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Abstract

Outer membrane phospholipase A (OMPLA) fraacherichia coliis an integral-membrane enzyme with

a unique His—Ser—Asn catalytic triad. In serine proteases and serine esterases usually an Asp occurs in the
catalytic triad; its role has been the subject of much debate. Here the role of the uncharged asparagine in the
active site of OMPLA is investigated by structural characterization of the Asn156Ala mutant. Asparagine
156 is not involved in maintaining the overall active-site configuration and does not contribute significantly

to the thermal stability of OMPLA. The active-site histidine retains an active conformation in the mutant
notwithstanding the loss of the hydrogen bond to the asparagine side chain. Instead, stabilization of the
correct tautomeric form of the histidine can account for the observed decrease in activity of the Asn156Ala
mutant.

Keywords: Phospholipase; serine hydrolase; catalytic triad; active-site mutant; membrane protein; X-ray
crystal structure; low-barrier hydrogen bond; histidine tautomer

Outer membrane phospholipase A (OMPLA; EC 3.1.1.32)quires calcium for activity, and depletion of €arenders

is an integral-membrane enzyme present in the outer menthe enzyme inactive (Nishijima et al. 1977; Horrevoets et al.
brane of many Gram-negative bacteria. It catalyzes the hyt989; Snijder et al. 2001). The activity of OMPLA is regu-
drolysis of acyl ester bonds in phospholipids and lyso-phostated by reversible dimerization in a calcium- and substrate-
pholipids (Scandella and Kornberg 1971). The enzyme redependent fashion (Dekker et al. 1997, 1999; Ubarretxena-
Belandia et al. 1999). Dimerization leads to the formation of
productive substrate-binding pockets and facilitates binding

Reprint requests to: Dr. B.W. Dijkstra, Laboratory of Biophysical Chem- of calcium in the active site (Snijder et al. 1999).Hsch-
istry, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The

Netherlands; e-mail: bauke@chem.rug.nl; fax: 31-50-3634800. erichia colithe enzyme has a role in colicin secretion (Pugs-
3present address: AstraZeneca, Structural Chemistry Laboratonjey and Schwartz 1984; Van Der Wal et al. 1995)Cam-
$-43183, Mdindal, Sweden. pylobacter coliand Helicobacter pyloriOMPLA has been

AbbreviationsBis-Tris, bis-(2-hydroxyethyl)imino-tris hydroxymethyl- . . - .. .
methane; MPD, 2-methyl-2,4-pentanediol; OMPLA, outer membranelMplicated in virulence and pathogenicity (Grant et al. 1997;
phospholipase A; LBHB, low-barrier hydrogen bog#0G, 1-On-octyl- Dorrell et al. 1999).

B-Iljt-gljgcr(:pyranoside; Tris, tris(hydroxy-methyl)aminomethane; CD, cir- E. coli OMPLA has a 12-stranded antiparal[élbarrel
cular dichroism. . . . .

Article and publication are at http:/Avww.proteinscience.org/cgi/doi/ f0|d“W'th the active site located at thg exterior of the barrel

10.1101/ps.17701. (Snijder et al. 1999). The catalytic residues, His142, Ser144,
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The Asnl56Ala catalytic triad mutant of OMPLA

