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Summary

'H, N and "*C resonance assignments are presented for the group II phospholipase A2 (PLA2) from
Agkistrodon piscivorus piscivorus. The secondary structure of the enzyme has been inferred from an
analysis of coupling constants, interproton distances, chemical shifts, and kinetics of amide exchange.
Overall, the secondary structure of this PLA?2 is similar to the crystal structure of the homologous group
II human nonpancreatic secretory phospholipase [Scott, D.L., White, S.P., Browning, J.L., Rosa, J.J.,
Gelb, M.H. and Sigler, P.B. (1991) Science, 254, 1007-1010]. In the group I enzyme from porcine
pancreas, the amino-terminal helix becomes fully ordered in the ternary complex of enzyme, lipid
micelles and inhibitor. The formation of this helix is thought to be important for the increase in activity
of phospholipases on aggregated substrates [Van den Berg, B., Tessari, M., Boelens, R., Dijkman, R.,
De Haas, G.H., Kaptein, R. and Verheij, H.M. (1995) Nature Struct. Biol., 2, 402-406]. However, the
group II enzyme from Agkistrodon piscivorus piscivorus possesses a defined and well-positioned amino-
terminal helix in the absence of substrate. Therefore, there is a clear difference between the conforma-
tions of group I and group II enzymes in solution. These conformational differences suggest that
formation of the amino-terminal helix is a necessary, but not sufficient, step in interfacial activation of

phospholipases.

Introduction

Phospholipases A2 (PLA2, E.C. 3.1.1.4) are calcium-de-
pendent enzymes that specifically hydrolyse the sn-2 ester
bond of sn-3 phosphoglycerides (for a review, see Slot-
boom et al., 1982). The small-molecular-weight (14 kDa)
PLA2 are classified in three groups, based on sequence
and structure homology (Heinrikson et al., 1977; Scott
and Sigler, 1994). Class I PLA2s are present in large con-
centrations in mammalian pancreas juices and snake ven-
oms of Elapidae and Hydrophidae. Class II PLA2s have
been found in a variety of mammalian cells, such as plate-
lets or vascular endothelium cells and also in the arthritic
synovial joints. They are thought to play an important
physiological role in releasing arachidonic acid, which is

a precursor in the formation of inflammatory mediators
such as prostaglandins and tromboxanes (Dennis, 1987,
Burgoyne and Morgan, 1990). The richest source of
group II enzymes have been Crotalidae and Viperidae
snake venoms. Group III phospholipases have been found
in the venoms of the honeybee and several lizards.
Crystallographic studies of several group I and group
IT phospholipases have shown that they are structurally
quite similar (reviewed by Scott and Sigler, 1994). The
main secondary structural features are an a-helix on the
amino terminus, two longer parallel o-helices and a two-
stranded antiparallel B-sheet. The largest differences be-
tween the group I and group II PLA2s are the following
(Renetseder et al., 1985; Scott and Sigler, 1994): a seven-
residue extension of the carboxy terminus of group II
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PLA2, insertion of three residues (residues 54-56, the
‘elapid loop’) in group I PLA2, and one disulfide con-
necting the carboxyl terminus in group II enzymes instead
of linking the amino-terminal helix to the B-sheet (Cys''-
Cys”) in group I enzymes.

Phospholipases A2 are remarkable for their ability to
hydrolyse aggregated substrate (e.g. micelles or mem-
branes) several orders of magnitude faster than soluble
monomeric phospholipids (Slotboom et al., 1982). This
‘interfacial activation’ is a property of group I and II
phospholipases and appears to require an uanmodified
amino terminus (Van Dam-Mieras et al., 1975; Verheij et
al., 1981). The kinetics of hydrolysis of phospholipid
vesicles by PLA2 is very complex, with several distinct
stages that reflect a complex interaction between the
protein and the membrane. It is well established that the
activity of PLA2 can be modulated by the physical state
of the membrane and depends on properties such as in-
trinsic membrane curvature (Lichtenberg et al., 1986;
Menashe et al., 1986), or the phase separation of im-
misible components, such as reaction products above the
critical mole fraction (Burack et al., 1993). Studies with
fluorescence and NMR techniques have indicated the
existence of at least three spectroscopically different states
of the PLA2 interacting with the membrane (Bell and
Biltonen, 1992; Peters et al., 1992; Jain and Maliwal,
1993). These different states could be caused by different
modes of interaction of the enzyme as a rigid body with
the membrane and/or by lipid-induced conformational
changes of the enzyme on the membrane surface.

Structure determination of the complex of several
phospholipases with a transition-state analogue inhibitor
has led to the proposition that interfacial activation is due
to the facilitated transfer of the phospholipid molecule
from the membrane to the reactive site through a channel
formed by hydrophobic residues (Scott et al., 1990). On
the basis of this work, it was suggested that the mechan-
ism of catalysis 1s identical for group I and II phospho-
lipases A2, although some differences have been observed
in the hydrophobic channel, affecting the substrate bind-
ing (Scott et al., 1991). This view of interfacial activation
did not consider conformational changes of the enzyme,
because the crystal structures of the free enzyme and the
enzyme bound to an inhibitor were essentially identical.
Furthermore, the tertiary structure of phospholipases is
thought to be quite rigid, due to the presence of six to
seven disulfide bonds.

Recent NMR experiments on the group I PLA2 from
porcine pancreas have shown that the solution structure
of the protein differs from the crystal structure, thus
suggesting an alternative mechanism for interfacial activa-
tion (Van den Berg et al., 1995a,b). Van den Berg et al.
(1995a) have observed a number of changes in the struc-
ture of the enzyme that occur as a result of formation of
a complex between protein, lipid, and a transition-state

analog. A particularly striking difference between the free
and the lipid-bound enzyme is the structure of the amino-
terminal helix. In solution, the first three residues of this
helix are disordered and the amino terminus is fully ac-
cessible to solvent. These residues become partially or-
dered and begin to demonstrate interactions with the
body of the protein when the enzyme is bound to mi-
celles. Upon formation of the ternary complex between
the enzyme, micelle, and inhibitor, the amino-terminal
residues assume an a-helical conformation. This confor-
mation facilitates the interaction of the amino terminus
with a hydrogen-bonding network that is thought to be
important for catalysis. Overall, the structure of the pro-
tein—lipid-inhibitor complex is similar to the crystal struc-
ture, supporting the hypothesis that the crystal structure
is the active form of the enzyme.

