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Crystal Structures of Penicillin Acylase Enzyme-
substrate Complexes: Structural Insights into the
Catalytic Mechanism

Colin E. McVey1, Martin A. Walsh2, G. Guy Dodson1,3, Keith S.Wilson1

and James A. Brannigan1*
1Structural Biology Laboratory
Chemistry Department
University of York, York
YO10 5DD, UK
2European Molecular Biology
Laboratory, c/o DESY
Notkestrasse 85, D-22603
Hamburg, Germany
3National Institute for Medical
Research, The Ridgeway
London NW7 1AA, UK
Present addresses: C. E. McVey, S
Wright-Fleming Institute, St Mary's
Medicine, Imperial College, Norfolk
1PG; M. A. Walsh, Medical Researc
c/o ESRF, BM14 CRG beamline, 6 r
BP 220, 38043 Grenoble Cedex, Fran

Abbreviations used: PAA, pheny
penicillin G (benzylpenicillin); PGA
PGSO, penicillin G sulphoxide; PVA
amidase.

E-mail address of the correspond
jab@ysbl.york.ac.uk

0022-2836/01/010139±12 $35.00/0
The crystal structure of penicillin G acylase from Escherichia coli has been
determined to a resolution of 1.3 AÊ from a crystal form grown in the pre-
sence of ethylene glycol. To study aspects of the substrate speci®city and
catalytic mechanism of this key biotechnological enzyme, mutants were
made to generate inactive protein useful for producing enzyme-substrate
complexes. Owing to the intimate association of enzyme activity and pre-
cursor processing in this protein family (the Ntn hydrolases), most
attempts to alter active-site residues lead to processing defects. Mutation
of the invariant residue Arg B263 results in the accumulation of a protein
precursor form. However, the mutation of Asn B241, a residue implicated
in stabilisation of the tetrahedral intermediate during catalysis, inactivates
the enzyme but does not prevent autocatalytic processing or the ability
to bind substrates. The crystal structure of the Asn B241 Ala oxyanion
hole mutant enzyme has been determined in its native form and in com-
plex with penicillin G and penicillin G sulphoxide. We show that Asn
B241 has an important role in maintaining the active site geometry and
in productive substrate binding, hence the structure of the mutant protein
is a poor model for the Michaelis complex. For this reason, we sub-
sequently solved the structure of the wild-type protein in complex with
the slowly processed substrate penicillin G sulphoxide. Analysis of this
structure suggests that the reaction mechanism proceeds via direct
nucleophilic attack of Ser B1 on the scissile amide and not as previously
proposed via a tightly H-bonded water molecule acting as a ``virtual''
base.
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Introduction

Penicillin acylases (also referred to as amidases)
are widely distributed among microorganisms
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including bacteria, yeast and fungi. They are
important industrial enzymes, used to catalyse the
hydrolysis of natural penicillins to yield 6-amino-
penicillanic acid (6-APA), the nucleus from which
a range of semi-synthetic penicillins are made. The
enzymes are also used for the hydrolysis of cepha-
losporin G, obtained from penicillin G through
chemical ring expansion, to 7-aminodesacetoxyce-
phalosporanic acid (7-ADCA). This group of
enzymes is classi®ed into three subtypes based on
substrate preference: penicillin V amidases (PVA)
which preferentially hydrolyse penicillin V
(phenoxymethylpenicillin, Type I), penicillin G
amidases which prefer penicillin G (PG, benzyl-
penicillin; Type II) and ampicillin amidases which
speci®cally hydrolyse ampicillin (Type III).1 ± 3
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Penicillin G acylase (PGA) from Escherichia coli
W ATCC 11105 (penicillin amidohydrolase, EC
3.5.1.11) is the most widely studied of the Type II
amidases. Its physiological role remains unclear,
although it has been suggested that PGA could be
involved in the assimilation of aromatic com-
pounds as carbon sources.4 Much is known about
its substrate speci®city.5 ± 9 While primarily active
on PG,10 the enzyme is capable of hydrolysing a
diverse range of amides, which can be generalised
as R-CO-NH-R0. The substrate speci®city is deter-
mined mainly by the acyl moiety, R (hence the
term acylase is often used in preference to ami-
dase) and PGA displays a preference for hydro-
phobic groups. In contrast, R0 can be varied
substantially, and the leaving group of the sub-
strates has minimal effect on the hydrolysis rate.11

