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Dimerization is a biological regulatory mechanism employed by
both soluble and membrane proteins'. However, there are few
structural data on the factors that govern dimerization of mem-
brane proteins. Outer membrane phospholipase A (OMPLA) is
an integral membrane enzyme which participates in secretion of
colicins in Escherichia coli. In Campilobacter* and Helicobacter
pylori strains’, OMPLA is implied in virulence. Its activity is
regulated by reversible dimerization*’. Here we report X-ray
structures of monomeric and dimeric OMPLA from E. coli.
Dimer interactions occur almost exclusively in the apolar mem-
brane-embedded parts, with two hydrogen bonds within the
hydrophobic membrane area being key interactions. Dimeriza-
tion results in functional oxyanion holes and substrate-binding
pockets, which are absent in monomeric OMPLA. These results
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provide a detailed view of activation by dimerization of a mem-
brane protein.

The structure of monomeric OMPLA consists of a 12-stranded
antiparallel B-barrel with a convex and a flat side (Fig. 1a). The 12
amphipathic B-strands traverse the membrane, forming a hydro-
phobic outer surface flanked by rings of aromatic residues at the
polar—apolar boundaries of the membrane bilayer. Loops (L1-L6)
join consecutive strands at the extracellular side, and turns (T1-T5)
connect the strands at the periplasmic side of the membrane (as
inferred from epitope insertion studies®). The interior of the B-
barrel is polar and contains an intricate hydrogen-bonding network
providing a rigid structure. The two termini and the L1, L4 and L6
loops cover the barrel’s interior and obstruct pore function, as
corroborated by the absence of pore activity in black-lipid films
(N.D., unpublished results). The 12-B-stranded architecture of
OMPLA resembles the folds of other B-barrel outer membrane
proteins’™"! that have 8—22 B-strands. This shows the functionality
of this fold not only for transport and structural proteins but also
for membrane enzymes.

The active site contains Ser 144 and His 142, as established from
chemical modification' and site-directed mutagenesis experi-
ments"", and is located on the exterior of the B-barrel, positioned
just outside the outer leaflet ring of aromatic residues. Besides the
serine and histidine, the active site contains an asparagine residue
(Asn 156). Its side chain is at hydrogen-bonding distance from the N1
atom of His 142, fixing the orientation of the His 142 side chain. This
constellation of active-site residues resembles that of classical serine
hydrolases', but with a neutral asparagine instead of an aspartate
residue. Mutation studies have confirmed the importance of Asp 156
for catalysis (R. L. Kingma et al., manuscript in preparation).

Reversible dimerization regulates the activity of OMPLA, with
the dimer being the active species*. Covalent inhibition with
hexadecanesulphonylfluoride allowed the crystallization of the
dimeric enzyme. The structural rearrangements upon dimerization
are surprisingly few and small (r.m.s. difference between monomer
and dimer is 0.4 A for 257 Ca atoms). The monomers (labelled A
and B) associate with the flat sides of their B-barrels to form a
homodimer (Fig. 2a), such that both active sites are located at the
outer leaflet side of the membrane. Roughly 1,100A of the
accessible surface is buried, which corresponds to 10% of the total
surface. All interactions between the monomers occur in the
hydrophobic membrane-embedded area (Fig. 2b), except for three
main-chain hydrogen bonds formed at the polar—agolar membrane
boundary (Phe 109*-Gly 146®, Gly 146"~Phe 109® and Leu 32"
Leu32%). The hydrophobic side chains of Leu32*®, Leu71%®
Leu73"® and Leu265® exhibit a knob-and-hole interaction.
Residues Tyr 114"*~Phe 109”* have aromatic stacking interactions
with contact distances as close as 3.5A. The tyrosine hydroxyl
groups point towards a cavity with a hydrophilic character extend-
ing deep into the hydrophobic membrane-embedded area. The
cavity is lined with the side chains of Tyr 925, Gln 94"/, Ser 96"/"
and Thr 112*%, In monomeric OMPLA, a stabilizing hydrogen-
bond network between Tyr92, GIn94 and Ser96 allows these
residues to partition in the hydrophobic membrane environment.
In the dimer, however, the side chain of GIn94 is additionally
hydrogen bonded to Gln 94 of the other monomer (Fig. 1b). Gln 94
is strictly conserved in all OMPLA sequences, emphasizing the
importance of this residue for functional dimerization. Thus,
specific dimer interactions are obtained from a combination of
surface complementarity of knob-and-hole patterns and hydrogen-
bonding interactions between polar residues in the hydrophobic
membrane environment. Similar polar patches have been observed
in the apolar membrane-embedded regions of other membrane
proteins®'®'!, but here we show for the first time, to our knowledge,
their participation in protein—protein interactions.