Recent studies on group IT PLA2s have focused on the
effect of the lipid substrate on the activation of the en-
zyme on membrane surfaces (Cho et al., 1988; Biltonen et
al., 1991; Bell and Biltonen, 1992; Lathrop and Biltonen,
1992; Burack et al., 1993). Relatively little attention has
been paid to structural changes in the protein that may
occur during activation. A number of studies have util-
ized the readily available group II PLA2 from Agkistro-
don piscivorus piscivorus (App-D49). Fluorescence studies
on App-D49 indicate that there are changes in the envi-
ronment of the tryptophan residues during activation of
the enzyme on vesicle surfaces (Bell and Biltonen, 1989).
These studies suggest that conformational changes of this
enzyme may also play an important role in its activation.
Therefore, a key step in understanding the activation of
group II enzymes is to investigate the structure of these
lipases in solution and on the micellar surface. Although
several crystal structures of group II phospholipases have
been published, there are no reports of the structures of
these enzymes in a noncrystalline environment.

As an initial step in the development of an understand-
ing of the relationship between structure and function of
group II PLA2s, we have investigated the properties of
App-D49 in solution. In this paper we report the 'H, °C,
and "N resonance assignments for the enzyme in solu-
tion. In addition, we show that the amino-terminal helix
of this enzyme is more ordered than in the group I
PLA2s. This suggests that changes in the conformation of
the amino-terminal helix may play a less significant role
in interfacial activation of phospholipases.

Materials and Methods

Sample preparation

Cloning and expression of App-D49 PLA2 have been
described by Lathrop et al. (1992). The coding sequence
of this gene was modified to incorporate errors in the
published protein sequence (see Maragonore and Heinrik-
son, 1993). The protein sequence has been altered from
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TABLE |
NMR EXPERIMENTS PERFORMED ON App-D49
Experiment Acquired data matrix size (nucleus) Spectral widths (Hz) Number of
transients
t t t o, W, Wy
N HSQC* 128 (N) 1024 (H) 1600 4000 8-32
3D TOCSY-HMQC® (1,,=75 ms) 128 (H) 32(N) 512 (H) 6500 1600 4000 8
3D NOESY-HMQC® (1, =120 ms) 128 (H) 32(N) 512 (H) 6500 1600 4000 8
3D *N-"N NOESY? (t,, = 120 ms) 64 (N) 32 (N) 1024 (H) 1600 1600 4000 32
HNCA® 32 (N) 48 (C) 576 (H) 1600 3500 4000 32
HN(CO)CA*® 32 (N) 48 (C) 1024 (H) 1600 3500 4000 32
HNCACB' 32(N) 48 (C) 1024 (H) 3000 1600 4000 32
CBCA(CO)NH? 48 (C) 2N 1024 (H) 8480 1600 4000 32
HBHA(CBCACO)NH" 48 (H) 32 (N) 1024 (H) 3000 1600 4000 32
HBHA(CBCA)NH’ 48 (H) 32 (N) 1024 (H) 4000 1600 4000 32
HN(CA)HA 32 (N) 48 (H) 1024 (H) 1600 3000 4000 32
HNCO* 32(0) 48 (CO) 512 (H) 2500 1600 4000 8
HCACO* 24 (C) 48 (CO) 512 (H) 3500 2500 2200 16
3C HCCH-TOCSY' (1,,=19, 28 ms) 128 (H) 36 (C) 512 (H) 3400 3125 3400 8
3D TS ('H, "N, BC) HSQC-NOESY-HSQC™ 32 (N) 48 (O) 512 (H) 1600 8000 6500 32
(t,,=120 ms)
HNHA" 32 (N) 64 (H) 512 (H) 1600 5500 5500 16
HNHB° 32 (N) 64 (H) 512 (H) 1600 5500 5500 16
CB(CGCD)HD and CB(CGCDCE)HE? 20 (O) 1024 (H) 2500 4000 1536

* Bodenhausen and Ruben, 1980.

® Driscoll et al., 1990.

¢ Bax et al., 1990a.

¢ Frenkiel et al., 1990; Ikura et al., 1990.

¢ Grzesiek and Bax, 1992a (constant time version).
 Wittekind and Mueller, 1993,

the sequence of the native enzyme by replacement of the
amino-terminal asparagine residue with serine to achieve
proper processing of amino-terminal methionine by E.
coli. The recombinant PLA2 was characterized by meas-
urement of K_ and V,_,, on a monomeric substrate (di-
caprylphosphatidylcholine) as well as measurement of the
time course of hydrolysis on dipalmitoylphosphatidyl-
choline vesicles. These properties were essentially the
same as found for the enzyme obtained from venom.

Labeled App-D49 ("*C and ""N) was prepared by grow-
ing the bacteria in minimal media, supplemented with "N
(NH,),SO, (1 g/l) or C glucose (3 g/1). The isolation and
refolding procedure reported previously (Lathrop et al.,
1992) has been altered to increase the yield of refolded
protein from 25% to 50-70% (Almeida et al., 1995). This
new scheme was based on the principle that efficient
renaturation of PLA2 will occur if the protein is refolded
under conditions such that the native conformation is
only marginally more stable than the unfolded one. In
this environment, misfolded structures can reach the
native state before becoming kinetically trapped in inac-
tive configurations.

Fluorescence spectroscopy was used to determine the
thermodynamic stability of App-D49 (data not shown).
The intrinsic fluorescence of App-D49 decreased at a
guanidine hydrochloride concentration of 3.5-4.0 M.
When the experiment was repeated under reducing condi-

? Grzesiek and Bax, 1992b.
" Grzesiek and Bax, 1993.

' Wang et al., 1994.

7 Clubb et al., 1992.

¥ Kay et al., 1990.

! Bax et al.,, 1990b.

™ Jerala and Rule, 1995.

" Vuister and Bax, 1993; Bax et al., 1994,
° Archer et al., 1991; Bax et al., 1994.

? Yamazaki et al., 1993.

tions, a similar decrease in fluorescence was observed at
0.5-1.5 M guanidine hydrochloride concentration. Addi-
tion of Ca* to 10 mM only resulted in a marginal in-
crease of stability, but was nevertheless included in all
refolding experiments. Based on these results, refolding
experiments were performed at guanidine hydrochloride
concentrations between 0.5 and 1.5 M. These experiments
indicated that concentrations between 0.8 and 1 M gave
the highest yield of active enzyme (data not shown). Dur-
ing the course of these experiments it was also determined
that the yield of refolding is very sensitive to pH; the best
results were obtained at pH =7.8-7.9 (data not shown).
Sulfonated PLA2 was purified from inclusion bodies,
as described previously (Lathrop et al., 1992). The puri-
fied protein was refolded in a mixture adjusted to the
following final concentrations: 5 uM App-D49, 0.8 M
guanidine hydrochloride, 2.5 mM reduced glutathione
(Sigma, St. Louis, MO), 0.5 mM oxidized glutathione
(Sigma), 20 mM Tris-HCI, pH 7.85, 1 mM EDTA, and
10 mM CaCl,. Note the reduction in the concentration of
App-D49 as well as the omission of the dodecyl-B-D-
maltoside in the modified scheme. The extent of refolding
was measured by monitoring the enzymatic activity using
0.20 uM App-D49 and 13 mM 1,2-di-butyroyl-sn-glycero-
3-phosphocholine in 50 mM KCI, 10 mM CacCl,, pH 8.0,
at room temperature, and comparing this to the activity
of venom App-D49 under the same conditions. Refolding
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Fig. 1. "N-'H heteronuclear single-quantum spectrum of App-D49. Cross peaks from the side chains of Trp, Arg and Lys as well as the amino
terminus are labeled. All other peaks arise from main-chain amides and the side chains of Asn and Gln.

