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ABSTRACT. The family of secreted 14 kDa phospholipase(RLA2) enzymes have a common motif for

the catalytic site but differ in their disulfide architecture. The functional significance of such structural
changes has been analyzed by comparing the kinetic and spectroscopic properties of a series of disulfide
mutants engineered into the sequence of pig pancreatic IB PLA2 to resemble the mammalian paralogues
of the PLA2 family [Janssen et al. (199B)r. J. Biochem261, 197—207, 1999]. We report a detailed
comparison of the functional parameters of pig iso-PLA2, as well as several of the human homologues,
with these disulfide engineered mutants of pig IB PLA2. The crystal structure of the ligand free and the
active site inhibitor-MJ33 bound forms of PLA2 engineered to have the disulfide bonding pattern of
group-X (eng-X) are also reported and compared with the structure of group-IB and human group-X
PLA2. The engineered mutants show noticeable functional differences that are rationalized in terms of
spectroscopic properties and the differences detected in the crystal structure of eng-X. A major difference
between the eng-mutants is in the calcium binding to the enzyme in the aqueous phase, which also influences
the binding of the active site directed ligands. We suggest that the disulfide architecture of the PLA2
paralogues has a marginal influence on interface binding. In this comparison, the modest differences
observed in the interfacial kinetics are attributed to the changes in the side chain residues. This in turn
influences the coupling of the catalytic cycle to the calcium binding and the interfacial binding event.

Molecular cloning studies3( 4) have shown that humans  biological roles that remain to be characterized. Although
contain at least 9 genes and mice contain 10 genes thatll secreted PLA2 enzymes require calcium for the turnover,
encode proteins in the 14 kDa secreted phospholipase A quantitative differences in the calcium binding and interface
(PLA2)! family. The pattern of tissue distribution of the preference are significanb) In addition to the sequence
PLA2 paralogues within an organism suggests specific variation, the family of PLA2 enzymes also have significant

structural differences in the location and patterns of their 5

;TMhiSK"gorkwas supported in part by NIH grant GM-29703t0 B.J.B. {5 g disulfide bridges. In order to dissect the functional
ik Coordinates for the structures of the engineered group-X phos- COnsequences of such differences Janssen e6)aen@i-
pholipase A with and without bound inhibitor MJ33 have been neered a set of mutants from the sequence of the M8,20L

deposited in the Protein Data Bank under codes 1Y60 and 1Y6P, mytant of the wild-type IB pig pancreatic PLA2. In these
respectively. . . . . .
* Address correspondence to M.K.J. (phone, 302-831-2968; e-mail, eng-mutants the disulfide bridges (Figure 1) are in the

mkjain@udel.edu) or B.J.B. (phone, 302-831-0786; e-mail, bahnson@ POsitions corresponding to their human homologue.

udel.edu). . L L .
S University of Delaware. In this paper we report a kinetic charactenzau#on of five
Il Utrecht University. of the engineered mutants (eng-llA, eng-11B, eng#léng-
" Current address: Department of Clinical Chemistry, Academic V, and eng-X). These results are compared with those of
Medical Center, 1100 DD Amsterdam, The Netherlands. the wild—type pig IB PLA2, its natural variant iso-PLA2

1 Abbreviations: CMC, critical micelle concentration; deoxy-LPC, -
1-hexadecyl-2-deoxy-glycerophosphocholine; D-LPC, 3-hexadecyl-1- (A12T, H15D, M20L, E7IN), and five of the human

glycerophosphocholine; DMPM, dimyristoylglycesm3-phospho- enzymes (hIB, hllA, hV, hX, hXIl). The crystal structures
methanol; EA trans-elaidoylamide; eng-mutants, the disulfide engi- of the ligand free and an inhibited form of eng-X are also

neered porcine group-IB PLA2 with the disulfide architectures shown ; ; .
in Figure 1; HDNSN-dansyl-hexadecyl-phosphoethanolamine; hPLA2, presented and compared with the previously reported struc

paralogues of human PLA2 such as hX; i-face, interface binding surface; tures of Wild-typt? pig IB7) an.d hX PLA2 6). These results
iso-PLA2, pig 1B PLA2 with natural (A12T,H15D,M20L,E71IN)  show that the disulfide architecture has a significant effect

substitutions; MJ33, 1-hexadecyl-3-(trifluoroethghglycero-2-phos-  on the calcium binding and the associated active site events
phomethanol; PE—Jether, 1,2-d|hexyl-gcherenS-phc_)sphochollne; PCU, ithout displaving a sianificant effect on the functions of
(R)-2-O-decanoylamino-octanol-O-phosphocholine; PGU R)-2-O- Wi . ut disp y_' g 9 _' ! ! uncti
decanoylamino-octanol<D-phosphoglycol; OAgis-oleoylamide; PLA2, the interface binding region (i-face) of PLA2.

14 kDa secreted phospholipasg RN16,n-hexadecyl-1-phosphocho-

line; RET, resonance energy transfer; TMA-DRirimethylammo- EXPERIMENTAL PROCEDURES

nium diphenylhexatriene; X1, masticadienoic a¢{@?", inhibitor mole

fraction in the substrate interface for half activity. Parameters have their . . .
standard enzymological significance except that those marked with an _Human PLA2s were kindly provided by Professor Michael
asterisk relate to the process in the interfabe2y. Gelb (University of Washington, Seattle). The eng-mutants
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disulfide
group 11-77  61-91  50-131
IB yes yes no
v no yes no
X yes yes yes
ImA no yes yes
11B no no yes
1c” no yes yes

Ficure 1: Altered disulfide bridges (in yellow) for the eng-mutants
of (M8,20L)-IB pig pancreatic PLA2 are shown relative to the
structure of eng-X with sequence numbering relative to the 1B
enzyme. The disulfide bridges 27124, 29-45, 44-105, 51-98,

Yu et al.

X-ray diffraction data sets for the two eng-X crystal forms
were collected on a Rigaku-RUH3R rotating anode generator
with a RAXIS IV image plate area detector. For the eng-X
crystal form with bound MJ33, two crystals were needed to
collect a complete data set, due to X-ray induced damage
under the cryo conditions<180 °C). Otherwise, both the
crystal forms were pretreated in a similar fashion. Each
required the introduction of a cryosolution made of the
crystallization condition reported above with the addition of
glycerol as the cryoprotectant at a concentration of 10%, then
flash frozen in the—180 °C nitrogen cryostream. The
programs DENZO and SCALEPAKLE) were used for data
processing and scaling.

