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ABSTRACT. Asp49 plays a fundamental role in supporting catalysis by phospholipases A2 by coordinating
the calcium ion which aids in the stabilization of the tetrahedral intermediate. In several myotoxins from
the venoms oWViperidaesnakes, this aspartic acid is substituted by lysine. The loss of calcium binding
capacity by these mutants has become regarded as the standard explanation for their greatly reduced or
nonexistent phopholipolytic activity. Here we describe the crystal structure of one such Lys49 PLAZ2,
piratoxin-11, in which a fatty acid molecule is observed within the substrate channel. This suggests that
such toxins may be active enzymes in which catalysis is interrupted at the stage of substrate release.
Comparison of the present structure with other PLA2s, both active and inactive, identifies Lys122 as one
of the likely causes of the increased affinity for fatty acid in Lys49 enzymes. Its interaction with the
mainchain carbonyl of Cys29 is expected to lead to hyperpolarization of the peptide bond between residues
29 and 30 leading to an increased affinity for the fatty acid headgroup. This strongly bound fatty acid
may serve as an anchor to secure the toxin within the membrane thus facilitating its pathological effects.

The phospholipases,APLA,)! are probably among the theoretical techniques such as molecular dynamics simula-
most widely studied of all enzyme families both in terms of tions at membrane boundarie0( have also been used to
their structural characteristics and catalytic properties. From complement this wealth of experimental data.

a structural perspective, enzymes isolated from the venom  cyystallographic studies have found application in the
of serpents X-11) and insects 12) as well as from  rational design of potent inhibitors of human non-pancreatic
mammalian sources [pancreds3(14) and synovial fluid  gecretory PLA (21) and the use of transition state and
(15, 16)] have been the subject of intense investigation by gypstrate analogues has also made important contributions

both X-ray diffraction and more recently multidimensional 4 gyr current understanding of the catalytic mechanigm (

NMR (17). The latter has been exploited for the study of 15 16 22). Such studies have been more recently comple-
phospholipase A structure both in solution and at the mented by site-directed mutagenesis in which the role of
membrane interface in the form of complexes with micelles ;,gividual residues of the active site and the so-called

(18), revealing important aspects of interfacial catalysis for ,yqrogen-bonding network have been specifically probed
which PLA; remains a fundamental paradig®). Recently, (23-25).
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mOIeCUI_eS are involved in the f(_)rmation _and breakdown, Table 1: Data Collection and Refinement Statistics
respectively, of the tetrahedral intermediate and that the

fo_rme_r is activated by the Caion rather than the catalytic 3%‘2?0”’) 22:1 46.190
histidine. b= 60.360

Over the past few years, much attention has been directed ¢ =58.740
toward the sfcudy of naturally occurring myotoxic PLA contents of asymmetric unit B Igi?ﬁ?j
homologues isolated from the venom of snakes from the  yesolution (A) 2.04
Viperidaefamily, in which one of the ligands of the essential completeness (%) (overall/last shell) 90.2/72.5
calcium ion, Asp49, has been replaced by lysitdd).( I/o(1) (overall/last shell) 12.412.57
Originally described by Maraganora2), these variants have no. of measured reflections 23809

. . . . . no. of unique reflections 6934

been widely described as catalytically inactive as a conse-  mutiplicity 3.433

quence of their incapacity to bind the essential calcium  Ryege(overall/last shell) 0.070/0.26
cofactor and thus stabilize the tetrahedral intermedi®e ( R-factor (%2) 17.6
34). However, there have been recent reports that Lys49 E"eefacmru’) 26.8
. . T ' L amachandran plot (%)
variants do indeed present limited catalytic ag:tlv@l'?f core region 90.4
37) and both sequence analys&8) and X-ray diffraction additional allowed 7.2
studies 89—46) show that all such PLAhomologues have generously allowed 2.4
; ; disallowed 0.0
conserved all other important aspects of the catalytic It -
. . . . rms deviation from ideality
machinery, including His48, Asp99, Tyr52, Tyr73, the bond lengths (A) 0.015
catalytic water and the remainder of the hydrogen-bonding  bond angles?) 1.8
network. In the current work, we specifically address this ~ WHAT IF quality index (original version) —1.09
PDB entry 1QLL