and Asnl56, are arranged in a serine hydrolase-like constetlifference between wild-type and mutant protein is as small
lation (Horrevoets et al. 1991; Brok et al. 1995, 1996; Snij-as 0.3 A for the common Catoms, and equals the estimated
der et al. 1999). The asparagine residue in this catalytic triadoordinate error in both structures (see Tables 1 and 2 for all
is uniqgue among serine hydrolases, where commonly astatistics; Read 1986). The small r.m.s. coordinate differ-
Asp or Glu residue is found instead. In OMPLA, substitu-ence of 0.65 A for all 2090 common atoms stresses the
tion of the Asn for an aspartate or a glutamine resulted in averall similarity. The largest differences occur in loop re-
2-fold and a 40-fold decrease in activity, respectivelygions and at the N terminus (Fig. 2) and correlate with the
(Kingma et al. 2000). Removal of the asparagine’s func-high crystallographi®-factors of these parts of the protein.
tional moiety by an Asn156Ala mutation resulted in a 20- The active site of the mutant undergoes little structural
fold rate reduction, demonstrating that although the asparaearrangement, owing to the rigid scaffold of {bidoarrel to
gine residue contributes to catalysis, it does not have awhich the active-site residues are tethered. The mutated
essential role (Kingma et al. 2000). In contrast, mutation ofresidue 156 lacks electron density after the &om, cor-
the catalytic aspartate in dipeptidyl-peptidase IV and subfoborating the successful mutation of this residue from an
tilisin resulted in much more dramatic decreases in activityasparagine into an alanine (Fig. 3A). The mutation has not
500-fold and 16-fold, respectively (Carter and Wells 1988; affected the position and orientation of nucleophilic serine
David et al. 1993). A similar substitution in lipoprotein 144. The conformation of histidine 142, however, has subtly
lipase completely abolished all activity (Faustinella et al.changed. Its side chain has rotatéD° abouty, and [40°
1992). about x,, away from Serl44, and occupies some of the
To understand the role of the asparagine residue in thepace created by the mutation (Fig. 3B). As a result, the
catalytic triad of OMPLA, we have determined crystal distance between the nucleophilic sering &om and the
structures of the Asn156Ala mutant at various pHs and anahistidine N is increased fromiB.3 A to 3.9 A. However,
lyzed the thermal stability of wild-type and mutant protein. this active-site constellation is similar to that observed in the
The structures show that no structural rearrangements anhibited dimeric structure (Fig. 3C), which we believe to be
solvent molecules compensate for the loss of the stabilizing catalytically relevant arrangement (Snijder et al. 1999).
hydrogen bond between Asn156 and the catalytic histidine. Besides the movement of the imidazole ring, the space
Despite the loss of this hydrogen bond, the catalytic histi-created by the mutation is partly filled by two water mol-
dine retains its wild-type conformation. Instead, the cata-ecules. The first water molecule forms two hydrogen bonds,
lytic importance of the asparagine can be explained by it®ne with the hydroxyl group of tyrosine 140 and the other
ability to stabilize the correct tautomeric form of the histi- with the second water molecule. This second water mol-
dine. ecule makes an additional hydrogen bond to the backbone
amide of residue 181 in loop L4. None of these water mol-
ecules is at hydrogen-bonding distance from theatdm of
the histidine imidazole ring. Neither are other solvent mol-
ecules or protein atoms contacting His142. Although the
hydroxyl group of tyrosine 140 has moved toward the im-
The Asnl156Ala mutant (pH 6.1) has an overall fold similaridazole side chain, it does not form a hydrogen bond as
to that of the native protein (Fig. 1). The r.m.s. coordinatejudged from the inadequate angle geometry and the large

Results

3D structure of the mutant

Fig. 1. Two orthogonal views of the structure of the
Asn156Ala mutant of OMPLA at pH 8.33-strands are
shown as arrowsy-helices as spirals, and active-site resi-
dues are shown in ball-and-stick format. Thstrands are
numbered in the left panel; the active-site residues are
named in the right panel. The figure was prepared using
MOLSCRIPT{Kraulis 1991) andRaster3D (Merritt and
Bacon 1997).
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Table 1. Data collection statistics for the Asn156Ala mutant ally zero. In the very basic pH region (pH > 10) the activity

structures of E. coli OMPLA levels off to [175% of that at pH 8.3 (Kingma et al. 2000).
Data set bH 4.6 bH 6.1 bH 8.3 We have investigated the _pH dependence by examining
Wavelength (A) 15418 1.00 1.5418 crystal structures at three different pHs, at pH 4.6, 6.1, and
Resolution (A 2028 31-2.5 21-2.98 8.3, respectively. The crystal structures at pH 4.6 and pH 8.3
(2.85-2.8) (254-2.5)  (3.03-2.98) are very similar to the structure at pH 6.1. The r.m.s coor-