was allowed to proceed for about 15-20 h (either at 4 or
20 °C), after which the solution was diluted 1:10 into 20
mM Tris, pH 7.8. This solution (0.08 M in guanidine
hydrochloride) was then loaded onto an SP-Sepharose
(Sigma) ion exchange chromatography column equi-
librated with the same buffer, and eluted at 20 ml/h with
a 0.0-0.4 M NaCl gradient in the same buffer. Finally,
the protein solution was dialyzed extensively against
water at 4 °C and lyophilized.

The sample for NMR spectroscopy was prepared by
dissolving 7 mg ("N and “C labeled) or 12 mg (°N
labeled) lyophilized protein in 0.45 ml of 20 mM sodium
phosphate buffer, pH 4.3, and 100 mM KCl. D,0 was
added to 5% for all experiments except for the HCCH-
TOCSY experiment and amide exchange experiments,
which were done in buffered D,O. All NMR experiments
were performed at 40 °C.

NMR spectroscopy

NMR spectra were recorded on a 500 MHz Varian
UnityPlus spectrometer, equipped with a Nalorac 5 mm
triple resonance probe with a shielded Z gradient coil.
Quadrature detection was achieved with the States-TPPI
method (Marion et al., 1989a). Table 1 provides a list of
the NMR experiments that were performed, along with
basic experimental conditions. Pulsed field gradients were
used to suppress the water signal and to remove undesired
coherences. Gradients were implemented in the following
pulse sequences (see Bax and Pochapsky, 1992): HNCA,
HN(CO)CA, HNCACB, CBCA(CO)NH, HBHA(CBCA-
CO)NH, HN(CA)HA, HCACO, HCCH-TOCSY and
HNHB. Additional suppression of the water signal was
accomplished using spin-lock purge pulses (Messerle et
al., 1989) and spectral deconvolution in the time domain
(Marion et al., 1989b).

A spectral width of 1600 Hz was employed for the "N
dimension in all experiments except in the "N HSQC,
causing folding of some of the side-chain amides. Exten-
sive folding to achieve higher resolution in the carbon
dimension was employed only in the HCCH-TOCSY
experiment (spectral width of 3400 Hz). Otherwise a
spectral width of 8400 Hz was used in the carbon dimen-
sion. The 'H and "*C chemical shifts are given relative to
3-(trimethylsilyl)propionic acid. The N chemical shifts
were indirectly referenced by multiplying the frequency of
the standard with the ratio of the zero-point frequencies
of "N with 'H, corrected for the temperature of the sol-
ution (Edison et al., 1994).

The kinetics of amide exchange were determined by
measuring the intensity of cross peaks in a "N-HSQC
spectrum at various times after a sample of *N-labeled
App-D49 was dissolved in D,0. The first "N spectrum
was completed 3 h after dissolution in D,0. Therefore,
amides that exchange with a rate greater than approxi-
mately 1-2 h™' could not be detected. The intensity of the
cross peaks as a function of time was fit to a single expo-
nential function to obtain the rate constant for exchange.

The three-bond coupling constant J;N ;,« was obtained
from an analysis of the HNHA spectrum. The coupling
constant is calculated from the fraction of magnetization
transferred from the HN to the H® proton. These coup-
ling constants were related to the ¢ dihedral angle using
the relationship described by Vuister and Bax (1993).

Transformations and other manipulation of data, as
well as analysis of spectra, was done using the FELIX
software (Biosym Technologies, San Diego, CA) on a
Silicon Graphics INDIGO workstation. Linear prediction
of about 30% additional data points was used in most of
the indirect heteronuclear dimensions (Olejniczak and
Eaton, 1990). In some cases, the first one or two points



were also linearly predicted to flatten the baseline. Imple-
mentation of all the pulse sequences used here, as well as
the FELIX processing macros, are available upon request
from the authors.

Results
Resonance assignments

Strategy for the backbone assignments

A PN-'H HSQC spectrum of App-D49 is shown in
Fig. 1. Note the presence of several peaks around 40
ppm, which may represent the amino-terminal amide
proton and/or side chains of lysine residues, The spectrum
in Fig. 1 shows 114 well-resolved peaks of the expected
138 peaks from main-chain amides (117), H® of trypto-
phan (3), asparagine and glutamine side chains (18). The
lack of cross peaks suggests considerable overlap of nitro-
gen and amide-proton chemical shifts. Three-dimensional
BN-TOCSY-HMQC and “N-NOESY-HMQC spectra
were used in an attempt to apply conventional proton-
based sequential assignments to App-D49 (Billeter et al.,
1982; Wiithrich, 1986). Using sequential NOEs between
H®HN, HP-HN and HN-HN, we could only ascertain
reliable connectivities for residues 89-95, 50-55 and 102-
107. Since this strategy only assigned a small number of
the residues, triple resonance techniques were used to
complete the assignments.

Triple resonance multidimensional experiments with a
uniformly '""N-/C-labeled sample were performed to
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establish scalar connectivities (see Table 1). Representa-
tive sections of the HNCA and CBCA(CO)NH spectra
are shown in Fig. 2. The first step in the assignment
procedure was to obtain information on the type of
amino acid for each spin system. The HNCACB spectrum
in combination with the CBCA(CO)NH spectrum, and
the HBHA(CBCA)NH spectrum in combination with the
HBHA(CBCACO)NH spectrum provided intraresidue
shifts for C% CP, H* and HP atoms. This information was
particularly useful for identification of Gly, Ala, Ser and
Thr residues (Grzesick and Bax, 1993). Glycine residues
were also recognized by the absence of intraresidue cross
peaks in the HN(CA)HA spectrum. A “N-TOCSY-
HMQC spectrum provided additional information on the
type of spin system, although it was often impossible to
distinguish glycine from serine residues.