Dimerization results in productive active sites, with two sub-
strate-binding pockets created at the interface between the two
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Figure 1 Structure of outer membrane phosopholipase A.

a, Stereo drawing of the secondary structure of a monomer.
The a-helices, B-strands and turns are depicted in red, blue
and grey, respectively. Loops and turns are numbered from the
N to C terminus and defined as L1, residues 46—64; L2, 99—
108; L3, 145-153; L4, 179-196; L5, 215—221; L6, 246—
254;T1,80-85, T2, 129-130; T3, 167—168; T4, 204—205;
and T5, 231-235. The active-site residues (ball-and-stick
representation) are located at the exterior of the B-barrel,
facing the outer leaflet side of the membrane. b, Stereo
diagram of the active site and binding pocket of OMPLA. The
inhibitor and residues from monomer A and B are coloured in
purple, yellow and green, respectively. Dashed lines indicate
hydrogen bonds in the active site; in the calcium-binding site
and between the two glutamines Gin 94*8 involved in dimer
interaction. The calcium ion is shown; unexpectedly, none of
its ligands is charged. ¢, Stereo diagram of the electron density
in the active site of dimeric OMPLA with 2F,F; OMIT electron
density contoured at 1o level.

NATURE |VOL 401|14 OCTOBER 1999 | www.nature.com




monomers. Both pockets accommodate all 16 aliphatic carbon
atoms of the inhibitors (Figs 1b and 2b). Aromatic residues
Tyr 114", Phe 109® and Trp 98" contact the upper three carbon
atoms of the inhibitor. The side chains of Tyr92*, Phe69® and
Leu 40® line the substrate-binding site for carbon atoms six to eight
of the inhibitor. After a bend at residues Leu 71® and Leu 265" (Figs
1b and 2b), the remainder of the binding pocket is lined with
residues Phe 75", Leu 77", Val235® and Val 236" illustrating the
exclusively hydrophobic character of the binding pocket. Both
monomers contribute to binding the inhibitor. In particular, con-
tacts for carbon atoms 10-16 are provided by the neighbouring
molecule. Binding of the inhibitors accounts for 27% of the
dimerization surface, which rationalizes the observed increase in
dimer stability of the inhibited enzyme®.

The catalytic sites are located at the top end of each substrate-
binding pocket, where a cup-like structure is formed at the interface
of the monomers (Fig. 1b). The base of the active site consists of
Tyr 114", Trp 98® and Phe 109°. The walls are formed by the active
site His 142", the amino-terminal residues of B-strand 6" and loops
L2%, 13" and L4*. The sulphonyl moiety of the inhibitor is located in
the centre of this active-site cup, where it is covalently bound to the
O of the nucleophilic serine (Fig. 1c). It mimics the transient
tetrahedral intermediate of the deacylation step in the serine
hydrolase catalytic mechanism. The O3 sulphonyl oxygen atom
is at hydrogen-bonding distance from the main-chain nitrogen
atom of Gly 146" and two® (or one®) water molecules. These
water molecules are bound, in turn, to a calcium ion present in
the active site. Calcium is an essential cofactor for activity'® and
dimerization®. Its binding site is located at the dimer interface and
the ion has ligands from both monomers (main-chain carbonyl
oxygen atoms from Arg 147" and Ser 106", the Ovy atom of Ser 152*
and three water molecules; Figs 1c and 3). Ser 152 is essential for
catalysis'. The structure indicates that the catalytic importance of
this residue may be related to its calcium-ligating capacity. Despite
biochemical evidence for a second calcium site'’, we find only
one bound calcium ion per monomer, presumably caused by the
enzyme’s low calcium affinity in the presence of uncharged
detergents'.

