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ABSTRACT: Patatin is a nonspecific lipid acyl hydrolase that accounts for approximately 40% of the total
soluble protein in mature potato tubers, and it has potent insecticidal activity against the corn rootworm.
We determined the X-ray crystal structure of a His-tagged variant of an isozyme of patatin, Patl7, to 2.2
A resolution, employing SeMet multiwavelength anomalous dispersion (MAD) phasing methods. The
patatin crystal structure has three molecules in the asymmetric uriRfactor of 22.0%, and aRee Of

27.2% (for 10% of the data not included in the refinement) and includes 498 water molecules. The structure
notably revealed that patatin has a Ser-Asp catalytic dyad and an active site like that of human cytosolic
phospholipase A(CPLA,) [Dessen, A., et al. (199%ell 97, 349-360]. In addition, patatin has a folding
topology related to that of the catalytic domain of cRland unlike the canonicat/s-hydrolase fold.

The structure confirms our site-directed mutagenesis and bioactivity data that initially suggested patatin
possessed a Ser-Asp catalytic dyad. Alanine-scanning mutagenesis revealed that Ser77 and Asp215 were
critical for both esterase and bioactivity, consistent with prior work implicating a Ser residue [Strickland,
J. H., et al. (1995Plant Physiol. 109667—674] and a Ser-Asp dyad [Hirschberg, H. J. H. B., et al.
(2001) Eur. J. Biochem. 2685037-5044] in patatin’s catalytic activity. The crystal structure aids the
understanding of other structuréunction relationships in patatin. Patatin does not display interfacial
activation, a hallmark feature of lipases, and this is likely due to the fact that it lacks a flexible lid that
can shield the active site.

Patatin is a member of a family of proteins found in potato studies on patatin using diisopropyl! fluorophosphate (BFP)
and other solanaceous planfs 2). In potatoes, patatin is  eliminate both the enzymatic and insecticidal activiti@s (
predominantly found in tubers and at much lower levels in DFP preferentially and irreversibly reacts with active site
other plant organs3j. Genes that encode patatins have been Ser residues. On the basis of the chemical modification
previously isolated and characterizeld-G). These proteins  studies of Strickland et al., the Ser residue in the hydrolase
have been shown to have lipid acyl hydrolase activity, and motif Gly-X-Ser-X-Gly was hypothesized to be the active
catalyze the nonspecific hydrolysis of phospholipids, gly- site residue in patatirfj. Since patatin possesses lipid acyl
colipids, sulfolipids, and mono- and diacylglycerofs(11). hydrolase activity and contains an active site Ser residue, a
Potato tubers contain many isoforms of patatin whose catalytic triad composed of Ser, His, and Asp or Glu might
sequences are homologous {@8%) and are immunologi-  be proposed, as such catalytic triads are frequently observed
cally identical 4, 5, 12). Patatins can be N-glycosylatets], in lipases 15). In a recent study1), researchers surmised
and while the glycosylation does not affect its proteolytic that patatin B2 may possess a Ser-Asp catalytic dyad, based
or enzymatic propertiesd§)), the molecule’s charge hetereo- on a promising partial sequence alignment of this patatin
geneity is likely impacted by its glycosylation patted?®). with human cytosolic phospholipase £PLA;), which is
In addition, patatin was shown to have insecticidal activity known to possess a Ser-Asp catalytic dyad,(and verified
against corn rootworm, an economically destructive insect that this was indeed likely through mutagenesis and enzy-
pest in corn 9). matic activity studies.

Comparison of patatin with other lipases indicates that it ~ Patatin inhibits the growth of corn rootworm in a dose-
has the conserved amino acid motif (Gly-X-Ser-X-Gly) dependent manner when it is fed to these insects on an
characteristic of esterases<(6, 10). Chemical modification artificial diet, and could be of potential use for corn rootworm
control strategies9). In an effort to clarify the residues and

# Coordinates have been deposited in the Protein Data Bank as entryStructural determinants critical to patatin’s enzymatic and
1O*XTVV- o g hould be add . . Mai insecticidal activity, we determined its X-ray crystal structure,
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variants. When this work was initiated, no known crystal nucleotide sequence fro®. cardiophyllumwas deposited
structures of patatin homologues were known. Therefore, wein GenBank as entry AY033231.
chose to determine the structure via selenomethionine Expression and Purification of Selenomethionine-Contain-
(SeMet) multiwavelength anomalous dispersion (MAD) ing Patatin from E. coli.The patatin construct used for
methods, previously proven to expedite the structure deter-crystallography had the initial 23-amino acid Patl17 signal
mination of new protein structures2@. The enzyme  sequence replaced with the 10-amino acid hexahistidine tag
construct for crystallography was an isozyme of patatin, (MHHHHHHAMA). The convention used for numbering the
Patl7, in which the 23-amino acid N-terminal signal patatin residues in the crystallography construct maintains
sequence was replaced with a 10-amino acid hexahistidienthe full Pat17 sequence numbering so that the crystallography
tag. The construct was expressedBscherichia coliand construct extends from residue Met14 to Tyr387. Patl7 was
incorporated selenomethionine (SeMet) instead of Met. The expressed inE. coli using the pET expression system
2.2 A resolution X-ray crystal structure clearly revealed that (Novagen, Madison, WI). The coding region of the mature
patatin possessed a Ser-Asp catalytic dyad, Ser77-Asp215Pat17 gene (without its signal peptide) was amplified by PCR
and an active site similar to that observed in the catalytic with the primers 5GGGCCATGGCGCAGTTGGGAGAA-
domain of human cytosolic phospholipasg(@PLA,) (17). ATGGTG-3 (Ncd site in italics) and 5AACAAAGCT-
The patatin fold appears to be related to that adopted by theTCTTATTGAGGTGCGGCCGUTGCATGC-3 (Notl site
catalytic domain of cPLAand distinct from that of the//3- in italics) under standard PCR conditions, and by using
hydrolase fold family 21), a fold commonly observed in  plasmid pMON26820 as the template. The resulting DNA
lipases. Finally, a defining characteristic of lipases is the was digested witiNcd andNotl and cloned into a modified
phenomenon known as “interfacial activatior22( 23), the PET24d plasmid, designed to add an N-terminal hexahistidine
greatly enhanced enzymatic activity observed when a lipasetag to the protein. The correct sequence of the PCR product
cleaves substrates presented at a membrane interface. The&as verified by sequencing; the plasmid was transformed
patatin crystal structure provides insight into why this enzyme into the methionine auxotrophi€. coli strain B834(DE3)
does not display interfacial activatio24). (Novagen), and transformants were selected on Luria Bertani
Alanine-scanning mutagenesis was used to identify the (LB) plates containing 25 mg/L kanamycin. Growth in M9
likely catalytic residues of patatin Patl7 in this work. Al minimal medium supplemented with 40 mgil-seleno-
the charged residues in Patl7 were mutated to alanines irmethionine (Sigma, St. Louis, MO) was carried out according
groups of one to three residues. These variants wereto published procedure®). After induction far 8 h at 28
expressed iRichia pastorisand assayed for enzyme activity. °C with 1 mM IPTG, cells were harvested and washed in
Variants with no detectable activity but normal expression 50 mM Tris-HCI (pH 8.5) and 150 mM NaCl and lysed with
(as assessed by immunoblotting and an ELISA) were a French press at 20 000 psi. The His-tagged protein was
subsequently purified, further characterized, and assayed forrecovered in the soluble fraction of the cell lysate and
insecticidal activity. On the basis of the consensus esterasesubsequently purified by chromatography on a-NiTA
motif, Gly-X-Ser-X-Gly, the Ser77 residue was mutated to column as described by the manufacturer (Qiagen). The
verify that this indeed is the Ser residue responsible for partially purified protein was dialyzed against 25 mM Tris-
catalytic and insecticidal activity. The mutational, enzymatic, HCI (pH 7.5) and purified to homogeneity by chromatog-
and insecticidal activity data indicate that residues Ser77 andraphy on a Mono Q HR 10/10 column, exactly as described
Asp215 are critical for patatin’s enzymatic and insecticidal below for the P. pastorisexpressed protein, without the
activity, which is consistent with results observed by other second Phenyl Sepharose chromatography step. The protein-
researchers( 16) and with the crystal structure. In addition, containing fractions were pooled, concentrated, dialyzed
these studies identified a His residue, His109, as beingagainst 25 mM Tris-HCI (pH 7.5), and stored af@.
important in maintaining enzyme stability. Examining the  Crystallization, Data Collection, and Data Processifidne
crystal structure provided insights into the importance of this Pat17 enzyme was crystallized using the technique of vapor
His residue. diffusion by hanging drops. The protein sample was at a
concentration of 10 mg/mL in 10 mM Tris buffer (pH 7.4),
EXPERIMENTAL PROCEDURES and the precipitant solution was 16% PEG 3350 and 0.24
Pat17 Cloning.Genes for patatin have been cloned by M ammonium acetate. A droplet comprisingR of protein
several investigatorgl]. Conserved patatin sequences were solution and 2uL of precipitant solution was placed on a
used to design primers to clone several patatin genes fromsiliconized coverslip and suspended over a grease-sealed well
Solanum cardiophyllumTotal RNA was prepared from  of a Linbro plate containing 500L of precipitant solution.
tubers using Tri Reagent according to the manufacturer’'s Crystals appeared within 5 days. Preliminary in-house
protocol (Molecular Research Center, Inc.). The RNA was diffraction analyses on cryocooled crystals were conducted
used to generate cDNA by means of reverse transcriptaseusing a Molecular Structure Corp. (MSC) R-AXIS IV
The full-length cDNA of one of the cloned isozymes, Patl7, imaging plate detector mounted on an MSC RU300H3R

