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ABSTRACT: Site-directed mutants of the group IA phospholipasdr@m cobra venom were constructed

and expressed in the methylotrophic yeRgtia pastoristo probe for the proposed phosphatidylcholine
(PC) activator site. Previous crystallographic and molecular modeling studies have identified two regions
of the enzyme as likely candidates for this site. Residues Glu-55, Trp-61, Tyr-63, Phe-64, and Lys-65
were mutated to test the site advanced by Ortiz et al. [(1B&&)hemistry 312887-2896] while Asp-23

and Arg-30 were mutated to assess the site proposed by Segelke et al. [{1888) Biol. 279 223—

232]. Expressed enzymes were purified by affinity chromatography and analyzed byPHGE, Western
blotting, electrospray ionization mass spectroscopy, and circular dichroism. Both phospholipid headgroup
specificity and rates of hydrolysis on monomeric PC substrates were determined and found to be similar
for native, wild-type, and all of the mutant enzymes. These results suggest that all of the expressed enzymes
were properly folded and contained functional catalytic sites. Mutations of the aromatic residues in the
Ortiz site generally had little effect on PC activation, arguing against the importance of this region of the
enzyme for PC activation; however, these aromatic amino acids appeared to be important for interfacial
activation. In contrast, the D23N mutant in the Segelke site reduced PC activation by 10-fold without
affecting activity toward micellar phosphatidylethanolamine substrates. Similar results were found with
the D23N/R30M double mutant, suggesting that this region is critical for PC activation. These results
provide evidence for the Segelke site as a PC activator site that is distinct from the catalytic site.

Phospholipase & (PLAy)! comprise a superfamily of  with S-dipalmitoylphosphatidylcholine armtdipalmitoylphos-
lipolytic enzymes that catalyze the hydrolysis sfglyc- phatidylcholine §). Additionally, several synthetic thio-PC
erophospholipids to form lysophospholipids and free fatty phospholipid analogues also display PC activati@). (
acids (L—3). The most extensively studied phospholipases Together, these findings highlight the requirement for the
are the secretory group I, Il, and lll enzymes that are found presence of the phosphocholine moiety for PC activation,
abundantly in pancreatic tissues and the venoms of snakesalthoughN,N-dimethylphosphatidylethanolamine also leads
bees, and lizards. These secreted B Are characterized to modest activationg, 9). While phosphatidylcholine, lyso-
by their low molecular mass (3216 kDa), millimolar PC, sphingomyelin, and dodecylphosphocholine are all good
calcium requirement, and six to eight disulfide bonds. activators, phosphocholine and glycerophosphocholine have

A unique kinetic property of PL#s from elapidae snakes, no effect on activation, emphasizing the importance of at
such as the Indian cobfdaja naja naja is PC activation in least one fatty acyl or alkyl chain for PC activation. PC
which the hydrolysis of phosphatidylethanolamine (PE) is activation is not observed with short-chain monomeric
increased 1620-fold in the presence of phosphocholine- substrates. Rates of hydrolysis on monomeric substrates are
(PC-) containing lipids4—6). Several other PC-containing nearly 100-fold lower than those of short-chain micellar
lipids including sphingomyelin, lyso-PC, dodecylphospho- substrates, but both short-chain PE and PC substrates are
choline, and dibutyryl-PC are also known to cause PC hydrolyzed at comparable rates. These findings demonstrate
activation ). The stereochemistry of the activator molecule that an interface is required to observe PC activatit®y (
does not appear to be critical since activation was observed11). Therefore, the minimal requirements for PC activation
include a phosphocholine headgroup, at least one fatty acyl
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Group IA PLA; PC Activator Site

Two regions of the cobra PLAhave been identified as
possible sites for the second PC binding site. The first
suggestion was advanced by Ortiz et &b)( Their modeled
structure ofNaja naja kaouthiaPLA, reveals a possible
binding site with good steric and electrostatic complemen-
tarity to phosphocholine that is located near the elapid loop.
This site is approximately 80% similar to a region of the
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XL-2 Blue Ultracompetent cells. Colonies growing on LBA
plates were screened by restriction enzyme digest analysis.
Positive colonies were confirmed by sequencing the entire
PLA; gene using either manual sequencing based on the
method of Sanger1Q) or via an Applied Biosystems
automated DNA sequencer.

Transformation and SelectioThe protease-deficierR.

McPC603 antibody that recognizes phosphocholine. Residuesastorisstrain SMD1168 was transformed using 4@ of

important for PC recognition inclu@éslu-55, Trp-61, Tyr-

the Bglll fragment of pPICORNNNPLA, that contained the

63, Phe-64, and Lys-65. A second site advanced by ourgene of interest using a spheroplasting method described
laboratory suggests that the noncatalytic PC binding site maypreviously @0, 2J). All media and plates foP. pastorisgene

be located near Asp-23 and Arg-3Q6f. As these two

expression were made according to the manufacturer’s

hypotheses have not been tested experimentally, we haveecommendations. Transformants growing on histidine-
now employed site-directed mutagenesis to determine whichdeficient RDB plates (4.5% potassium chloride, 2% glucose,

of these residues affect PC activation.

MATERIALS AND METHODS

ReagentsPhospholipids were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL). Affi-Gel Blue resin was from
Bio-Rad. DE23 resin was from Whatman BioSystems Ltd.
(Kent, England).Pichia pastorisstrains and vectors were
obtained from Invitrogen (Carlsbad, CA). Oligonucleotide

primers were purchased from either Genosys (Woodlands,

TX) or Gibco BRL (Bethesda, MD). Endoproteinase Arg-C

was from Boehringer Mannheim (Cleveland, OH). Radio-

labeled phospholipids, restriction enzymes, and DNA modi-
fying enzymes were from Amersham Pharmacia Biotech
(Piscataway, NJ). Mutagenesis was carried out with the
QuickChange Mutagenesis kit from Stratagene (La Jolla,
CA). All other chemicals were of at least analytical grade
and were obtained from either Fisher or Sigma.