apparent paradox and describe the crystal structure of
Piratoxin I, a Lys49 PLA homologue isolated from the
venom ofBothrops pirajai.Surprisingly, the structure reveals searches were performed using all data between 10.0 and
the presence of nonprotein electron density within the 3.0 A resolution. Two molecules of PrTX-Il were located
hydrophobic substrate-binding channel that can be readilyin the asymmetric unit yielding a correlation coefficient of
interpreted as the fatty acid product of catalysis. On the basis63.4% and aR-factor of 38.9% after 10 cycles of rigid body

of this and other Lys49 structures, we propose an additional refinement. The crystal packing of the molecules was

or alternative explanation for their apparent lack of activity manually inspected and the model subsequently was sub-
which is based on a failure of product release. jected to maximum likelihood refinement with isotropic

B-factors using the program REFMAG4) after substitution
of the necessary side chains5). Consecutive cycles of
refinement were performed and the electron density maps
Piratoxin Il (PrTX-Il) from B. pirajai whole venom was  of the best model [as evaluated by the conventidhahd
isolated by semipreparative reverse phase HPLC, as deR,, factors 66)] after each cycle were examined using the
scribed preViOUSly‘(?). Initial Screening of CryStallization graphics program “Q” 57) Where appropriate' manual
conditions was performed by vapor-diffusion in hanging- corrections to the atomic positions were made, and the model
drops using sparse-matrix samplir), which identified a  was submitted to further cycles of refinement. During the
single condition that yielded flat platelike crysta#9]. The initial steps of structure refinement and density map con-
best crystals were obtained at 277 K using protein dissolvedstryction, we noticed a very strong (ove)3Fops—Fearc
in water at 20 mg/mL mixed with an equal volume of awell glectron density that was not explained by the model.
solution composed of 28% PEG 3350, 0.25M3®,, and Because of the shape presented by this electron density, it
0.1M Tris-HCI, pH 8.5, and grew after 40 days to maximum as attempted to model it as a fatty acid molecule. As a
dimensions of 0.1x 0.1 x 0.02 mnf. X-ray diffraction data consequence of its |ength and geometry, it was modeled as
from these crystals were collected at the Protein Crystal- myristic acid, which contains 14 saturated carbons, and for
lography (PCr) beamlines(, 51) at the National Laboratory - this purpose a minimized model was used to construct a
of Synchrotron Light (LNLS) located in Campinas, Brazil. parameter library entry for the program PROTIN using the
The wavelength of the synchrotron radiation was set to 1.38 program MAKEDICT of the CCP4 suitég). The myristic
A, and all diffraction images were collected on a MAR345  4¢id molecules (one per subunit) were then incorporated into
image plate. A total of 58 scanning oscillation images were the model for further refinement with the program REFMAC.
recorded in 1.5steps (87 total rotation) and processed to  Omit maps were calculated using the original dataset and
2.04 A using DENZO and ScalePack from the HKL program the final refined model devoid of the fatty acid molecules.
suite 62). The crystals were determined to belong to the water molecules were then introduced using the program
space grouf2; with cell parametera =46.19 Ab=60.36  ARP (59) and included in the final stages of the refinement
A, ¢ =15874 A, ands = 96.05. Crystallization and data  protocol. Because of a lack of observable density for the
collection statistics for PrTX-Il are presented in Table 1. final methy| carbon of the myristic acid, this was removed
The PrTX-II crystal structure was solved by molecular from the model yielding a G fatty acid that was retained
replacement using the progra&kMoRe (53). The search until completion of the refinement. Strict noncrystallographic
model used was that of a single monomer of the Ptitner symmetry was imposed upon the two independent monomers
from Bothrops aspefPDB ID code 1CLP 41)] with which of the asymmetric unit up until the final stages of refinement.
PrTX-ll shares 96% sequence identity and included all main At the end of the refinement, the crystallograpRicactor
chain and side chain atoms. The rotation and translationhad converged to 17.6%R{ee— 26.8%). The model was

MATERIALS AND METHODS
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evaluated for stereochemical regularity and chemical self-
consistency with the programs Proched0)(and What-
Check 61).