was re-amplified by PCR using the primersGITA- X-ray generator, operating at a power of 50 kV and 100 mA,
GATCTCACCATGGCAACTACTAAATCTTT-3' (Ncd site with beam collimation provided by MSC/Yale mirrors.
in italics) and 5CCAGAATTACATTAATAAGAAG- Cryocooling was achieved using an MSC X-Stream unit

CTTTGTTTGC-3 (EcdRl site in italics) using standard PCR  operating at approximately-140 °C. Crystals taken from
conditions as described in the Gene Amp kit (Perkin-Elmer the drops were dipped in a cryosolution which was 16.5%
Cetus) and an annealing temperature of°@ Resulting PEG 3350, 0.23 M ammonium acetate, and 25% ethylene
DNA was cloned into pBluescript (Stratagene) and se- glycol prior to being flash-cooled in the cold stream of the
guenced. The final clone was named pMON26820. The Pat17R-AXIS IV unit. Use of the macromolecular crystal anneal-
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ing method eliminated the problematic mosaicity in the evaluation of the coordinates produced through refinement
patatin crystals and resulted in high-quality, single-lattice with PROCHECK 87). Electron density maps employing
X-ray diffraction 26). Data analysis revealed that the crystals the coefficients g,| — |F¢| and|F,| — |F.| were examined
were in space grou222;, diffracted to at least 2.5 A simultaneously during the map examination and model
resolution, and had the following unit cell dimensiores= modification work. Solvent molecules were added prior to
97.2 A,b=171.4 A, andc = 129.8 A. Assuming three the third round of refinement and thereafter, when appropri-
patatin molecules per asymmetric unit results in a Matthews ate. Peaks in théF,| — |F¢| difference map satisfying a
parameterZ7) of 2.16 A¥Da and a solvent content of 43%, >2.50 cutoff level and distance constraints to polar atoms
which is reasonable and consistent with the high-quality in the structure were selected as water molecules.
diffraction displayed by this crystal form. Site-Directed MutagenesiBatl7 variants were generated
Complete phasing by the molecular replacement method using the oligonucleotide-directed mutagenesis protocol from
(28) was never considered as an option in the patatin structureBio-Rad Laboratories (Richmond, CA), which is based on
determination. At the time this work was initiated, no the method of Kunkel 38). Single-stranded DNA from
crystallographic coordinates for any known structural ho- pMON26820 was the template used for mutagenesis. Mu-
mologues of patatin were available. The structure was tagenic oligonucleotides were purchased from Midland
determined using thele naoo SeMet multiwavelength  Reagent Co. (Midland, TX). Mutant clones were confirmed
anomalous dispersion (MAD) phasing method. Four wave- by sequencing.
lengths of MAD dataf; = 0.9791 A1, = 0.9792 A A5 = Protein Expression in P. pastori®Vild-type Patl7 and
1.019 A, andl, = 0.942 A) were collected at the IMCA  the generated variants were subcloned Xl —EcoRI
17-1D beamline of the APS synchrotron. A Marresearch CCD fragments into the respective sites in the pastoris
detector was used to collect the diffraction data. This data expression vector pPIC9 (Invitrogen). These constructs were
collection crystal, which was transferred to the synchrotron used for the secretion and extracellular expression of the
in a cryo-dewar, had previously been treated using the proteins. The transformation of te pastorisstrain KM71
macromolecular crystal annealing method and its high-quality (Invitrogen), screening for recombinants, and expression
diffraction validated using an R-AXIS IV detector system. experiments were performed as outlined in the instruction
Three hundred sixty degrees of data at each wavelength weramanual.
collected using 2.5 s exposures, an oscillation angle 6f0.5  Enzyme Actiity Assays, Immunoblotting, and an ELISA.
and a crystatdetector distance of 130 mm. The data were Enzyme activity was measured as described previously using
reduced using the HKL2000 packad?o). p-nitrophenyl caprate qgu-nitrophenyl octanoate (Sigma) as
Structure Determination and RefinemeBOLVE version the substrate3). Stock solutions (5 mM) of the substrate in
1.15 @0) was employed to locate the Se sites in the dimethyl sulfoxide were diluted in 4% Triton X-100 and 1%
asymmetric unit and calculate phases using the22 A SDS to a final concentration of 1 mM. For the standard assay,
MAD data. SOLVE calculations were performed using 25uL of the 1 mM substrate solution was added to;80
unmerged, HKL2000-processed data from all four wave- of 50 mM Tris-HCI (pH 8.5) prior to the addition of 2@L

lengths and over the resolution ranges of-2Q2 and 26- of protein solution (final substrate concentration of 0.2 mM).
2.5 A. Phases from SOLVE were improved using the CCP4 The optical density was monitored at 405 nm6is intervals
package 31) utility DM. Examination of a resulting 20 for a period of 10 min. Esterase activity of the variants was