Cloning The gene encodindN. naja naja PLA, was
transferred from theEscherichia coliexpression vector
pRC25/Xa/NNNPLA (17, 18 to theP. pastorisexpression
vector pPICOKRNNPLA,. This construct served as template
DNA for Stratagene’s Quick Change PCR-based mutagenesi
system. Due to the large size of the pPIC&MPLA, vector
(9.6 kb), it was sometimes easier to first subclone the PLA
gene into the smaller pUC19 vector before carrying out PCR.
This step was carried out by digesting the pPICBKPLA,
vector with Sad—Sal and subcloning the PLA gene
fragment into theSad—Sal linearized pUC19 vector. The
resultant pUC19PLAvector was then used in subsequent
PCR mutagenesis steps. Following PCR, the mutated,PLA
gene was transferred back to the pPIG8KPLA, vector
for transformation into yeast.

MutagenesisSite-directed mutants were constructed using

the Stratagene Quick Change PCR-based mutagenesis syste

according to the manufacturer’s instructions. Coding and
noncoding mutagenic primers were used to PCR amplify
either the entire pPICOKNNPLA, or pUC19PLA vector
with Pfu polymerase (a list of primers used can be obtained
from the authors). Removal of the methylated template DNA
was accomplished by digestion witbpnl, a restriction
enzyme that cleaves only methylated DNA. Since mutant
DNA produced by PCR amplification is unmethylated, it was
not digested byppnl and could be used directly to transform

2N. naja naja and N. naja kaouthiRLA, are numbered consecu-
tively according to their primary sequence. These enzymes differ at

1% ammonium sulfate, 0.34% yeast nitrogen base, and
0.05% biotin) were pooled and plated on MD plates (1%
ammonium sulfate, 2% glucose, 0.34% yeast nitrogen base,
and 0.05% biotin) to yield 206400 colonies per plate.
Selection of high copy number transformants was ac-
complished by replica plating to YPD plates (1% yeast
extract, 2% peptone, and 2% glucose) containing 2 g/L
antibiotic G418. Typically 10 colonies would grow on the
(G418 plates, and these were screened for Paétivity.
Individual colonies were selected and used to inoculate 10
mL of BMGY media (1% yeast nitrogen base, 1% glycerol,
1% casamino acids, and 0.05% biotin) and allowed to grow
with shaking for 2 days at 30C. Cells were pelleted by
centrifugation at 300§ for 3 min, and the media were
discarded. Induction was begun by resuspending the cells
in 5 mL of BMMY media (identical to BMGY media except
that 1% methanol was substituted for glycerol) and grown
with shaking at 30°C for 2 days. After 1 day of induction,
the media were supplemented with 1% methanol. Following
2 days of methanol induction, a sample of media was taken
and centrifuged at 12 000 rpm in an Eppendorf microfuge

Jo pellet the cells. A 7uL aliquot of this cell-free media

was then assayed using the spectrophotometric assay de-
scribed below. Samples with the highest activity were chosen
for high-level expression using either shake flasks or a New
Brunswick fermentor.

Expression Selected colonies of D23N, R30M, D23N/
R30M, E55Q, Y63A, Y63F, K65M, and W61A/YE3A/F64A
were expressedi4 L baffled shake flasks. Several micro-
liters of a frozen stock was used to inoculate a 10 mL
overnight culture of BMGY. The next morning this seed
culture was used to inocutafl L of BMGY in a 4 Lbaffled
shake flask and allowed to grow with shaking for 2 days at
%O °C. The media were next centrifuged at 3g0@r 10
min at 4 °C to pellet the cells. The BMGY media were
discarded, and the cells were resuspended in 200 mL of
BMMY to begin induction. After being transferred to a
differert 4 L baffled flask, the cells were allowed to grow
for 2 days with shaking at 30C. Following 1 day of
induction, methanol was added to 1% (v/v) to compensate
for loss due to evaporation. After 48 h of methanol induction,
the cell suspension was centrifuged at 39@&r 10 min at
4 °C to pellet the cells. Cells were discarded, and the crude
media were stored frozen at20 °C.

The highest producing strains of WT, W61A, and F64A
were expressed in a 5.0 L BioFlow 3000 fermentor (New

only 6 out of 119 amino acids, and none of these differences are locatedBrunswick Scientific) essentially as described previously

in the PC activator site proposed by Ortiz et dl5)