For molecular comparisons, PLAtructures were super-
posed using the least squares options of the graphics program
“O” using C, coordinates only. Where necessary, local
superpositions of the calcium binding loop were made using
the residues from 23 to 40.

RESULTS

Molecular replacement using a single monomer of the . Ribbon i ¢ f' howing th
Lys49 PLA, from B. asperas the search model produced Ficure 1: Ribbon figure of one monomer of PrTX-I showing the
ys - asp p overall fold of the class I/ll PLAs. The principal elements of

two clear rotation solutions for PrTX-Il, with correlation  secondary structures are identified, as is/thging (comprised of
coefficients of 23.6 and 21.6%; these compared with the third two short antiparalle$-strands), the calcium binding loop (present

highest peak of 11.1%. After translation and rigid body in the D49 PLA's), and the bound fatty acid (in ball-and-stick
refinement, the correlation coefficient had risen to 63.4% representl\a}lth%.CTgllg_lflggre and Figure 4 were produced with the
with an R-factor of 38.9%. After full refinement, the final program .

R-factor andRyee Were 17.6 and 26.8%, respectively, for a hydrophilic in nature and are derived from the N-terminal
model that includes 1908 protein atoms, twg €aturated  helix and the-wing. They include the conserved residues
fatty acids, and 329 water molecules. The overall stereo- Trp77, Glul2, Lys80, Asp79, and Arg107.
chemistry of the structure is better than that expected for an  aAs seen in other Lys49 PLAstructures, the-amino group
average structure at the same resolution (2.04 A), as indicatedyy Lys49 roughly occupies the calcium binding site of the
by the overall Procheck G-factor 6f0.1. No residues were  Asp49 active enzymes. It is coordinated via three hydrogen
encountered in the disallowed regions of Ramachandranpgonds to the mainchain carbonyls of residues 28, 30, and
space and only five in the generously allowed regions defined 33, as well as to an apical water molecule. Comparison with
by Procheck. These were residues Leu32 and Asn88 fromother Lys49 PLA structures shows that the exact nature of
both monomers and Thr56 from the first monomer. Leu32 the interactions formed by the calcium binding loop to the
forms part of the calcium binding loop described below ¢.amino group are variable as is the mainchain conformation
which is Vel’y variable in its conformation within this region. of the |00p itse'f' as shown in Figure 2. This is in Sharp
Despite the unusual mainchain torsion angles, the electrongontrast to that seen for Asp49 PhAvhere the essential
density for the leucines at this position in both subunits is calcium ion, when present in the crystal structure, is
clear and unambiguous. Asn88 resides in the loop betweenynjversally coordinated to the mainchain carbonyls of
the -wing and the third largex-helix, a frequently prob-  residues 28, 30, and 32 as well as to the side chain of Asp49
lematic region in Lys49 PLAdue to poorly defined electron  and two substitutable water molecules. The substitution of
density. In PrTX-1I, Asn88 participates in an inverted AsX the carbonyl of residue 32 by that of 33 in Lys49 Piléads
turn in which its side chain amide is weakly hydrogen bonded tg a rearrangement of the exit to the calcium binding loop.
to the carbonyl of the glycine two residues previous in the Thjs new conformation appears to be stabilized, at least in
sequence. Furthermore, the carbonyl of the side chain amidepart, by two hydrogen bonds formed by the side chain amide
is firmly anchored by a hydrogen bond to the mainchain NH of Asn28 with the backbone of Gly35, in a manner
group of Ser74, stabilizing the asparagine side chain as itreminiscent of g-sheet. Examination of other Lys49 PLA
pokes toward the interior of the subunit. Once again, the structures shows this to be a conserved feature and appears
