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Role of the Cofactor Calcium in the Activation of Outer Membrane
Phospholipase A

Iban Ubarretxena-BelandiaJan-Willem P. Boot§,Hubertus M. Verheif,and Niek Dekker#

Department of Enzymology and Protein Engineering and Department of Biochemistry of Membranes,
Center for Biomembranes and Lipid Enzymology, Institute of Biomembranes, Utreclrsity, The Netherlands

Receied June 16, 1998; Resed Manuscript Receéd August 7, 1998

ABSTRACT. The enzymatic activity of the outer membrane phospholipase A (OMPLA), an integral
membrane protein dEscherichia coliis regulated by dimerization for which the cofacto”Ce required.

In this study, the interaction of Gawith OMPLA was characterized, with an emphasis on the role of the
cofactor in the activation process and dimerization. Kinetic experiments were done in which the enzyme
was solubilized in mixed micelles of substrate and different detergents. It appeared that the affinity of
OMPLA for C&" was high (12«M) if alkylphosphocholines were used as detergent, moderateN§2

if sulfobetaines were used, and very low (24 mM) if alkylpolyoxyethylene glycols were used. These
results show that there is a strong modulation of the calcium binding properties of OMPLA by the lipid
environment. In the presence of hexadecylphosphocholine micelles, the affinity of OMPLA for Ca
was determined by three direct binding techniques. Using gel filtration, it appeared that OMPLA has one
high-affinity site Kq ~ 36 M) and a second site with moderate affinitgy(~ 358 uM). Sulfonylated-
OMPLA, in which the active site serine had been covalently modified with hexadecanesulfonylfluoride,
was used as a mimic for the acyl-enzyme intermediate. In gel filtration experiments, this sulfonylated-
OMPLA displayed binding of two Ca per enzyme monomer both with similar high affinityq(~ 48

uM), indicative of a strong synergistic effect of active site occupation and the affinity of the secéhd Ca
binding site. Isothermal titration calorimetric measurements confirmed only the presence of a high-
affinity Ca?* binding site, whereas in fluorescence experiments only the binding of the secthdoD&l

be observed. Chemical cross-linking was applied to investigate which of the tiWosi@es is involved

in dimerization. OMPLA was monomeric in the absence offCavhereas already at low €a
concentrations the enzyme was converted to its dimeric form. Therefore, we suggest that thefirst Ca
plays a role in the stabilization of the dimeric state of the enzyme. The role of the secéndr@eahe
observed synergy between active site occupancy afd &finity are discussed.

The outer membrane phospholipase A (OMPLA; EC directed mutagenesiS); Furthermore, residues Ser152 and
3.1.1.32} is an integral membrane enzyme present in the His142 were identified as essential residues for activity by
outer membrane of Gram-negative bactetia (OMPLA site-directed mutagenesis, (6). For OMPLA, ag-barrel
(31 kDa) catalyzes the hydrolysis of acylester bonds in phos- topology similar to the porins has been propos@d (Re-
pholipids, and for enzymatic catalysis, the presence of the cently, this prediction has been supported by an epitope
cofactor C&" is an essential requiremer® @). The enzyme  insertion study for the homologous enzyme fr&aimonella
from Escherichia colhas been overexpressed, purified, and typhimurium(8).
partially characterized4(-8). Serl144 has been identified

- : e . In th I, OMPLA i titutivel d and i
as the nucleophile by chemical modificatiofi) @nd site- nme ce 'S constiutively: expressed and 15

located in the outer membrane. The outer membrane is
composed of phospholipids in the inner leaflet and of
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(Ikertzaileak Prestatzeko Bekak).
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! Abbreviations: OMPLA, outer membrane phospholipase AS8, (11-13), suggesting that OMPLA normally resides in a
dodecyIN,N-dimethyl-1-ammonio-3-propanesulfonatejc€B, hexa- 7’ ; . .
decyl-N,N-dimethyl-1-ammonio-3-propanesulfonate; PN, dode- catalytically inactive state in the outer membrane. OMPLA

cylphosphocholine; PN, hexadecylphosphocholinesg, octylpentaeth- activity can be induced after severe perturbation of the cell

ylene glycol ether; GEs, dodecylpentaethylene glycol ether; SBS i ; ; _
PAGE, sodium dodecyl sulfatgpolyacrylamide gel electrophore- envelope integrity that occurs during heat shabb (phage