Cell dimensions (A)a 78.48 78.17 78.46 dinate differences are all within the estimated coordinate

A b 78.48 78.17 78.46 o

A)c 10167 101.68 101.45 error. Nevertheless,. the decrease in distance between the
Observed reflections 98747 150605 106280  Serl44 Qand the His142 Natoms from 4.0 A at pH 4.6,
Unique reflections 9231 (453) 12728 (611) 7686 (372) Via 3.9 A at pH 6.1, tdB.7 A at pH 8.3 may be related to
Completeness (%)  99.3(99.6) 98.8(96.1) 99.6 (100.0)the deprotonation of the imidazole side chain at higher pH.
Roym’ (%)  64(343) 37113  81(34.0) Interestingly, at pH 8.3 we observed interpretable density
hIir! 254 (4.9) 39.2(83)  24.5(7.9)

for residues 8-12. At the lower pH used previously (pH
The values in brackets present the highest resolution bins. The crysta@'l?' only clear electron denS'_ty_ Wajs Obser_ved_ starting from
belong to the trigonal spacegrof3,21. residue 13. At pH 8.3 a stabilizing interaction is made pos-
*Ryym defined asy p2illi(hkl) — I(hkD I zi(hk)) * 100%. sible between the His9 side chain and the main-chain pep-
tide nitrogen atom of Asn85, most likely because His9 be-
distance. Thus, as a result of the mutation of Asn156, theomes deprotonated at this pH. Residues 8-12 form a short
histidine imidazole group has lost its hydrogen bond partioop at the periplasmic side of the protein surface that points

ner. toward the center of th@-barrel. In our electron density
maps we found no indication where residues 1-7 could be
Heat-induced unfolding of OMPLA located, but electron microscopy projection maps of OM-

To study the importance of the His—Asn interaction for pro-PLA @t pH 7.5 indicate that they protrude away from the
tein stability, the heat-induced unfolding of wild-type and barrel (Boekema et al. 1998). The orientation of these resi-

Asn156Ala OMPLA was followed using circular dichroism dues away from the dimerization interface of {earrel
(CD). The CD spectra of both species show a strong negad_omam indicates that they will neither conflict with nor be
tive signal at 219 nm and a positive signal at 195 nm (Fig.nvelved in dimerization.

4A), typical of B-sheet-containing proteins (OMPLA has

59.5% B-strand and 5.5%x-helix). Both wild-type and Discussion

Asn156Ala OMPLA show an irreversible thermal transition ) ) ) ) )
from 83° to 95°C (Fig. 4B). The melting temperatufgs, OMPLA is a phospholipase with a serine hydrolase-like

the temperature at the midpoint of the transition curves, ar&atalytic triad. Instead of the usual carboxylic acid residue,
91.5°C and 90°C for wild-type and Asn156Ala respec_OMPLA has a neutral asparagine in the triad together with
tively. ’ a histidine and a serine. Although serine hydrolases have

been reported with a neutral main-chain carbonyl oxygen

atom (Wei et al. 1995) or a histidine residue (Chen et al.

1996; Qiu et al. 1996, 1997), the occurrence of an aspara-

The mutant has a pH-activity profile with a broad optimum gine in a serine triad has never before been observed.

at pH 8.3. At acidic pH (around pH 4) the activity is virtu-  |n OMPLA mutation of the active-site asparagine to an
alanine resulted in a modest 20-fold reduction in the reac-

