 
ternary complex and 0.68 lk for the free enzyme; Van den 
Berg et al., manuscript submitted for publication). This is 
due to the lower quality of the spectra of the complex 
and the consequently lower number of long-range NOEs 
(337 for the complex and 549 for the free enzyme). 

The secondary structure of PLA 2 in the ternary com- 
plex is very similar to that in the free enzyme. However, 
considerable differences exist between the tertiary struc- 
tures in both states of the enzyme, as is evident upon 
inspection of Fig. 8. The overall rms differences between 
both structures are as large as 3.5 A for the backbone 
atoms and 4.0 A for all atoms. These large rms deviations 
are mainly caused by differences in the positions of sur- 
face loops and turns in both states of the enzyme. 

An important structural difference between the free 
enzyme and the enzyme in the ternary complex is located 
at the beginning of the N-terminal c~-helix. Free in sol- 

ution, the residues Ala I, Leu 2 and Trp 3 have a non-a- 
helical, disordered conformation. The a-amino group of 
Ala I is pointing towards the solvent; its protons are in 
fast exchange with the solvent and therefore not visible in 
the spectra. In contrast, in the ternary complex the reson- 
ance of the a-amino group is clearly visible in all spectra. 
This suggests a buried position of the a-amino group in 
the interior of the protein. The structure of PLA 2 in the 
ternary complex indeed confirms that Ala 1, Leu 2 and Trp 3 
are present in an a-helical conformation, with the a- 
amino group shielded from the solvent in a well-defined 
position. In the ternary complex 13 long-range contacts 
could be assigned for Ala ~ (Figs. 4 and 5), as opposed to 
only one long-range contact in the free protein. 

The residues Ala 1, Leu 2 and Trp 3 show numerous 
NOEs with residues Tyr 69, Thr 7~ Ser 72 and Tyr 73. These 
interactions are caused by the inward movement of the 
N-terminal region and the surface loop around residues 
Tyr 69 and Thr 7~ The inward movement of the loop is the 
result of the interaction between the Tyr 69 hydroxyl and 
the sn-3-phosphate of the inhibitor (Dijkstra et al., t981, 
1983; Kuipers et al., 1990a). Free in solution Tyr 69 and 
Thr 7~ do not occupy an inward position. Furthermore, in 
the complex there is a displacement of the Trp 3 aromatic 
ring towards Ala I, caused by the interaction of Trp 3 with 
the lipid micelle (Kuipers et al., 1990b). 

The hairpin structure involving residues Tyr 25 and 
Cys 29 is quite evident in the ternary complex, but totally 
absent in the structure of free PLA 2. The remaining part 
of the calcium-binding loop (from Cys 27 to Pro 37) has also 
a quite different conformation in both states of the 
enzyme, as is clear from Fig. 8. In solution the loop has 
a tilted position and seems much more exposed to the 
solvent. In the ternary complex the calcium loop has a 
conformation resembling that in the X-ray structure, as 
will be discussed later. 

The surface loop running from Lys 62 through Ser 7a has 
significantly different conformations in the free enzyme 
and in the ternary complex. In both cases the loop seems 
to have a large degree of conformational freedom (up to 
residue Pro68), as can be deduced from the intense cross 
peaks of several residues in this region in TOCSY-type 
spectra, and from the weak correlations of the same resi- 
dues in the NOESY spectra. In the ternary complex the 
surface loop is pointing inwards, consistent with the inter- 
action of Tyr 69 with the phosphate group of the inhibitor. 
The inward position of the Tyr 69 aromatic ring is evi- 
denced in our spectra by the observation of NOEs to the 
ring of Tyr 52, and especially by the presence of several 
NOEs to Leu 3~, which is part of the calcium-binding loop. 
It is well established that both the calcium ion and the 
Tyr 69 hydroxyl have interactions with the phosphate 
group (Scott et M., 1990). The inward position of the loop 
is responsible for large differences in chemical shifts of 
this region in the ternary complex compared to the free 
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enzs~ne. In addition, residues in the loop interact with the 
lipid micelle, also contributing to the chemical shift differ- 
ences observed in both environments (Kuipers et al., 
1989). 

The [3-sheet from Ser TM through Ash ss is clearly present 
in the ternary complex. The position of the sheet, how- 
ever, is quite different in the complex compared to PLA 2 
free in solution. The turn AsnSLAsn 88, following the [3- 
sheet, is not clearly present in the ternary complex. From 
Ala 9~ up to the C-terminal residue Cys TM, the NMR struc- 
tures of PLA 2 free in solution and in the ternary complex 
are similar. 

Comparison of the NMR structure of PLA 2 in the ternary 
complex with the crystal structure 

The crystal structure of PLA2 determined by Finzel et 
al. (1991.) will be referred to as 'the crystal structure'. In 
comparing this with the NMR structure, the emphasis 
will be on the regions that are likely to be important for 
the mechanism of action of PLA 2, i.e., the N-terminus, 
the calcium-binding loop and the surface loop. The devi- 
ations between the NMR structure of the ternary complex 
and the crystal structure are evident upon inspection of 
Fig. 9. The overall rms difference between the structure 
of the ternary complex and the crystal structure is 2.5 ,~ 
for the backbone atoms and 3.4 A for all atoms. Both the 
position and the conformation of the N-terminal region 
and the calcium-binding loop are similar in the NMR 
structure of PLA 2 in the ternary complex and in the crys- 
tal structure. 