Molecular ReplacemenMolecular replacement was per-
formed using the program AMORH) to solve the crystal
structure of eng-X. The structure was first solved for the
eng-X crystal form with space group symmeR%; without
bound MJ33. The porcine group-IB PLA2 model (PDB
1FXF) was used as the initial search model. Residues 60
70 were originally deleted from the search model due to
packing interferences when the complete model was used.
Two independent solutions were found in the rotational
search with a peak intensity well above the noise level. The

84—96 (in green) are common to each paralogue. The C-terminal translation search gave a unique solution of 2 subunits within

extension (residues 12431, KGESDKC) is marked in blue, and
a three residue insertion present infli@sidue N88 replaced with
the 3 residues GSG) is not show).(The variant SS bridges
(yellow) in the eng-PLA2s were introduced by introducing Ser for

the asymmetric unit and with a final correlation factor of
38.5% andR-factor of 0.455. The partially refined eng-X
model was then used to solve the structure of the MJ33-

Cys at 77 or 91, C50N, and/or the C-term extension (tabulated bound crystal formP2;). This crystal form had an altered

above).

arrangement of 2 subunits of eng-X in the asymmetric unit,
and the translation search gave a final correlation factor of

were expressed, purified, and characterized as describedy2 494 and arR-factor of 0.451.

previously @). Wild-type pig IB PLA2 and iso-PLA2
(A12T,H15D,M20L,E71N) were purified from acetone pow-
der of pig pancrea®y. The experimental and analytic basis
for the assays has been describdd 2, 10—-12). The

fluorescence measurements on SLM-Aminco AB2 were done

with 1 or 2uM PLA2 in a stirred 1.6 mL bufferri a 1 cm
cuvette (3). The slit widths were 4 nm with excitation at
280 nm and emission at 333 nm. All kinetic and spectro-
scopic measurements were performed at@4and pH 8.0

under conditions further specified in the figure captions and
the text. Statistical uncertainty in the reported measurement

is 10%, and it is 30% in the calculated parameters.
Crystallization and X-ray Data CollectiofProtein crystal

Crystallographic Refinemengtandard refinement proce-
dures using the program CNS7) were successful in
obtaining a reliable model of the eng-X PLA2 structure with
and without bound MJ33. Iterative model improvement and
refinement was done using the programs CHAIN®)(and
O (19). In refining the structure of the MJ33-free form in
space groupP2;, the initial model obtained from molecular
replacement was subjected to a round of rigid-body, posi-
tional, individual temperature factoB<{factor) and simulated
annealing (5000K) refinement to a resolution of 2.5 A,

Sresulting in anRyee value of 0.474 and aRyorking Value of

0.388 Q0). At this point, the missing sequence from the
search model of porcine IB PLA2 was introduced into the

growth experiments were designed to obtain crystals of model and the site-directed changes M8L, M20L, and N50C
the Ca-coordinated eng-X enzyme with and without the were incorporated. The C-terminal extension of KGESDKC

bound competitive inhibitor 1-hexadecyl-3-(trifluoroethyl)-

is what distinguishes eng-X from the group-IB PLA2. This

snglycero-2-phosphomethanol (MJ33). Protein crystal screen-extension, which became residues 281, was added to
ing of eng-X was carried out using the hanging drop method model the disulfide bonding pattern of the group-X enzyme

(14) at 25 °C and commercially available crystallization

(6). These residues were next added to the model. After one

screens (Hampton Research). For the MJ33-complexedround of positional and simulated annealing refinement the

crystals the hanging drops were made by mixing&.0of

a stock solution containing 15 mg/mL eng-X, 10 mM CaCl
and 3 mM MJ33 with 2.QuL of a reservoir solution of 0.2
M ammonium sulfate, 30% w/v polyethylene glycol 8000,
and 0.1 M Na-cacodylate, pH 6.5. The MJ33-free crystals
of eng-X were obtained by mixing 2.0 of the same protein
stock solution containing 3 mM MJ33, as above, but with
2.0ulL of a reservoir solution of 10% w/v 2-propanol, 20%
w/v polyethylene glycol 4000, and 0.1 M Nalepes, pH

7.5 (i.e. MJ33 does not bind in the presence of 2-propanol).

Riree and Ryoring Were 0.415 and 0.335, respectively. With
216 solvent molecules built into the model and extending
the resolution to 2.25 A, the findqee Wwas 0.265 an®yorking
were 0.191 with good geometry. Refinement of the crystal
form with bound MJ33 was more straightforward, starting
from the nearly final model from the ligand-free crystal form
of eng-X PLA2. The model was refined to a resolution of
2.00 A, and included 206 waters added to the model, yielding
an Ryee and Ryoning Of 0.245 and 0.196, respectively, with
good geometry.
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Table 1: The Interfacial Kinetic Parameters for the PLA2 Disulfide
Engineered Pig IB Mutants Compared to the Natural Human
Homologues

Pig IB Mutant

DC;PC? DCsPC

1mM  mono-
DMPM DC/PC*4MNaCl NaCl disperse
Vo \/p@PP \/p@PP pmono
(Sfl)a O/SJ XISO* c (Sfl) KMapp XISO* c (Sfl) (sfl)e
WT 270 10 0.006 660 0.2 0012 16 <0.1
iso-PLA2 65 8 0.039 194 0.2 0.015 64
M8,20L 185 11 0.01 270 0.2 0.013 5 0.8
eng-l1A 130 10 0.009 105 0.5 0.015 0.1 0.2
eng-11B 50 45 0.009 15 0.3 0.064 0.1 <0.1
eng-I1C* 45 45 0.01 17 0.48 0.054 0.1 <01
eng-V 150 12 0.008 117 0.18 0.02 0.1 0.06
eng-X 125 11 0.006 160 0.24 0.016 2.4 0.05
Human PLA2s
DC/PC? DC;PC
1mM mono-
DMPM DC;,PC! 4 M NacCl NaCl disperse
Vo VMapp VMapp ymono
(Sfl)a o/ X 50* ¢ (Sfl) Km2PP XISO* c (Sfl) (Sfl)e
hiB 135 10 0.008 55 0.74 0.1 31 3
hilA~ 33 3.8 0.01 200 0.32 0.25 18 1.8
hv 34 12 0.05 31 12 7
hX 10 3.3 0.05 34 012 >05 45 24
hXIl 35 0.05 10 12 0.9

2 The initial ratevp at a DMPM mole ratio oXs* = 1 was measured
under a standard assay protocol with?Cat 0.5 mM @1—-24).
Statistical uncertainty in the reported measurements is 10%, and it is
30% in the calculated parametefshe ratio of DMPM hydrolysis
versus thesn-1,2-dithio-analogue of DMPM: The X% is the mole
fraction of the competitive inhibitor 1-hexadecyl-3-(trifluoroethgt)-
glycero-2-phosphomethanol (MJ33), which gave 50% inhibitioFhe
DC,PC assays were performed in the presence of 5 m&t.Cahe
ymone results are in 0.4 mM DEPC with 5 mM C&" in fluorometric
assay with pH indicatory assagqQ).