Influence of the pH

Table 2. Refinement statistics tion rate (Kingma et al. 2000). A similar substitution in the
Data set DH 4.6 bH 6.1 pH 8.3 cysteine protease papain, which contains a Cys—His—Asn
Resolution (A) 20-2.8 31-25 21-2.98 catalytic triad, resulted in a decrease of the activity by two
Rerys (%) 21.1 22.2 22.6 orders of magnitude (Vernet et al. 1995). For dipeptidyl-
Riee (%) 27.5 26.8 26.6 peptidase IV and subtilisin, such an AspAla substitution
Protein residues 13-269 13-269 8-269 decreased the activity even 500-fold and-1ld, respec-
Protein atoms 2091 2091 2128 . .
Non protein atoms 139 132 109 tively (Carter and Wells 1988; David et al. 1993), whereas
R.m.s.d. for in lipoprotein lipase it completely abolished all activity
Bond lengths (A) 0.007 0.006 0.007  (Faustinella et al. 1992). Therefore, Asn156 in OMPLA is
Bond angles (°) . 15 12 15 less strictly required for catalysis than the Asp/Asn in other
AVz:gzzngQt%'f?Ag)) 455'6 555'7 4625'9 hydrolases. Although the functions of the catalytic serine
and histidine have been established beyond doubt as nucleo-
% Rurys = Snamork|Fovd— KIFeard/ Sl Fopd * 100%. phile and general base, .respec_:tively (Dodsqn gnd Wlodawer
P Rirce = Y nit.tesiFobd— KIFeaidl/S DhilFopd * 100%. 1998), the role of the third residue in the triad is less clear.
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The Asnl56Ala catalytic triad mutant of OMPLA
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Fig. 2. Coordinate differences between Asn156Ala and wild-type OMPLA. The coordinate difference of the comprmatmms (dark
solid line); B values for mutant OMPLA (thin solid line) and wild-type OMPLA (dashed line). Secondary structure elements for
residues inx-helices (open circles) and for residuesgirstrands (filled diamonds).

Five roles have been proposed: (1) orientation of the histiStructural stabilization
dine side chain, (2) structural stabilization, (3) activation OfThe His—Asp interaction (or His—Asn in papain) has been

the histidine an'd.s.tabilization Of_ the transient positiveshown to be an important determinant for structural stability
charge on the histidine, (4) format!qn Qf a low-barrier hY' (Vernet et al. 1995; Quirk et al. 1998; Lau and Bruice 1999).
drogen bond (LBHB), and (5_) s;ta_lblllzatlon of the catalytic Indeed, the His—Asn interaction in OMPLA is, to some
competent tautomer of the histidine. extent, involved in structural stability, as illustrated by the
slightly lower melting temperature of Asn156Ala OMPLA.
Orientation of the histidine side chain The decrease in melting temperature is, however, much less
The correct positioning of the catalytic histidine in the ac-;huirl]é;;; .2352? geQﬁ:ktZ? {jsfégéf I‘?hseuﬁggurgzﬁirl\% rtfr?n
tive sites of serine and cysteine hydrolases is crucial for eratures. of >9(3°C indicaté the e>.<traordinary stability of

enzymatic catalysis. Disruption of the spatial arrangemengoth the wild-type and Asn156Ala proteins. This excep-

of the His and Ser/Cys residues leads to inactivatiorhonal thermal stability is a property of outer membrane
(Sprang et al. 1987; Mhashilkar et al. 1993; Kagawa et ali3-barre| proteins in general (Heller 1978), wherein the

2000). However, in OMPLA the position of the catalytic manv main-chain interactions between adia rands
histidine is largely unaffected by the Asn156Ala mutation;and )t/he Iack'n ! 011 side clha'ns 'n;\'lde m;rg&i?nd the
the histidine keeps its favorableans conformation. The . packing ' NS NSt

periplasmic turns are the principal factors for thermal sta-

two other favorable conformations, namely, thauché e . .
- . . bility (Koebnik 1999). As the loss of the Asn—His interac-
and thegauchég, are effectively blocked by the bulky side tion in OMPLA has left thep-barrel and the periplasmic

chain of tyrosine 140 and by the invariant proline 116,t wurbed. th t determinants for th |
respectively. Therefore, in OMPLA, Asn156 does not con- urns unperturbed, e paramount determinants for therma
stability are maintained, thus explaining the minor effect of

tribute to a large extent to the correct positioning of the i , h
catalytic histidine in the active site. This is in contrast tothe Asn156Ala mutation on the enzyme's thermostability.