The penam ring can be substituted by a cephem
nucleus, sugars, nucleosides or amino acids.7,10

This broad substrate speci®city of PGA for pheny-
lacetyl amides and esters has led to a variety of
applications, including resolution of racemic mix-
tures and the design of new protecting groups in
peptide, carbohydrate and b-lactam chemistry.12 ± 14

Mature E. coli PGA is a periplasmic 86 kDa het-
erodimer. The two monomer chains are referred to
as A and B, consisting of 209 and 557 amino acid
residues, respectively. The enzyme is synthesised
as a precursor from which an active enzyme is gen-
erated by proteolytic processing. The PGA precur-
sor polypeptide consists of four segments: the
signal sequence, the A-subunit (A1 to A209), the
spacer peptide (residues 210 to 263) and the B-sub-
unit (B1 to B557). The signal sequence directs the
transport of PGA into the periplasmic space while
the spacer peptide helps to ensure the correct fold-
ing of the polypeptide before cleavage generates
the mature enzyme. It appears that this processing
is autocatalytic15 and the crystal structure of a
slowly processed mutant PGA precursor has been
solved.16

The crystal structure of PGA from E. coli deter-
mined to 1.9 AÊ resolution has been reported17 and
more recently that from Providencia rettgeri at 2.5 AÊ

resolution.18 The two chains of the molecule are
closely intertwined and form a pyramidal structure
that contains a deep cone-shaped depression at the
bottom of which is the active site. PGA belongs to
the N-terminal nucleophile (Ntn) hydrolase protein
superfamily, characterised by an N-terminal
nucleophile that acts as the catalytic residue.19 It
forms part of a four layer a � b structure with two
anti-parallel b-sheets, the so-called Ntn fold, which
is embedded in chain B of the processed PGA pro-
tein, and provides the framework on which the
important catalytic residues are distributed. The
proposed mechanism of PGA catalysis involves
attack by the B-chain N-terminal serine B1 Og

whose nucleophilic character is enhanced by an
interaction, possibly mediated by a bridging water
molecule, with the adjacent N-terminal a-amino
group.17 The resulting tetrahedral intermediate is
stabilised by interactions with the main-chain
amides of Gln B23, Ala B69 and with the Nd of
Asn B241, creating an oxyanion hole equivalent to
that seen in the serine proteinases.

The substrate-binding site of PGA was identi®ed
by the presence of a reaction product, phenylacetic
acid (PAA) bound in a well-de®ned pocket made
up of elements from both chains of the mature
protein.17 This pocket is equivalent to that termed
the S1 site in proteinases. The PAA complex was a
result of crystal soaks with penicillin G sulphoxide
(PGSO), which had been described as a non-hydro-
lysable substrate analogue for PGA.7 Appreciable
hydrolysis of PGSO presumably resulted from the
long data collection time (several days) at room
temperature, con®rming the report that PGSO is,
in reality, a poor substrate for PGA from Kluyvera
citrophila with activity less than 1 % of that for
PG.20 The only chemical difference between PG
and PGSO is the oxidation of the sulphur atom of
the thiazolidine ring (Figure 1) and PGA has com-
parable af®nities for both molecules, with KM

values reported to be in the range 12-20 mM.21

Thus, the oxidation of the sulphur is responsible
for a dramatic decrease in enzyme activity without
loss of binding af®nity.