The region of the surface loop running from Lys 62 
through Pro 68 is not well defined in our structures, as is 
evident from Fig. 7. The poor definition of this segment 
arises from the absence of (long-range) NOEs, presmnab- 
ly due to a high flexibility in this region. Howevm; on 
average it is clear from Fig. 9 that the loop region from 
residues 66 through 72 resembles fairly well the crystal 
structure. In both cases the loop is pointing inwards, due 
to the interaction of Tyr ~9 with the inhibitor. 

The structure of PLA2 in the ternary complex: Relation to 
interfaciat activation 

From biochemical and crystallographic studies it 
appears that a fixed position of the a-amino group in the 
interior of the protein is essential for interracial binding 
and catalytic activity (Verheij et al., 1981; Dijkstra et al., 
1982,1984). The high-resolution structure of free PLA 2 
shows that residue Ala ~ is disordered, and that the hydro- 
gen bonds linking the a-amino group to the active site are 
absent (Van den Berg et al., manuscript submitted for 
publication). The position of the ~-amino group in the 
ternary complex is totally different from that in the free 
enzyme. In the complex, the ~x-amino group is shifted 
towards the interior of the protein, which results in much 
smaller distances from the ~-amino group to the active- 

site residues Tyr 52 and Asp 99 compared to the free en- 
zyme. For example, in the ternary complex the distances 
between the a-amino group and residues Tyr s2 and Asp 99 
are between 3 and 4/~. In contrast, in the free enzyme 
these distances range from 8 to 11 ~, excluding the for- 
marion of hydrogen bonds. In the crystal structure the 
contacts between the o-amino group and the active site 
are mediated by a water molecule. The hydrogen bond(s) 
between Ala ~ and Asp 99 might be very important to pro- 
vide a rigid, optimal conformation of the N-terminus and 
the active-site residues. 

The surface loop from residues Lys 62 through Ser 7z has 
a disordered conformation in free PLA> In the crystal 
structures of the bovine pancreatic proenzyme and the 
transaminated bovine pancreatic enzyme (which cannot 
form the hydrogen bonds between the ~-amino group and 
the active site), the first three N-terminal residues and the 
surface loop are disordered (Dijkstra et al., 1982,1984). 
One might therefore expect that in the ternary complex 
both the N-terminal region and the surface loop have a 
better defined conformation than in the free enzyme. 
Whereas this is certainly true for the first three N-ter- 
minal residues, a large part of the surface loop still has a 
disordered structure in the ternary complex. Only the 
residues Tyr 69, Thr v~ Glu 7t and Ser 72 adopt a well-defined 
conformation (Fig. 7), due to interactions with the N- 
terminal region. 

Conformation of the inhibitor in the ternary complex 
The structure of the inhibitor in the ensemble of con- 

formers of PLA2 in the ternary complex is sho~m in Fig. 
10. The structure of the inhibitor in the active site resem- 
bles the one found in X-ray crystallographic studies 
(Thunnissen et al., 1990). For the alkyl chain attached to 
the sn-1 position, intermolecular contacts could only be 
assigned to Leu 31. In addition, the sn-l-methylene group 
has a contact to the His 48 C ~ proton. From Fig, 10 it can 
be inferred that the sn-1 chain protrudes from the protein 
into the lipid micelle. Except for residue Leu 3l, only few 
interactions of the inhibitor with the rest of the protein 
are possible. This observation is supported by the crystal 
structure of the enzyme-inhibitor complex (Thunnissen et 
al., 1990). The sn-2-acyl chain is tightly bound in the 
hydrophobic binding pocket of the enzyme. This chain 
has multiple interactions with the aromatic residues Phe 5, 
Phe = and Phe 1~ as well as with Ile 9. The position of the 
sn-3 chain is determined by the interactions of the 
inhibitor phosphate group with the calcium ion and the 
hydroxyl group of Tyr 69. In addition, a hydrogen bond is 
likely to be present between the Lys 56 N H~ group and the 
sn-3-hydroxyt headgroup. 

Conclusions 

From the extensive crystallographic studies perfbrmed 
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Fig. 10. Conformation of the phosphonate transition-state analogue in the active site of PLAz in the ternary complex. The backbone atoms (N, 
C a, C') of the ensemble of enzyme conformers have been superimposed on the averaged minimized structure. Both active-site residues His 48 and 
Asp 99 are indicated in purple. The inhibitor molecule is shown in red; the calcium ion is shown as a white sphere. 

on various PLA2s, it was concluded that conformational 
changes do not play a role in the interfacial activation 
process of these enzymes (Scott and Sigler, 1994). In 
contrast, comparison of the solution structures of free 
PLA 2 and that in the ternary complex indicates that con- 
formational changes play a role in the mechanism of 
interfacial activation of this lipolytic enzyme. We propose 
that an essential feature for high catalytic activity of the 
enzyme is an (z-helical conformation of the first N-ter- 
minal residues, with the 0~-amino group occupying a 
position buried inside the protein. This position of the a- 
amino group enables hydrogen bond formation between 
the c~-amino group and the active-site residues. These 
hydrogen bonds render the active-site residues a rigid, 
catalytically optimal conformation, which is also observed 

in the crystal structure of the free enzyme. The conforma- 
tion of the free enzyme as observed in the crystal struc- 
ture could be the result of a preferential crystallization of 
one protein conformer, resembling the solution structure 
of the enzyme bound to a lipid aggregate. 
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