trypsin, where the active-site histidine has an unfavorable = | o o
conformation ¢, = 92°), and where mutation of the cata- Actlvgt|on of _tr_le histidine and stapll!zgtlon of the

Iytic triad Asp results in the partitioning of the His between ransient positive charge on the histidine

the native conformation and an alternativans conforma-  The acidic group in classical serine hydrolases functions in
tion (Sprang et al. 1987). increasing the I§, of the histidine, thereby increasing the

www.proteinscience.org 1965
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Fig. 3. Stereo diagrams of the active site of the Asn156Ala mu-
tant at pH 6.1. A) Final cA-weighted electron density of the
active site. B) Superimposition of Asn156Ala and wild-type mo-
nomeric OMPLA active sites. The wild-type active-site residues
are depicted in light gray. Negative d,smutanty™ Fobsnative) dif-
ference electron density is shown in light gray; the contour level
is =5 ¢. The two largest features in this difference density illus-
trate the successful mutation Asn156Ala and indicate the rotation
of His142. C) Superimposition of Asn156Ala and wild-type in-
hibited dimeric OMPLA. The wild-type active-site residues, the
hexadecanesulfonyl inhibitor, and the catalytic calcium are de-
picted in light gray. Note that for some of the non-active-site
residues the side chains have been omitted for clarity. This figure
was constructed witlBOBSCRIPT(Esnouf 1997).

nucleophilicity of the serine (Dodson and Wlodawer 1998).substrate, thus creating a more electrophilic substrate center.
An Ala or Asn residue instead of an Asp may thereforeln addition, in concert with three hydrogen-bond donors, the
compromise catalytic efficiency through a decrease in nu€alcium ion stabilizes the oxyanion intermediates formed
cleophilicity of the serine. Conversely, the Asn156Asp mu-during the reaction (oxyanion hole). The increased polar-
tant of OMPLA is significantly more active (although only ization of the carbonyl function reduces the need for a
at elevated pH; Kingma et al. 2000). Nevertheless, as wildstrongly nucleophilic serine, and this may explain why OM-
type OMPLA efficiently hydrolyzes phospholipids (with a PLA tolerates an asparagine and even an alanine residue in
specific activity of (40-50 sec’; Brok et al. 1996; Dekker its catalytic triad. The same considerations are valid for the
et al. 1997), other factors must make up for a lowerkg p breakdown of the enzyme—acyl intermediate by the hydro-
of the active-site histidine and the accordingly less nucleoitytic water molecule.

philic serine. We suggest that the nearby calcium ion in the

active site of dimeric OMPLA contributes to competent

catalysis (Snijder et al. 1999). The positive charge of thé=ormation of a low-barrier hydrogen bond (LBHB)

calcium, which is not compensated by its ligands, may di-

rectly increase the nucleophilicity of the active-site serine A much debated role of the Asp—His couple in serine pro-
Furthermore, mediated by water molecules, the calcium ioteases is the possible formation of a short and exceptionally
enhances the polarization of the carbonyl bond of the estestrong hydrogen bond (low-barrier hydrogen bond, LBHB)

1966 Protein Science, vol. 10



The Asnl56Ala catalytic triad mutant of OMPLA
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Stabilization of the catalytic competent tautomer of
the histidine