electron density for Asn88 is clear and unambiguous for both tg serve as a clamp between the entrance and exit to the
subunits of PrTX-II. The conformation of Thr56 is somewhat |oop, while permitting considerable conformational variability
different in the two subunits and only presents an unusual within the intervening loop itself (Figure 2).
combination ofg/y angles in the first monomer. This can  The most notable feature of the electron density map is
be accounted for by differences in the crystal contacts for the presence of unexplained density residing within the
the two monomers. Further quality statistics of the final hydrophobic channel leading to the active site (Figure 3).
model can be found in Table 1. This density can be readily interpreted as a free fatty acid,
Each of the two monomers of the asymmetric unit present with both of the oxygens of its acidic headgroup hydrogen
the classical PLA fold shown in Figure 1. The main bonded to a water molecule bound to the catalytic histidine
structural elements are the N-terminahelix (helix 1), the (His48) and one of them accepting a further strong hydrogen
“calcium binding loop”, two long antiparallak-helices (2 bond from the mainchain amide of Gly30. Its hydrocarbon
and 3), thef-wing, and the C-terminal loop. As is often tail extends through the hydrophobic substrate channel to
observed in phospholipases,Ahe regions that present the the protein surface. Here it has been built as af&tty acid
highest temperature factors include the calcium binding loop, although weak density observable beyond the entrance to
the entrance to and exit from tifewing, and the C-terminal  the hydrophobic channel suggests that it may possess a longer
region. The contact region between the two monomers of hydrocarbon chain that is flexible toward its end. In the final
the asymmetric unit is expected to represent the true dimermodel, thesn2 hydrocarbon chain of the fatty acid makes
interface as it is similar to that described previously for direct apolar contacts with or lies close to several hydro-
several Lys49 PLAstructures?, 46). The residues involved  phobic residues including Leu5, lle9, Gly6, Cys45, Prol8,
in the formation of the intersubunit interface are largely and Tyr22, which is largely consistent with those observed
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Ficure 2: The calcium binding loopa-carbon traces of several
PLA;'s are depicted here. All Asp49 structures are shown in yellow
and all Lys49 are shown in red. The CPK space filling sphere
represents an average _position for the calcium ion of the Asp49 Ficure 3: Omit map of the fatty acid molecul&gps—Fcac map
structures which varies little as does the structure of the loop itself contoured at 3 (red) and Zqps—Fcac map contoured atdl (blue)

due to the restraints imposed by calcium binding. The loop structure of the active site region calculated from the final model coordinates
is a littte more variable in the case of the Lys49 structures. The excluding the fatty acid. The peptide unit between residues Cys29
numbers indicate selected residue positions and are color codedand Gly30 which is polarized by Lys122 is depicted in red. His48
accordingly. The PDB structures used were Asp49’'s: 1VAP (s the catalytic histidine and Leu5, Pro18, and Tyr22 form part of
p. piscvorus), 1IPSJ A. halys pallay LAYP (human synovial fluid), the hydrophobic channel.

1P2P Bus scrof 1BP2 Bos tauru3, 1POA (Naja naja atra)and

1BUN (Bungarus multicinctysLys49’s: 1QLL B. pirajai), 1PPA . . . . .
(A. pisciorus), 1GOD (Cerrophidion godmanj 1CLP @. aspe) for which coordinates are not yet available. Despite this

and an unpublished structure frdnjararacussykindly provided ~ wealth of structural information, together with related
by Dr. Raghuvir Arni. biochemical studies and sequence analyses, the structural