RESULTS

A necessary precondition for ensemble averaging for
enzyme kinetics is that the defined turnover path should
remain invariant during the observed reaction progress.
Coupled with the requirement for the microscopic steady
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zwitterionic interface promotes binding and interfacial
activation of the bound enzyme. During this processive
interfacial turnover the substrate replenishment is rapid, such
that the chemical step for the turnover by the interfacially
bound and activated PLA2 remains rate-limiting. In contrast,
in 1 mM NaCl the enzyme does not bind as tightly and is
not interfacially activated by anionic charge. Here Yh&??

at saturating D&PC is related to the fraction of the bound
enzyme that is interfacially activate@%, 26).

Results in Table 1 show that the rates of hydrolysis of
both the substrates afs* = 1 by the eng-mutants are
significantly different: The range is 45 to 270dor the
hydrolysis of DMPM vesicles in 0.5 mM calcium, and 15
to 660 s for the hydrolysis of DGPC micelles in 4M NaCl
and 10 mM calcium. The rate of hydrolysis of ERC
micelles in 1 mM NacCl is significantly lower. Together these
results show that the eng-mutants are activated by the
interfacial anionic charge which is consistent with the
proposed role of lysine or arginine residues in positions 53,
56, 57, 120, and 121 in thHe,* activation by the interfacial
anionic chargeZ6).

The initial rates of hydrolysis of the anionic DMPM
vesicles aiXs* = 1 by the human PLA2s are also different.
These rates are typically 2- to 6-fold higher than the observed
rates in the fatty acid displacement assay with 1-palmitoyl-
2-oleoyl-phosphatidylglycerob( 27, 28). It is likely that the
rate difference could be due to substrate specificity. However,
for at least pig IB PLA2, there does not appear to be such
specificity. On the basis of the consideration of the variables
in the microenvironment of the bound enzyme in displace-
ment assay we attribute the observed difference to a
combination of the effectively loweXs*, the inhibition from
the added fatty acid probe, and the accumulated product. The
X159 mole fraction values for 50% inhibition of the human
enzymes are higher in the displacement assay than those
reported here (see below). This is predicted if the apparent
Km* is lower due to the accumulation of the product. This
is because the dependence of ¥i€¥" on the substrate and
inhibitor mole fraction is related to the intrinsic affinity or
K* for the active site directed competitive inhibitor, as well
asKy* and Kg* (1, 2, 29).

In addition, the rates of hydrolysis of BEC micelles in

state, such restrictions pose challenges for the analysis ofl mM NaCl by the human PLA2s are significantly different.
the observed steady state reaction progress by interfaciaHigher rates for the hX and hV suggest that these enzymes

enzymes 1, 2). To circumvent such difficulties we have

do not require anionic charge for the interfacial activation.

developed assays where the observed reaction progres3his is consistent with the result that no activation is seen

occurs processively only through the steps of the interfacial
Michaelis—Menten turnover path. Established protocols are

in 4 M NaCl. Conversely, rate enhancemanéiM NacCl is
observed with hIB and hllA, which is consistent with the

used in this paper to characterize the effects of the structuralpresence of the cationic residues in positions 53, 56, and

changes in the eng-PLA2 mutants and the human PLA2
enzymes that they are compared 10 2).
Apparent Rate of Hydrolysis atsX= 1. The interfacial

120 of the hIB and hll enzymeg&%, 26).
The rate of hydrolysis of monodisperse 0.44 mM{PC
or DG/PC under the unstirred conditions is given:&8".

kinetic parameters for the eng-mutants and the human PLA2As shown elsewhere3(), »™"° values do not necessarily
enzymes are summarized in Table 1. From a zero-orderprovide evidence for the turnover path via the classical ES

reaction progress in the highly processive scooting mode
bound to DMPM vesiclesl(l), the initial ratevp at Xs* = 1

is obtained in the presence of polymyxin B that mediates a
rapid and direct vesictevesicle exchange of DMPM on the
enzyme containing vesicle21—24). Likewise, theVy2*P at

in the aqueous phasgd). Significant turnover with unstirred
monodisperse substrate can also be due to the formation of
premicellar aggregates of the interfacial enzymes, whereas

the rate in the stirred reaction mixture will also have

contribution from the reaction on the extraneous surfaces

Xs* = 1 is the maximum rate with the saturating concentra- such as the vessel walls and the air bubbles. For such reasons,

tion of DC;PC micellesim 4 M NaCl (2). In this assay at
4 M NaCl, preferential partitioning of chloride in the

significant rates of hydrolysis of monodisperse C or

DC;PC in the agueous phasg0f seen only with some of
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. . Ficure 3: Reaction progress for the hydrolysis of DMPM (600
FiIGURE 2: The change in the RET signal fromyM HDNS and nmol) sonicated vesicles by 15 pmol of PLA2s: (triangles) IB-
1 uM human PLA2 enzymes with added dihexyl-phosphatidyl- W, (crosses) eng-IIB, and (circles) iso-PLA2. On the ordinate, a
choline (PG-ether). The number of tryptophan residues is one in change of 0.01 corresponds to 1.15 nmol of base added. Note that
IB, none in IIA, four in hV, two in hX, and three in XII. Results  the curve for the IB-WT enzyme is vertically shifted, and the curve
for the eng-X are shown as the dashed line. for iso-PLA2 is horizontally shifted. The extent of hydrolysis per
enzyme is virtually identical with all the PLA2s and corresponds
the human PLA2sy™™ in Table 1) are attributed to the to the size of vesicles3().
formation of premicellar complexe8)( . ) ! .
Results in Figure 2 provide evidence for the formation vesicle interface during the processive turnover. In the time
the premicellar complex. The resonance energy transfer fromSc@le of the experiment, the enzyme remains confined to its
a dansyl acceptor is significant when the resonance energyor'g_'nal vesicle even when all the available sut_)strate on th_e
transfer acceptdX-dansyl-hexadecyl-phosphoethanolamine vgsmle has been hydrolyzed. Thus on the baS|s. of results in
(HDNS) is bound to PLA2. The resonance energy transfer Figure 3 we conclude that a more than 5-fold difference in
(RET) signal increases further at low concentrations of added the vo values for eng-1B and eng-1IB (Table 1) is not due to
monodisperse dihexadecy! phosphatidylcholine {(Ber a difference in the amount of inert or inactive enzyme present
CMC = 3 mM) and then decreases as HDNS is competed &S Impurity N the protein preparation. _
out from the complex by excess R€ther monomers. In Kinetic X for the Actve Site Directed Ligandsty-
comparison the change in the RET signal is insignificant with drolysis by eng-mutants and the human PLAZ2s normally
hiB and also with all the eng-mutants. Results with hilA T€duires calcium. It can be replaced by cobalt(ll), but not
provide a useful control because this PLA2 does not have BY Zn(ll). As previously reported, both of these results are
the Trp-donor. Although the RET results cannot be quanti- du to substitution of calcium by these divalent catic#.(
tatively interpreted3, 31), results in Figure 2 provide clear AS Summarized in Table 2 Zn(ll) is a potent inhibitor of the
evidence for the binding of HDNS to certain human PLA2 eng-mutants with the 50% inhibitory concentration in the
as well as for the formation of the premicellar complexes of 1~2#M range for the hydrolysis of DMPM vesicles in the