2.2 A electron density map using an SGI Octane workstation normalized to that of the wild-type enzyme and expressed
with stereographics capability and the progranB@) ¢learly as the ratio of the activities usingnitrophenyl octanoate
revealed that there were three molecules in the asymmetricand p-nitrophenyl caprate as substrates. Enzyme assay data
unit. A single patatin Pat17 molecule was built into the map for purified enzymes were calculated as specific activities,
using the program O and the Insightll Biopolymer module based on the Bradford protein assay (Bio-Rad), using bovine
(Accelrys, Inc.). The single-molecule Patl7 coordinates, serum albumin as a standard. Immunoblotting and an ELISA
8—3.5 A data measured &, of 0.942 A in the MAD were performed on all variants to estimate qualitative yield
experiment, and the AMoRe molecular replacement packageand to confirm electrophoretic mobility equivalent to that
(33) were used to locate the remaining two molecules in the of wild-type Patl7. The ELISA was performed using
asymmetric unit. monoclonal antibody B4A1 (Monsanto Co.) as the capture
Eight rounds of iterative crystallographic refinement with agent and rabbit anti-patatin polyclonal antibody (P3752) as
X-PLOR98 @4) and map fitting with the program O were the detecting antibody. Immunodetection on Western blots
then conducted to improve the structure. Data over the was done using the P3752 polyclonal antibody/anti-rabbit
resolution range of 262.2 A for whichF > 20(F) were HRP-conjugated antibody and the ECL detection system
used in the refinement; a bulk solvent mask correction was (Amersham Pharmacia Biotech, Piscataway, NJ).
employed, with 10% of the data used to calculate Rag Enzyme Purification and Steady-State Kinetic Assays.
(35) and 90% of the data used to calculate a conventional Culture supernatants &f. pastorisclones producing recom-
R-factor, Ruo. Noncrystallographic symmetry (NCS) re- binant protein were concentrated and dialyzed against 25 mM
straints were used in the refinement from the beginning. Tris-HCI at pH 7.5 (buffer A) and loaded onto a Mono Q
NCS-related atoms were restrained in their average positionsHR 10/10 anion-exchange column (Amersham Pharmacia
using “group” equivalent atom statements and appropriate Biotech) equilibrated with buffer A. The protein was eluted
weights. Maximum likelihood refinemen8®) protocols were  with a linear gradient from Oct1 M KCI in buffer A, run
used in the later stages. The refinement progress wasover 30 min at a flow rate of 4 mL/min using an HPLC
evaluated by improvement in the quality of the electron system (Shimadzu). Fractions containing protein based on
density maps, by reduced valuesRox and Ryee, and by the absorbance at 280 nm were analyzed by SBSGE
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Table 1: Data Collection, Phase Determination, and Refinement Statistics

Data Collection

peak inflection remote 1 remote 2
space group C222
unit cell a=972Ab=1714Ac=129.9A a=p=y =90
wavelength (A) 0.9791 0.9792 1.019 0.9419
maximum resolution (A) 2.2 2.2 2.2 2.2
Rsym (%) 7.7 (21.8) 9.2 (21.0) 7.1(16.8) 8.6 (27.3)
completeness (%) 100.0 100.0 99.8 100.0
total no. of reflections 762165 784440 804317 793816
no. of unique reflectiorfs 55261 55074 55251 55374
average multiplicity 13.8 14.2 14.6 14.3
Mlo(1)O 37.2(7.3) 33.2(7.1) 445 (13.5) 36.2 (7.0)
f'(e-) —7.50 —10.28 -2.9 —-1.
f'(e—) 5.94 3.40 0.4 3.1
MAD Phasing with SOLVE
figure of merit (FOM) vs resolution
Ormin total 7.62 491 3.87 3.30 2.92 2.64 2.44 2.27
N 54268 2848 4609 5817 6797 7600 8302 8901 9394
mean FOM 0.60 0.86 0.81 0.75 0.70 0.64 0.56 0.47 0.37
Final X-PLOR Model Refinement Summary
no. of protein molecules in the asymmetric unit 3
individual patatin molecular residue ranges
molecule 1 25384
molecule 2 10241382
molecule 3 20222383
no. of water molecules 498
resolution (A) 26-2.2
Ruork® (90% of the data) 22.0
Riree® (10% of the data) 27.2
BLI(A?) 30.7
rms deviations from ideal geometry
bonds (A) 0.008
angles (deg) 1.272

aRym = Y [In — hOVY Iy, where,Cis the average intensity over symmetry equivalents. Numbers in parentheses represent statistics for the last
shell.® Friedel pairs separatéFigure of merit= [y P(a)g%/y P(a)|[) where a is the phase and(a) is the phase probability distribution.
d Corresponding patatin residue numbers between molecules 1 and 2 and between molecules 2 and 3 differ in magnitudeRby: T00Bsbd
— |Fead /Y |Fobd, WhereRyee is calculated for a randomly chosen 10% of the reflections Rk is calculated for the remaining 90% of the
reflections £ > 2.0) used for structure refinement.