basis for myotoxicity and its relationship to reduced or
nonexistent catalytic activity remain to be fully elucidated.
An initial proposal for the lack of catalytic activity was
made by Scott et a(40) from the crystal structure of App,
DISCUSSION determined in two crystal forms. It was founded on an earlier
proposal from the same group that aimed to establish the
The Lys49 phospholipases &rom different species have  structural basis of phopholipase catalysig)( On the basis
been shown to present little or no catalytic activity but of several crystal structures of complexes of Asp49 enzymes
preserve a membrane damaging capability that leads towith a transition state analogue, Scott et al. outlined what
diverse pharmacological effects including edema and musclehas come to be widely regarded as the accepted mechanism
necrosis 81). Over the past few years, many structural (27). They point out that on formation of the ES complex,
studies of such toxins have been reported allowing for a fuller the two water molecules bound to the essential calcium ion
analysis of their similarities and differences as compared with are replaced by the oxyanion on tke2 position of the
their Asp49 homologues. Crystallographic coordinates were catalytic intermediate and by theB phosphate. As such,
available to us for the Lys49 PLA from Agkistrodon the latter formally neutralizes the positive charge on the
piscivorus piscvorus (App) (39), B. asper(41), which has calcium ion, together with its ligand, Asp49. This raises the
two molecules in the asymmetric urBpthrops jararacussu  question of how the negative charge on the oxyanion of the
[in two different crystal forms, each possessing a dimer in tetrahedral intermediate is sufficiently stabilized for catalysis
the asymmetric unit46)], Bothrops (cerrophidion) godmani  to occur. Scott et akuggest that this occurs via a hydrogen
(44), and the present dimeric structure, leading to a total of bond between the oxyanion and the backbone NH of residue
10 independent crystallographic monomers. A second crystal30, which participates in an unusually polarized peptide bond,
form of App has also been reported in the literatut@) @s due to the presence of a second, auxiliary calcium ion
have structures fronBothrops nummifer(45), Bothrops interacting with the carbonyl of Cys29. It was suggested that
moojeni(43), and for the piratoxin | fromB. pirajai (42), in structures for which no auxiliary calcium is observed, a

for the sn2 chain in crystal structures of complexes with
phospholipid analogueg,(12, 16, 22).
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Ficure 4: Stereoview of the active site. The main elements of the active site are depicted. Lys122 polarizes the peptide unit between
Cys29 and Gly30 (red), which strengthens the interaction with the fatty acid headgroup (green). The conformation of Lys49 is stabilized
by three hydrogen bonds to the calcium binding loop (not all shown) and to a water molecule that lies between the two lysines (dark blue).
Also shown is the interaction between the side chain amide of Asn28 and the backbone of Gly35 (both shown in pink), which forms the
clamp linking the two ends of the “calcium binding loop” (in yellow). Water molecules are shown as red spheres.

similar role may be played by Lys122, as in the case of the interaction as being made with the fatty acid headgroup and
enzyme from bovine pancreas. as being covalent in nature although we see no evidence of