some of the human PLA2s with R@ther. presence of S0@M calcium. o
The catalytic mechanism for the eng-mutants likely Results in Table_ 1_show that the inhibitory potency of the
remains unchanged because the O/S ratio, for the rates of't2-tetrahedral mimic MJ33 is virtually the same with eng-

hydrolysis of DMPM versus then-1,2-dithio analogue of ~ Mutants but not with the human PLAZs. THe® values,
DMPM, is in the 8 to 12 range (Table 1). In contrast, the the mole fraction of MJ33 for the 50% inhibition, is between

OIS ratio is significantly lower for eng-1IB and eng-HC 0.006 and 0.01 for hydrolysis of DMPM vesicles, and 0.03

and also for most of the human PLA2s. These results suggest© 0-06 mole fraction for the hydrolysis of DEC micjelles.
that the chemical step is rate-limiting if the O/S ratio is ©On the basis of the relation in eq 1,(2), eitherKy* and

significantly different from unity 82). On the basis of the 1

evidence developed later we suspect that the differences in 1+~ N

the O/S ratio are possibly due to the differences in the Yo _ 1+ Ki ( X ) 1)
partitioning of the Michaelis complex E*S into E*P and E* Y 1 N1—X*

s SR

The first-order reaction progress is characteristic for the
processive interfacial turnover in the scooting mod6).( K* for the mutants are not different or they somehow
Results for the hydrolysis of DMPM vesicles by three compensate for each other. &y, = 2, X5 =[1 + 1/Ky*)/
different mutants are shown in Figure 3, and comparable [1 + 1/K*]. Since theKy?"P values for the hydrolysis of
results were obtained with all the mutants and the human DC;PC micelles, related t&y* for the mutants, change
PLAZ2s (not shown). In such scooting mode reaction progressmodestly, we believe that at least some of the effect of
curves the extent of hydrolysis corresponds to the fraction mutation is orKy*. This would imply that parallel changes
of the vesicle population with bound enzyme as predicted in Ky* and K;* compensate so that th¢>% values for the
by the Poisson distribution of the enzyme monomer over eng-mutants do not change significantly.
the total vesicle population28). Under the conditions of The above interpretation is also consistent with other
Figure 3, with a>6-fold excess of vesicles per enzyme, the results in Table 2:X,5%" values for several potent inhibitors
amplitude of hydrolysis corresponds to the vesicle siZe ( are virtually the same for the eng-mutants, and the values
33), and it is virtually the same for the mutants. These results are significantly different for the human PLA2s. For example,
show that the bound eng-mutant does not leave the DMPCthe X,%°" values for PGU or PCU (the glycesm2-amide



Disulfide Pattern Function in PLA2

Biochemistry, Vol. 44, No. 9, 2003373

Table 2: X% Values for eng-Mutants for the Initial Rate of Hydrolysis of DMPM Vesitles

PGU PCU OA EA X1 deoxy-LPC D-LPC PN16 Zn(uM)
Pig IB Mutant
WT 0.0025 0.013 0.003 0.006 0.009 >1.6 1.2 1 0.9
iso-PLA2 0.005 0.040 0.009 0.023 0.010 >1 1 0.80 1.2
M8,20L 0.002 0.013 0.006 0.01 0.020 0.16 0.30 0.30
eng-11A 0.001 0.036 0.006 0.006 0.054 0.80 1 1
eng-11B 0.0025 0.017 0.006 0.008 0.015 0.09 0.05 0.11
eng-lIC 0.0023 0.035 0.006 0.010 0.040 0.09 0.05 0.14
eng-V 0.0024 0.019 0.0044 0.007 0.021 0.50 0.09 1
eng-X 0.0025 0.015 0.005 0.011 0.021 0.30 0.09 1
Human PLA2s
hiB 0.009 0.010 0.014 0.025 0.017 1.7
hllA 0.010 0.040 0.013 0.014 0.017 2.3
hv 0.033 0.0036 0.025 0.0078 0.060 2.1
hX 0.0058 0.0017 0.011 0.0055 0.055 25
hXIl 0.059 0.035 0.060 0.009 0.9

aThe X% is the mole fraction of the competitive inhibitor that gave 50% inhibition. Statistical uncertainty is 30% in the calculated value of the
X5%". The full chemical names of these inhibitors are given here: P®&)Y2{0-decanoylamino-octanol-O-phosphoglycol; PCU, R)-2-O-
decanoylamino-octanol-O-phosphocholine; OAgis-oleoylamide; EA trans-elaidoylamide; X1, masticadienoic acid; deoxy-LPC, 1-hexadecyl-
2-deoxy-glycerophosphocholine; D-LPC, 3-hexadecyl-1-glycerophosphocholine; RiN&gadecyl-1-phosphocholine. PCU and PGU were kindly
provided by Professor deHaas (Utrecht).