and assayed for esterase activity. Fractions containing patatiron an agar diet similar to that described previougi@)(
were dialyzed against buffer A supplemented with 1 M Proteins to be tested were diluted in 25 mM Tris-HCI (pH
ammonium sulfate and 1 mgkmercaptoethanol. The protein ~ 7.5) and overlayed on the diet surface at a final concentration
was purified to homogeneity by loading it on a Phenyl- of 100 or 200 ppm. Neonate larvae were allowed to feed on
Sepharose 16/10 column (Amersham Pharmacia Biotech)the diet. Mortality and growth stunting were evaluated after
equilibrated with the same and run tvita 1 to 0 M 6 days.
ammonium sulfate reverse gradient at a flow rate of 3 mL/
min. Patatin-containing fractions were pooled, concentrated, RESULTS
and dialyzed against buffer A. The purity of the proteins
was analyzed by SDSPAGE. Data Collection, Phase Determination, Structure Solution,
Steady-state kinetic assays at different pH values were and Refinementhe crystallographic data collection, phase
performed using 50 mM MES for the pH range of B.0, determination, and refinement statistics are presented in Table
50 mM TRIZMA for the pH range of #9.0, and 50 mM 1. The patatin Patl7 four-wavelength MAD data were
CHES for pH 9.5 in a total volume of 150.. Measurements ~ €ssentially complete, highly redundant, and strong, with all
were taken in triplicate. Enzyme activity could not be wavelengths having an overéallo(l)Cof =33.2. The figure
investigated below pH 5 because of enzyme instability. of merit versus resolution SOLVE phasing statistics for the
Assays were initiated with 10L of enzyme containing 0.1 ~ 20—2.2 A calculation are presented in Table 1. The-2®@
mg/mL protein in 25 mM Tris-HCI (pH 7.5). The reactions A SOLVE calculation identified 34 Se sites, and the phases
were quenched after 5 min with 8%@Q of 200 mM borate had an overall mean figure of merit (FOM) of 0.60; the-20
buffer (pH 9.8), and the absorbance was measured at 40.5 A calculation identified 35 Se sites and had an overall
nm. The concentration of the reaction prodyetjtrophenol, mean FOM of 0.68. Comparing these two results using a
was calculated using an extinction coefficient of 18 380'M  solution comparison utility within the SOLVE program
cm 1 (39). The steady-state kinetic data were analyzed using revealed that 32 sites were common. The high overall mean
KINETASYST (IntelliKinetics). FOM values for the experimental phases obtained in these
Insect BioassayAssays for activity against larvae of SOLVE calculations, coupled with the fact that the total
Diabrotica undecimpunctata howardSouthern corn root-  number of Se sites identified was close to the maximum
worm) were carried out by overlaying a purified test sample possible for three SeMet patatin molecules, 36, and the strong
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Ficure 1: Stereo ribbon-style figure of the patatin Pat17 monomer. Helices are rendered ifi-bttemds are numbered3 andf5—/£11)
and rendered in maroon, and coil structure is rendered in gold. The catalytic dyad residues S77 and D215 are rendered in green. The N-
and C-termini of the structure are indicated. This figure was prepared using RiE®)ns (

agreement between the two solutions, were early indicationsregions are 88.3, 10.3, and 1.5%, respectively, with no
of the validity of the phases. residues in disallowed regions.

A 20—2.2 A resolution electron density map calculated ~ Molecular Structure of Patatin Patl7The molecular
using the shortest wavelength dath & 0.942 A) and structure of a patatin Patl7 monomer is displayed in Figure
SOLVE-based phases modified using the CCP4 utility DM 1. The patatin monomer has dimensions of roughly 68 A
was of excellent quality. It was clear from the map that there 55 A x 35 A. Patatin displays am//3 class protein fold with
were indeed three patatin Pat17 molecules in the asymmetri@approximately three layers, basically/a in content, in
unit. Moreover, the high quality of the electron density along which a central six-strandedisheet is sandwiched essentially
with the Se atom positions to mark the locations of the SeMet between a-helices front and back. The centrglsheet
residues made tracing a single patatin molecule using thecontains five parallel strands and an antiparallel strand at
correct amino acid sequence proceed relatively smoothly.the edge of the sheet. The three independent Patl7 patatin
As mentioned previously, the patatin Pat17 construct usedmolecules in the asymmetric unit are related by a pseudo-
for crystallography had the 23-amino acid signal sequence 3-fold axis, which is approximately oriented along thaxis
replaced with the 10-amino acid hexahistidien tag sequenceof the crystal. The three molecules also have essentially the
(MHHHHHHAMA). To maintain the original sequence same structure. Pairwise root-mean-square differencea in C
numbering convention of the Patl7 gene, the first residue positions among the three independent patatin molecules
of the Patl7 crystallography protein sample was residue (residues 25384, 1024-1382, and 20222382) over the
Met14. This initial map-built structure for patatin Patl7 common residue range of 2882 vary from 0.19 to 0.23
contained sequence residues—3B4, lacking the first 13 A. While the three patatin molecules are highly similar in
residues at the N-terminus and the last three C-terminal structure, these unusually low values are due in part to the
residues. AmoRE molecular replacement using this coordi- fact that the trimer was refined using NCS equivalent atom
nate set and-83.5 A data readily located the remaining two restraints that extended ovei79% of the main chain atoms
molecules in the asymmetric unit, with a correlation coef- of each monomer.
ficient of 60.8 and arR-factor of 38.4%. Though the crystallographic asymmetric unit of patatin

A summary of the final patatin structure statistics after contains three molecules related by a pseudo-3-fold axis,
iterative map fitting and refinement is presented in Table 1. there does not appear to be any biological significance to
The final patatin structure contains three independent patatinthe trimer. Dynamic light scattering measurements conducted
Patl7 molecules and 498 water molecules. All three patatinon a 20 mg/mL solution of patatin revealed a monodisperse
molecules have similar though slightly different N- and sample consistent with patatin monomers in solution. In
C-termini. While the three Pat17 structures lack only two to addition, solvent accessible surface calculations (SAS)
four residues at the C-terminus, none possess an ordere@¢onducted on the collective three-molecule patatin asym-
N-terminal hexahistidine tag peptide region, which is not metric unit and on each individual patatin monomer (Ac-
surprising since this nonnative sequence was added to aidcelrys, Inc.) revealed that very little, 0.2% (108 SAS out
purification. The structure has &k 0f 22.0% and amRyee of 46 486 & SAS for the trimer), of the solvent accessible
of 27.2% for 26-2.2 A data. Overall, the coordinates are of surface is buried in the patatin asymmetric unit. The pseudo-
good geometry, with rms deviations from ideality of 0.008 3-fold axis relating the patatin molecules in the asymmetric
A in bond lengths and 1.272in bond angles. Finally, unit is simply a byproduct of the crystal packing. Finally,
PROCHECK Ramachandran plot analysis on the final while this pseudo-3-fold axis approximately along thexis
coordinates indicates that the distributions of the residues inof the crystal initially suggested that the patatin crystals might
most favored, additionally allowed, and generously allowed possess a trigonal or hexagonal lattice, careful indexing tests
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revealed that the correct crystal lattice was C-centered
orthorhombic.

Topology of the Patatin FoldThe structures of lipases
from diverse origins, ranging from microbes to mammals,
largely conform to theu/3-hydrolase fold 21). A Richardson
diagram of the canonical/-hydrolase fold is displayed in
Figure 2A. Defining features of this fold include a central
eight-strandegB-sheet, in which the first two strands are
antiparallel to one another and the remaining six strands are
parallel, with the intervening helices occurring between the
latter six strands sandwiching the centypaisheet. The
catalytic serine residue is located in the sharp “nucleophile
elbow” turn loop between strangb and helix C 21), and
the remaining catalytic triad members, Asp/Glu and His, are
located on other loops in the structure.