Using this argument, Scott et al. suggeK) that catalysis a covalent bond in the crystal structure of PrTX-Il. We
cannot be supported by Lys49 homologues because thesuggest that there is still some doubt as to whether the
original structure of App showed the peptide between interaction observed by Pedersen et al. was really covalent
residues 29 and 30 to be flipped, rendering the NH group Or not as their conclusion was based principally on gel
incapable of stabilizing the oxyanion and the carbonyl unable electrophoresis under denaturing conditions of complexes
to interact with an auxiliary positive charge. However, neither formed with radio-labeled fatty acids. However, it has been
this argument nor the original proposal for the need for such shown for the Lys49 bothropstoxin | that under such
a charge has been borne out by subsequent structures. Theonditions, it is not even possible to completely denature
majority of Asp49 PLA’s show no auxiliary charge and the the dimer into two monomers4€). This casts doubt on
majority of Lys49 PLA’s, including both molecules of the ~ Whether the conditions used by Pedersen et al. were
PrTX-Il structure reported here, have the peptide bond sufficiently harsh as to ensure complete unfolding, and
between 29 and 30 adequately orientated to support catalysisalthough the question is still not fully resolved, it seems
Although the bovine structure does possess a lysine atpossible that the fatty acid is secured by a strong noncovalent
position 122, it only weakly interacts with the carbonyl of interaction rather than a covalent bond. This is supported
Cys29, via an intervening water molecule. Furthermore, the by our structure in which the absence of bridging density
more recently solved Asp49 PlArom A. p. piscborus,  from the fatty acid to N30 as well as the average- Ol
which also possesses a lysine at position 122, also showdnteratomic separation of 2.70 A for the two monomers
no direct hydrogen bond with Cys29. One example is suggest a hydrogen bond.
observed in which the carbonyl of Cys29 forms an H-bond The presence of the bound fatty acid may help to
with an alternative basic residue (Arg31 of the Asp49 PLA rationalize what has always been a puzzling aspect of Lys49
from N. naja), but this structure is calcium-free and therefore PLA; structure, namely, the complete conservation of the
probably irrelevant in terms of catalysis. residues involved in catalysis. This suggests that the fatty

The observation of a fatty acid molecule bound to both acid may be the result of phospholipid hydrolysis by PrTX-
monomers of PrTX-Il is reminiscent of that described for |l (albeit conceivably with reduced efficiency) followed by
the structure of the Lys49 PluAnyotoxin | fromB. nummifer @ failure of product release. This would lead to enzyme
(45). In both cases, the fatty acid headgroup forms a inhibition and may explain the failure of many attempts to
hydrogen bond to N30, which in Asp49 active enzymes, measure catalytic activity for Lys49 PLAN vitro using
stabilizes the oxyanion of the tetrahedral intermedia®.(  standard assaydq, 62—64), since the enzyme would either
This suggests that the observed fatty acid may be the resulte naturally inhibited after an encounter with phospholipid
of an incomplete catalytic cycle in which there is failure of or free fatty acid during purification or become so after one
product release. On the other hand, Pedersen &@alhave  cycle of catalysis during the enzyme assay.
shown that Lys49 PLAs, different from Asp49 homologues, The fact that bound fatty acids have thus far only been
will bind free fatty acids, which are not the result of observed in two crystal structures of PiAboth Lys49
phospholipid hydrolysis. In their studies, they describe the homologues (PrTX-Il and the myotoxin | froB. nummifey,
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Bothrops pirajai (1lqll) AVAICLRENLGT¥NKEK ADKC
Bothrops jararacussu AVAIGLRENLGTWKK ADFC
A.contortrix laticinctus AVAICLRENLDT¥NKK PETC
A.piscivorus (lppa) AVATCLRENLDTY¥NKK PDTC
Ovophis okinavensis AATICFRONLDTYDKK PEPC
Trimerssurus gramineus AVAICFRENMDT¥DKK SERC
T.gramineus (isctype V) AVAICFRENLDT¥DKK SEQC
Trimerssurus microsquamatus AVAICLRENLOTYDKK PESC
Deinagkistrodon acutus AF ATCLRENLDTYNK S SEQC
Cerrophidion godmani (lgoed) AVAICLRENLDT¥NEN ADAC
Trimeresurus flavoviridis AVAICLRENLGTYNEK ADTC
Bothrops asper (lelp) J\VAICLRBNWWKK ADAC
A. p. plscivorus D49 (1lvap) AAATCFRDNLKT¥DSKTYWKY PKKN CKEE SEEC

A. halys pallas (1psj)
Crotalug atrox (lpp2)

AAMICFRDNLTLYNDRKYWAF GAKN CPQEESERC

AAATN FRDNIPSYBNK

YWLF PEED GRSB PEEC

Vipera russelli (lvip) VAATCFRONLNTYDKK YHNYPPEQ CTG TEQC
A. halys pallas (la2a) VAAEQERRNLM!NNG YMFYRDSK GTET SEEC
Human Synevial fluid (layp) ARATCFARNKTTYNKK YQYYSNKH GRGS TPRC
sSus serofa (1p2p) MAAIEFSKA P¥NKE HFNLDTEKYE