analogue of the substrate) do not change with the disulfide Table 3: Active Site Histidine Alkylation Time for E and E* Forms
architecture of the eng-mutants, and in all cases PGU is aboubf PLA2 and the Derived Dissociation Constants of Ca-Free PLA2
6-fold more potent than PCU. Also the rangeXg”” values from Deoxy-LPC

for oleoylamide (OA) is relatively narrow. However, the PLA2 form te (Min) Ke (mM) Kno*(—Caf (mM)
trans-analogue elaidoylamide (EA) appears to be discrimi- g wt 9 0.32 >2

nated better by the eng-mutants. Similar differences in the  m8,20L 15 0.14 1.2
X5 values for the inhibition of eng-mutants by X1 (mas- eng-lIA 45 15 >2
ticadienoic acid or schinol)36) are also significant. About gﬂg:{'/d i% %‘;15 Z%

half of this modest discrimination by the eng-mutants is  gpg.x 16.6 11 1

attributable to the M8,20L substitution and the other half to = The inactivation time by alkylation of His-48 ynitro-phenacyl-

the change_s in the disulfide architecture. . o bromide @6). Statistical uncertainty is 30% in the calculated value of
Results in Table 2 show that there is a significant the parameters.The dissociation constant of calcium from interface
difference in the discrimination for the three phosphocholine free forms of the enzymé.In the absence of calcium the alkylation

analogues as the weak inhibitors of the engineered disulfidetime is used to derive the apparent affinity of Ca-free PLA2 for deoxy-
mutation: 1-hexadecyl-2-deoxy-glycerophosphocholine (deoxy- LPC @6

LPC), 3-hexadecyl-1-glycerophosphocholine (D-LPC), and

hexadecyl-1-phosphocholine (PN16). The affinity of eng- the inactivation timetg) by alkylation of His-48 byp-nitro-

IIB and eng-1IG mutants for deoxy-LPC or D-LPC is 3to  phenacylbromide differ by a factor of 5 for the eng-mutants.
10 times greater than that of the other eng-mutants. TheseAlso theKc, values for the E form obtained from the calcium
are weak inhibitors presumably because they do not havedependent increase in the alkylation time are in the 0.14 mM
the sn-2-substituent that can interact with calcium or with (eng-IB) to 1.5 mM (eng-IIA) range. These results suggest
the catalytic His-48. These results suggest that one of thethat the overall effect of the change in the disulfide
effects of the disulfide architecture could be in the apparent architecture on the calcium affinity of the E form of the eng-
discrimination of the (glycero)-phosphocholine headgroup. mutants is 10-fold: The M8,20L substitution increases the
Since theX;%%" values for the eng-mutants vary significantly, affinity by a factor of 2.5, whereas the change in the disulfide
none of these weakly inhibitory phosphocholines can be usedarchitecture decreases the affinity for calcium by up to a

as a surface diluent for the determination of K& for the
more potent inhibitors29, 36, 37). These results dash our
hope of finding a single surface diluent for all the eng-
mutants. The limitation also precludes determinatioKgf

by available methodsl( 2), which could have provided a
mechanistic basis for the differences in theand V2P
values of the eng-mutants (Table 1).

Rate of Alkylation of the Catalytic Residue His-dhe
rate of alkylation of His-48 in PLA2 changes upon the
binding of calcium. The rate of alkylation is also influenced
by the binding of the active site directed ligands which
obligatorily requires calciun3g). Results in Table 2 suggest
that the apparent affinity of the weaker inhibitors could be
due to a lower affinity of calcium for the free E form of eng
mutants. This is consistent with the results in Table 3, i.e.

factor of 10.

In the presence of deoxy-LPC but in the absence of
calcium the alkylation time decreases marginally such that
the apparent affinit)Knp*( —Ca) for deoxy-LPC is>1 mole
fraction (Table 3). This means that in the absence of calcium
the affinity of deoxy-LPC for the active site of all the mutants
bound to the deoxy-LPC dispersion§} = 1) is insignifi-
cant. Virtually the same results were obtained with PN16
and D-LPC. On the other hand, as summarized in Table 2,
the X,°" values for the phosphocholines decrease significantly
in the presence of calcium, although the magnitude of the
change is not the same for all the mutants.

Binding of Decylsulfate to the i-Fac&inding of mono-
disperse decylsulfatd, 38) to eng-mutants was monitored
to characterize the possible changes in the amphiphile
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0.8 - - 4) of the fluorescence changes associated with the formation
of each of the B complexes are significantly different.
0.6 . Uncertainties in values oK; and n; are related to the
S e e e magnitude of the correspondirgg value. For a change of
& 04f F,.u-“'“"ﬁ g <0.05 ina;, then; andK; values are only guesses consistent
FF" m.f—u—-""’“‘*"’""'“"“" with the data. Hill coefficienn; for the first step is typically
0.2 £ s about 2 for most mutants. The values decrease from about
agp | gppamnan T 8-10 to 3-5 for some mutants. These differences are
0. - . . . . significant because in virtually all cases the changeyiis
0 1 2 significant (>0.3). Since the change froaa to ag is modest

[Decylsulfate] mM and occurs in the 2 to 3.5 mM concentration range,rthe

FIGURE 4: Increase in the relative Trp-3 fluorescence emission Values in the 8 to 15 range should be considered indistin-
intensity /F, — 1 = OF) at 333 nm (excitation at 280 nm) from  guishable. Note that the M8,20L substitution decreases the
2 uM (squares) iso-PLA2 or (circles) eng-X in (filled symbols) g values and a modest further increase is seen with the eng-
0.5 mM calcium or (unfilled symbols) 1 mM EGTA as a function A

of monodisperse decylsulfate (CMC 4.5 mM) concentration. The )
fit parameters (nine for the three-step binding in eq 1) are
summarized in Table 4.

The decylsulfateK; values for the eng-mutants differ
marginally. The most significant difference is in tkg and
. . . Ks values for iso-PLA2 (A12T,H15D,M20L,E71N mutant
interactions along the i-facel§). The absorbance and ¢ WT) where the effect of calcium oK, andKs is also

fluorescence spectra of Trp-3 in the eng-mutants in the gjonificant In virtually all other cases the effect of mutation
aqueous phase are nqtlceably different (results not ShOW.n)'as well of the presence of calcium is marginal at best. The
Also the effect of calcium on the fluorescence emission is decrease frona, to as for the formation of B is also the

modest. Ho.vvever,'as' shqwn in 'Figure 4, a stepwise ChangeIargest with iSoPLAZ2 in the presence of calcium. This is also
in the relative emission intensity of Trp-3 of_ two of the the only mutant for which the effect of calcium on tke
mutan(;cfs at 33§ nn? ISIf obseg\l\//le(c:i fg a,\;“f?c“%” of added 54, values is significant. Together these results show that
monodisperse decylsulfate ( .5 MM) in the presence y,o atinity of monodisperse decylsulfate for the i-face of

g!"d. absleﬂcgloffca_luugl._'l\nz F|glrJ]re 4, three st?psla_re Clea[jlyeng—mutants does not change significantly, i.e. the effect of
tr:stl?k?u&s ? ef or |so—t th Int iprfsen%? 0 Ca.g:“”." "’m the disulfide architecture on the stability of the premicellar
e third step for most other mutants is discernible in the ., 510u06 is negligible.