PAA is a strong competitive inhibitor of PGA,
whose binding induces essentially no change in
conformation of the enzyme. A combined structur-
al and kinetic study with a series of PAA ana-
logues revealed two distinct binding modes for
these ligands.22 Strong binding molecules do so in
essentially the same way as PAA. In contrast, a
subset of the analogues bound with their phenyl
group displaced by 1 AÊ and forming no contacts in
the oxyanion hole. Furthermore, the position of
these ligands was associated with a signi®cant
movement of the side-chains of Arg A145 and Phe
A146. These two residues lie at the end of a 16
amino acid residue a-helix (A131 to A146) inter-
rupted by a kink (f � 116 �, c � 65 �) between resi-
dues Met A142 and Ala A143, which are
positioned at the back of the S1 speci®city pocket.
The kink destabilises the end of the helix, resulting
in the two energetically favoured conformations.22

The movement of these residues, associated with
weak ligand binding, involves a limited unfolding
of the helix and is here termed the ``coil'' confor-
mation to distinguish it from the ``helical'' confor-
mation that corresponds to tight ligand binding.
Any functional signi®cance of these movements
was not apparent, but it was clear that some resi-
dues around the active site show substantial ¯exi-
bility in position. The presence of the coil
conformation in the PGA precursor16 and the heli-
cal conformation in the processed enzyme hints
that productive substrate binding and hence
enzyme activity might be dictated by these alter-
nate conformations.

Here we report the structures of an inactive PGA
mutant (Asn B241 to Ala) and its complexes with
PG and PGSO ligands. These complexes reveal the
structural basis of substrate interactions through
the penam ring and highlight residues important



Figure 1. The chemical structures of (a) penicillin G (PG) and (b) penicillin G sulphoxide (PGSO). The site of clea-
vage by PGA is the amide bond between the penam ring and side-chain. The penam moiety is a fusion of b-lactam
and thiazolidine rings, with oxidation of sulphur in the latter being the only chemical difference between PG and
PGSO. (c) Superposition on all atoms of the substrate penicillin G in its bound conformation (yellow) with that of the
small molecule crystal structure (green). The position of the b-lactam overlaps but the phenylacetyl moiety rotates
and the thiazolidine ring adopts a different pucker when protein-bound. (d) The structure of PGSO showing the
intramolecular hydrogen bond between the amide NH (hydrogen drawn in grey) and the sulphonyl oxygen of the
thiazolidine ring.
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for substrate speci®city. We also report a structural
analysis of wild-type PGA at high resolution
(1.3 AÊ ) and in complex with the slowly hydrolysed
substrate analogue PGSO. It was expected that the
complexes with inactive mutant enzyme would
mimic the ES ground state. However, we propose
that the WT-PGSO complex is a more suitable
model for the Michaelis complex and that Asn
B241 is crucial for catalysis by PGA.

Results

Site-directed mutagenesis of the enzyme's active
site residue,23 or the processing site16 affects, and
usually abolishes, processing of the precursor
suggesting that the two processes use the same
residues.24 This intimate relationship between
enzyme processing and catalysis leads to dif®cul-
ties in designing a protein useful for structural stu-
dies of PGA in complex with intact substrates.
Two alterations at the active site residue, Ser B1,
were made to produce an inactive enzyme. An Ala
substitution leads to the accumulation of precursor
(data not shown). In contrast, replacement of Ser
B1 with another potential nucleophilic residue,
Cys, allows processing. However, this cysteine is
highly prone to oxidation, leading to the formation
of sulphoxides. Reducing agents used in an
attempt to minimise oxidation tended to form
mixed di-sulphides with the Cys sulphur. Either
event of Cys oxidation or di-sulphide formation
with b-mercaptoethanol results in poor substrate
binding (C.E.M. et al., unpublished results). Other
residues around the active site were therefore tar-
geted, namely the conserved residues Arg B263
and Asn B241. The mutant Arg B263 Ile accumu-
lates as a precursor, in a manner similar to the Ser
B1 Ala form (Figure 2). Asn B241 forms part of the
proposed oxyanion hole that balances the negative
charge on the tetrahedral reaction intermediate.17

The mutant protein Asn B241 Ala proved to have
minor effects on pro-enzyme processing (Figure 2),
but reduced the catalytic activity by four orders of
magnitude when assayed with the chromogenic
reporter substrate N-(3-carboxy-4-nitrophenyl) phe-
nylacetamide. The crystal structure of this mutant
form was determined and compared to a high-res-
olution structure of wild-type PGA.