Bos taurus (1lbp2) MAAICFSKYV PY¥NKE HENLDKEN c

Naja naja atra (lpoa) LAAICFAGA PYNDN DYNINLKARQ

Naja naja (la3d) LAATCFAGA P¥NDN N'x’NIm.KAPOQ
Notechis 5. scutatus (lae7) EAAFCFAKA  PYNNA NIINIMKKRQO
Bungarus multicinctus (lbun) TAALEFGHNS EYIEG HKNIDTARFCQ

FiGure 5: Sequence comparison of PE& Multiple alignment of different PLAs produced by the MULTALIGN program7@) with

adjustments based on structural superpositions. The sequences have been numbered according to Rene@dwsetchbr{ the sequence

of the enzyme from bovine pancreas. The sequences were grouped into three categories: class Il Lys49/Lysd 2andPelasses Il and

| Asp49 PLA's, respectively. In the latter two categories, only sequences of known three-dimensional structure have been included. The
species pertinent to each sequence is indicated on the left, followed by its corresponding PDB ID code (where appropriate). Grey shaded
amino acids denote residues that are conserved in all three categories. Black boxes denote conserved residues in either one or more of the
three categories and are commented on in the text. The secondary structBrepfi@jai piratoxin-Il is represented over the alignment.
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FiIGURe 6: Generalized schematic drawing of the active site of Lys49 4 Ao the left of the fatty acid are shown the principal components
of the highly conserved catalytic machinery. On the right, Lys49 and the backbone carbonyls from the “calcium binding loop” are shown
together with the polarized peptide bond and Lys122.

together with the studies of Pedersen et al., which showedare generally not sufficient to ensure stable anchor@8y (
fatty acid binding exclusively to Lys49 homologues, deserves 70, 71). As well as a fatty acid anchor, PrTX-Il also displays
comment. What is the structural origin of the high affinity an electropositive area near the cleft where the fatty acid is
for fatty acid in Lys49 homologues that leads to a failure of found, a finding that supports a binding mechanism similar
product release? to that described above.

From the crystal structure of both subunits of PrTX-Il, it Recent experimental evidencgg( 37) has demonstrated
can be seen that the peptide bond between Cys29 and Gly3@hat two Lys49 PLA's isolated from the venom of the Habu
is expected to be unusually polarized due to the presence ofsnake Trimeresurus flaoviridis) as well as App and
the buried Lys122 interacting with the carbonyl of Cys29 myotoxin Il from B. aspershow considerable enzymatic
(Figure 4). As originally proposed by Scott et &7, this activity in liberating arachidonate from 2-arachidonoyl-1-
would lead to a hyperpolarization of the peptide bond, stearoylt-3-phosphatidylcholine (ASPC) liposomes. This is
focusing positive charge on the fatty acid carboxylate, supported by other recent studies using different Lys49 toxins
impeding its release. (72). It is possible therefore that the phenomenon of product