sis; ITC, isothermal titration calorimetry; CMC, critical micelle  induced lysis {5), or colicin secretion16, 17). Uncontrolled
concentration. breakdown of the outer membrane would have lethal
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consequences for the cell, as indeed is observed when thejuent isolation of inclusion bodies, folding, and purification
activity of OMPLA is strongly induced in vivol(7). The were carried out essentially as described by Dekker et al.
potential hazard of OMPLA for the integrity of the cell (22). Unless indicated otherwise, OMPLA was diluted to
implies the need of a regulatory mechanism for OMPLA the desired protein concentration in buffer (50 mM Tris/HCI,
activity. In vitro studies with detergent-solubilized protein pH 8.3, 100 mM KCI) in the presence of detergent and
showed that dimerization triggers the enzymatic activity of incubated fo 1 h atroom temperature prior to any experi-
OMPLA, and that the monomer/dimer equilibrium is criti- ment. To exchange detergent, the protein in buffer with C
cally dependent on the presence ofCA8). This observa- SB was loaded onto a fast-flow Q-Sepharose column (8 mg
tion led the authors to suggest that dimerization is the processof protein/mL of resin) equilibrated in buffer (20 mM Tris/
by which the enzymatic activity of OMPLA is regulated in  HCI, pH 9.0). After washing the column with buffer
vivo. containing the new detergent, the protein was eluted in the
In view of the crucial role of C& for activity and di- presence of the new detergent by high salt. Subsequently,
merization, we have studied the binding of?Ct OMPLA the protein was loaded onto a Sephadex G-25 fine grade
with a variety of biophysical techniques. The influence of column (80x 1.5 cm) in buffer (50 mM Tris/HCI, pH 8.3,
detergents on this interaction was studied as well. Our results100 mM KCI) in the presence of the detergent of choice to
enabled us to construct a model describing the formation of desalt and to remove low molecular weight contaminants.
the enzyme Ca&"—substrate complex. Protein concentrations were determined spectrophotometri-
cally using anAjy ., of 29.2 @). Sulfonylated enzyme
EXPERIMENTAL PROCEDURES was prepared by modification of OMPLA (1 mg/mL of
Chemicals Restriction enzymes and DNA modifying OMPLA in 20 mM Tris/HCI, pH 8.3, 5 mM CaGJ 2.5 mM
enzymes were from New England Biolabs. Oligonucleotides C,,SB) with 1 mol equiv of hexadecanesulfonylfluoride
were purchased from Pharmacia. Research grade dodecyl{from a stock solution in acetonitrile) in bufferrfd h at
N,N-dimethyl-1-ammonio-3-propanesulfonate; {£B) was room temperaturedj.
obtained from Fluka, and was purified by loading a concen- oy measurementsThe critical micelle concentration
trated solution of the detergent in methanol/chloroform (1: (c\c) of the detergents was measured fluorometrically using
;) to an alumlna_ columnto remove acidic impurities present ANS (1-anilinonaphthalene-8-sulfonic acid®3. In brief,
in the commercial preparation. The solvent was evaporateda solution composed of 0.28 mM ANS in buffer (50 mM
under vacuum, and the dried wh!te powder was s'tored atTris/HCI, pH 8.3, 100 mM KCI) was titrated with a detergent
room temperature. HexadedyiiN-dimethyl-1-ammonio-3- o) ion. The change in ANS fluorescence intensity upon
propanesulfonate (6SB) was purchased from Calbiochem. 0.5 0ration of the probe in the micelle was monitored at
Dodecylphosphocholine ¢@N) and hexadecylphosphocho- 480 nm under excitation at 380 nm.
line (CigPN) were synthesized as described by van Dam- ) .
Mieras et al. {9). Research grade octylpentaethylene glycol ~OMPLA Assay Routinely OMPLA activities were de-
ether (GEs) and dodecylpentaethylene glycol ether &) termined spectrophotometrically using 2-hexadecanoylthio-

were purchased from Fluka and used without further &thane-1-phosphocholine as a substrate. An aliquot of

purification. The substrate 2-hexadecanoylthioethane-1-ncubated protein sample was assayed for enzymatic activity

phosphocholine, for the OMPLA assay, was synthesized IN 1 mL of assay buffer [SO mM Tris/HCI, pH 8.3, 5 mM
according to Aarsman et aR@). Hexadecanesulfonylfluo- CaCl, 0.1 mM dithiobis(2-nitrobenzoic acid), 0.2 mM Triton

ride was synthesized as described by Horrevoets etijl. ( X-100, 0.25 mM substrate]. This assay is referred to as the

Radioactive*®CaCb with a specific activity of 710.C/mmol standard assay. Initial velocities were calculated from the
was obtained from Amersham. All other chemicals were écorded increase in absorbance at 412 nm. A unit corre-
of the highest purity commercially available. sponds to the conversion ofimol of substrate/min. The