(22). Seed cultures were generated by inoculating 10 mL of
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BMGY with 10—20uL of cells from a glycerol stock. After  not have any N-terminal modifications and did not require
24 h this culture was used to inoculate 250 mL of BMGY further purification. To remove the N-terminal adjunct from
and allowed to grow with shaking at 3C overnight. This enzymes produced using fermentation, digestion with endo-
seed culture was next added to 3.0 L of Basal salts mediaproteinase Arg-C (endo Arg-C) was carried out. Endo Arg-C
(1.3 mL/L 85% phosphoric acid, 1.8 g/L calcium sulfate, was dissolved in milliQ water to 100 units/mL. The reaction
14.3 g/L potassium sulfate, 11.7 g/L magnesium sulfate was carried out in 10 mM Tris, pH 7.5, 1 mM DTT, 10 mM
heptahydrate, 3.9 g/L potassium hydroxide, 40 g/L glycerol, CaCh, and 1.59 mM TX-100 at 30C overnight. One unit
and 4 mL/L PTM4 salts). PTM4 salts consisted of 2 g/L of endo Arg-C was used per 5@ of PLA;. The endo Arg-C
cupric sulfate pentahydrate, 0.08 g/L sodium iodide, 3 g/L was removed via ion-exchange chromatography with DE23
manganese sulfate, 0.2 g/L sodium molybdate dihydrate, 0.02resin utilizing conditions identical to those described previ-
g/L boric acid, 0.5 g/L cobalt chloride, 7 g/L zinc chloride, ously with DE11 resinZ3) except that protein was loaded
0.2 g/L biotin, 22 g/L ferrous sulfate heptahydrate, and 1 in 20 mM NaHPO,, pH 6.0.
mL/L sulfuric acid. After 24 h of the Glycerol Batch Phase, Protein Determination Protein concentrations were de-
the cell density increased to a wet cell weight of ap- termined by the method of Lown24) using the correction
proximately 130 mg/mL. At this stage, a Fed-Batch Glycerol factor for N. naja najaPLA; described previously26).
Phase was begun by feeding in a 1.0 L solution of 50% Enzyme AssaysPLA, activity was determined using
glycerol plus 12 mL/L PTM4 salts ramped from 18 mL/h to several assays. A spectrophotometric as8yZ6 was used
45 mL/h ove 8 h and then left at 45 mL/h for an additional to monitor enzyme activity during the induction®f pastoris
16 h until the 1.0 L was depleted and the wet cell weight cultures. These assays were carried out at°B0and
had increased to approximately 330 mg/mL. Prior to employed 0.5 mMac-diCyo-dithio-PC, 2.26 mM TX-100,
methanol induction, the glycerol feed was disconnected and10 mM CaC}, 25 mM Tris, pH 8.5, and 100 mM KCI.
the cells were allowed to deplete any glycerol remaining in Assays were initiated by the addition of enzyme anal7
the media for 30 min to 2 h. Induction was initiated by of 4,4-dithiobispyridine to 0.4 mL of substrate. The free thiol
ramping the addition of a 50% methanol solution containing liberated by PLA hydrolysis was monitored by following
6 mL/L PTM4 salts from 1.8 mL/h to 21.6 mL/h over 8 h. the increase in absorbance at 324 nm.
Cells were then switched to a 100% methanol solution The rates of hydrolysis of monomeric ¢i€C were
containing 12 mL/L PTM4 salts and ramped from 10.8 mL/h determined using a modification of a thin-layer chromatog-
to the maximum methanol feed rate tolerated by the yeastraphy (TLC) assay described previously 27, 2. Briefly,
which was usually 1825 mL/h depending on the strain. reactions were run at 40C with 0.8 mM diG-PC, 25 mM
Activity was monitored using the spectrophotometric assay Tris, pH 8.5, and 10 mM Caglin a final volume of 400
described below and typically peaked after 48 h of methanol uL. Reactions were stopped by the addition of 400 of
induction. Runs were terminated at this time and purification 5% HCI (v/v), and lipids were extracted with 4Q0. of
was initiated. 1-butanol. The 1-butanol layer was dried under vacuum.
Protein Purification Following fermentation, crude media  Dried lipid was redissolved in 2&L of chloroform/methanol
were centrifuged at 30@0to remove the cells. The crude (1:2) and spotted on TLC plates (2020 cm Merck KGaA,
media were then decantedant L bottles and stored frozen  Darmstadt, Germany) using chloroform/methanol/28% am-
at—20°C. To begin the purification process, the crude media monium hydroxide (65:25:5) as the mobile phaRevalues
were thawed and centrifuged at 1500@0 pellet any were 0.38 for phospholipid and 0.08 for lysophospholipid.
remaining cells and proteins that had aggregated during The total phosphate concentration of the phospholipid zone
freezing. This step also reduced the viscosity of the crude was determined using a modificatioR9j of the procedure
media, enabling it to be directly applied & 5 cm by 30 cm  described by Bartlett30). Specific activities were calculated
Affi-Gel Blue gravity flow column equilibrated with 50 MM on the basis of the rate of phospholipid conversion to
ammonium acetate, pH 6.0, at a flow rate of 15 mL/min. lysophospholipid. Control experiments were performed to
After the column was loaded, 2 volumes of pH 6.0 buffer ensure that extraction efficiencies were uniform across the
was used to wash the column until tigg, approached  concentration ranges tested.
baseline. Two column volumes of 20 mM ammonium  Measurements of phospholipid hydrolysis in the presence
bicarbonate, pH 8.0, was then used to elute loosely boundor absence of sphingomyelin were carried out using a
proteins. Upon reaching baseline, PLvas eluted using 20  modified Dole assay3({). Substrate was prepared by drying
mM ammonium carbonate, pH 10.5. The Piffaction was phospholipid stocks in chloroform under a stream of nitrogen.
pooled and neutralized immediately with glacial acetic acid. To accelerate the evaporation of solvent, the test tube
This fraction was then dialyzed against three exchanges ofcontaining phospholipid was routinely warmed to &7 in
milliQ water at 4°C before being lyophilized. Following  a water bath. Dried lipid was resuspended in an appropriate
lyophilization, the protein powder was dissolved in a amount of TX-100 and diluted with buffer to a final
minimum volume (2-3 mL) of sterile water. concentration of 30@M phospholipid, 2.4 mM TX-100, 25
SDS-PAGE analysis of the enzymes expressed via mM Tris, pH 8.5, and 10 mM CaglSufficient radiolabeled
fermentation revealed a doublet of-2B84 kDa with minor 1-palmitoyl-2-[14“C]linoleoyl-sn-glycero-3-phosphoethanol-
contaminants. N-Terminal sequencing of the BL#and amine (PLPE) or 1-palmitoyl-2-[1*C]linoleoyl-snglycero-
revealed that 60680% of the protein was native PLAut 3-phosphocholine (PLPC) was included to provide approxi-
that 20-40% of the protein contained an arginine or lysine  mately 100 000 cpm per assay. Reactions were initiated by
arginine addition at the N-terminus presumably due to adding 40QuL of substrate to 10@L of enzyme and allowed
incorrect processing of the signal sequence irRthpastoris to proceed for 1545 min at 40°C with agitation. To quench
secretion pathway. Mutants expressed in shake flasks didthe reaction, 2.5 mL of Dole reagent [2-propanol/heptane/1
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N H,SO,, 20:5:1 (v/viv)] was added followed by about 0.1

g of silica gel, 1.5 mL of heptane, and 1.5 mL of deionized
water. After vortexing and phase separation, 1 mL of the
upper heptane layer was removed and passed through a
column containing approximately 0.1 g of silica gel. Any
remaining radiolabeled fatty acid was washed off the column
with 1 mL of ether. An aliquot of the organic layer was added
to 5 mL of scintillation fluid and counted in a Packard
TR1600 liquid scintillation analyzer.