Of the ten Lys49 monomer structures available, seven release may turn out to be fatty acid-specific. At the very
present this interaction, and there are good reasons why thdeast, it seems clear that the presence of Lys49 is not per se
remaining three do not. In the closed conformation of sufficient for a lack of phospholipolytic activity. The apparent
bothropstoxin I, as a consequence of crystal packing in oneflexibility of the “Ca?"-binding loop” in Lys49 enzymes,
of the subunits Lys122 points out toward the solvent due to evidenced by the limited degree of variability shown in
a significant alteration to the conformation of the C-terminus. Figure 2, suggests the possibility that Lys49 may be able to
However, the viability of the interaction is clear from its simulate the role of the Caion by temporarily releasing
presence in the remaining monomer of the closed conforma-two of its carbonyl or water ligands to accommodate a
tion and in both monomers of the open conformatidé) ( phospholipid substrate and, together with NH30, stabilize
In the case of one of the crystal forms of Agg9(40) and the oxyanion of the intermediate sufficiently to allow
theB. godmanstructure, the interaction is not observed due catalysis to proceed, albeit at a conceivably reduced rate.
to an altered conformation of part of the calcium binding  Figure 5 shows that Lys122 is absolutely conserved in all
loop. Once again, it is likely that the Lysl12Zys29 Lys49 PLA but rare in Asp49 enzymes consistent with the
interaction is viable in this case as the deformation to the fundamental role we propose. If Asp49 PLénzymes were
calcium binding loop is not observed in the second crystal to possess such an interaction, it is possible that they would
form of App 40). become rapidly product-inhibited, a hypothesis that could

Once bound to the PLA the fatty acid may serve as a be tested by site-directed mutagenesis. Figure 6 shows a
hydrophobic anchor aiding in the insertion of the protein into schematic representation of the active site showing the most
the phospholipid membrane and allowing the manifestation important interactions involved, including the polarization
of toxic effects possibly via independent sites on the molecule of the essential peptide bond by Lys122. Figure 5 also
as has been frequently suggest&8, @1, 62, 65-67). A highlights both absolute conservations and residues charac-
similar mechanism of protein binding to cell membranes has teristic of either Lys49 or Asp49 sequences. Several of these
been described previously, particularly for myristoylated have been described in recent analyst® 67), but it is
proteins. Nonspecific electrostatic interaction between basic curious that the importance of Lysl122 has heretofore
motifs in the proximity of the fatty acid with acidic cell remained uncommented on. The side chain of Asn28,
membranes also occurs in these prote6®.(These motifs conserved in all Lys49 sequences, forms the clamp between
are responsible, along with the fatty acid anchor, for effective the entrance and the exit to the calcium binding loop. This
binding to membranes, since the fatty acids by themselvesleads to a rearrangement to the structure of the exit from
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the loop that releases somewhat the conformational constraint 13. Dijkstra, B. W., Kalk, K. H., Hol, W. G. J., and Drenth, J.
on Gly33 and Gly35, which are less well-conserved in the
case of the Lys49 enzymes (Figure 5).

In conclusion, we have suggested that an alternative

explanation for the lack of phospholipase activity observed
in vitro for Lys49 PLA's is their strong binding affinity for

the fatty acid product. Paradoxically, such enzymes may

therefore be both “active”, in that they may be capable of
hydrolysis (which would explain the conservation of the
catalytic machinery) but frequently also “inactive” in vitro,

due to inhibition as a result of failure of product release.
This is by no means meant to imply that product inhibition

is the only source of reduced activity as Lys49 is not expected

to support catalysis with the same efficiency as'C@4).

We can also not completely rule out the possibility that Lys49
PLA; are simply fatty acid binding proteins that are unable
to catalyze phospholipid hydrolysis. However, recent ex-

perimental data on arachidonate release from ASPC lipo-

somes seems to disfavor this hypothe8ig 37).
It is ironical that the original proposal of Scott et &7}
for the need for an auxiliary electrophile for catalytic activity

in active phospholipases, and the suggestion that this may

be Lys122 for many such molecules, may in reality turn out
to be the exact opposite. Lys122 is in fact rarely present in
active Asp49 PLA's but is absolutely conserved in the

“inactive” Lys49 homologues thus far sequenced. We

propose that the polarization of the peptide bond between
residues 29 and 30 by Lys122 is the principal reason for the

high affinity of Lys49 PLA's for fatty acid and which

consequently leads to enzyme inhibition. We therefore 25.
recommend that henceforth such molecules be referred to

as Lys49/Lys122 PLAs in recognition of the important role
played by both lysine residues.
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