Sequential connectivities were determined by several
parallel pathways, using several or all of the C%, C*, H",
HP and CO resonances for each connectivity. The combi-
nation of HNCA and HN(CO)CA experiments provides
connectivities from one C* to the preceding C® The
HN(CO)CA spectrum identifies the interresidue cross
peak and can indicate degeneracies in the chemical shifts
of C* resonances from adjacent residues. In parallel,
identification of inter- and intraresidue H* chemical shifts
were obtained from the HN(CA)HA spectrum in combi-
nation with the HNHA and HBHA(CBACO)NH spectra.
A combination of the C* and H* chemical shifts leads to
the unique assignment of a number of residues (see Fig.
3). However, approximately 50% of the residues showed
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Fig. 2. HNCA and CBCA(CO)NH spectra of App-D49. Slices at the nitrogen frequencies of residues Leu” to Glu® are shown. The left section of
each panel is part of the CBCA(CO)NH spectrum and provides the C* and C? shifts of the preceding residue. For example, the region of the
CBCA(CO)NH spectrum at the amide frequency of Leu” (122.1 ppm) provides the carbon shifts for Ser'. The right section of each panel is part
of the HNCA spectrum. The peaks in boxes are intraresidue correlations. The arrows connect interresidue C* cross peaks.
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TABLE 2
'H, N AND "*C CHEMICAL SHIFTS FOR App-D49 PLA, AT pH 4.3 AND 40 °C
Residue N HN CO H* Ce H? ct Other 'H Other °C, "N
Ser' 323 817 1729  3.81 578 3.46 63.7
Leu? 122.1 8.38 178.1 451 59.1 1.83 417 H' 1.76; H® 1.11, 1.27 C'41.7, C¥ 25.6; C 251
Phe’ 117.7 8.14 1781  4.40 61.1 311,295 388 H®7.78
Gln* 119.2 733 1775 3.89 59.8 207,175 312 HY 2.24; H® 7.05, 6.82 C735.7; N° 1121
Phe’ 120.1 829 1774 442 58.8 375,341 379 H®7.20; H° 7.04
Gh® 115.4 818 1792 373 59.6 2.05 284  H'2.34 C'34.7
Lys’ 120.9 750 1795 395 60.0 203,176 319 HY 1.31; H® 1.50; HE 2.87 C'50.6; C°29.4; C* 42.5
Lev® 121.7 837 1792  3.74 59.1 1.94,1.02 417 HY 1.65; H® 0.50, 0.22 C'27.6; C¥ 25.6; C* 229
1le° 119.3 845 1799 318 67.3 1.54 38.7 HY 0.13, 0.52; H® -0.30 C'15.7, C* 18.1; C°* 39.7
Lys" 124.4 792 1796 418 59.4 1.84 31.9 HY 1.33; H® 1.63; H® 2.93 C1252; C329.3; C5 425
Lys" 119.7 818  178.1  4.03 58.7 1.83 31.9 HY 1.41; H® 1.59; H® 2.84 CY25.4; C°29.3; C° 42.5
Met"? 112.1 795 1777 4.62 56.2 198,170 33.6  H'2.50,222 Cr326
Thr® 105.6 835 1751 438 62.9 4.03 730  H'1.00 C122.0
Gly* 110.9 810 1734  3.89,3.70 460
Lys'® 121.0 828 1745 420 54.2 1.26,096 339 H' 0.52; H? 0.34; H® 1.75 C'24.2; C*28.1; C° 42.0
Ser's 112.0 808 1766  4.29 579 3.77 64.3
Gly” 117.6 9.07 1764  3.84 48.1
Met'® 121.2 8.71 1779  4.21 58.3 245,192 321 H' 1.63 Cr278
Leu” 118.6 747 1773 416 56.9 1.33,1.02 425 HY 0.90; H® 0.73, 0.59 C21.4; C*" 248, C*2 242
Trp? 114.7 745 1774 435 58.5 2.18 3.3 H*7.16; H' 9.80; H# 7.16  N° 1289
Tyr? 1149 808 1744 476 58.7 227 39.7
Ser? 112.5 733 1734 429 59.8 3.97 64.8
Ala® 124.7 694 1742 435 52.0 0.69 18.0
Tyr* 124.8 794 1745 499 57.9 2.74 41.9 H? 7.00
Gly* 113.3 830 1728  3.46,260 44.8
Cys® 1223 1117 1761 476 56.7 332
Tyr? 131.2 797 1818  4.14
Cys® 179.4 50.4
Gly” 1164 724 1728 3.1 453
Trp¥ 120.8 802 1764 476 575 3.20 29.7 H® 7.46; H' 10.04; N° 130.0
H% 7.22; H® 7.25
Gly™ 110.7 836 1743  3.67 46.4
Gly* 107.7 783 1727  3.54 46.4
GIn® 117.7 676 1731  4.44 55.3 211,182 315 HY2.01; H® 7.28, 6.70 C'34.8; N°112.9
Gly* 103.4 8.16 1757  4.08,3.86 456
Arg® 1272 893 1732 476 534 1.55 31.3 HY 1.44; H® 3.01 C'32.0; C* 43.7
Pro* 1784  4.60 62.4 1.67 31.0 HY 1.60, 1.41; H® 3.02 C'31.9; C*42.6
Lys” 1243 1082 1756  3.88 56.3 1.08,0.72  32.7 HY 1.09; H® 1.57; H® 2.74 C'24.6, C*31.5; C°42.5
Asp® 116.4 737 1758 441 52.3 3.08,2.73 409
Ala® 120.8 856 1796  3.98 56.5 1.28 19.1
Thr* 118.3 8.51 1757 3.72 70.5 4.16 70.4 HY0.92 C'22.7
Asp™! 121.8 885 1799 5.8 56.4 2.75 41.8
Arg® 119.6 8.63 1780  3.87 60.6 203,153 290  H'1.73; H*3.14, 293 Cr29.2; C*43.0
Cys® 119.1 848  179.1 421 574 2.49 37.4
Cys* 120.2 8.06 1751  4.05 59.5 1.98 44.7
Phe* 125.0 8.56 1760  3.76 61.6 292,212 396 H®7.10
Val* 119.9 874 1777 295 67.1 1.86 31.6 H' 1.39 C125.4
His" 119.8 7.1 1757  4.30 60.1 2.83 28.1 H¥ 6.75; H* 8.18
Asp® 120.0 8.17 1794 412 56.9 3.00,279 379
Cys® 120.4 817 1764  4.14 58.2 2.66 375
Cys*® 123.1 863 1783  3.94 619 3.19 36.9
Tyr® 119.4 819 1794  4.19 58.8 3.14,294 365 H® 6.75
Gly* 106.1 794 1745  3.89 46.8
Lys® 117.5 716 1765  4.27 56.3 1.89,1.79 33.1 HY 1.27; H® 1.48; H® 2.78 C725.4; C*25.6; C°42.6
Vai* 122.5 7.51 175.1 3.85 63.8 2.11 315 HY0.76, 0.71 C" 21.9; C* 24.1
Thr* 119.1 828 1752 4.9 61.5 405 710  H'1.03 Cr21.5
Gly* 111.7 8.60 1734  4.02,3.79 457
Cys” 113.5 7.51 1708  4.74 57.0 3.38,3.17 366
Asn® 119.3 899 1733  5.07 50.6 1.76 40.2 H® 7.78, 7.07 N® 1152
Pro” 1751 3.92 64.4 0.81,040 31.5 H' 1.46; H® 4.22 C"29.4; C*59.9
Lys® 111.2 727 1785 416 59.3 1.73 33.5 HY1.30; H® 1.62; HE2.84 (Y 25.4; C*29.6; C° 42.5
Met®! 114.2 697 1765  4.63 55.4 2.00,1.58 354  H'2.47,2.28 C'32.3
Asp® 120.6 844 1759 463 56.4 2.53,197 410
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TABLE 2