A Richardson diagram of the patatin Patl7 fold is
displayed in Figure 2B. The secondary structural elements
of patatin are designated on the basis of dfé-hydrolase
fold nomenclature outlined by Schrag and Cygket)( The
patatin fold comprises eiglftstrands 3 ands5—/311) and
12 a-helices (helices AL), with a six-stranded central
fB-sheet. A comparison of panels A and B Figure 2 reveals
some similarities between the patatin fold and the canonical
a/p-hydrolase fold. The central core of the patatin fold is a
mostly parallel g-sheet, like that of the canonical/s-
hydrolase fold. Also, the catalytic serine, Ser77, resides in a
nucleophilic elbow loop following35 and preceding helix
C. An alignment of the @ structure of patatin with a fungal
lipase possessing the canonicdp-hydrolase fold,Rhizo-
mucor miehelipase [PDB entry 3TGL42)], highlights the
structural similarity of the two enzymes in the vicinity of
the nucleophilic serine. Thirty-four patatin Patl@ &toms
from strandsf3 and 86, the contiguous peptide segment
containingBs, the nucleophile elbow turn, and helix C align
with 34 R. miehelipase @Gx atoms from strandg4 and/6
and the stran@5—nucleophile elbow helix C segment with
an an rms difference of only 1.1 A. Thus, the structural
elements surrounding the nucleophile in patatin are in a
spatial arrangement similar to the arrangement of those found
in the R. mieheilipase and likely otheo/s-hydrolase fold
enzymes.

Further analyses reveal that patatin is distinct fra/fi-
hydrolase fold enzymes in overall structure, topology, and
connectivity. Though patatin and tie meiheilipase share
34 spatially similar @ atoms in the vicinity of the active
site serine, much of the remaining protein structure is
different between the two enzymes. A detailed comparison Figure 2: Richardson diagrams of the canonief-hydrolase fold,
of the Richardson folding diagrams of the canonia#s- patatin, and cPLA (A) Richardson representation of the canonical
hydrolase fold and of patatin clearly reveals that the patatin ®/A-hydrolase foldj-Strands are represented as arrows, and helices
fold topology is distinct from that of the/s-hydrolase fold. are represented as rectangles. Secondary structural elements are

. . . designated on the basis of the review of Schrag and CydBr (
The central core of the patatin fold is a six-stranded sheet, the central core of the fold is the eight-strangksheet, with the
while in the o/f-hydrolase fold, the central sheet is eight- helices located on either side of the sheet. The catalytic triad
stranded. In addition, the patatin central sheet contains fiveresidues are designated S, D/E, and H. (B) Richardson drawing of

A

parallel-strands followed by one antiparallel strand, while
in the canonicab/s-hydrolase fold, there are two antiparallel
[-strands followed by six parallel strands.

The patatin Pat17 fold topology displays some similarities
with the fold topology of the catalytic domain of human
cytosolic phospholipase AA(CPLAy) (17), which is also a
lipid acyl hydrolase with a Ser-Asp catalytic dyad. The
Richardson drawing of the catalytic domain of cPL&
displayed in Figure 2C. The cPLA&atalytic domain contains

the patatin fold. The convention for naming secondary structural
elements is that described for panel A. Thefsistrands comprising

the centralf-sheet are colored dark green. The catalytic dyad
residues are designated S and D. (C) Richardson drawing of the
cPLA; fold. The convention for naming secondary structural
elements is that described for panel A. The catalytic dyad residues
are designated S and D. The cenfiaheet of cPLA contains 10
strands. The six strands of this sheet that correspond topologically
with the six strands of the patatin centfakheet are colored dark
green. The secondary structural elements comprising the lid or cap
of cPLA; are colored light brown.
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Ficure 3: o-Carbon superposition of the cPLAatalytic domain on patatin in stereo. This figure was prepared using Ribbansaad
the view is the same as that in Figure 1. The alignment of patatin molecule 1 (residu884)5and the cPLAcatalytic domain (PDB
entry 1CYJ, residues 144721) was conducted using the program O utility 6d_Isgman. The patatiarbon trace is in maroon. The
o-carbon trace of cPLAresidues (144370 and 547721) is rendered in cyan, while tlecarbon trace of the ordered lid or cap residues
of cPLA, (370-432, 460-498, and 539-548) is rendered in gold. The root-mean-square difference-@arbon positions using 111
corresponding residues is 2.06 A. Most of the structural elements in patatin with corresponding features,iarePidied in the figure,
and includef-strands33 andp5—p11 and helices hA, hF, and hG. The patatin N- and C-termini are also indicated.

a 10-stranded, mixed centyaisheet §1 andp4—/312) with
intervening helices, and a flexible lid region that is not part
of the central core, which contains fogrstrands 9a—
£9d) and fivea-helices (Fa-Fe). Comparing panels B and
C of Figure 2 reveals that patatin and cPLi#oth possess a
central, mixeds-sheet with intervening helices, a catalytic
serine in the nucleophilic elbow turn following5 and
preceding helix C, and a catalytic Asp preceding helix G.
An optimal G structural alignment performed using mol-
ecule 1 of patatin and the cPLA&atalytic domain reveals
that there is a significant amount of spatial and topological
similarity between the two enzymes; the results of this
alignment are presented in Figure 3. All six of {fstrands
which comprise the centr@l-sheet of patatind3, f5—/7,
10, andB11) and threex-helices (A, C, and G) superimpose
well with structural elements within the cPLAcatalytic
domain. Because the centfaisheet of patatin is contained
within the central5-sheet of cPLA and because both
enzymes contain helices interspersed betweefi-dteands,
one might conclude that the patatin fold topology is related

to that (.)f CPLA' . . Ficure 4: Molecular surface views of patatin with hydrophobic
Patatin Actve Site.The patatin Patl7 crystal structure syrface residues highlighted. Exposed surfaces of all hydrophobic
(Figure 1) clearly revealed what was suggested by our own residues have been colored blue. This figure was prepared with
mutational, enzyme activity, and bioassay studies and the GRASP £3). The view is the same as the orientation in Figure 1.
structure-function studies of otherslg), that a hallmark The two entry-exit points which define patatin’s active site binding
- . . . channel are indicated.
feature of its active site is the Ser-Asp catalytic dyad, as
opposed to a Ser-, Asp-, and His-containing catalytic triad, this is that these residues are important to and in essentially
which is typical of lipid acyl hydrolase(). These active  the same spatial location as in the active site region of the
site residues are actually located in a binding channel, which catalytic domain of cPLA(17). Both the patatin and cPLA
is visible from the molecular surface rendition of patatin enzymes contain a catalytic serine in a turn between strand
displayed in Figure 4. p5 and helix C (Figure 2B,C): Ser77 in patatin and Ser228
A detailed stereoview of the patatin active site region in cPLA,. Like other lipid acyl hydrolases ard-hydrolase
within the binding channel is displayed in Figure 5. The fold enzymes, patatin’s catalytic Ser77 residue lies in a Gly-
curved “back wall” of the active site binding channel X-Ser-X-Gly sequence motif and in a nucleophilic elbow
contains, from left to right in Figure 5, the catalytic aspartate, loop following strands5 and preceding helix C48). The
Asp215, and the catalytic serine, Ser77, residues, as well axatalytic Ser228 of cPLAalso lies in a loop following strand
Gly37, Gly38, and Arg40. What is noteworthy about all of 35 and preceding helix C, but it lies in a Gly-X-Ser-Gly-
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Ficure 5: Stereo ribbon-style figure of the patatin active site binding channel. This figure was prepared using Rshadvislecule 2