A phospholipid substrate may bind to OMPLA in a similar
fashion to the inhibitor, with one acyl chain occupying the position
of the inhibitor’s aliphatic chain. The second acyl chain may be
located in the membrane compartment without the need for a
particular binding site. The phosphate group of the substrate
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probably extends towards the solvent and could bind to the calcium
ion; however, catalysis requires neither the second acyl chain nor the
phosphate group'’, explaining the absence of obvious binding sites
for them. Hydrolysis of the substrate could proceed through a
mechanism analogous to that of serine hydrolases, with Ser 144
performing a nucleophilic attack on the carbonyl carbon of the
ester. A negatively charged intermediate will then be formed which
is stabilized by a tetrahedral arrangement of hydrogen bonds (the
amide of Gly146 and two water molecules) and by the remote
influence of the calcium ion (at 4.3 A). The transient intermediate
will then collapse to give the enzyme-acyl intermediate. The lyso-
phospholipid product can now leave the active site by lateral
diffusion into the membrane. Likewise, deacylation occurs with a
water molecule acting as nucleophile. The fatty-acid product may
leave the active site either by lateral diffusion into the membrane
through the opening between His 142% and Trp 98" (Fig. 1b) or after
dissociation of the dimer. Calcium may have a triple role in catalysis.
It may increase the nucleophilicity of the serine, it could polarize
the ester carbonyl bond, thereby facilitating nucleophilic attack,
and it is involved in oxyanion stabilization. A comparable active
site and well-developed oxyanion stabilization have been observed
in Streptomyces scabies esterase'®, which relies on a His-Ser dyad
with an carbonyl oxygen atom stabilizing the histidine, and three
tetrahedrally arranged hydrogen bonds coordinating the oxyanion
(Fig. 3).

Both calcium* and substrate' govern dimerization. The main
factor that controls dimerization in vivo is probably the substrate.
Normally, phospholipids are only present in the inner leaflet of the
outer membrane, and OMPLA is in the inactive monomeric form®.
As activation of OMPLA concurs with the perturbation of the
bacterial membrane*, we propose that the relief of lipid asymmetry
and the presentation of substrate to the outer leaflet induces
activation by promoting dimerization and calcium binding. The
OMPLA dimer then hydrolyses the substrate into lyso-phospho-
lipids and fatty acids. These compounds will further destabilize the
membrane bilayer, and may thus facilitate the release of colicins or
virulence factors.

In conclusion, our work shows that, even in the membrane-
embedded parts of integral membrane proteins, polar interactions
can contribute to specific intermolecular contacts. These can be seen
as the membrane equivalent of burying hydrophobic side chains in
the binding interface of soluble proteins. Our findings could aid in
the understanding of a wide variety of activation and regulation

Figure 2 Dimer covalently inhibited with hexadecanesulphonylfiuoride. a, Diagram of
dimer with active-site residues and inhibitor shown in ball-and-stick representation.
Residues 25—31 which lack interpretable density are indicated by thin dashed lines. The
polar—apolar membrane boundaries are roughly indicated in grey. b, Surface
representation of the dimerization interface of one monomer. The surface area within
1.5 A of the van der Waals surface of the inhibitors is depicted in blue. The inhibitor on the
left is covalently bound to Ser 144 of the monomer shown; the inhibitor on the right
belongs to the monomer that is omitted in this diagram. Residues that are involved in the
dimer interaction in the membrane-embedded part are indicated. Asterisks indicate the
holes from the knob-and-hole pattern. The dashed triangle indicates the hydrophilic cavity
(see text).