Western BlottingProteins were separated on 18% ¥Fris
glycine gels (Novex) and transferred to Immobilon-P mem-
branes (Millipore). Nonspecific binding was blocked by
incubating membranes in 5% nonfat milk in phosphate-
buffered saline (Sigma) for 1 h. An antibody agaiNsthaja
naja PLA; was diluted 1:500 in blocking buffer and
incubated with the membrane for 1 h. Rabbit anti-goat
immunoglobin conjugated to horseradish peroxidase (Dako)
was used as the secondary antibody and facilitated detection
by enhanced chemiluminesence (Amersham).

Circular Dichroism CD spectra were recorded essentially
as described previously using 0.1 cm quartz cuve®@s (
Samples contained approximately 0.4 mL of 0.15 mg/mL
PLA; in 10 mM CacC}. Spectra were recorded on an AVIV
spectropolarimeter. To convert millidegrees to mean residue

ellipticity, values were multiplied by 10 mean residue . 1 Location of h d PC acti o A
WG, wnereef he praain concenraion il %% Locaton o e oo 5 st st o
grams per milliliter and is the path length in centimeters. Residues proposed by Ortiz et dl5| to be part of the PC activator
RESULTS glée are shown in yellow (Glu-55, Trp-61, Tyr-63, Phe-64, and Lys-
), and those proposed by Segelke et &) @re shown in red
Rationale for MutationsA putative PC activator site for ~ (ASP-23 and Arg-30). A green PE substrate analogue is bound in
- the active site on the basis of results obtained from transfer NOE
group IA PLAss was advanced by Ort!z et all\_"]) on the__ experiments45). The cofactor calcium ion is shown in gray, the
basis of the results of molecular modeling studies. Stabiliza- catalytic histidine in cyan, and the N-terminus in blue. This figure
tion of the positively charged choline headgroup is proposed was generated using Insightll from Molecular Simulations, Inc. (San
to occur primarily via catione interactions 83) between the ~ Diego, CA).
choline headgroup and the aromatic amino acid side chains ) ) _ )
of Trp-61, Tyr-63, and Phe-64. Minor stabilization of the ©On the basis of crystallographic studia$). When calcium
choline headgroup could also be achieved by long-rangeiS bound in the calcium binding loop, a conformational
electrostatic interactions with Glu-55. The negatively charged change creates a pocket with good steric and electrostatic
phosphate would also be in position to interact with Lys-65. complementarity to a PC headgroup and exposes the side
To test this hypothesis, the aromatic amino acids at positionschains of Asp-23 and Arg-30. The positive charge of the
Trp-61, Tyr-63, and Phe-64 were mutated to alanine to choline headgroup could make favorable contacts with the
disrupt any potential catiorr interactions. To analyze the carboxylate on the side chain of Asp-23, the amide nitrogen
contribution made by the hydroxy! group of the Tyr-63 side Of Arg-30, and the carbonyl oxygens of Gly-25 and Cys-28.
chain, the Y63F mutant was also constructed. Additionally, Additionally, the guanidinium group of Arg-30 could form
we constructed the W61A/YB3A/F64A triple mutant to & Salt bridge with the negatively charged PC phosphate group.
remove all three aromatic amino acids. The roles of Glu-55 TO test this proposal, the D23N, R30M, and D23N/R30M
and Lys-65 in providing minor electrostatic stabilization were Mutants were constructed to see what effect removing one
probed by making the uncharged but sterically conserved OF both of these charges would have on PC activation. The
E55Q and K65M mutants. The residues that comprise the residues that comprise the Segelke site are shown in red in
Ortiz site are shown in yellow in Figure 1 and occupy the Flgure_ 1. S!nce this model contains the cofactor calcium, a
same face of the enzyme as the opening to the active site Salt bridge is not formed between Asp-23 and Arg-30. The
The hydrophobic fatty acyl chain(s) of the activator molecule Surface views shown in Figure 2 highlight the dramatic
are presumed to remain associated with the interface andchanges to the solvent-exposed surface of the enzyme that
may anchor the enzyme to the interface during catalysis. If @company the rearrangement of the Arg-30 side chain when
these residues are important for PC activation, one would calcium is bound. As with the Ortiz site, the Segelke site
expect that these mutations would decrease PC activation@/S0 occupies the same face of the enzyme as the opening
It is important to note that only sPL& from the elapidae 10 the active site, and the hydrophobic fatty acyl chain(s) of
family contain the amino acids needed to make these contactghe activator molecule are thought to remain associated with
and only PLAs from the venom of elapid snakes have been the interface where they may anchor the enzyme to the
shown to exhibit PC activation. interface during catalysis.
An alternative region of the enzyme that could serve as a Cloning and Mutagenesigs the first step in these studies,
PC activator site has also been identified by our laboratory we developed a system to produce recombinant cobra venom
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w/o Ca?**

Ficure 2: Rearrangements caused by calcium binding in the PC activator site. Surface views of the PC activator site proposed by Segelke
et al. (L6) are shown in blue while the site proposed by Ortiz et H) (s shown in red. The catalytic histidine is shown in cyan. Without

the calcium cofactor bound, Asp-23 and Arg-30 form a salt bridge that is seen as a contiguous blue region. Upon calcium binding, a
substantial rearrangement of Arg-30 occurs, opening up a pocket with good steric and electrostatic complementarity to a choline headgroup.
Surface views were generated using GRA8B).(