2.5 to 4 mM range. Virtually no additional change was o . .
observed above the CMC (4.5 mM) for any of the mutants. _ Binding and Displacement of TMA-DPIAs shown in

The titration curves are interpreted as the cooperative bindingFigure SA,p-trimethylammonium diphenylhexatriene (TMA-

of decylsulfate to the i-face of PLA2 to sequentially form DPH) binds with high affinity to PLA2 and the apparent
three premicellar E complexes 13, 31): affinity depends modestly on the disulfide architecture. As

shown in Figure 5B, a biphasic change is observed on
titration of the equimolar mixture of PLA2 and TMA-DPH
with decylsulfate. The initial decrease is seen only with the
enzyme containing the Trp-3 residue. It suggests a loss of
the energy transfer signal as the TMA-DPH bound to the
enzyme is displaced by decylsulfate to form the higher
premicellar complexes ;£ On further addition of decyl-
sulfate the signal increases. Our interpretation is that the
signal in the rising phase is due to the partitioning of TMA-
SE.c) = (c/K)™a, + (6/K)™a, + ay(c/K) ™} DPH into the cluster of amphiphiles in the premicellar

T T =T m ny ng complex E. After the dilution of PLA2 from the probe in

1+ (c/K)™ 1+ (c/Kp)™1 + (c/Ky) ]}3 the B complex with micellar decylsulfate, only the signal

) from the probe in micelles remain3 31, 38). A modest

whereE; is the total concentration of enzyme agds the signal in the rising phase due to the partitioning in thé E
concentration of free decylsulfate. When decylsulfate is in form of W3F mutant is consistent with this interpretation.
large excess over enzyme, the depletion of free amphiphile Interpretation of both the phases of the TMA-DPH signal
due to the complex formation can be neglected @and eq is consistent with the model in eq 2. From the TMA-DPH
3 can be replaced by the total concentratioif the three desorption assay the parameters for the formation6aid
binding steps are well separated, the nine paramaters, E,* from the results in Figure 5B are summarized in Table
ns, Ky, Ko, K3, a1, @, andag can be estimated. If only two 4. In the presence of the probe tkgandK; as well as the
binding steps contribute, the result is given by eq 3 where n; andn, values are marginally lower than those obtained
all terms €/Ks)™ for the first step are set to zero. These from the change in the Trp emission. However, note that
relations hold when the amphiphile concentration is in large the relative changes in the RET signal are considerably
excess over enzyme and therefore the amphiphile depletiondifferent for the eng-mutants. Higher RET efficiency in the
is not significant. E,* complex of the engineered mutants would be consistent

The fit parameters for the titration of the mutants up to with the suggestion that the TMA-DPH binding site is near
3.6 mM added decylsulfate with and without calcium are the i-face and it is enhanced by the M8,20L change in all
summarized in Table 4. Amplitudes (tlagvalues in Table the eng-mutants.

ny, Ky n,, K, n, Ky

E El# EZ# EB# (2)

Each binding step is described by a Hill parameteand a
dissociation constat; (i = 1, 2, 3). Assuming that the signal
from the complex E is a;, from B is a,, and from E* is
as, the total signal can be expressed as
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Table 4: The Decylsulfate Binding Parameter for the IB eng-Mutants

mutant ca TMA-da¢ Ky K> Ks a a az N Nz N

WT + - 0.077 0.93 2.4 0.27 0.66 0.59 1.9 9.6 10
— 0.03 0.77 2.8 0.24 0.57 0.50 1.9 8 12
+ + 0.06 0.64 -0.9 2.2 2.2 2.1

iso-PLA2 + 0.2 0.36 1.0 0.2 0.77 0.43 1.0 5.7 8
- - 0.19 0.72 >3 0.07 0.48 0.34 3.1 5.1 10

M8,20L + - 0.64 3.3 0.20 0.12 12 16
- - 0.03 0.8 1.67 0.086 0.26 0.32 2.1 10.8 15
+ + 0.04 0.49 —-0.72 0.27 1.3 5.4

eng-lIA + - 0.18 0.69 >3 0.21 0.44 1.7 8.3
— - 0.23 0.75 >3 0.13 0.45 0.4 2.3 5.4
+ + 0.08 0.59 —-0.61 1.3 2.5 4.7

eng-1IC* + - 0.09 0.53 2.5 0.04 0.12 0.23 2.8 4.6 8
+ - 0.83 2.8 0.16 0.11 2.8 15
- - 0.02 0.76 3.7 0.09 0.33 0.27 1.3 4 10
+ + 0.04 0.53 —0.83 0.36 1.5 4.7

aThe fitting of decylsulfate cooperative binding values is described in eqs 2 and 3, ivrete 2, or 3 andh; is the Hill parameterk; is the
dissociation constant, ar&l represents the signal from enzyme formHg values are in mM. Statistical uncertainty is 30% in the calculated value
of the parameter®.These measurements were carried et in 0.5 mM Ca or ) in 1 mM EGTA. ¢ (+) Results from the desorption assay
monitored as resonance energy transfer signal to TMA-DPH (see Figure 5).

A 5 T T T T Table 5: X-ray Data Collection and Refinement of eng-X PLA2
Structures
4 T eng-X
E 3 i no ligand with MJ33
e Crystal Data
w2 . space group P2, P2,
cell params
1 i a(h) 35.0 38.5
b (A) 88.4 85.9
. . s c(A) 38.6 38.6
1 2 3 S (deg) 105.7 94.8
[TMA-DPH] uMm subunits/asymmetric unit 2 2
X-ray Data
B total reflections 65225 128590
unique reflections 10213 14777
resolution limit (&) 2.20 2.00
completeness (%) 95.2 (9028) 87.1(83.3)
5 Rierge(%0)¢ 11.3(32.3) 6.1 (31.6)
w Refinement
L resolution range (A) 19:82.25 28.6-2.00
Ruorking 0.191 (0.232 0.196 (0.248)
Ryred 0.265 (0.296) 0.245 (0.318)
RMSD observed
bond length (A) 0.006 0.005
angle (deg) 1.2 1.8
[Decylsulfate] mM total water molecules 216 206
FIGURES: (A) Net change in the RET emission intensity of TMA- ~ Ramachandran plot regions
; T most favored (%) 88.5 90.6
DPH in the presence of @AM (square) WT PLA2 with fit forKy additionally allowed (%) 115 94

1.9+ 0.3uM or (triangles) eng-X with fit forkKq 4.1 + 0.6 uM.
(B) Change in the energy transfer signal from TMA-DPH (ex 280,
em 450 nm) from a mixture of M TMA-DPH and 1uM PLA2
(triangle) WT, (square) eng-IB; (diamond) eng-lIA; (circle) eng-
X; (connecting line) W3F mutant of WT titrated with decylsulfate.

aThe value in parentheses is for X-ray data from 2.28 to 2.20 A.
b The value in parentheses is for X-ray data from 2.07 to 2.00Ferge
=Y1lo — 1d/3.(12), wherel, is the observed intensity amgis the average
intensity, the sums being taken over all symmetry related reflections.
dR-factor = 3 |F, — Fc|/3(Fo), whereF, is the observed amplitude
andF. is the calculated amplitudé. is the equivalent 0Ryorkings
except it is calculated for a randomly chosen set of reflections that
were omitted (10%) from the refinement proce26)(© The value in
parentheses is for X-ray data from 2.39 to 2.25 A.