Construction of the Expression PlasmidyeDproduction kinetic apparent calcium. dissociation constants in_ different
and Purification of OMPLA A synthetic DNA linker detergents were determined essentially as described above
consisting of two complementary oligonucleotides- (5  With the following modifications; the assay buffer contained
TATGGGAGCTCTGATCAG-3 and B-AATTCTGATCA- 10uM EDTA, and Triton X-100 was replaced by the desired

GAGCTCCCA-3) was cloned into théldd and ECcRI sites detergent. The enzymatic activities were measured at various
of the expression vector pT7.2%). The resulting vector CaCl concentrations (added from a concentrated stock

(pT7.71) was digested at the newly introduced unique solution_in water). Th_e bi|_1d_ing parameters were determined
restriction site withEcl13611 andBcll. The vector ppL302 Py nonlinear regression fitting.
(22) was digested withSpH, and the 3 overhang was Fluorescence Fluorescence spectra were obtained with
removed by treatment with Klenow polymerase. Digestion a Perkin-Elmer LS-5 spectrofluorometer at’td Excitation
of this DNA fragment withBglll gave the 830 bp fragment and emission slit widths were 5 nm. The protein sample
containing thepldA gene, coding for OMPLA. This frag- (2.5 mL of 0.05 mg/mL) was incubatedrfd h in sample
ment was cloned into thEécl136lI/Bcll-digested expression  buffer (50 mM Tris/HCI, pH 8.3, 100 mM KCI) in the
vector pT7.71. The resulting construct, pN300, encodes presence of the desired detergent. In a typical experiment,
mature OMPLA with an N-terminal extension of three amino the decrease in fluorescence intensity, caused by the addition
acid residues (MGA) under control of the T7 promotor. The of C&" to the protein sample, was recorded with excitation
DNA sequence of this final construct was verified by dideoxy and emission wavelengths of 280 and 335 nm, respectively.
chain termination sequencing. The fluorescence intensity was corrected for the sample
OMPLA was overproduced in strain BL21(DE3) contain- dilution, and the binding parameters were determined by
ing the plasmid pN300 after induction with IPTG. Subse- nonlinear regression fitting.
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Isothermal Titration Calorimetry The thermodynamic o CHg
parameters for the binding of €ato OMPLA were | c H I e
determined by isothermal titration calorimetry (ITC). ITC 0 Hg (CHz)n —O-I"—O—CHZCHZ |\|1 CHg
measurements were performed using a Microcal MCS o~ CHa
titration calorimeterZ4). In the calorimeter cell, 1.3 mL of CHj
protein solution was present (74M OMPLA, 1 mM |, =
CiPN, 50 mM Tris/HCI, pH 8.3, 100 mM KCI). The (I CHa (CHel =N = CHCH,CH,— S0,
titration was performed by injecting sL portions of 2.5 CHg
mM CaCl in buffer (1 mM GePN, 50 mM Tris/HCI, pH
8.3, 100 mM KCI). The data for the titration of €ato the () CHg (CHg), — (OCH,CH,)s—OH

protein were corrected by subtraction of the base line Ficure 1: Structures of the detergents used in this study. (I)
obtained for the titration of Ga to buffer in the absence of Alkylphoéphocholine (GPN): (I) alkyI-N,N-dimethyl-l-ammoniol

protein. The binding enthalpies, the apparent dissociation 3_propanesulfonate (SB); (lil) alkylpentaethylene glycol ether
constants, and the number of bound*Cwere calculated  (C,Es).

by using the computer program Origin (Microcal, Northamp-

ton, MA). only under specific conditions is the enzyme in its active

Equilibrium Gel Filtration Measurements of Gabind- dimeric state 18). Since the optimum detergent concentra-
ing to OMPLA were performed according to a modification tion varies with the type of detergent, the concentration at
of the gel filtration technique described by Hummel and Which OMPLA displays maximum enzymatic activity had
Dreyer @5). A column (46x 1.1 cm) of Sephadex G-25 to be determined for each detergent. In Figure 1 the
fine grade was equilibrated with buffer (50 mM Tris/HCI, structures are shown of the detergents that were used in this
pH 8.3, 100 mM KCI, 1 mM GsPN) containing*CaC}. study. The detergents can be divided into three different
The column was loaded with a 0.5 mL aliquot of protein types according to their polar headgroup: the zwitterionic
(1-10 mg/mL) incubated in the column buffer and was detergents £5B, the zwitterionic lysophospholipid analogues
eluted with the same buffer. Fractions of 200 were CqPN, and the nonionic detergentsiz. For each detergent
collected, and aliquots (typically 90L) were transferred to ~ type, we tested two compounds that differed in length of
scintillation vials. Subsequently, 4 mL of scintillation liquid ~ the hydrophobic chain. After incubating the protein at
was added to each vial, and the radioactivity was determinedvarious detergent concentrations, an aliquot of the solution
in a Canberra Liquid Scintillation Counter. Protein concen- Was assayed for enzymatic activity in the standard assay. In
trations were determined spectrophotometrically. Th& Ca Figure 2 the activity profiles for the detergents with a short
concentration in the column buffer was determined by alkyl chain are shown (top panel). After incubation in
spectrophotometric titration with EDTA and murexide in C12SB, the enzymatic activity showed a strong dependence
alkaline solution 26). Samples (1 mL) containing at least On the detergent concentration, as was reported before by
50 nmol of C&t were titrated in 40 mM NaOH with a 1 Dekker et al. 18). Similar activity profiles were obtained
mM EDTA solution in the presence of 6@y of murexide,  for Ci2PN and GEs in which maximal activity was also
and the spectra| Change was monitored at 612 nm. Thedisplayed at detergent concentrations jUSt above the CMC.
obtained data were analyzed according to Scatch2iyl ( The results obtained with ang—chain detergents are shqwn