of the patatin asymmetric unit was used to prepare the figure. For simplicity, the residues are numbered as for molecule 1. The protein
backbone is rendered as a cyan ribbon, and selected residue carbon, nitrogen, and oxygen atoms are rendered in gold, red, and violet,
respectively. Four water molecules in the channel are rendered as red oxygen atoms.

Ser sequence motif. Both enzymes contain a catalytic aspartiacesidue, Lys17, near the oxyanion hole-defining Gly residues
acid residue, Asp215 in patatin and Asp549 in cRLa# or rather than an argininel@). All other isozymes of patatin
near the terminus of the lagtstrand segment outside the contain a Lys residue rather than an Arg at this position. By
central 5-sheet defining the core structure, strgf@ in extension from the cPLAstructure, a possible role for the
patatin and strand9d in cPLA. In addition, both enzymes  Patl7 Arg40 residue guanidinium group is to interact with
contain a Gly-Gly-X-Arg sequence motif that is important the phosphate moiety of a substrate; a Lys ammonium group
in defining the oxyanion hole of the active site; in patatin, could also stabilize the phosphate moiety of a suitable
this sequence is Gly37-Gly38-X-Arg40, and in cPi_this phospholipid substrate bound in the active site.

sequence is Gly197-Gly198-X-Arg20Q7). The nitrogen Comparison of the Sequences of Patl7 and Other Patatin
atoms of the two successive glycine residues define thelsozymesSequence analysis indicates that Ser77 in Patl7
oxyanion hole, and stabilize the oxyanion that forms during lies in the conserved amino acid motif (Gly-X-Ser-X-Gly)
the nucleophilic attack by the catalytic serine during substrate describing esterasesi+6, 15). In addition, a sequence
cleavage. Finally, the arginine residues of both enzyme activecomparison of Pat17 with other patatin sequences obtained
sites have side chain guanidinium group orientations thatfrom GenBank identified numerous patatins (for example,
could stabilize the phosphate moiety of a phospholipid GenBank entries S51596, P15478, P11768, T07592, B26017,
substrateX7). All in all, the structural similarity of the patatin ~ P07745, P15477, AAA33828, and A24142) with a high level
active site to that of cPLA suggests that the catalytic of sequence conservation around the oxyanion hole glycine
mechanisms governing the functioning of both Ser-Asp lipid residues (Gly37 and Gly38), the catalytic serine (Ser77), and

acyl hydrolases are likely similad.Q). the catalytic aspartate (Asp215).
Figure 5 also displays the patatin Patl7 residues that are Esterase Actiity. Table 2 shows the list of charged to
important in defining the “floor”, “ceiling”, and “front wall” alanine scan variants. All the variants were expressé®l in

of the active site binding channel, which appears to be the pastorisand assayed for esterase activity as shown in Table
entryway for substrate catalysis. The floor of the binding 2. The level of protein expression in the culture supernatants
channel is defined by residues Ala217, Ala222, Thr260, and was assayed using an ELISA, and Western blots were utilized
Thr262. The front wall of the binding channel is defined by to confirm that the electrophoretic mobility was equivalent
selected residues from helix J, with the Asp292 side chain to that of wild-type Patl17. Some of the variants could not
pointing into the channel. The ceiling of the binding channel, be detected using both ELISA and immunoblotting analysis,
moving from left to right in Figure 5, is defined by the side such as variants E52A, D68A, D71A, R94A, E108A, H109A,
chains of residues Ala190, Phel194, Tyr193, GIn288, Phell4,E149A, D156A, K167A, D177A, D300A, and R318A. The
Met331, Lys289, Glu330, and Thr329. variant D215A showed no detectable esterase activity but
The active site region and overall structure of patatin B2, was expressed in normal amounts and was readily detected
the patatin enzyme that was the focus of a recent publicationby immunoblot analysis and an ELISA, suggesting that this
by Hirschberg et al.16), will be highly similar to those of  residue is critical for esterase activity. As Ser77 lies in the
Patl7, since the sequences of these two patatins are 87%ydrolase motif, we also made a S77A variant to elucidate
identical over the common 364 residues beyond the N- its role in catalysis. S77A showed no detectable esterase
terminal signal sequence region. The Hirschberg et al. paperactivity but was expressed in normal amounts as assessed
reveals that the patatin B2 active site region contains serineby immunoblot analysis and an ELISA, suggesting that this
(Ser54), aspartate (Aspl192), and glycine residues (Gly14 andresidue is necessary for catalysis. Several variants were then
Gly15) (16) analogous to the active site-defining residues made at position 77, including S77D, S77T, S77N, S77C,
of patatin Patl7. The patatin B2 active site differs slightly and S77R, to elucidate the primary sequence requirements
from that of Patl7 in that it contains a homologous Lys for enzymatic activity. The variants at positions 77 and 215
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Table 2: Charged to Alanine Scan Variants

normalized activity
(p-nitrophenyl octanoate/
p-nitrophenyl caprate)

normalized activity
(p-nitrophenyl octanoate/
p-nitrophenyl caprate)

wild type 1.0 K251A/K252A 13
E27A 0.7 E265A/D267A 0.5
D35A 0.5 K268A 0.9
R40A 1.0 K273A 1.0
E49A 11 E274A 0.9
E57A/D59A 1.9 H282A 0.7
D63A 0.7 K289A 0.6
R65A 0.6 D292A 0.4
E91A 1.0 D311A 0.4
K100A 0.9 K313A 0.7
E101A 1.0 E321A 11
K124A 0.5 E330A 0.5
D126A 0.6 D332A 0.7
K128A 0.7 D333A 0.4
E136A 0.8 E336A 0.5
K137A 0.9 E340A 0.6
E140A 1.6 E347A 0.8
R142A 0.6 K351A/K352A 0.8
H144A 0.6 E356A/D357A 0.5
K158A 0.8 E360A 0.6
K161A 0.6 E363A 0.5
E175A 1.0 E364A 0.5
K179A 0.5 K367A 0.4
D182A 0.3 R368A 1.0
H197A 0.7 K371A 0.7
D207A/E208A/E210A 0.8 D375A 0.6
D223A 1.2 R376A 0.6
R234A 0.7 K377A 0.5
K238A 0.8 K378A 0.6
D239A 0.6 R380A 0.5
R246A 0.4 K383A 0.5

a2 The average error associated with these measurements was 22%.