Finally, the third residue of the triad selects the correct
histidine tautomer to accept the serine hydroxyl proton dur-
ing catalysis. In basic aqueous solutions, the— tau-
tomer dominates the imidazole form in free L-histidine,
histidine derivatives, oligopeptides and polypeptides (Reyn-
olds et al. 1973; Deslauriers et al. 1974), and proteins
(Wilbur and Allerhand 1977; Bhattacharya et al. 1997). In
Asnl56Ala OMPLA, the His142 side chain is solvent-ex-
posed and lacks specific protein and solvent interactions.
Although the exact tautomeric state of His142 cannot be
determined at the current resolution (2.5-3.0 A), it is likely
that in this mutant the His142 imidazole is substantially
protonated on its Natom, and cannot accept a proton from
the nucleophilic serine. In wild-type enzyme the hydrogen-
bond interaction of His142 with the carboxamide oxygen of
Asnl156 may shift the tautomeric equilibrium toward the
catalytic competent form with the Natom unprotonated.
This is similar to what has been observed for other serine
esterases (Sprang et al. 1987; Dodson and Wlodawer 1998).
From the five roles proposed for the Asn/Asp residue in the
classical catalytic triad, four functions (positioning of the
histidine, contributing to structural stability, activation of
the histidine, and formation of a LBHB) are hardly signifi-
cant for OMPLA. Therefore, the catalytic importance of
Asn156 in OMPLA seems mainly to stem from its role in

Temperature (°C) stabilization of the correct tautomeric form of the active-site

Fig. 4. Circular dichroism (CD) studies of OMPLAA] The CD spectra  histidine. Ina-lytic protease.th'e.Asp—His couple increases

show a typical-sheet spectrum with a minimum at 219 nm. The spectrathe amount of the correct histidine tautomer approximately

are background and base-line correctes). Kleat-induced unfolding of ~ 24-fold (Bachovchin and Roberts 1978). This change is of

OMPLA monitored by the CD signal at 219 nm. The difference in melting the same order as the decrease in activity observed for the

temperatures between mutant and wild-type protein is reproducible within . . )

0.1°C. Asn156AIa_ _mut_ant, showing that, indeed, the lack of tau
tomer stabilization may account for the observed decrease
in activity.

during the transition state. It was proposed that such agaierials and methods
LBHB could lower the energy of the transition state by as
much as 20 kcal/mole, thereby facilitating efficient catalysisThe overexpression, refolding, and purification of the Asn156Ala

(Cleland and Kreevoy 1994; Frey et al. 1994). However, thénutant has been described earlier (Kingma et al. 2000). The mu-
tant OMPLA was crystallized following a procedure similar to that

existence and_mvolvemen_t of LBHBs in enzyme cataIyS|sOf wild-type OMPLA (Blaauw et al. 1995). Hanging drops con-
have been seriously questioned (Warshel et al. 1995; Ash @sting of 3L of protein solution and 2L of reservoir solution
al. 1997). In the solvent-exposed active site of OMPLA, thewere suspended over a 1-mL reservoir containing 27% (v/v)
presence of an LBHB between Asn156 and His142 is im-2-_m$thy|52,#-penttan:déO(l) ('E\SflgD#hOA—%;OI thQ%CﬁnldtQ-l M

i i i is-Tris buffer at pH 6.0-6.3. The initial protein solution con-
pgss'b'e' bffi‘t‘)se dt.he forrlnat'?” of dan L?';.B reoﬂres the e 10 mg/mL of Asn156Ala OMPLA, 10 mM KCl, 1% (wiv)
absence o onding solvents and matching of thg p 1-O--octyl-3-D-glucopyranoside-OG), and 0.2 mM Tris-HCI
values for the donor and acceptor (Cleland and Kreevoy pH 6.6. In these setups, one to six crystals grew to typical sizes
1994; Frey et al. 1994). Neither criterion is met, and OM-of 0.5 x 0.25 x 0.15 mrafter 1 wk. Crystals were brought to pH
PLA therefore presents an example of a serine hydrolas® 3 and pH 4.6 by 20-min soaks in four stabilizing mother liquors
that functions efficiently without the need of an LBHB. Of increasing and decreasing pH, respectively.