Chemical Cross-Linking Protein was incubated at 0.2 mg/ in the bottom panel .Of Flg'ure 2. For th'e long-chain
mL in buffer (50 mM HEPES, pH 8.3, 100 mM KCl) in the detergents, concentratlons_h_lgher t_han 20 tlme_s the CMC
presence of detergent and in the presence of either EDTAWEre used to ensure sufficient micelles to dissolve the

or CaC} at various concentrations in a total volume of 100 enzyme. For ¢SB, the_curve followed a similar trgnd as
uL. After incubation of the solutions fol h at room for C1,SB, but the optimal detergent concentration was

temperature, &L of a 0.2% solution of glutaraldehyde was shifted toa maximum in activity at qbout 50 times the CMC.
added, and the reaction was allowed to proceedLfb at Interestmgly, b.Oth n @PN and in GEs, _the enzyme
room temperature. Subsequently, 100 of gel loading ~ diSPlayed maximal activity at about 40 times the CMC
buffer (0.1 M Tris/HCI, pH 6.8, 3% SDS, 15.4% glycerol, fo_llowed by a plateau where the enzymatic actmty remained
7.7%3-mercaptoethanol, and 0.008% bromphenol blue) was N9 all over the entire detergent concentration range.
added. A 2QuL aliquot of this solution (corresponding to 2 Apparently, in these latter two Qetergents, thg active dimeric
g of OMPLA) was analyzed by SDSPAGE without heat form of O_MPLA does not dissociate at high detergent
denaturation of the protein. The gels were stained with concentrations. o o
Coomassie Brilliant Blue for visualization of the protein  Detergent Dependence of the Taffinity in the Kinetic
bands. The amount of protein in each band was determined*SS&y In the previous experiments, the enzyme was
by gel scanning with a Biorad GS-700 imaging densitometer, incubated |n.the detergent of interest, and then.t.he activity
and the data were analyzed using the computer programV@sS determined under standard assay conditions. The
Molecular Analyst software (Biorad). frgcﬂon of act_lve dimeric OMPLA present in the ln_cu_batl_on
mixture remained unaltered by the transfer and dilution into

RESULTS the assay mixture 18). Under kinetic conditions, no
association or dissociation of OMPLA occurred as evidenced
Detergent Dependence of Enzymatic Aitfi The enzy- by the straight lines obtained. Given the very different
matic activity of detergent-solubilized OMPLA is strongly behavior of OMPLA in the various detergents, it was of
dependent on the detergent concentrat@rilg, 28). This interest to test the activity of the enzyme toward mixed

dependence is related to the monomer/dimer equilibrium, andmicelles of the various detergents and substrate as a function
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80 ' T ' ' ' ! Table 1: C&* Binding Parameters for OMPLA in Various

— Detergents

&n

E kinetics

= Vinax fluorescence

) CMCP [detergen (units/ Kg(Ca&")  Ky(Ca")

2 detergent (mM) (mM) mg) (mM) (mM)

S CiPN  0.010 1.0 30 0012 0.42

= C1,PN 0.70 1.0 37 0.015 4.7

'g C16SB 0.010 0.50 62 0.062 7.8

(% C1,SB 1.3 2.5 40 0.170 2.6
CiEs 0.080 2.0 55 24 5.7
CgEs 8.0 10.0 26 25 5.1

a0OMPLA was incubated at 0.05 mg/mL in buffer containing
detergent at a concentration where maximum enzymatic activity was
displayed. Afte 1 h incubation the Cd4 binding was determined

80 . . . | ; | i kinetically and fluorometrically. The binding parameters have a 10%
error.? The CMC for each detergent was determined as described under
- di Experimental Procedure$Detergent concentration at which OMPLA
é“ | displayed maximum activity (see Figure 2).
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Ficure 2: Specific activity of OMPLA as a function of the g
detergent concentration present in the incubation solution. OMPLA oTé 0 L 1 1
was incubated at 0.05 mg/mL in buffer containing detergent at 0 10 20 30 40
various concentrations. Afte h incubation, 50 ng of protein was [Calcium] (mM)

assayed for enzymatic activity in the standard chromogenic assay.