Figure 3 Comparison of the catalytic machinery of OMPLA and Streptomyces scabies
esterase. Two orthogonal views show superimposition of the imidazole rings and
carboxamide (Asn 156) and carbonyl (Trp 283) oxygen atoms; however, the orientation of
the serine residues, inhibitors and oxyanion holes is mirrored with respect to each other.
OMPLA is shown in yellow with black labels; S. Scabies esterase is shown in purple with
grey labels. Oxyanion-hole ligands are shown but labelled only for OMPLA; the oxygen 03
atom proposed to correspond to the oxyanion is indicated. The corresponding oxygen in
the S. scabies esterase is indicated with an asterisk.
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Table 1 Data collection and phasing statistics

Monomer Ir-3 N\ Ir-3 A2 Ir-3 A3 Se-Met M Se-Met N2 Se-Met A3 Dimer
Set 1 Set 2 Set 3

Resolution (’&l 36.6-2.5 18.1-2.2 3.5-2.2 20.0-8.2 20.0-3.1 20.0-30 19.0-2.8 19.0-2.8 19.0-2.8 20.3-2.1
Wavelength (A) 0.9164 0.9901 0.9901 1.10394 1.10444 0.827 0.97891 0.97969 0.90 0.99385
No. of unique, reflections 10973 13581 7532 6585 7244 7598 9365 9013 8161 28336
Redundancy 8.4 5.9 7.0 7.3 71 59 3.4 3.7 2.9 2.69
Completeness (%) 81.7 (42.6) 69.4 (4.1) 51.9(5.2) 97.1(92.1) 932812 932(77.8) 955(95.8) 96.8(93.5) 87.5(91.8) 74.1(66.3)
Reym™ (%) 4.1(33.6) 4.9(15.9) 9.0 (13.4) 9.8 (26.3) 7.1(26.1) 6.1(29.9) 5.4 (28.9) 5.9 (28.5) 5.7 (31.8) 7.7 (26.5)
[OZE0)] 17.2(2.9) 18.1 (2.8) 10.9(3.7) 15.7 (2.6) 22.0(4.2) 25.0(3.7) 14.7 (3.3 15.6 (3.5) 11.5(2.4) 10.9 (2.3)
Risot (%) 18.2 174 18.6 14.8 14.8 16.2
No. of sites 2 2 2 5 5 5
Phasing powert acentric/centric 1.95/1.12 1.96/1.50 2.13/1.60 1.23/0.77 1.15/0.90 1.561/1.00
Reuis§ iso 0.67/0.74 0.66/0.75 0.64/0.72 0.81/0.77 0.83/0.72 0.77/0.81
Reuiis§ ano 0.79 0.80 0.78 0.78 0.93 0.87
Beam line X11 D2AM D2AM X31 X31 X31 X31 X31 X31 ID2B
Refinement statistics

. Monomer Dimer
Resolution range (A) 36.6-2.2 20.3-2.1
Total no. of nonhydrogen atoms 2231 4220
No. of water molecules 28 69
R-factor (%) 22.1 22.6
Free R-factor (%) 27.0 28.3
Average B-factor (A% 56.0 345
R.m.s.d. bond lengths (A) 0.005 0.007
R.m.s.d. bond angles 1.3° 1.2°

kRsym = Ehk\Es\/mlF 7(F)|/Ehk\":'

TH\so =L |Fder ’Fnat‘/sznat-

1 Phasing power = Zyq|Fy /Zq|E| = ZialFnl/Eral Fong,, | = 1Fpn,, || = (Fn/loc).

§Ruis = ZnalFpn,, | = Fpn [1/ZnalFon — Fplisomorphous = (loc)(iso. diff).

§R s = Ll IFT = F~ | = (2 X |F,"calc)|/Zq IF* — F ~ | anomalous = {loc){ano. diff).

processes, such as signal transduction, phospholipid metabolism
and bacterial pathogenicity. O

Methods
Crystallization

Crystals of monomeric OMPLA (relative molecular mass 31K; 269 amino acids) were
obtained by mixing protein solution (8 mg ml™" OMPLA, 10 mM succinate buffer pH 6.5,
1.5% 1-O-n-octyl-B-p-glucopyranoside (3-OG), I mM NaNj;) in a 3:2 ratio with a
reservoir solution containing 25-29% (v/v) 2-methyl-2,4-pentanediol, 1 mM CaCl, and
0.1 M bis-Tris pH 5.9-6.0 (ref. 20). The space group of the crystals was P3,21 with cell
dimensions a = b = 78.55, ¢ = 101.52 A. The protein labelled with selenomethionine
crystallized under similar conditions to the wild-type protein.