were purified to homogeneity and assessed for esteraseof groups on the enzyme that affect catalysis and/or substrate
activity. The results of the esterase activity assay for the binding @4). The kinetic parameters were obtained by
purified variants at positions 77 and 215 are shown in Table varying p-nitrophenyl caprate as described in Experimental
3. All the Ser77 variants were found to have -6L01% Procedures, and the data were analyzed using KINETASYST
esterase activity with no detectable expression of the S77R(IntelliKinetics). The kinetics data at different pH values were
variant. The D215A variant had 0.02% activity compared then plotted as the log d€./Kn versus pH and are shown

to the wild-type enzyme. These results suggest that Ser77in Figure 6. The pH-independent value of the kinetic
and Asp215 are residues involved in catalysis. Esteraseparameters are as follows., = 2.8 + 0.2 st andKp,

activity of all the other variants varied from 1.9- to 0.3-fold
of that of the wild-type protein (Table 2). Histidine is a
conserved residue in the normal lipase catalytic tribf),(

0.26+ 0.04 mM.k.ofKn is essentially pH-independent over
the pH range of 59.5. The profile clearly presents no
evidence of titratable groups such as a histidine being

and in the “charged to alanine” scan variants, we observedinvolved in catalysis over the pH range that was studied.

that three of the four His residues (H144A, H197A, and
H282A) maintained full enzymatic activity (Table 2). One
His variant, HL09A, could not be expressed. A variant with
an isosteric substitution of His to Asn at position 109,
H109N, maintained full enzymatic activity. Other changes
at this position, including H109C and H109R, could not be
obtained in sufficient quantities iR. pastoris suggesting
that His109 or an isosteric substitution with Asn is critical
for maintaining the stability of the enzyme. This result also
indicates that His109 does not play a direct role in catalysis.
Ser77, His109, and Asp215 are conserved within the

These data are consistent with a single residue having,a p
of <5 being deprotonated during catalysis, which in this case
is Asp215. Furthermore, these data are in agreement with
the alanine-scanning mutagenesis and X-ray structural analy-
sis results that support a Ser-Asp catalytic dyad in patatin.
Insect BioassaySince it has previously been shown that
the enzymatic activity of patatin is correlated with bioactivity
(9), we assayed all of the purified variants, including S77A,
S77D, S77T, S77N, S77C, and D215A, against Southern
corn rootworm (SCRW). All of the assays were performed
by overlaying protein (final concentration of 200 ppm) on

known patatin enzymes, confirming the importance of these diet as explained in Experimental Procedures. The results
residues in the function of patatins. In fact, these residuesare shown in Figure 7. The wild-type protein caused

lie within regions of near-total conservation among the nine significant stunting of the larval growth as measured by the
patatin sequences that were examined. weight of the larvae. All the esterase inactive variants had

pH Dependence of Kinetic Parameteihe pH depen-
dence of kinetic parameteks./Kn, of p-nitrophenyl caprate

no activity against SCRW, suggesting that Ser77 and Asp215
are necessary for insecticidal activity in addition to esterase

hydrolysis was used to determine the states of protonationactivity. Assays were also conducted to evaluate the bio-
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Table 3: Esterase Activity of Purified Variants at Positions 77, 109, The crystal structure determination of Patl7 clearly

and 215 revealed that the catalytic aspartate residue in the active site
esterase activity esterase activity dyaq was As_,p215._ This was consistent with our mutagenesis
(AOD min~t ug ) (AOD min~t ug) studies that identified Asp215 as the carboxylate residue that
wild type 116.0 S7T7N 001 was critical fo_r enzymatic activity (Table 3). I_n a_ddltlon, our
S77A 0.02 s77C 0.1 pH—rate profile data on Pat17 revealed no ionizable group,
S77D 0.01 H109N 2345 such as imidazole, with akp from 5 to 9.5 was essential
STIT 0.1 D215A 0.02 for activity (Figure 6). However, this behavior could certainly

be explained by the involvement of an aspartate residue such
as Asp215, which has an ionizable carboxylate proton with
a K, of <5. A comparison of the Patl7 sequence with other
patatins indicated that Ser77 and Asp215 of Patl7 were
conserved in all the patatins that were examined, suggesting
1.0 4 o . that these residues perform a critical role; clearly, our
. structural, mutational, enzymatic, and bioactivity studies with
Pat17 help one understand why this is the case.

Patatin is classified as a lipid acyl hydrolase because it
051 exhibits phospholipase activit®,(11). Lipid acyl hydrolases
frequently contain catalytic triads consisting of Ser, Asp or
Glu, and His residued p). Our Patl7 crystal structure along
with our mutational and activity studies clearly revealed that
there is no key His residue in the enzyme active site, or one
4 5 6 7 8 0 10 that is absolutely critical to the enzymatic activity or

pH bioactivity of Pat17. However, these same studies helped us
understand why one His residue, His109, appears to be
important to enzymatic stability. Substitution of Ala, Cys,
or Arg at position 109 was not permitted, as no protein could
be detected with an ELISA and immunoblotting, suggesting
that this position might be crucial for the stability of the

15

Log (k. /K.)

0.0

Ficure 6: pH-—rate profile. The data were not fit to any equation.

activity of the H109N variant in a manner similar to that
used for the other variants. As shown in Figure 8, H109N
had activity similar to that of the wild-type enzyme in

inhibiting the growth of SCRW larvae enzyme. Yet, a H109N change at this position generates a
' protein that maintains full esterase and insecticidal activity
DISCUSSION (Table 3 and Figure 8). The esterase activity of HLO9N was

increased by 2-fold but exhibited insecticidal activity similar

Determining the X-ray crystal structure of patatin Patl7 to that of the wild-type enzyme. It has been shown previously
to 2.2 A resolution confirmed that indeed its active site that there is no direct correlation between esterase activity
contains a Ser-Asp catalytic dyad, and that the active site and insect larval growth inhibitior9j. Examining the Pat17
region is very similar to that observed in another lipid acyl crystal structure in the vicinity of His109 and modeling a
hydrolase with a Ser-Asp catalytic dyad, human cR (). H109N mutation provided some insights into why this
The patatin crystal structure reveals that the catalytic serinesubstitution is likely tolerated. In Pat17, a His109 side chain
displays structural characteristics like those observed in othernitrogen atom participates in a hydrogen-bonded interaction
a/B-hydrolase fold enzymes, most notably, that it resides in with the side chain hydroxyl group of Tyr129 (2.8 A). This
a sharp nucleophile elbow turn loop which followg-atrand hydrogen bond appears to be important to the stabilization
(B5) of the central3-sheet and precedes a helix (helix C) of the helix D-turn—helix E structural motif in the enzyme.
(21). However, the folding topology of patatin is significantly When this His residue was replaced with an Asn by

diﬁerent from that of the consensag3-hydrolase fold 21), molecular modeling, this neutral, nearly isosteric mutation
and is more closely related to that observed for human gPLA resulted in the maintenance of a structurally similar hydrogen
17). bonding interaction (2.9 A), maintenance of a helixfrn—