(continued)

Residue N HN co H® e HP ct Other 'H Other *C, ¥N

I1e® 124.4 8.63 1756  3.87 61.4 1.60 39.5 H' 0.87, 0.79; H® 0.79 C" 24.4; C* 18.2; C*13.7

Tyr® 125.6 840 1759  5.21 54.4 344,260 41.4 H?® 6.65

Thr® 117.6 8.80 1732 4.6 62.3 3.74 71.1 H" 1.08 Cr21.8

Tyr® 123.9 844 1726 549 56.8 3.16,2.85 41.5 H?® 6.85; H® 5.57

Ser® 114.9 885 1726  4.55 56.7 3.68 66.4

Val® 122.6 859 1754  4.87 61.9 1.93 32.6 H? 0.86, 0.63 C"21.8,C*216

Glu®® 126.8 874 1759  4.59 54.9 1.83,1.74 313 HY2.09 C"34.9

Asn™ 126.0 948 1750  4.29 549 291,261 378 H® 7.50, 6.82 N8 114.0

Gly” 103.1 832 1726 4.04,339 458

Asn™ 118.5 782 1737 495 51.7 2.63 41.0 H?® 7.38, 6.85 N®115.3

Tle™ 124.0 8.61 1751 4.40 61.3 1.50 39.1 HY0.95, 0.63; H? 0.73 C" 28.3; C* 18.3: C* 14.8

Val™ 130.1 925 1764  4.12 61.8 1.90 33.5 HY0.71 C'21.4

Cys” 128.9 908 1746 481 56.2 2.97 40.8

Gly” 112.0 8.16 1740  4.52,361 446

Gly” 108.7 846 1741 431,396 447

Thr® 108.0 832 1742 431 62.3 3.78 69.9 H'1.05 Cr22.2

Asn” 1222 8.02 1743 518 51.1 2.82 40.4 H® 7.95, 7.38 N°122.8

Pro® 1779  4.16 65.7 322

Cys" 120.2 782 1766  4.23 61.4 226,189 402

Lys® 118.7 784 1779  3.81 61.5 3.08 33.0

Lys® 118.7 764 1719 423 60.4 2.19 33.0

Gln®* 119.4 763 1789  3.87 59.6 1.74,1.60 285 HE® 7.93, 7.38 N¢112.9

1le¥ 118.5 7.64 177.1 3.09 67.1 1.89 38.5 HY 0.41, 0.96; H® 0.69 C" 28.1; C*20.7; C* 16.4

Cys® 119.6 738 1757 2.60 60.5 1.99 39.1

Glu?¥’ 1189 863 1809  3.88 59.5 1.89 28.4 H' 2.26 C'32.6

Cys* 118.4 817 1784 447 56.3 3.30,2.68 364

Asp® 127.1 828 1762  3.87 58.2 2.80,2.60 396

Arg" 122.5 957 1768  3.61 60.1 1.70, 1.44 309 HY1.22; H? 2.73 C126.2; C*42.1

Ala® 118.1 790 1803  3.87 55.2 1.34 18.3

Ala® 119.9 729 1766  4.01 54.9 0.84 19.0

Ala” 119.9 8.11 1789  3.64 56.2 1.11 17.5

Tie* 116.8 7.81 176.1 3.31 66.0 1.58 38.3 HY 0.81, 0.74; H® 0.80 C" 249, C"178; C* 144

Cys” 121.4 779 1790 417 61.1 3.14,2.82 359

Phe® 120.4 890 1795 441 58.4 292,277 375 H?® 6.57; H® 7.23

Arg” 120.7 767 1786  3.68 60.2 217,153  29.5 HY2.17, 1.91; C"18.9; C*43.6
H®3.29, 3.13

Asp* 119.7 888 1769  4.41 56.9 2.66 39.8

Asn® 115.3 759 1739  5.06 54.2 271,229 400 H® 7.29, 6.64 N®115.9

Leu'® 1237 7.43 179.5 417 58.6 1.78, 1.44 428 HY 1.89; H% 0.76, 0.62 C"27.3; C* 25.8; C* 25.0

Lys'® 114.9 826 1776 417 59.1 1.85 324 H' 1.42; H® 1.64; H¢ 2.93 C125.4; C*29.6; C42.4

Thr'® 1054 753 1737 4.64 61.1 4.63 70.5 H1.15 Cr224

Tyr'® 1274 7.52 1758 401 61.3 3.08,2.89 390 H® 7.04

Asp'™ 1314 895 1749  5.07 52.5 3.06,2.58 412

Ser'” 119.9 867 1762  4.11 60.7 4.06 63.2

Lys'® 1222 8.09 1781  4.07 59.6 1.79 32.0 H” 1.33; H® 1.61; HF 2.88 C¥25.5; C*29.3; C* 42.5

Thr'”  113.0 735 1763  3.87 65.3 2.79 69.2 H0.18 C'219

Tyr'® 114.8 740 1762 451 59.3 1.65 378 H® 6.80

Trp'™ 1244 827 1761 482 59.3 3.54,3.14 293 H? 7.09; H*' 9.97, N 129.8
H¥ 7.33; H® 6.43

Lys'" 1252 879  175.1 3.16 58.0 141,127 288 HY 0.38, 0.01; H® 1.05; C725.3; C®29.2; C* 45.4
H¢ 2.37, 2.27

Tyr'! 122.7 7.00 1758  4.50 56.5 3.09 39.5 H?® 6.46

Pro'? 177.1 4.16 63.1 195,144 317 HY 1.65; H? 2.42 C727.9; C®35.8

Lys'"® 1262 826 1792  3.84 59.3 1.51 31.7 HY 1.30; H® 1.51; H* 2.58 C?25.8; C°32.0; Ct 42.5

Lys" 1177 813 1765  3.92 58.3 212,161 313 HY 1.08; H® 1.44; H® 2.73 C'244; C¥255, C 424