Structures of eng-X PLAZrystal structures of eng-X
PLA2 with and without MJ33 in the active site provide
support for the functional differences described above. Table
5 summarizes the data collection and structural refinement
statistics of the 2.25 A structure (which had no active site the active site of the eng-X structure is remarkably similar
ligand bound) and the 2.0 A structure (which had the active to the previously solved group-1B9) group-lIA (40), and
site directed ligand MJ33 in the active site). As expected, group-X @) enzymes. This is expected because residues of
the protein folds of both the eng-X structures are quite similar the active site are highly conserved.
to previously reported PLA2 structure8, 39, 40). These Subtle structural differences are noteworthy because they
structures also support the expected disulfide bonding patternprovide information about the interfacially activated state of
of the hX PLA2. The design of the disulfide between residues PLA2. The MJ33-bound form of eng-X crystallized in an
50 and 131 is cleanly modeled in this structure. As expected, anion-assisted dimer form. The asymmetric unit contained
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= EngX M3

o

Mainchain RMSD (A)

1 1121 31 41 51 61 71 81 91 101 111121
Residue Number

Ficure 7: Comparison of main chain&toms from an alignment

of the anion-assisted dimer structure of wild-type pIB with MJ33
bound {7), the anion-assisted dimer structure with product-acetate
(cross) 46), the anion-assisted dimer form of eng-X with MJ33
bound (square), ligand free eng-X (triangle), and a ligand free form
of porcine wild-type group-1B (diamond, unpublished). The RMSD
differences are displayed for the @tom of the aligned structures
relative to the wild-type anion assisted structure (PDB code 1fxf).

WT PLA2 structure bound to K120 are not seen in the eng-X
structure.

The active site of the eng-X MJ33 structure has a
7-coordinate Ca and a water molecule, w7, bridging the MJ33
ligand and His-48, just as in the anion-assisted dimer
Ficure 6: Overlay of porcine eng-X and WT-IB PLA2 in the  strycture of the pig IB PLA27). An RMSD difference plot

anion-assisted dimer form and complexed with MJ33. (A) The i-face ~ " : e
of PLA2 is pointing down as indicated by the alkyl tail of MJ33. of the eng-X/MJ33-bound structure with the IB anion-assisted

The anion-assisted dimer structure of WT-IB is shown in blue (PDB di_mer and the ligand free eng-X PLAZ structure is ShOWn in
code 1fxf), and eng-X PLA2 is shown in gray. The C-terminal Figure 7. The most notable deviation in the. 8ackbone is
extension of eng-X is displayed between C124 and C131, with theseseen in the 69-loop, where the eng-X/MJ33 structure has a
two disulfide bonds labeled for eng-X. Also shown in the active e ; qA

site are the Ca, H48, D49, and the assisting watérwhich bridges qup placgment t.hat IS mterme.dlate between a wild-type IB
MJ33 and H48 of each structure. (B) Rotated 9@m panel A anion-assisted dimer and the ligand free monomer structure
such that the i-face of PLA2 is facing outward. MJ33 and Ca are Of eng-X. The other notable difference is seen at the
displayed in the active site of this view. Three bound phosphate C-terminus. Although a comparison could not be made for
anions from each structure are shown relative to R6 and K10 with the extension added to the eng-X enzyme, the residues from

the WT-IB enzyme’s Ca, MJ33, and 3 phosphates shown in blue . .
and the eng-X protein's Ca, MJ33, and 3 phosphates shown in gray_116. to 124 show a notable difference between the anion-
assisted forms and the monomer form of the enzyme.

2 copies of the protein subunit, bound with®Cand MJ33 The ligand free structure of eng-X PLA2 is also remark-
in the active site. The crystal contacts of this crystal form ably similar to the ligand free structure of group-1B PLA2
placed these two neighboring subunits with interactions in a monomer protein crystal forn89). This crystal form,
similar but not identical to the previously published anion- without an active site ligand bound, did not crystallize as an
assisted dimer of wild-type PLAZ7). Just as in the wild-  anion-assisted dimer. An alignment of the ligand free eng-X
type anion-assisted dimer structu@, the i-face interaction  has been performed against the human group-X PLA2
in the eng-X/MJ33 structure is involved in the packing of structure 8) and is shown in the top panel of Figure 8. The
each subunit facing each other. Located within a plane aligned structures show significant differences possibly
between these subunits were 3 bound phosphate anions. Aselated to the structural role played by a modified disulfide
shown in Figure 6, the arrangement of protein subunits, bonding pattern. The crystal form of the ligand free eng-X
MJ33, and phosphate anion is strikingly similar to the anion- structure has two subunits per asymmetric unit and therefore
assisted dimer form of the wild-type group-IB PLA2 bound offers two independent views of the structure. In one subunit
with MJ33 and 5-coplanar phosphate aniofs (n com- the calcium ligand Asp-49 can be seen rotated away from
parison to the wild-type IB anion-assisted dimer, the ar- the calcium position (Figure 8). In each subunit the B-factor
rangement of one subunit to the other is shifted due to the of the calcium is high (58 and 502 The refined data
addition at the C-terminus of the eng-X enzyme. Despite suggests a partially bound €astructure, which will be
this perturbation, the eng-X has adopted the anion-assisteddiscussed below in connection with observed kinetic results
dimer form; however, two of the phosphate anions in the for the eng-X enzyme.
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suggests a measurable effect of the disulfide architecture
(Figure 1) on the interfacial turnover rate (Table 1). Less
than 30-fold difference in the observed rate corresponds to
roughly 2 kcal in the elemental event. Most, if not all, of
this effect can be attributed to the modest change in the
calcium affinity for the E form (Table 3 and Figure 8). The
apparent affinity of the ligand is calcium concentration
dependent36, 41). For example the apparent dissociation
constant for a ligand at a subsaturating concentration of
calcium is related tdKcs* for the dissociation of ECa, and
K_* for the dissociation of L from E*Cd. as