In the t [ th ta for the short alkvl chai t t Ficure 3: Relative change in the fluorescence of OMPLA as a
thOV\?nioF()Ezp;Se(‘) %ggl\? (2; Ce;sléss ?i)_amyﬂfe ak;gt%%eré;;nnels @€ function of the C& concentration. OMPLA was incubated in buffer

the data obtained for the long alkyl chain detergents are shown: &t 0-05 mg/mL in 1 mM GPN for 1 h. Subsequently, the change
CiSB (0), CiPN @), Ci2Es (A). The detergent concentrations 11 fluorescence intensity«AF/Fg) x 100, as a function of added
are expressed as the ratio of detergent concentration over its criticalC& Was monitored. The solid line represents the fitting of the
micelle concentration (CMC). The experimentally determined CMC data to a simple saturation model.
values are given in Table 1.

was about 10-fold lower. Finally, in the nonionic detergents
of the C&* concentration. OMPLA was incubated for 1 h  CsEs and G2Es, the C&" affinity was decreased dramatically.
in the detergent of interest. Then aliquots of the enzyme Within the three classes of detergents, the differences
were added to the assay containing a fixed concentration ofobserved in C& affinity between long- and short-chain
substrate (0.25 mM) and of detergent under study. The detergents are small, indicating that only the polar head is
concentration of the detergents in the assay was equal to thegesponsible for the observed effects.
concentration at which OMPLA showed optimal activity (see  Detergent Dependence of theCaffinity As Determined
Figure 2), and they are listed in Table 1. Without calcium by Fluorescence The binding of C&" to OMPLA could
ions, OMPLA was not active in any of the detergents. When also be followed by fluorescence. Excitation at 280 nm
the enzymatic activity was measured as a function of the resulted in a fluorescence spectrum with maximum intensity
C&" concentration, the experimental data followed a hy- at 335 nm. The intrinsic fluorescence decreased whéh Ca
perbolic saturation profile. The maximum hydrolysis rate was added, and returned to the initial value when EDTA
(Vmaxy and the kinetic dissociation constant&g) were was added in excess over qdata not shown). These
obtained by fitting the data to a saturation curve using changes in fluorescence intensity, indicative of reversible
nonlinear regression and are summarized in Table 1. In all conformational changes upon €abinding, were used to
detergents, the enzyme is active with only little variation in estimate C& binding parameters as a function of the
Vmax indicating that the enzyme was in its fully active state detergent type. The protein was incubated at the detergent
under saturating conditions. However, depending on the concentration at which the enzyme was fully active, and the
detergent, large variations were observed in the affinity for C&" affinity was determined by measuring the fluorescence
C&". In the presence of the product analoguesP® and as a function of the Ca concentration. A typical curve
C12PN, the affinity for C&" was high. In the other  obtained in GePN is shown in Figure 3. The relative change
zwitterionic detergents SB and G,SB which have a in fluorescence intensity ranged from 10 to 16% in the
“reversed” charge of the headgroup (Figure 1), the affinity different detergent systems. The apparent calcium dissocia-
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Time (min) 60 90 Table 2: Thermodynamic Parameters for the Binding of'Ga
T . . T . OMPLA Determined by Isothermal Titration Calorimetry
Py reeenreencneeenee: (1) AGa(kcak AHa (kcak  AS, (cak

protein  KguM) n mol™) mol )  mol %K™

native 16 098 —6.6 —13.0 -21
sulfonylated 22 090 -6.5 —19.8 —44

2+ A a2The experiments were performed at a temperature of 303 K with
native- and sulfonylated-OMPLA in &PN. Then value represents the
number of bound C4 ions per protein molecule. The thermodynamic
parameters are given for the association reaction, denoted by the
subscript a.

0

@ 1

ucal/sec
o

Wr——T—T T T T 71— 100

kcalmole of caleum

-12 L ! L 1 < 1 N 1 " 1 "
0 1 2 3 4 5 6

Molar ratio (calcium/protein)

Ficure 4: |Isothermal titration calorimetry data for the binding of
calcium to OMPLA. Panel A: Calorimetric response ofub
injections of 2.5 mM CaGlto buffer (curve 1) and to 74M
OMPLA (curve 2). Panel B: Integrated injection heats corrected
for heats of calcium dilution. The solid line represents the fitting
of the data to a simple noncooperative model.