Asn’® 1172 7.65 1757  4.60 53.7 3.03,242 379 H?® 5.80, 6.91 N®110.9

Cys'® 12211 7.81 1744 495 56.2 3.35,3.08 42.8

Lys'” 1203 7.56 1757 424 56.4 1.75,1.62 326  H'1.27; H®1.54; H° 2.85 C725.3; C*29.2; C 42.5

Glu' 1204 8.02 1750 421 56.6 1.96,1.79 29.9 HY 2.09 C736.4

Glu'"® 1211 824 1764  4.13 574 1.84 29.5 H"2.23 C735.6

Ser'® 119.8 842 1743  4.30 59.2 3.83 64.5

Glu'  126.1 757 1731 444 54.1 1.63 29.9 HY2.03 C"35.1

Pro'# 176.9  4.51 63.1 214,189 319 HY 1.90; H® 3.55, 3.73 C'274; C*51.3

Cys'® 1243 8.21 179.9  4.25 57.8 2.87,2.58 392
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degeneracies in assignment. A number of these degener-
acies were resolved by obtaining C* and C* chemical
shifts from the HNCACB and CBCA(CO)NH spectra.
These spectra provided sufficient information to uniquely
assign all but 20 of the residues in App-D49 (Fig. 3). By
inclusion of the C* and H* chemical shifts, 12 of these
degeneracies could be resolved. All sequential connect-
ivities were finally resolved by correlation of the carbonyl
chemical shift. The HNCO and HCACO spectra provide
connectivities through (HN,, N)-(CO, ) and (H)-(C{)-
(CO,), thereby having to satisfy five chemical shifts. These
additional correlations removed all of the remaining de-
generacies in the main-chain assignments (see Fig. 3).

Proline residues were assigned starting from the CO
frequency (obtained from the HNCO spectrum), followed
by the C* and H” frequencies, which were obtained from
the HCACO spectrum. The backbone assignments were
confirmed by the presence of sequential NOEs (90 H*-
HN, 79 HP-HN and 91 HN-HN NOEs) that were ob-
tained from the "N-NOESY-HMQC spectrum. An addi-
tional 11 HN-HN NOE cross peaks, for residues with
degenerate NH shifts, were obtained from the *N-HN-
HN NOESY spectrum. Nevertheless, in two larger helical
regions several residues (Asp®, Cys®, Tyr" and Lys®,
GIn®, 11e*) have similar nitrogen and NH proton chemi-
cal shifts, eliminating the possibility of observing an NOE
with either experiment.

The assignments of main-chain and side-chain atoms
in App-D49 are provided in Table 2. Following the analy-
sis of all spectra, we were unable to identify resonances
associated with Tyr” or Cys®. In addition, residues 26, 29
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and 30 gave weak cross peaks in many of the spectra.
This suggests that the region of the protein between resi-
dues 26 and 30 may be disordered.

Assignment of side-chain nuclei

For glycine, serine and other AMX-type spin systems,
complete resonance assignments were obtained during
assignment of the main-chain atoms. Long aliphatic side-
chain 'H and "C shifts were obtained from the three-
dimensional HCCH-TOCSY spectrum. The known as-
signments of H*, H?, C* and CP atoms were used to ex-
tend the assignment through TOCSY transfer to other
long-chain proton nuclei. Most of the 15 lysine residues
in App-D49 were clustered in a narrow range of carbon
and proton frequencies and therefore difficult to assign.
However, some of the lysines had nondegenerate chemical
shifts for the side-chain protons (e.g. Lys'"®), indicating
that they are located in an anisotropic environment. All
observed aliphatic 'H and *C chemical shifts are within
the range of observed chemical shifts reported for other
proteins (Grzesiek and Bax, 1992a).

Arginine side-chain amide H® protons were readily
identifiable in the HSQC spectrum and were assigned on
the basis of NOEs. Arginine H" and lysine H® amide side-
chain protons were mostly unresolved. Glutamine and
asparagine side-chain amide protons are found in the
same region as the backbone amide groups in the "“N-
HSQC spectrum. These were identified as having two
cross peaks at the same nitrogen shift and adjacent
weaker peaks due to deuterium isotope effects from par-
tial deuteration of the side-chain amine proton. Sequence-

HN.N,Ca,Ha

60 80 100 120
HN.N,Ca,CB

60 80 100 120
HNN,Car, G Her

60 80 100 120
HN,N,Cat,CB,Ho,CO

14
- 1 1 | @

60 80 100 120

residue

Fig. 3. Degeneracy of resonance assignments. The degeneracy at each residue is shown for interresidue correlations, utilizing the following atoms:
HN, N, C% H" (top), HN, N, C%, C® (second from top), HN, N, C*, C® H" (second from bottom), and HN, N, C* CP, H®, CO (bottom). The
degeneracy is defined as the number of residues with the same (within experimental error) chemical shifts for the indicated atoms. A degeneracy
of 1 implies that the set of chemical shifts is unique, and therefore the residue has been uniquely assigned.



115

8
+ L Ca
0
4 =
sk 3 1 L A L 1 ; L
20 40 60 80 100 120
'F Ho
0
1 b=
2k ] M | 2 ] . 1 ) L L 1
20 40 60 80 100 120
Tl cp
Q.0
2.1
%)
<8 oV, o4 . ] 1
20 40 60 80 100 120
6
3
{]
3
{

20 40

60 30 100 120
residue

b csl
a H B

Fig. 4. Chemical shift deviations and chemical shift indexes. The deviation in chemical shifts for the indicated atoms in each residue are shown
(C%, H*, ol CO) in the top four panels. The bottom panel shows the chemical shift index for each residue.

specific assignment of these amides was achieved using
the intraresidue NOEs to the side-chain aliphatic protons.

Proton chemical shifts of aromatic side chains were
determined from 2D COSY and TOCSY experiments
obtained in D,0O. Assignments of the aromatic rings to
specific residues were largely made on the basis of a 2D
NOESY spectrum obtained in D,0O. Only a limited num-
ber of assignments of aromatic residues could be obtained
from the CB(CGCD)HD and CB(CGCDCE)HE spectra,
due to the low signal-to-noise ratio. The assignment of a
large number of aromatic protons was prevented by the
degeneracies of the aromatic proton and CP shifts. The
three tryptophan HE resonances were observed in the *N-
HSQC spectrum as well as in the "N-NOESY-HSQC and
PN-TOCSY-HSQC spectra. Their assignments were ob-
tained from the "N-NOESY-HSQC spectrum.