Crystals of dimeric OMPLA were obtained by covalent modification of the active-site
serine by the inhibitor hexadecanesulphonylfluoride'” before crystallization. Crystals were
grown from 10 mg ml™ inhibited protein solution containing 1.95% (w/v) 8-OG, 10 mM
KCl, 2mM Tris pH 6.6 equilibrated against 12—17% (v/v) PEG400. Crystals of the
inhibitor—enzyme complex were soaked for 20 min in a solution containing 0.5% (w/w)
B-OG, 70% (w/w) phytohistol (Roth) and 15 mM CaCl, before data collection. These
crystals were flash frozen using phytohistol as a cryoprotectant. The crystals belong to
space group P2,2,2, with cell dimensions a = 81.54 A, b=284.97Aand c = 95.80 A, and
have two molecules in the asymmetric unit.

Data collection and processing

Native data of monomeric OMPLA were collected on cryopreserved crystals at EMBL
beam line X11, DESY, Hamburg (data set 1) and at the D2AM beam line at the ESRF,
Grenoble (data sets 2 and 3). Data were processed using DENZO/SCALEPACK*' for data
set 1, and XDS* for data sets 2 and 3. The three data sets were merged using KBRANI
(BIOMOL software package); data collected on the D2AM beam line were merged first
(Rierge 7-7%) and subsequently merged with data set 1 (Ryerge 10.5%). The crystals
diffracted anisotropically, resulting in an effective resolution of the merged data of about
2.4 A. An iridium derivative was prepared by soaking a native crystal in stabilizing mother
liquor at pH 6.5 with 10 mM Na;IrCls for one day, which gave two unique sites. Three-
wavelength anomalous dispersion experiments were collected on the iridium and
selenomethione derivatives at EMBL beam line X31, DESY, Hamburg. These data were
processed with DENZO/SCALEPACK™ and scaled with KBRANI. Data on a dimer crystal
was collected to 2.1 A at the ID2B beam line at the ESRF, Grenoble, and processed with
DENZO/SCALEPACK?™. Crystallographic data are summarized in Table 1.

Structure determination

Isomorphous differences between derivatives and native data were included in phasing, in
addition to the MAD phase information. Phases calculated with MLPHARE® were

improved by solvent flipping and histogram matching using DM*. The resulting electron-
density map allowed placement of residues 13—-269. The model was refined using the slow-
cooling protocol and conjugate gradient positional refinement in X-PLOR* cycled with
manual rebuilding using O*. Bulk solvent correction, overall anisotropic B-factor scaling
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and a resolution-dependent weighting were applied, and temperature factors were refined
individually. The model further comprises 28 water molecules and 5 partly occupied B-
OG molecules. The final R and Ry, of the model are 22.0% and 27.1%, respectively.
Remaining difference density around the protein molecule was interpreted as disordered
detergent. 84.8% of the main-chain phi—psi torsion angles is in the most favoured regions,
whereas none is in disallowed regions of the Ramachandran plot.

Phases for the dimer were obtained by molecular replacement (AMoRE*) using the
monomer as a search model. The dimer was refined using a slow-cooling protocol and
conjugate gradient positional refinement in X-PLOR* cycled with minor rebuilding using
O%. Bulk solvent correction, overall anisotropic B-factor scaling, and a resolution-
dependent weighting were applied. Initially, tight non-crystallographic symmetry (NCS)
restraints were applied to the entire molecules, but later these restraints were gradually
relieved. Water molecules were included in the model. Two water molecules with
exceptionally low B-factors and substantial difference density were interpreted as calcium
ions. Restrained individual temperature factor refinement resulted in a final R of 22.6%
and Ry, of 28.3%. Molscript® was used to produce Figs 1a, b, 2a and 3; Raster3D” was
used for all figures except Fig. 2b; GRASP* was used for Fig. 2b; and the program
Bobscript® was used for Fig. lc.
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Isopenicillin N synthase (IPNS), a non-haem iron-dependent
oxidase, catalyses the biosynthesis of isopenicillin N (IPN), the
precursor of all penicillins and cephalosporins'. The key steps in
this reaction are the two iron-dioxygen-mediated ring closures of
the tripeptide 8-(L-a-aminoadipoyl)-L-cysteinyl-p-valine (ACV).
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It has been proposed that the four-membered (3-lactam ring forms
initially, associated with a highly oxidized iron(iv)-oxo (ferryl)
moiety, which subsequently mediates closure of the five-mem-
bered thiazolidine ring”. Here we describe observation of the IPNS
reaction in crystals by X-ray crystallography. IPNS[Be>* Substrate
crystals were grown anaerobically®*, exposed to high pressures of
oxygen to promote reaction and frozen, and their structures were
elucidated by X-ray diffraction. Using the natural substrate ACV,
this resulted in the IPNSFe* IPN product complex. With the
substrate analogue, 8-(L-a-aminoadipoyl)-L-cysteinyl-L-S-methyl-
cysteine (ACmC) in the crystal, the reaction cycle was interrupted
at the monocyclic stage. These mono- and bicyclic structures
support our hypothesis of a two-stage reaction sequence leading
to penicillin. Furthermore, the formation of a monocyclic sulph-
oxide product from ACmC is most simply explained by the
interception of a high-valency iron-oxo species.