PLA; in the methylotrophic yeasP. pastoris Previous protein since N-terminal sequencing demonstrated that ap-
reports have demonstrated the suitability of this organism proximately 20-40% of the enzyme contained a LyArg
for expressing highly disulfide bonded proteir&) with or Arg adjunct on the N-terminus. This was presumably due
yields in the range of hundreds of milligrams per lit8d). to incomplete processing of thefactor fusion protein by
The cloning steps used to generate the expression vector ar®. pastorisand proteolysis by an unidentified protease after
shown in Figure 3. Amplification of the entire vector using the Asp or Lys residues that precede the KEX2 consensus
Pfu polymerase and appropriate mutagenic primers yielded sequence in the-factor secretion signal. Due to concerns
plasmids containing the various mutated versions of the;,PLA about the importance of the N-terminus for activity in other
gene. All mutations were confirmed by sequencing the entire sPLAs (35), we elected to remove these residues with endo
PLA; gene. Arg-C (36). Regeneration of the expected N-terminus was
Transformation of the mutant PL.Ajene into the protease-  confirmed by N-terminal sequencing (data not shown).
deficientP. pastorisSMD1168 strain was carried out using Removal of the endo Arg-C was accomplished by ion-
a spheroplasting transformation procedure utilizBgjll- exchange chromatography using a DE-23 column. Fermenta-
linearized pPICOIKINMPLA, (20, 21). Transformants contain-  tion usually produced a 10-fold better expression than shake
ing multiple copies of the gene of interest were selected usingflasks, but an equally important factor for obtaining high
plates containing G418, an analogue of kanamycin. Thoseyields appeared to be selecting strains containing multiple
strains containing the highest levels of PLActivity were gene inserts.
chosen for scaleup. Following purification, native, WT, and mutant enzymes
Protein Expression and PurificatiohVild-type and mutant  were loaded on 18% Trisglycine gels and separated by
cobra PLAs were produced iR. pastorisusing either shake ~ SDS-PAGE under denaturing conditions. Staining with
flasks or a fermentor. Secretion into the growth media was Coomassie brilliant blue revealed that these enzymes had
directed by thex-factor secretion signal. Yields ranged from been purified to homogeneity (Figure 4). As a final check
400ug/L to 2 mg/L for enzymes expressed in shake flasks of correct mutant production and protein purity, all mutants
and 5 mg/L to 30 mg/L for enzymes expressed using except R30M and Y63A were analyzed by electrospray
fermentation. Recombinant proteins were then purified using ionization mass spectroscopy. The measured molecular
Affi-Gel Blue affinity chromatography as outlined in Materi-  weights for all recombinant enzymes tested, except F64A
als and Methods. This single purification step was sufficient and W61A/Y63A/F64A, were within 3 amu of the theoretical
to produce homogeneous protein preparations of the enzymesalue. F64A was 7 amu higher and W61A/Y63A/F64A was
that had been produced using shake flasks. 16 amu lower than the respective theoretical values. Western
For enzymes expressed using the BioFlo 3000 fermentor,blot analysis of the purified mutants was carried out using a
an additional purification step was required to produce pure polyclonal antibody raised against native BLNative, WT,
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Ficure 3: Cloning diagram for site-directed mutagenesis. Phe
g clag 9 (lane 8), K65M (lane 9), and MW standards (lane 10).

pastorisexpression vector, pPICHNOPLA,, and the pUC19 vector
were digested witlsad andSal. The fragment containing the PLA

gene and the linearized pUC19 vector were ligated to form . . . .
PUCI19PLA. This smaller plasmid was used as the template to "ates of hydrolysis of binary mixtures of PLPE/PLPC (1:1)

construct mutants using a PCR-based methodology. Afterward thein TX-100 mixed micelles under activating conditions. Rates

mutant PLA gene was transferred back into pPIQOKPLA; at for PE hydrolysis in these micellar binary mixtures were

the Sad—Sal junction to facilitate expression in yeast. determined by including radiolabeled PLPE in the assay. To
determine the rates of PC hydrolysis, separate experiments

and all of the mutants were recognized as a 14 kDa band bywere run under identical conditions except that radiolabeled

the antibody, demonstrating that none of the mutations hadPLPC was included in the assay instead of radiolabeled
affected antibody recognition. PLPE. As shown in Table 2, native, WT, and the mutants
. . . . displayed a 4-fold preference for PE headgroups over PC
To assess if any gross changes in folding occurred during e 5 4gr6ups under these conditions, which is in good agree-
expression, the CD spectrum of each recombinant enzyme .+ \vith previous reportsi6). It should be noted that
was analyzed. All proteins showed spectra similar to that the Y63A and the WB1A/Y63A/E64A mutants had no
reported previously foN. naja najaPLA, with extrema at  yeyectable PC activity. These results indicate that headgroup

208 and 222 nm32), indicating that the expressed mutants specificity is not affected by any of the mutations.
contain similar secondary structures and are probably folded Micellar Activity. Rates of hydrolysis on micellar sub-

correctly. . . . : L
. . ) ~ strates were determined using mixed micelles containing
Monomeric Actiity. Rates of hydrolysis for monomeric  p| pE as shown in Table 3. The D23N, R30M, and D23N/
diCe-PC were determined using a thin-layer chromatography R3om mutants that were constructed to probe the Segelke
assay as described in Materials and Methods and are shownjte displayed near normal activity on micellar PLPE
in Table 1. Native, WT, and all of the mutants analyzed sypstrates. The nonaromatic E55Q and K65M Ortiz site
showed comparable activities on monomericeRC. Gen- — mytants also showed near normal activity on micellar PLPE
erally, these enzymes were found to have specific activities sypstrates. Compared to WT, the aromatic W61A mutant
between 50 and 8@mol min™* mg™, in good agreement  gisplayed a 3-fold reduced rate of hydrolysis on micellar
with values reported previousyL). Such activities dem-  p| pg substrates and a 2-fold reduced rate of hydrolysis on
onstrate that the catalytic machinery is intact and provides mjcellar PLPC substrates. Interestingly, the other aromatic
another line of evidence that the expressed proteins aremytants Y63A, Y63F, F64A, and W6E1A/Y63A/F64A dis-
properly folded. played markedly reduced rates, at least 10-fold, of hydrolysis
Headgroup SpecificityTo investigate whether any of the  toward micellar PLPE substrates. Since all of these enzymes
mutations altered headgroup specificity, we measured thepossessed comparable rates of hydrolysis on monomeric
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Table 1: Specific Activities toward Monomeric Di®PC*
specific activity

specific activity

enzyme (umol min~* mg™?) enzyme (umol min~* mg™?)
native 78+ 14 W61A 113+ 28
WT 64+9 Y63A 61+ 18
D23N 67+ 6 Y63F 64+ 18
R30M 51+ 6 F64A 86+ 21
D23N/R30M 62+ 4 W61A/Y63A/F64A 51+ 6
E55Q 97+ 29 K65M 84+ 33