Because a pebtide bond is intrinsically less reactive than Data were collected from cryocooled crystals at either the pro-
pep y in crystallography beamline 5.2 R of the ELETTRA synchrotron

ester bond, the activity of serine proteases might still requirg, Trigste (data set pH 6.1) using a 345 mm MarResearch image
a strong hydrogen bond in the active site. plate detector, or in-house with a Mac Science DIP2000 image
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plate detector (Nonius) mounted on a Nonius FR591 rotating anBachovchin, W.W. and Roberts, J.D. 1978. Nitrogen-15 nuclear magnetic reso-
ode generator providing Cudradiation. All data were processed nance spectroscopy. The state of histidine in the catalytic triag-lgtic
using DENZQ SCALEPACKOtwinowski and Minor 1997), and protease. Implications for the charge-relay mechanism of peptide-bond

. . . cleavage by serine proteasds Am. Chem. Sod.00: 8041-8047.
TRUNCATEFrench and Wilson 1978; Collaborative Computa- Bhattacharya, S., Sukits, S.F., MacLaughlin, K.L., and Lecomte, J.T. 1997. The

tional Project Number 4 1994). tautomeric state of histidines in myoglobiBiophys. J.73: 3230-3240.

The structure of monomeric native OMPLA (pdb entry 1QDS5; Blaauw, M., Dekker, N., Verheij, H.M., Kalk, K.H., and Dijkstra, B.W. 1995.
Snijder et al. 1999) without detergent and water molecules was Crystallization and preliminary X-ray analysis of outer membrane phospho-
used as a starting model for refinement. The active-site residues_IPase AEfgomSEtzcarr‘f':\jh'aKg‘:]li'n';Eisl Leéﬁ;iitrlﬁ—\hz- Brisson, A, Verhei
His142, S?r144' and AsnlE_SQ were replaced l_)y alanine reS|dugE. H.M., and Dekker, N. 1998. A 7.4-angstrom projection structure of outer
The CO.Ord'nates of al_' remaining atoms were given a random shift i emprane phospholipase A froBischerichia coliby electron crystallog-
of maximally 0.5 A usingOLEMAKKIeywegt and Jones 1997) to raphy.J. Struct. Biol.123: 67—71.
reduce model bias. Refinement was performed withGNSsoft- Brok, R.G.P.M., Dekker, N., Gerrits, N., Verheij, H.M., and Tommassen, J.
ware suite (Briinger et al. 1998). A random set of 10% of the 1ﬁ95- hAI?Onsexff‘d.hiStidinetffe'SidU;% _51;0“620*;? Cﬁliogtgzggzﬂggge

; ; phospholipase A is important for activitiur. J. Biochem234: 934-938.
?Q:ﬂzee;eilgegg)o néa\rléaiasse:azgra{r’tot?nc?t?(;%u';ﬁereafie];?ﬁlztci)rz theBrok, R.G.P.M., Ubarretxena-Belandia, I., Dekker, N., Tommassen, J., and