A challenge in protein crystallography is the possibility of directly
observing the structural changes occurring in enzymes during the
catalytic cycle. One approach has been the use of Laue crystal-
lography, which has permitted the observation of relatively small
changes in structure, such as the photodissociation of a small
ligand®. The IPNS-catalysed oxidative synthesis of IPN involves
significant movements of atoms, through the formation of the two
fused heterocyclic rings of penicillin from the linear precursor ACV.
Our approach involved the direct oxygenation of anaerobically
grown crystals of IPNS complexed with Fe’" and substrates, then
structural investigation by X-ray crystallography.

In solution, IPNS shows relatively slow kinetic parameters
(ke = 4.657 ', K,, = 0.56 mM for ACV, where k., is the maximum
catalytic rate when substrate is saturating, and K,,, is the concentra-
tion of substrate at which the reaction rate is half its maximum
value®, and initial experiments with crystals exposed to atmospheric
pressures of oxygen (air) proved unsuccessful. Therefore, a ‘bomb’
suitable for exposing crystals to oxygen at pressures up to 60 bar was
built”®, and used to expose crystals of IPNSBe*'[ACV to 40-bar
oxygen for different time periods. After an exposure time of 20 min,
a transient pale yellow colour (A, 410nm) was observed uni-
formly across the crystals; the colour faded with prolonged exposure
and was no longer discernible after 320 min. The origin of this
chromophore is at present uncertain, but a similar absorption (A«
430 nm) has been attributed to a ferryl species in methane mono-
oxygenase’, although that enzyme has a di-iron centre.

A single crystal of IPNSBe’*[ACV exposed to the same oxygen
pressure for 320 min allowed determination of the structure of
IPNSEe? 0PN to 1.35A resolution (Fig. 1a, b). The structure is
primarily that of an IPNSBe*' PN product complex, but residual
electron density at the carbonyl and sulphide regions of the ACV
cysteine unit make it apparent that the crystal still contains 30% of
unreacted IPNS[Be’'[ACV (Fig. 1b). Attempts to obtain complete
turnover by extended pressurization under oxygen (for up to 640
min) were unsuccessful. Crystals exposed for these longer times
showed low occupancy in the substrate binding region, consistent
with slow release of the product from the active site into the
surrounding solvent.

The most significant differences between the IPNS[He*'IPN
structure and the IPNS[Be’"[ACV complex are in the positions of
the B-lactam carbonyl group and the cysteinyl sulphur atom. The
carbonyl group has moved 60° around the axis of the cysteinyl C,—
C, bond, towards Phe 211. The absence of well-ordered hydrogen
bonds to this carbonyl group in the substrate complex appears
necessary to facilitate this movement. During the reaction, the
sulphur migrates around the iron towards the valine B-carbon
and out of the site trans to His 270, forming the pentacoordinate
product complex. A cavity apparent in the IPNSHe* [ACV complex
accommodates the sulphur in the product structure. The valine
isopropyl group has rotated about the C,—Cg bond to facilitate
formation of the carbon—sulphur bond, and this rotation reverses
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