(®) cpm/fraction (x10°%)

(AM) VIdNO uonenuaouo)) (m)

0 20 40 60 80 100 120 140

tion constants obtained with the various detergents are column fraction
summarized in Table 1. Itis clear that in all the detergent Figure5: Elution profile of OMPLA in the presence iCa* on
systems except for PN the affinity of OMPLA for C&" a G-25 Sephadex column. OMPLA, incubated at a concentration
is low, with dissociation constants in the millimolar range. ©0f 504M in 100 uM #*C&* buffer containing 1 mM PN, was
It is remarkable that the Gaaffinities obtained by fluores-  '0aded onto a G-25 Sephadex fine column and was eluted in the
. : . ~..  same buffer. The counts per minute (cp®) and the protein
cence are very different from the ones obtained by kinetics. ¢oncentration) are plotted as a function of the fraction number.
A major difference between the two systems is the
presence of substrate in the kinetic assay. OMPLA, like all of a CaC} solution to buffer (panel A, curve 1), and to
serine hydrolases, catalyzes ester hydrolysis via an acylnative-OMPLA (panel A, curve 2). Panel B shows the
intermediate4), and the C#& binding properties of such an  corrected integrated injection heats for the titration ot‘Ca
intermediate might well be different from those of the to OMPLA. Analysis of these data yielded the dissociation
enzyme in the absence of substrate. Reaction of OMPLA constantKg), the number of Ca bound per protein molecule
with hexadecanesulfonylfluoride leads to the irreversible (n), and the association enthalpy changeédf). The data
inactivation of the enzyme due to modification of the active for Ca* binding to native- and sulfonylated-OMPLA are
center residue Serl44)( The modified enzyme (referred listed in Table 2. AH, was large and negative, whereas the
to as sulfonylated-OMPLA) can be considered as a good entropy change upon €abinding is negative. Therefore,
mimic of the acyl-enzyme. The only difference between the the binding of C&" is an enthalpically driven process. The
acyl-enzyme and the sulfonylated-OMPLA is the presence binding of C&* to native-OMPLA is characterized by a high
of the uncharged sulfonyl group instead of the fatty acid Ca* affinity and a stoichiometry of 1. The binding of &a
carbonyl group. Therefore, it is a good model to probe the to sulfonylated-OMPLA is indistinguishable from that to
C&" binding properties of OMPLA during catalysis. €a  native-OMPLA.
binding experiments by fluorescence were performed with  Ca?* Binding to OMPLA by Gel Filtration Direct binding
the sulfonylated-OMPLA under identical conditions as for experiments were performed by gel filtration usittga+
the native-OMPLA. However, no significant change in the under equilibrium conditions, to obtain both the stoichiom-
fluorescence signal could be observed upon the addition ofetry and the C# affinity of the OMPLA—Ca&* complex
C&* in any of the detergents. The absence of any changefor native- and sulfonylated-OMPLA in an independent
in fluorescence could arise from alterations in the fluores- way. For reasons of comparison, the experiments were
cence properties of the enzyme, or the inability of the carried out in the presence of 1 mM¢N. In Figure 5 a
sulfonylated-OMPLA to bind Ca. To investigate both  typical gel filtration experiment with native-OMPLA is
possibilities, we measured €abinding to native- and  shown. OMPLA eluted in the void volume, and at the same
sulfonylated-OMPLA by two other direct binding techniques. position, an increase in the &aconcentration is observed
Binding of C&" to OMPLA As Measured by Isothermal indicative of complex formation. The experiment was
Titration Calorimetry We applied ITC to study the as- repeated at various €aconcentrations. From the “peak”,
sociation of C&" with native- and sulfonylated-OMPLA. To  areas the corresponding saturation leve3d) at each Ca
work at acceptable OMPLA concentrations, a reasonably concentration were calculated, and the obtained data were
high affinity for C&* is needed, and, therefore, the experi- analyzed according to Scatcha&¥). As shown in Figure
ments were performed in.@°N. Figure 4 shows typical 6 the data for native OMPLA fit as two straight lines,
isothermal calorimetry titration curves obtained after addition suggesting the presence of two classes of binding sites with
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Ficure 6: Scatchard plot for native- and sulfonylated-OMPLA.
The ratio of the saturatiorvCa) over free Ca concentration is
plotted overvCa for native- @) and sulfonylated-OMPLAMN).

The standard deviation of each value is indicated with error bars.