2 DiCe-PC was utilized at monomeric substrate concentrations well below its critical micelle concentration (CMC) of 128nMs&ays
contained 0.8 mM dig-PC, 25 mM Tris, pH 8.5, and 10 mM CaCIReactions were run at 40 for 30 min as described in Materials and

Methods. Values are reported as the meastandard deviation for triplicate measurements.

Table 2: Headgroup Specificity of Native, WT, and Mutant Enzymes under Activating Conditions

PE rate PC rate
enzyme (umol min~t mg?) (umol min~t mg?) specificity (fold)

native 752+ 13 192+ 5 3.92+0.12
WT 577+ 12 1544 2 3.75+ 0.09
D23N 29.3+1.80 6.89+ 0.06 4.25+ 0.26
R30M 14.8+ 0.20 3.76+ 0.13 3.944+ 0.15
D23N/R30M 25.14+- 0.6 5.93+ 0.15 4.23+0.15
E55Q 389+ 1 106+ 4 3.67+0.14
W61A 210+ 3 51.1+ 2.1 4.11+ 0.18
Y63A 1.83+0.02 0 N/

Y63F 31.9+ 0.8 7.99+ 0.26 3.99+ 0.16
F64A 24.0+ 0.7 6.08+ 0.31 3.95+ 0.23
WG61A/YE3A/F64A 0.33+ 0.02 0 N/

K65M 476+ 7 116+ 1 4.104+ 0.07

a Specific activities were determined at 40 using a modified Dole assay containing 8@ PLPE, 150uM PLPC, 2400uM Triton X-100,

25 mM Tris, pH 8.5, 100 mM KCI, and 10 mM CaCRadiolabeled PLPE was included to obtain rates of hydrolysis for PE. To determine rates
of hydrolysis for PC, separate experiments were run under identical conditions except that only radiolabeled PLPC was included. Values are
reported as the meah standard deviation for triplicate measuremehts/A, not applicable.

Table 3: Effect of Mutations on Micellar Activity and PC Activation

PLPC PLPE PLPE+ SPH
enzyme (umol min~t mg) (umol min~* mg™) (umol min~tmg) activation (fold)

native 248+ 6 10.20+ 0.50 215+ 2 21.1+1.1
WT 195+ 15 7.684+ 0.35 166+ 18 21.6+ 2.5
D23N 3.13+0.78 8.45+ 0.20 19+ 1 22+0.1
R30M 6.844 0.44 6.644+ 1.13 76+ 9 11.5+ 2.4
D23N/R30M 9.444+ 0.53 4.30+ 0.03 12+ 0.4 2.8+0.1
E55Q 169+ 4 6.404+ 0.12 114+ 3 17.8+ 0.6
W61A 102+ 2 2.574+ 0.05 43+ 4 16.7+ 1.6
Y63A 1.22+0.43 0.38+ 0.03 0.69+ 0.38 1.8+1.0
Y63F 14.0+ 0.8 0.71+0.12 9.50+ 1.12 13.4+2.8
F64A 12.4+ 1.2 0.26+ 0.01 6.55+ 0.34 25.2+ 1.6
W61A/Y63A/F64A 0.83+0.13 0 0 N/AR
K65M 217+5 7.344+ 0.28 158+ 2 21.54+0.9

a Specific activities for micellar substrates were determined &ClQsing a modified Dole assay containing 30@ PLPE or PLPC, 240aM
Triton X-100, 25 mM Tris, pH 8.5, 100 mM KCI, and 10 mM CaCFor activation measurements, 68 sphingomyelin was included. Values
are reported as the meanstandard deviation for triplicate measuremehts/A, not applicable.

substrates, the reduced catalytic rates on micellar substrateshe Y63A mutant shows substantially reduced PC activation.
suggest that these aromatic residues may be important folWhile the rates of hydrolysis with or without sphingomyelin
interfacial activation. These finding are in good agreement are low, it is clear that Tyr-63 affects PC activation.
with similar studies carried out using porcine pancreatic LA Mutations to residues in the Segelke site caused a
(37) where mutations at position 63 were found to decrease substantial decrease in PC activation. The D23N mutant
rates of hydrolysis on micellar substrat@8)( decreased activation by 10-fold without substantially affect-
PC Activation. To assess the effect of the mutations on ing the hydrolysis of PLPE alone. Similar results were found
PC activation, specific activities toward micellar PLPE with with the D23N/R30M mutant where activation is decreased
and without sphingomyelin were measured using radiolabeledalmost 8-fold. Mutations to Arg-30 alone do not appear to
phospholipid. These results are shown in Table 3. In this affect PC activation nearly as much as Asp-23 mutations
assay system, native and WT PLAoth show a 21-fold  since the R30M mutant still shows a nearly 12-fold activa-
activation by sphingomyelin. The E55Q, W61A, Y63F, tion. Thus, mutations to Asp-23 appear to be more critical
F64A, and K65M mutants were also activated significantly for PC activation than those to Arg-30. These results support
by sphingomyelin. Of all the mutations to the Ortiz site, only the hypothesis advanced by Segelke etl#) {hat the charge
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Ficure 5: Surface dilution kinetics of native and mutant PsAPIlots of specific activity vs mole fraction of PLPE are shown for (A)
native, (B) D23N, (C) Y63A, and (D) Y63F PLAIn these experiments, the bulk concentration of PLPE was kept constant alvBaod

its surface concentration varied by the addition of appropriate amounts of TX-100. Assays were carried 6@ and@ontained 10 mM