Secondary structure of App-D49

It has been shown that the deviation of chemical shifts
from random coil values, particularly for C* C*, CO and

H® atoms, depends on the type of secondary structure
(Dalgarno et al., 1983). a-Helices cause a positive devi-
ation for C* and CO resonances and a negative deviation
for H* and C® resonances. In contrast, B-sheet is charac-
terized by deviations in the opposite sense. The CSI
method (Chemical Shift Index; Wishart and Sykes, 1994)
combines these deviations to predict secondary structure.
In Fig. 4, the deviations of C%, C*, CO and H® shifts from
random coil are shown for each residue, together with the
chemical shift indexes that were obtained from these
deviations. The secondary structure predicted from the
chemical shifts is in good agreement with the X-ray struc-
ture of the homologous group II PLA2 from human
synovial PLA2 (Scott et al., 1991). Three long o-helical
segments are clearly distinguishable (residues 2-11, 39-49
and 81-98), as well as the short one-turn helix between
residues 17 and 21. A B-sheet, which is composed of two
antiparallel B-strands, is positioned at the expected posi-
tion of residues 63-79. This sheet includes the predicted
coil conformation for the B-turn at residues 70 and 71.
Secondary structure information was also obtained
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Fig. 5. Amide exchange kinetics. The rate of amide exchange is shown for each residue. A white bar indicates that the rate was too fast to measure.
The upper part of the figure schematically shows the secondary structure of App-D49 (O =helix, AA =sheet).

from amide hydrogen exchange kinetics (see Fig. 5).
Amide protons with slow exchange rates were clustered in
three larger regions: residues 4 to 14, 38 to 54 and 82 to
100. These regions map to the three longer helices in all
known group I and II PLA2s. Amide protons in the
region of residues 82-100 (third long helix) were the most
protected from exchange. Twelve of the protons from this
region (86-97) were still observable after two months of
exchange. In contrast, only residues 8 and 9 in the first
helix and residues 42, 48 (active-site histidine) and 49
from the third helix were visible after this period. No
protection from exchange was observed in the region
18-21, which corresponds to the one-turn helix in crystal
structures; this suggests that the H-bonds in this helix are
less protected or that the helix is less stable in solution. In
the region corresponding to the B-sheet, exchange of the
amides from residues 67, 72 and 74 was observed. How-
ever, the last residue overlaps with the amide of Lys®,
making an unambiguous assignment difficult. Particularly
noticeable is the protection of the surface loop Trp'®-
Tyr'"!, suggesting that this region of App-D49 may form
a loop with fairly stable hydrogen bonds.

Additional information on the secondary structure of
residues was obtained by measurement of the coupling
between the HN and H” protons. a-Helical regions are
characterized by coupling constants of less than approxi-
mately 5 Hz. B-Strands possess coupling constants larger
than 8 Hz. The Jyn 4o coupling constants for all residues
are shown schematically in Fig. 6. The measured coupling
constants are in agreement with other indicators of sec-
ondary structure type. Coupling constants are less than 5
Hz for amino-terminal residues up to Lys'' (except for
Gln* 5.7 Hz). In particular, the coupling constants were
4.0 and 2.5 Hz for Leu? and Phe’®, respectively. For most
of the residues in the central helix (residues 82 to 99), the

coupling constants were less than 5 Hz. The short, one-
turn helix (residues 17-21) displays coupling constants
that are greater than what would be expected for an o-
helix, suggesting that this helix is either distorted or
somewhat unstable. The second long helix (residues 40—
54) contains some residues whose coupling constants are
greater than 5 Hz, suggesting that this helix may be dis-
torted. The B-sheet region, residues 61 through 79, shows
moderate to large coupling constants (with the exception
of the P-turn), which indicates that this region is in a
well-defined extended conformation.

Finally, secondary structure elements in App-D49 were
also characterized by a specific pattern of sequential and
long-range NOE cross peaks (Wiithrich, 1986). An ex-
ample of a section of the “"N-NOESY-HMQC spectrum,
which shows NOEs to residues 2 and 5, is shown in Fig.
7. Interresidual NOE data for each residue in App-D49
are schematically displayed in Fig. 6. The first helix (1-
13) is defined by strong HN-HN and HPN NOEs. A
number of long-range connections (i,i+ 3; 1,i+4) are pres-
ent between H* and NH protons in the helical regions,
particularly the amino-terminal helix. The second helix
(residues 40-50) is less defined, due to the overlap in NH
and N chemical shifts, but is characterized by several
strong i, +4 and i,i+ 3 NOESs. The third helix (residues
80-100) can be recognized from strong NH-NH, H*-NH,
and H*-NH(,i + 3) NOEs. The two-stranded B-sheet is
defined by strong sequential H*-NH NOEs as well as
long-range interstrand NOEs (see Fig. 8). The long-range
NOEs in the B-sheet allow identification of hydrogen-
bonding partners. The HN-HN NOEs between residues
70-72 are characteristic of a type I turn (Wiithrich, 1986).
The hydrogen-bonding pattern and type of turn make this
entire segment of the protein essentially identical to the
same B-sheet in the pancreatic enzyme.



Discussion

The secondary structure of App-D49 shows some simi-
larities to the pancreatic enzyme in solution. In the case
of App-D49, the calcium-binding loop of the free enzyme
also appears to be flexible, thus offering an explanation
for the absence of resonances of residues Tyr” and Cys™
and the weak intensity of Gly?, Trp® and Cys* in our
data. The addition of Ca® to the pancreatic enzyme ap-
pears to stabilize the calcium-binding loop (Van den Berg
et al., 1995a,b), and it is likely that a similar effect would
be observed in App-D49. In addition to the calcium-bind-
ing loop, a number of secondary structure elements in
App-D49 are similar to those present in the pancreatic
enzyme. In particular, the long-range NOEs across the B-
sheet indicate that this structure is similar in both en-
zymes. Additionally, the second and third helices appear
to be similar in both proteins as well.

These similarities aside, there are also a number of
significant differences between the secondary structures of
App-D49 and the pancreatic enzyme in solution. NMR
studies on the group I enzyme from pancreas have ident-
ified a number of conformational changes in the protein
structure that occur as a result of formation of the com-
plex of protein, Ca™, lipid, and inhibitor (Van den Berg
et al., 1995a,b). In particular, formation of the complex
resulted in stabilization of the amino-terminal helix and
residues 69 through 72. In the ternary complex, but not
in the free enzyme in solution, the position of the amino
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terminus is fixed by hydrogen bonds to the side chain of
Gln* and to the main chain of residues 69 and 71. A well-
defined conformation of these residues is thought to be
important for generation of a catalytically important
hydrogen-bonded network, involving His*, Asp”, Tyr™,
Tyr* and the amino terminus.