K *(Ca) = K * (1 + Keg[Ca)) 4

D49

Ga2 Similarly, the apparent dissociation constant for calcium at
the mole fractionX * of a ligand is
¢ | G30 * * * *
H48 Keaf(L) = K (1 + X *TK %) (5)
Yo

Here, the apparent kineti€y*(Ca) is related toKcz* and
) _ intrinsic Kp* for the interfacial turnover cycle at saturating
Ficure 8: Comparison of the ligand free eng-X to the natural hX

: calcium @).
PLA2 enzyme. (A) Overlay of ligand free forms of eng-X shown . . . o
in white with human group-X PLA2 shown in red (PDB 1le6). If calcium is an obligatory cofactor for the binding of the

The C-terminal portion of these structures is highlighted by the active site directed ligands to PLA2, a perturbation in the

eng-X PLA2 disulfides C124C27 and C13%+C50, which cor-
respond to the human group-X PLA2 disulfides C+T®5 and
C122-C48, respectively. (B) The Ca coordination in MJ33-free

eng-X shows a four-coordinate Ca site. The usual Ca-ligand D49

is not coordinated to Ca in subunit-A of this structure with its Ca
B-factor of 58 &. Although subunit-B of eng-X PLA2 has D49
coordinated to the Ca, tH&-factor of 50 & is indicative of a low
occupancy binding, just as in subunit-A of this structure.

DISCUSSION
Our analysis of the eng-mutants with pig IB PLA2

calcium binding would also influence the transition state.
This is useful for understanding the origin of the functional
differences between the eng-mutants. For example, for a
ligand with strong affinity the apparent saturating concentra-
tion of calcium will be lower. If the affinity of the mutant

for calcium decreasek, *(Ca) would increase. Also for the

tight binding ligands with lowK_* the effect of mutation
on Kcg* would be insignificant. On the other hand, for the
weaker ligands with largef, * the effect of an increase in
Kca* would be more noticeable. Since a significant effect of

sequence shows that changing the disulfide architecture hasnutation is seen only for the weaker active site directed
a modest effect on the turnover and the interfacial binding ligands (Table 2), we believe that the key difference in these
parameters. The most significant effect, about 10-fold, is on eng-mutants is in the effective calcium dependent substrate

the affinity of the enzyme in solution for calcium. A
significant effect on the active site-directed binding of

affinity. These assertions based on the theoretical predictions
from the interfacial catalysis model for PLAZ,(2) are

phosphocholines is also noted, and this may be related toqualitatively consistent with the results in Tables 1 and 2.

the relative affinity of glycerophosphocholine headgroup to
the i-face (for a surface diluent) versus the active site (for
an inhibitor). On the other hand, as expect2d) (the effect
of the change in the disulfide architecture on the binding to
anionic interface or the allosteric activation kg is not
significant. The modest effect on the interfacial turnover rate
can be attributed to the affinity of the bound enzyme for the
substrate in the interface, i.e. the interfadi@f*. Together,
the disulfide architecture could at best only moderately
influence the functional state of the enzyme at the anionic
interface, whereas the solution form of the disulfide mutants
may be significantly different. It is also likely that the surface
architecture of PLA2 controlled by the disulfide architecture
could play a more prominent physiological role in receptor
recognition. Although little is known about the receptor
specificity of mammalian sPLAZ3], such interactions could
contribute toward their apparent specificity for the target
tissue.

Virtually all the functional changes observed in the

However, quantitative resolution of the underlying elemen-
tary equilibria would require a perfect diluent for each of
the mutants, which we do not currently have. Also note that
these relations hold for all calcium requiring secreted PLA2
that share the Ca-His-Asp motif in the active site. Of course,
the relative magnitudes of the primary and apparent dis-
sociation constants will be different.

It is established that the group-IB and -IIA PLA2 do not
require calcium for the binding to the interfack @). On
the basis of the results for the formation of Eomplexes,
it appears that this may also be the case for other secreted
PLAZ2s. Results with eng-mutants show that the disulfide
architecture has little effect on the amphiphile binding to
the i-face. Therefore the interface preference associated with
the i-face must be a property of the side chains on the i-face.
Spectroscopic results show that the affinity of zwitterionic
PGs-ether to the i-face of eng-mutants is weak and compa-
rable to that for the WT. On the other hand, the affinity of
PGs-ether for the i-face of human PLA2s is noticeably higher

disulfide engineered mutants can be explained by a slight (Figure 2). Formation of the premicellar aggregates under
change in the active site architecture. A comparison of the these conditions also accounts for the significant turnover
eng-mutants with the corresponding human homologue with monodisperse D@&C (Table 1).
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The group-IB PLA2 has a preference for the anionic  Overall, despite significant perturbation of the solution
interface. This is supported by the result that monodisperseform of eng-X, the similarity of the anion-assisted dimer of
decylsulfate binds to the i-face of all the eng-mutants (Table eng-X/MJ33 and the wild-type IB/MJ33 structures at the
4) to form three discrete premicellar complexes. Although C-terminus highlights the key factors that may lead to the
calcium has a modest effect on the fluorescence emissioninterfacially activated form of PLA2. The eng-X structure
from Trp-3 in these complexes, the effect of calcium on the also shows significant differences compared to the structure
Hill numbersn; andK; is marginal, if at all. The effect of  of human group-X (Figure 8). The presence or absence of
the M8,20L substitution and disulfide architecture on the Trp the anion-assisted dimer crystal form has a greater structural
environment and the active site events suggest a commoreffect on PLA2 structure than changing the disulfide bonding
structural origin. The A12T,H15D,M20L substitutions in iso- pattern from IB to X. As shown in Figure 1, the five core
PLA2 also influence the Trp-3 emission. We attribute such disulfide bonds shown in green are expected to have a more
structural effects on the Trp-3 emission environment to the significant impact on the active site and catalytic properties.
changes in the N-terminal-helix (residues12). Changes = Among the engineered and natural human paralogues, the
in the helix are likely to be communicated to the conserved three variant disulfide bonds are peripheral to the active site,
H-bonding network that links the N-terminal helix to the and therefore are not expected to play as significant a factor
active site 42). On the basis of the following circumstantial in kinetic function. By extension to the kinetic results of the
evidence we suggest that changes in the i-face and theother eng-mutants, this structural argument will likely hold
resulting changes in the H-bonding network could be coupled true for the other disulfide bonding modifications reported
to the active site events. elsewhere47).

(a) Side chains of Ala-1 and GIn-4 are part of the
H-bonding network via the highly conserved structural water REFERENCES
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