CaCb, 25 mM Tris, pH 8.5, and 100 mM KCI. Closed circles are for measurements containing only PLPE as substrate. Open circles
represent determinations in the presence ofuB0D sphingomyelin. Data points represent the mearstandard deviation for duplicate
measurements.

on the PC headgroup may be stabilized by Asp-23, with a Table 4: Activation of Mutant Enzymeés

minor contribution from Arg-30. KeadKom KeadKin

Surface Dilution Kinetics.Results of surface dilution enzyme unactivated (s}  activated (s1)  activation (fold)
experiments are shown in Figure 5. Enzyme activity is clearly  native 22.7 377 16.6
dependent upon the surface concentration of the substrate. D23N 19.3 60.1 3.1
The axes in Figure 5 are scaled differently to show that the Y63A 0.676 0.930 14

shapes of the curves are essentially unchanged by either Y63F 1.63 30.3 18.6

mutation or the presence of activator. This implies that the _I"‘Apps_rent_na{Km values Wer:e calculated from the slopes of surface
kinetic behavior of these enzymes is similar. o e e e o 01 & Due 10
The plots of mole fraction of PLPE versus specific activity poor phospholipid solubility in mixed micelles at high lipid surface

for native, D23N, Y63A, and Y63F are all close to linear concentrations, the data point at 0.20 mole fraction was omitted from
although there is a subtle break at a mole fraction of 0.07 these calculations. Linear regression for all other mole fractions resulted
and a substantial break at a mole fraction of 0.20. The abrupt" & correlation of at least 0.98. Activation values are calculated as the
. . relative increase observed in the presence of sphingomyelin compared
break at a mole fraction of 0.20 is probably due to the ;' p| pE aione.
insolubility of the phospholipid in the mixed micelle at high
surface phospholipid concentrations. Thus, the enzyme
apparently cannot be saturated with substrate due to substrat8-20 mole fraction data point, linear regressions for the
insolubility. Therefore, the slopes of these curves can only remaining data points gave a correlation of at least 0.98 for
give estimates of the catalytic efficienciés.{K). Individual all plots. These results are presented in Table 4. Measurement
values fork.,: and Ky, cannot be determined, although it is of the catalytic efficiency with or without activator present
apparent that th&, for PLPE is much greater than 0.20 was also used to measure activation by sphingomyelin. Direct
mole fraction. measurement of activation (shown in Table 3) and kinetic
The apparent catalytic efficiencies were obtained from the determinations of activation (shown in Table 4) are in good
slopes of the lines shown in Figure 5. After omitting the agreement.
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DISCUSSION and Y63F mutants display similar rates of hydrolysis toward

L - ) L monomeric diG-PC substrates when compared to native and
PC Actiation. The minimal requirements for PC activation \y1 PLA,. These results imply that the formation of a