g C C Verheij, H.M. 1996.Escherichia coliouter membrane phospholipase A:
free R-set that previously had been used for cross-validation of the  Role of two serines in enzymatic activitgiochemistry35: 7787—7793.
refinement of native monomeric OMPLA. After rigid-body refine- Briinger, A.T. 1992. FreR value: A novel statistical quantity for assessing the
ment, several rounds of positional and individual restraiBed accuracy of structured\ature 355: 472-475.
factor refinement were performed, using maximum likelihood Bringer, AT., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P., Grosse-
functions applied to amplitudes. Bulk solvent correction and an- ggg“?:"e' RW., Jiang, J.S., Kuszewski, J., Nilges, M., Pannu, N.S., et al.
. . . . . . Crystallography and NMR system: A new software suite for macro-
isotropicB-factor scaling were applied throu_ghOUt the refinement. molecular structure determinatioActa Crystallogr. D54: 905-921.
No o cutoffs were used. After every refinement roung- Carter, P. and Wells, J.A. 1988. Dissecting the catalytic triad of a serine pro-
weighted F_, .~ F.yc and Fopo— Foac €lectron density maps tease Nature 332: 564-568.
(Read 1986) were subjected to visual inspection u€higones et  Chen, P., Tsuge, H., AImas_sy, R.J., Gribskov, C.L., Katoh, S., Vanderpool,
el 1891) Water molecules were placed i sphericaldensi, ere B Maiea, S, Pk € atbhows D ard fan i 1s5e.
there Was. SUb.Stantla'l posm\(e difference density. The side chains novel serine protease fold and catalytic triéxkll 86: 835-843.
of the active-site residues His142 and Ser144 were added back {9ejand, w.w. and Kreevoy, M.M. 1994. Low-barrier hydrogen bonds and
the model in the course of refinement, both showing clear electron  enzymic catalysisScience264: 1887-1890.
density. Various ordered detergent and MPD molecules were iderGollaborative Computational Project Number 4. 1994. The CCP4 suite: Pro-
ifi i i . grams for protein crystallographycta Crystallogr. D50: 760-763.
tlfla%:{jﬂ&ﬂgggeudnflgé?r?grg?c\i;illz_type and Asn156Ala OMPLA David, F., Bernard, A.M., Pierres, M., and Marguet, D. 1993. Identification of
. . X . . serine 624, aspartic acid 702, and histidine 734 as the catalytic triad residues
was studied by far-UV C,lrcmar d!chr0|sm (CD). For .these expgrl- of mouse dipeptidyl-peptidase 1V (CD26). A member of a novel family of
ments 0.4 mg/mL protein was dialyzed for 6 d against a solution  ponclassical serine hydrolases.Biol. Chem268: 17247-17252.
of 10 mM Tris-HCI at pH 6.6 and 1.1 % (W/\3-OG. For the  Dekker, N., Tommassen, J., Lustig, A., Rosenbusch, J.P., and Verheij, H.M.
measurements the samples were diluted to a concentration of 0.1 1997. Dimerization regulates the enzymatic activity Efcherichia coli
mg/mL. All solutions were degassed prior to data collection. The _ outer membrane phospholipase J.Biol. Chem272: 3179-3184. _
CD experiments were performed on an Aviv 62A DS spectrometePekker. N, Tommassen, J., and Verheij, H.M. 1999. Bacteriocin release protein
. . . triggers dimerization of outer membrane phospholipase A in dv@ac-
_equped with a thermoelectric sample holder. Data were recorded qio| 181: 3281-3283.
in a 1-mm path length cell. Temperature scans between 25° an@eslauriers, R., McGregor, W.H., Sarantakis, D., and Smith, 1.C. 1974. Carbon-
98° C were performed in 1°C temperature steps with 30 sec of 13 nuclear magnetic resonance studies of structure and function in thyro-
equilibration time per step. The unfolding of OMPLA was moni- tropin-relgasin_g factqr. Deternjir_\atipn of the tautomeric form of histidine
tored by measuring the average CD signal at 219 nm for 20 sec, da”d r%'a“mc‘fwf’ ;0 b'°'°gy fggi‘a"t?"t’ﬂh?m'ﬁ”ﬁ& 33‘:2‘.344F'tm §
- odson, G. an odawer, A. . Catalytic triads and their relati s

The structures and experlr_nenta[ data of the _Asn156AIa mut_anl? Biochem. Sci23: 347-352.
of OMF_)LA have been deposited with the Protein Data Bank Withpgrell N, Celeste Martino, M., Stabler, R.A., Ward, S.J., Zhang, Z.W., Mc-
accession codes 1ILD (pH 4.6), 1ILZ (pH 6.1), and 1IMO (pH 8.3).  cColm, A.A,, Farthing, M.J.G., and Wren, B.W. 1999. Characterization of

Helicobacter pyloriPIdA, a phospholipase with a role in colonization of the
gastric mucosaGastroenterologyl17: 1098-1104.
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