There seems to be a distinct difference between the
structure of the pancreatic enzyme in solution or in a
crystalline environment. However, crystallographic studies
suggest that few structural changes occur due to forma-
tion of the protein-inhibitor complex for either group [
or group Il enzymes. For example, in the crystal structure
of the human nonpancreatic secretory enzyme (group II)
in complex with an inhibitor (Scott et al., 1991), the
amino-terminal region of the protein is well defined. The
amino-terminal helix is present, the residues involved in
the hydrogen-bond network are ordered, and residues
responsible for fixing the position of the amino terminus
are also ordered. Therefore, the possibility must be con-
sidered that in the group II enzymes, lipid-induced con-
formational changes of the amino terminus and residues
69-72 may not play a significant role in interfacial activa-
tion.

On the basis of the data presented here, the amino-
terminal helix of App-D49 appears to be well defined in
solution. We have observed distinct HN-HN cross peaks
in the entire region of residues 1-14. Furthermore, short-
range NOEs are observed between H* of Leu® and the
HN proton of Phe’. Additional long-range NOEs are seen
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Fig. 6. JyN 4o coupling constants and NOEs for all residues in App-D49. The absence of a symbol indicates that it was not possible to measure
the coupling constant, due to overlap in the HNHA spectrum. NOEs between HN protons on adjacent residues are indicated as dy,. NOEs
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Fig. 7. Portions of the NOESY ""N-HSQC spectrum, containing the amide protons of Leu’ (top) and Phe® (bottom). The assigned cross peaks
are identified with the names of the protons that are dipolarly coupled to the amide proton.

between the HN proton of Leu® and the H* proton of
Lys® (see Fig. 7) and the side-chain protons of Gln* and
the H* proton of Tyr® (not shown). Further supporting
evidence for a helical conformation of the amino-terminal
region are the deviations from random coil chemical
shifts. Chemical shifts of C* resonances deviate from the
random coil values by 3.6, 3.4 and 3.8 ppm for Leu®, Phe’
and GIn®, respectively. This suggests that these residues
are in a helical conformation. Additionally, the J;N e
coupling constants of the amino-terminal residues are less
than 5 Hz, which is characteristic of an a-helical confor-
mation. Finally, the amide protons of residues Gin*
through Thr" are protected from exchange, indicating
stable hydrogen bonds to the carbonyls of residues 1
through 9. The rates of amide exchange for these residues
(0.1 h™'y are considerably less than found for the pancre-
atic enzyme in solution (Peters et al., 1992).

We have tentatively identified the resonance line of the
terminal amino group. In the “"N-HSQC spectrum, we
have observed a cross peak at a nitrogen chemical shift of
approximately 32 ppm, which is characteristic of the ter-
minal amino group (Fig. 1). Under the experimental con-
ditions employed in this study, it would be difficult to ob-

serve this resonance unless it were protected from solvent.
We also found three additional cross peaks at a similar
nitrogen chemical shift, which we were unable to assign.
These peaks probably arise from the side-chain amides of
lysine residues. Cross peaks at similar chemical shifts
appeared in the NMR spectrum of the pancreatic PLA2
upon its binding to the micelles and inhibitor, and one of
them was tentatively assigned to the H® proton of Lys*.
The position of the amino terminus may also be fixed
by interactions with amino acids in the region of residue
Ile®. This region is close to the elapid loop, which is
present in the pancreatic enzyme, but absent in group 1I
lipases. There is evidence that these residues in App-D49
are ordered in solution and are involved in docking of the
amino terminus. All of the J;N e coupling constants for
this region are larger than what would be expected, due
to conformational averaging. Additionally, we observe
strong H*-NH NOEs and weak HN-HN NOE:s. Further-
more, residues 63 and 64 are protected from amide ex-
change, indicating that these residues are involved in
stable hydrogen bonds. Finally, there are several intense
NOE:s from this region to the amino-terminal residues.
On the basis of the data presented here, we conclude
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Fig. 8. NOE interactions in the B-sheet of App-D49. NOEs between residues Gly™ through Tyr® are indicated. Solid arrows represent relatively
intense NOEs, dotted arrows represent weaker NOEs. The dashed lines indicate hydrogen bonds that were inferred from the kinetics of amide

exchange.



that in this representative of group II phospholipases the
amino-terminal helix is completely formed in solution and
is already positioned in such a manner as to be effective
for catalysis. This observation is supported by chemical
modification studies by Verheij et al. (1981), which
showed that efficient modification of the amino terminus
of type II phospholipases only occurs when the proteins
are partially denatured.

The difference in the conformation of the amino-ter-
minal helix in group I and group II enzymes is not likely
to be due to the differences in position of disulfide bonds.
In group I PLAZ2s, the amino-terminal helix is configura-
tionally restricted due to the presence of a disulfide bond
(at residue 11) to the PB-sheet, while this constraint is
absent in all group II PLA2s. This difference in covalent
structure would be expected to confer additional stability
to the amino-terminal residues of group 1 enzymes, yet the
opposite is observed in the case of the pancreatic enzyme.
Therefore, the instability of the amino terminus in the
pancreatic enzyme is likely a reflection of somewhat
weaker noncovalent interactions in this region of the pro-
tein compared to those seen in App-D49. Deletion of the
elapid loop (residues 62-66) of the pancreatic PLA re-
sulted in increased activity towards micelles and a reduc-
tion in the mobility of this region (Kuipers et al., 1989).
Therefore, the elapid loop may be responsible for the re-
duced stability of the amino-terminal helix in the group I
enzymes. Since the amino-terminal helix exists in App-
D49, and is likely marginally stable in the pancreatic en-
zyme, we conclude that formation of this helix is a necess-
ary, but not sufficient, step in activation of phospholipases.

The importance of the amino-terminal group for en-
zymatic activity towards aggregated substrates is well
known from biochemical data. Phospholipases with a
chemically modified amino group, or with an amino-
terminal extension, lose their ability for interfacial activa-
tion (Verheij et al., 1981). It has been postulated that the
amino terminus participates in the formation of a hydro-
gen-bonding network that extends to the active site. How-
ever, the actual role of the amino terminus in catalysis
has not been fully defined. Studies by Tsai and co-
workers (Dupureur et al., 1992) strongly suggest that the
hydrogen-bonding network has only a minor contribution
to catalysis. Therefore, other properties of the amino
terminus, such as net positive charge (Scott and Sigler,
1994), may be important for activity.

Conclusions

In summary, we have reported the almost complete
assignment of 'H, "N and "C resonances of PLA2 from
Agkistrodon piscivorus piscivorus. The secondary structure
is consistent with X-ray structures for homologous group
IT phospholipases. NOE data, coupling constants, chemi-
cal shift values and hydrogen exchange experiments indi-
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cate that the first amino-terminal helix is well defined in
solution. This is in contrast to the group I pancreatic
phospholipase, where the first three residues become
ordered upon binding to the micelles in the presence of a
transition-state analog. These structural differences are
likely due to minor differences in the stability of the
amino-terminal helix in both enzymes and may not reflect
intrinsic differences in the mechanism of activation of
group I and group Il enzymes.
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