include a PC headgroup, at least one fatty acyl or alkyl chain, hydrogen bond between Tyr-63 and tee-3 phosphate
and an interface@, 12). Earlier studies demonstrated that 5y aen of the substrate is not important for the hydrolysis
PC activation was due to I|p|fprotg|p mteracuqns an_d could of monomeric substrates iN. naja najaPLA,. However,
not be accounted for by lipidlipid interactions in the 465 of hydrolysis on micellar PLPE substrates are drastically
micelles §). These observations led to the postulation of & roq,ced for both the Y63A and Y63F mutants. This suggests
two-site model where the enzyme contains both a catalytic {4t the hydrogen-bonding ability of Tyr-63 may be important
site with a preference for zwitterionic phospholipids and a tq interfacial activation. With regard to PC activation, the
separate activator site .that is specific _f_or PC.—con.taining Y63A mutant shows little if any PC activation, while the
compounds. To test this model, we utilized site-directed yg3r mytant is still activated 13-fold by sphingomyelin. This
mutagenesis to determine where the. PC activator site ISsuggests that the hydrophobicity of residue 63 is important
located on cobra PLAThus far, two regions of the enzyme 5" pc activation. To summarize, Tyr-63 is not directly
have been identified as possible PC activator sites. involved in the catalysis of monomeric substrates; however,
Ortiz Site The first location proposed for the PC activator jts hydroxyl group and presumably its ability to form a
site was based on the molecular modeling studies of Ortiz hydrogen bond are critical for interfacial catalysis, and its
et al. 15 and consisted of residues Glu-55, Trp-61, Tyr- hydrophobicity is important for PC activation.
63, Phe-64, and Lys-65, which are located in the elapid loop Role of Tryptophan-61Recent mutagenesis experiments
of the enzyme. Enzymes containing mutations designed tOoith bovine pancreatic PLA(40) and human group IIA
disrupt these proposed aromatic interactions displayed ratesp| A, (41) have reported that tryptophan residues on these
of hydrolysis toward monomeric di>C substrates that were  enzymes may be important for binding PC interfaces.
similar to those of native and WT PL,AApparently, this  Tryptophan residues have also been shown to facilitate
region of the molecule is not critical for monomeric activity. membrane penetration via insertion of the aromatic ring into
These results also imply that the mutants possessed functionajhe lipid interface 42). The PLA isoforms from the sea
catalytic sites and were properly folded. The W61A, Y63A, snakel aticauda semifasciatthat lack tryptophan residues
Y63F, F64A, and W61A/Y63A/F64A mutants all displayed  have an impaired ability to hydrolyze micellar PC substrates
reduced rates of hydrolysis toward micellar PLPE substrates.(43). N. naja naja PLA, contains three tryptophans at
Under these conditions, i.e., without PC, PC activation is positions 18, 19, and 61. Our findings demonstrate that the
not possible, therefore this reduction in rate is presumably wg1A mutant does not affect monomeric activity, PE versus
due to a decrease in interfacial activation and not PC pcC headgroup specificity, or PC activation; however, rates
activation. The latter observation was confirmed when of hydrolysis on both micellar PLPC and PLPE substrates
sphingomyelin was included. With activator present, all of zre reduced by about 50%. Thus, Trp-61 in thenaja naja
the mutants except Y63A exhibited full PC activation. These p| A, does not appear to play the same dramatic role that is
results suggest that the aromatic amino acids of the elapidseen for tryptophan in other PL#
loop are important for interfacial activation but not for basal Segelke SiteA second possible location for the PC
catalysis, headgroup specificity, or PC activation. activator site {6) was a region near residues Asp-23 and
Role of Tyrosine-63The Y63A mutant was the only  Arg-30 that has good electrostatic and shape complementarity
exception to the general trends mentioned above in that itto a PC headgroup. The D23N, R30M, and D23N/R30M
affected both interfacial and PC activations. Previous studiesmutants were designed to disrupt these interactions. The rates
with porcine pancreatic PLAhave shown that mutagenesis  of hydrolysis on monomeric digPC substrate were similar
of Tyr-69 (Tyr-63 of N. naja najaPLA, and Tyr-69 of  to those of native and WT PLAdemonstrating that these
porcine pancreatic PLAare equivalent) significantly reduces mutants have normal monomeric activity. These results also
enzyme activity on micellar substrates and also causes a lossmply that the mutants possessed fully functional catalytic
of substrate stereospecificity3{, 3§. Crystallographic  sites and were probably folded correctly. Rates of hydrolysis
studies have elucidated two important roles for Tyr-69. In on micellar PLPE alone showed only modest changes
the crystal structure dilaja naja atraPLA, with a bound compared to those of native and WT, suggesting that these
inhibitor (39), the Tyr-69 forms a hydrogen bond with the residues are not involved in interfacial activation. However,
sn3 phosphate oxygen of the substrate and also serves as gmeasurements of micellar PLPE hydrolysis in the presence
hydrophobic flap that keeps the substrate productively bound of sphingomyelin revealed that PC activation was decreased
in the active site. Crystal structures WNf naja najaPLA; by nearly 10-fold for both the D23N and D23N/R30M
complexed with an inhibitor are not available, but examina- mutants. The R30M mutant was still activated nearly 12-
tion of the various uninhibited subunits found in three fold by sphingomyelin. These results suggest that the
differentN. naja najaPLA; crystal forms reveals that the negatively charged Asp-23 side chain is critical for PC
Tyr-63 side chain adopts several conformations. Theseactivation and that the reduced rates of hydrolysis of the
observations suggest that the Tyr-63 side chain il\theaja D23N mutant on micellar PLPC substrates (Table 3) are
naja PLA; can also function as a moveable hydrophobic flap. probably due at least in part to the lack of PC activation.
The Y63A mutant abolishes both the hydrogen-bonding Interfacial Actvation and PC Actiation. The cobra venom
ability of Tyr-63 and its ability to function as a hydrophobic PLA; is unique among the PLA in that it exhibits both PC
flap while the Y63F mutant only prevents hydrogen bond and interfacial activations. Because of the nature of these
formation without appreciably affecting the hydrophobicity two activations, it has been difficult to determine whether
of the side chain at this position. Surprisingly, both the Y63A they are separate, distinct phenomena or represent different
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facets of the same process. The mutagenesis studies reported In the end, all three effects probably contribute to these
here have shed some light on this question. We have shownactivations. For example, one possible scenario that would
that mutating the aromatic residues in the Ortiz site signifi- explain our data is that PC activation requires a conforma-
cantly reduced interfacial activation while mutations to the tional change that occurs only when the PC is bound to the
Segelke site did not. Conversely, mutations to the SegelkeSegelke site and interfacial activation is due to enzyme
site affected PC activation but not interfacial activation. Thus, orientation and/or desolvation, which requires that all three
it is possible to independently disrupt these activations. This attachment sites be occupied. If mutations to Asp-23 prevent
strongly suggests that these are two separate processeshe conformational change required for PC activation but
Almost all of the evidence presented here is consistent with do not prevent the binding of PC, then PC activation would
this hypothesis except for the Y63A mutant, which is the be disrupted but the interfacial activation would still be intact
only Ortiz site mutant that significantly reduced PC activa- because the Segelke site would have a PC bound and all
tion. three attachments would still be in effect and the enzyme
Why is the Y63A mutant the only one to affect both V\{ou!d be correctly oriented. If, on the other ha_n_d, the Ortiz
activations? A possible explanation is suggested in FiguresSit€ is mutated and no longer binds phospholipid correctly,

1 and 2. The Ortiz site residues are far enough removed from©n€ Of the anchors would be lost and the enzyme could
the Segelke residues to preclude any direct interaction "€orient, causing the loss of interfacial activation. PC could
between the two sites. The one exception again is Tyr-63.3ti" bind to the Segelke site and cause the correct enzyme
Its aromatic ring, which forms the hydrophobic flap, is in conformational change, and thus,_ PC activation would b_e
the vicinity of and oriented toward the Arg-30 side chain. preserved. Certainly, other scenarios should also be consid-

Because there are no crystal structures with a PC molecule€ed- _ _
bound to the enzyme other than in the catalytic site, we have Conclusion These results represent the first use offthe

no information about the orientation of Tyr-63 when a PC Pastoris yeast expression system to produce milligram
activator is bound in the Segelke site. It appears that the quantities of an sPLAwithout the need for in vitro refolding.

Arg-30 side chain should be fairly flexible and may in fact They also constitute the first experimental evidence that

orient in such a way that it does interact with the Tyr-63 or identifies a PC activator site, the Segelke siteNinnaja
that it interacts with the substrate close to where Tyr 63 does. "2 PLA2 and indicates a possible location for an interfacial
Such an interaction may affect the ability of Tyr-63 to recognition site, the Ortiz site. These studies also indicate
function as the hydrophobic flap. Thus, itis likely that these that interfacial and PC activation are not one in the same
are two independent activations that involve the same regionProcess since they are differentially affected by these
of the enzyme and its interactions with substrate. mutations.
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