- ——— Dimer
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FicurRe 7: SDS-PAGE of OMPLA after cross-linking. The results
for the cross-linking of OMPLA in 1 mM PN at various C&
concentrations are shown. Lane 1, 5 mM EDTA; and lane8,2
25, 50, 100, 200, 400, 1000, and 5Q00@ Ca2*, respectively. The
migration positions of monomeric and dimeric OMPLA are
indicated.

different affinities. The extrapolation of the first linear part
of the curve to the abscissa gives a value of £.0.05. It
can be concluded that a high-affinity site exists with a
corresponding dissociation constant for the OMPL@&"
complex of 36+ 1 uM. Extrapolation of the second part of
the curve to the abscissa gives a value of 2:40.4,

Ubarretxena-Belandia et al.
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Ficure 8: Model for the formation of the substrat®& MPLA—

C&" complex. The possible pathways leading to the formation of
the active species are depicted. The OMPLA monomer is repre-
sented as M and the dimer as D. S represents the substrate, and the
exact stoichiometry of the dimer/substrate complex is not known.
Calcium binding also involves a dimerization step of OMPLA,
which itself is strongly dependent on the applied conditions. The
effect of detergent on Ca binding is indicated in the model and
explains the large variations in apparéqts.

of the protein could be cross-linked into the dimeric form
of OMPLA (Figure 7, lanes 28). The amount of dimer
reached its maximum already at about 100 Ca" (lane
4), suggesting that the €adissociation constant associated
with the dimerization process is well below 10M. Gel
filtration showed that the binding of the two &ao native-
OMPLA occurred with dissociation constants of 36 and 358
uM. It can be concluded that dimerization occurs in thé'Ca
concentration range where only the firstCaite is saturated.
The sulfonylated-OMPLA was efficiently cross-linked al-
ready in the absence of &a(data not shown), suggesting
that sulfonylation stabilizes the dimeric form.

DISCUSSION

Previously, it has been shown that?Cas essential for
the enzymatic activity3) and required for the dimerization
of OMPLA (18). In the present paper, we have focused on
the characterization of €& binding to OMPLA, with an
emphasis on the role of €ain the activation and dimer-
ization processes of the enzyme. Our kinetic experiments
using zwitterionic detergents showed micromolar affinity for
C&" by OMPLA (Table 1), as observed by Horrevoets et
al. in the standard kinetic assay containing Triton X-100 and
substrate ). Direct binding studies using ITC confirmed

suggesting the presence of a second site with a dissociatiorthe high affinity of the enzyme for Ca (Table 2). Under

constant of 358t 45 uM.

Similar experiments were performed with sulfonylated-
OMPLA. As shown in Figure 6, the data for sulfonylated-
OMPLA fit to a single straight line. Extrapolation to the
abscissa gives a value of 2:10.2 for the stoichiometry of
the complex and a dissociation constant ot48 M. This
observation shows that sulfonylated-OMPLA can bind two
Ca&* with comparable, high affinity. These results suggest
that upon sulfonylation the affinity of the first €asite did
not change, whereas the affinity for the second'Gite is
increased.

Cross-Linking Previous studies have shown thafCis
required for enzymatic activity and for dimerization of
OMPLA (3, 18). We now show that OMPLA binds two
C&* per protein molecule. To find out which site is involved
in dimerization, the protein was incubated at varioug™Ca

similar conditions, however, fluorescence showed low af-
finity for Ca?" (Table 1). The observation that both with
ITC and with fluorescence very different €aaffinities were
obtained, suggests the presence of twétGanding sites
per OMPLA molecule. Gel filtration experiments confirmed
this hypothesis (Figure 6). It is remarkable that both ITC
and fluorescence alone were not sufficient to completely
characterize the C& binding to OMPLA. Apparently,
binding of the first C&" does not affect the fluorescent
properties of the protein. For ITC, it should be emphasized
that besides the interaction of €awith its ligands in the
binding site, many other processes are concurrent, for
example, dimerization of the protein, possible conformational
changes of the subunit, and redistribution of the surrounding
detergents, and each of these processes may contribute to
the net heat effect that is measured by ITC upon addition of

concentrations, and subsequently cross-linking reagent wasC&" to the protein.

added. The cross-linking was assessed by -SPSGE.
After cross-linking in the presence of EDTA, the protein
mainly runs as a monomer (Figure 7, lane 1). WheA'Ca