The patatin crystal structure also validates biochemical andhelix E motif stabilizing interaction, and thus a stable variant.
mutational data obtained by us and by others for the enzyme.Ala, Cys, or Arg mutations at position 109 are not isostruc-
The Patl7 structure reveals that Ser77 is the catalytic serinetural substitutions, would not maintain the hydrogen bond
in the Ser-Asp active site dyad. As expected, Ser77 residesinteraction with Tyr129, and would likely disrupt the helix
in the general amino acid sequence motif characteristic of D—turn—helix E structure of the enzyme; for these reasons,
the active site serine residues in serine hydrolases, Gly-X-these mutations are destabilizing. Sequence comparison of
Ser-X-Gly @4—6, 9, 15). This was confirmed by our Ser77 patatins in the His109 region of Pat17 indicated that His109
mutational work, which involved mutating this residue to was conserved across all the patatins that were examined,
Ala, Asp, Thr, Asn, or Cys. Enzyme activity studies of the suggesting that a His residue at this position plays a critical
variants showed that substitution of Ser77 essentially abol-role in the stability of the enzyme.
ished the esterase activity (Table 3). Our Southern corn The Patl7 crystal structure also provided insights into why
rootworm bioactivity assays of these Ser77 variants also patatin does not exhibit interfacial activatio®3( 24), a
revealed that the catalytic serine was critical to insecticidal characteristic feature of lipases, and why it is active on lipids
activity as well (Figure 7), something that had been suggestedin solution rather than at an eilvater interface. Interfacial
previously by Strickland et al. with DFP-treated pata@ih ( activation is a phenomenon displayed by lipases in which
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Ficure 7: Effect of Patl7 and variants on growth of neonate SCRW larvae. The protein was overlayed on diet at a final concentration of
200 ppm. The assay consisted of 16 replicates per sample.
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Ficure 8: Effect of the wild type and H109N variant on the growth of neonate SCRW larvae. The protein was overlayed on diet at a final
concentration of 100 ppm. The assay consisted of 16 replicates per sample.

the catalytic activity of the enzyme is greater when a substrate The human cPLAenzyme is interfacially activated ),

is in a micelle than in solution. A common explanation for and this is likely related to the fact that it contains a sizable
this behavior is that lipases possess a flexible “lid” that lid structure, colored brown in Figure 2B and gold in Figure
regulates access to the hydrophobic, active site reditn (3, which occludes access to the hydrophobic surface in the
Crystal structures of a number of lipases have revealed thatvicinity of its active site funnel17), and which would favor

the lids contain at least one amphipathichelix, and that the open conformation in a hydrophobic, micellar environ-
the underside of the lid contains predominantly hydrophobic ment. Patatin, in contrast, does not exhibit interfacial
residues while the portion facing the surface contains activation 9, 24). This observation is now consistent with
predominantly hydrophilic amino acid4%). Lipase crystals  the structure, since the Patl7 enzyme appears to possess no
grown in the presence of substrate analogues or underlid-like structural element for modulation of access to its
hydrophilic solution conditions favor a “closed lid” confor- active site binding channel (Figures 1 and 4). Figure 4
mation, while lipase crystals grown under low-polarity displays the molecular surface of patatin on the face
conditions favor “open lid” conformationgly, 45, 46). By containing the active site binding channel. The figure reveals
analogy, in hydrophilic solution environments, the lipase lid that the molecular surface around the binding channel is
would favor a closed conformation, and when this conforma- largely hydrophobic in character. As the Patl7 patatin
tion is predominant, the rate of substrate catalysis is low, ascrystals were grown under hydrophilic solution conditions,
access to the active site is poor. Moreover, in hydrophobic using PEG 3350, Tris buffer, and ammonium acetate, one
solution environments, such as when a lipase encounters avould expect that if the enzyme had a lid structure, it would
membrane or micellar lipid surface, substrate catalysis is likely adopt a closed conformation in this crystal structure
significantly enhanced. In this environment, it is energetically to bury or shield the hydrophobic protein surface near the
favorable for the protein hydrophobic surface under the lid binding channel. However, because there is no such structural
to interact with the micellar surface, and having the lid in element in patatin, access to the substrate binding channel
the open conformation results in more active site access ands unrestricted. It is noteworthy that patatin does possess an
therefore more substrate hydrolysis. antiparallel loop structural element, directed away from the
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active site binding channel, containing strarté and 59
(Figures 1, 2B, and 3) which is topologically in the same
relative position as the lid structure extending from strand

9a to9d in cPLA; (Figures 2C and 3). One therefore might 2.

expect that if patatin did have a lid, it would manifest itself
by having amphipathic helical structures and more sheet
structures in this region of the sequence.

Because patatin is not an interfacially activated lipase-

like enzyme, it cannot hydrolyze lipids in a micellar 6.

environment. Yet, it is thought that the insecticidal activity
may stem from the fact that patatin is indirectly responsible
for disruption of insect midgut membrane®).(Strickland

et al. @) noted that patatin may act on solubilized lipids 8.
released during plant tissue disruption or digestion. This 9

0.

produces free fatty acids and partially hydrolyzed lipid
species that can further disrupt membranes and solubilize
more lipids, inducing an “autocatalytic” degradation of
membranes 24). This autocatalytic membrane disrupting
activity by patatin is believed to explain why membranes
and lipids undergo rapid deterioration when potato tissue is
damaged 4).

In conclusion, all of our data reveal that patatin is a lipid
acyl hydrolase with a Ser-Asp catalytic dyad similar to that
observed in the catalytic domain of human cBLBatalytic
dyads have been observed previously in certain serine
proteases, including those that use hydraxgihine or
hydroxyllo-amine catalytic dyads to perform catalysA8<{

51). The identification of a new class of lipid acyl hydrolases
that utilize Ser-Asp catalytic dyads, which includes patatins
and cPLA, suggests that other “dyad” variations on the
classical catalytic triad theme, in addition to the Ser/Asp and
Ser/Lys dyads, may yet exist. Further structuftenction
studies of these and other catalytic dyad-containing enzymes
will lead to a better understanding of these intriguing
molecules.
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