The experimental data for €abinding to OMPLA are
summarized in the model shown in Figure 8. The first step
of this model is the formation of the calcium complex of

was present in increasing concentrations, increasing amountshe dimer (DC§+). Two possible routes leading to Dgfa
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can be envisaged; one in which dimerization precedés Ca R

binding and the other in which the binding of €aoccurs 6

prior to dimerization. Although experimentally it has been | e)

shown that OMPLA is mainly monomeric in the absence of OZT_O ) h
Ca", still low amounts are present as dimés). Calcium an (ID

could then function as a sink by which monomeric OMPLA @ < (CHy),

is converted to the Céa-loaded dimeric form. Alternatively, (|)

in the other route G4 binds to monomeric OMPLA, after |

which the conformation of the subunit changes resulting in ?=0 > (h
a dimerization-competent state. So far, we have not been Ry

able to experimentally attack the outlined possibilities. 1tis Fgyre9: Schematic representation of the interaction of the second

noteworthy that in either pathway dimerization and®Ca  cz* with OMPLA. (1) Direct interaction between aand the
binding are interdependent processes. Therefore, any paphosphate group; (Il) direct interaction betweer?'Gand carbonyl;

rameter affecting the monomer/dimer equilibrium will influ- (Il indirect interaction via conformational change betweerf'Ca
ence C&" binding. This interdependence might explain the and OMPLA.

large variation in apparent calcium dissociation constants in .
g bp have been reporte?, 33). Based on these structures, it

different detergents obtained in the kinetic assay. . ) . :
) ) has been suggested that the transition state is stabilized via
The second part of the model outlines the formation of girect interaction of C# with the phosphate group and the
the catalytic OMPLA-Ca*—substrate complex. The kinetic  oyvanion. A possible direct interaction in OMPLA between
experiments suggest that saturation of the high-affinity site c2+ and the phosphate group of the substrate (possibility
is sufficient for activity. If th|s is the case, the OMPLA 1) was tested by comparison of two substrates: 2-hexade-
Ca"—substrate complex will be composed of the protein canoyithioethane-1-phosphocholine and the related com-
dimer with two C&" plus substrate (DG&S). However,  pound lacking the phosphocholine headgroup, hexade-
the C&* binding data for the sulfonylated-OMPLA, a mimic  canoylthioglycol. We argued that if the substrate interacts
of the acyl-enzyme intermediate, obtained by gel filtration yja the negatively charged phosphate witd'Céhen removal
strongly indicate that both €abinding sites are occupied  of this interaction would lead to a considerable change in
during catalysis. This observation favors an OMPLA  the C&* affinity. As it turned out, the C& dissociation
Ca*—substrate complex composed of the dimer protein with constants obtained for both substrates were almost identical,
four C&* plus substrate (DGAS) as the most probable  suggesting that no interaction takes place with the phosphate
active species. The order of €aand substrate binding  (unpublished data). Calcium could also act as a ligand for
cannot be elucidated at this stage. In line with the observedthe oxyanion that is formed during catalysis (possibility I1).
effect of the active site occupancy on “Cabinding, the Alternatively, the C&" binding site could be separated from
positive influence of the detergent; &N on the binding  the catalytic site, and still both sites could interact allosteri-
affinity for the second calcium (Table 1) is noteworthy. This cally (possibility 111). At this stage, we can rule out the first
detergent can be considered as a substrate analogue, ang@pssibility, and we are left with two possible modes of
therefore, could have affinity for the active site. The interaction for the second €a
interaction of GgPN with the active site might induce a What is the nature of the €abinding sites in OMPLA?
synergistic effect on calcium binding analogous to that Generally, to achieve micromolar affinity for &a the
observed upon sulfonylation. binding site would contain at least one, but more likely two
To address the question of the role of each*Cm or even three negatively charged carboxylates. The primary
OMPLA, it is relevant to compare OMPLA with several structure of OMPLA has 15 glutamic acid and 16 aspartic
other B-barrel outer membrane proteins that also bind acid residues. Based on sequence comparison of OMPLAs
calcium. Biochemically it has been shown tha2Cplays  from E. coli, Salmonella typhimuriunilebsiela pneumonja
an essential role in the stabilization of the quaternary structure Proteusuulgaris (9), Pantoea agglomerand), andCampi-
of the porins of Rhodobacter sphaeroideand Vibrio lobacter coli(34), only five of these residues are absolutely
cholerae(29, 30). In the absence of @4 these trimeric ~ conserved. These residues (Glu66, Glul1l, Asp149, Asp184,
proteins dissociate into their subunits. Inthe X-ray structure and Asp251) are the likely candidates for being calcium
of Rhodobacter capsulatuporin, C&" is bound at the ligands, and future structural and mutational work is needed
interface between subunits, providing a structural basis for to reveal their exact role.
the trimer stabilization by calcium3(). In view of the
similarities in secondary and oligomeric structure between ACKNOWLEDGMENT

OMPLA an+d the porins, and our finding that the binding of  \ye are greatly indebted to Mr. Ruud Cox for synthesizing
the first C&" by the enzyme is concurrent with dimerization, e supstrate and the hexadecanesulfonylfluoride inhibitor,
we propose that the first bound €ehas a structural role in - 4nq o Dr. Ton Aarsman for his help with the gel filtration
OMPLA acting as a molecular glue stabilizing the dimer. experiments.
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