The wild-type enzyme

The structure of wild-type (WT) PGA was deter-
mined from the monoclinic crystal form in the pre-
sence of ethylene glycol25 that diffracted
considerably better than the triclinic form studied
previously. The data, which extended to 1.3 AÊ spa-
cing, were collected from a single crystal at 100 K
(Tables 1 and 2). 91.3 % of the non-Gly residues are



Figure 2. SDS-PAGE analysis of E. coli BL21 peri-
plasm extracts showing expression of the PGA mutants
Asn B241 Ala and Arg B263 Ile. Protein extracts were
made from cultures grown at 28 �C for 46 hours except
for lane 5 (36 hours). Lane 1, pA1 (WT PGA). Lane 2,
pACYC184 (negative control). Lane 3, Asn B241 Ala.
Lane 4, Protein molecular mass markers of 97, 66, 45, 31
and 21 kDa. Lane 5, Asn B241 Ala (36 hours). Lane 6,
Arg B263 Ile. Lane 7, Puri®ed PGA. The positions of the
PGA precursor and the chains derived from processing
(A and B) are marked with an arrow.
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in the most-favoured region of the Ramachandran
plot, the rest falling in allowed regions.26 The over-
all fold of the enzyme is essentially identical to
that described for the triclinic form.17 One notable
difference occurs for the 14 residues at the C termi-
nus of the A-chain: these had no visible density in
the triclinic crystal but are clearly de®ned in the
present structures, leaving the C terminus posi-
tioned on the periphery of the active site cleft. The
increased de®nition in the structure may be attrib-
uted to a number of factors, including the use of
better-puri®ed recombinant protein, different crys-
tal contacts in the monoclinic crystal form, the pre-
sence of ethylene glycol in the lattice and the
cryogenic process itself.
Table 1. Crystallographic analysis

Acronym WT MUT

PGA protein wt Ala B2
ligand - -
Data statistics
Cell dimensions b (deg.) 105.95 105.7
a (AÊ ) 51.31 51.17
b (AÊ ) 131.56 131.7
c (AÊ ) 63.94 63.94
Resolution (AÊ ) 20-1.3 25-1.
Mosaicity 0.2 0.3
Reflections measured 651295 36190
Unique reflections 190229 15216
Completeness (%) 95.5 (97.1) 97.4 (95
Rmerge (outer shell) 7.5 (24.4) 5.2 (17
I/sI (outer shell) 20.5 (3.4) 19.8 (4

Rmerge � �jI ÿ hIij/�I.
The residues Met A142 to Phe A146 are visible
in the same ``helical'' conformation as the room
temperature triclinic structures for WT and PAA-
liganded enzyme. The higher resolution allows the
re®nement of two overlapping sub-conformations
for the side-chains of Phe B71 and Phe A146. The
aromatic residues at these two positions play an
important role in substrate binding (see below)
and the presence of alternate related conformations
hints at inherent ¯exibility and concerted move-
ment between these two residues. Although these
two phenylalanine residues at positions A146 and
B71 reside on different chains of the processed
enzyme, there is a structural link between them via
a calcium ion with a typical coordination
geometry.18,27 This calcium ion pins the two sub-
units together and is strategically placed at the lip
of the active site where it helps to de®ne the struc-
ture of the binding pocket. Residue Phe B71 forms
part of an extended loop containing the residues
Asp B73, Val B75 and Asp B76 that bind to the cal-
cium. Phe A146 is situated at the beginning of a
loop that extends to Glu A152, through which the
A-chain makes its contribution to the calcium
coordination. The functional relevance of these
positions in relation to substrate binding is dis-
cussed below.

The inactive mutant Asn B241 Ala

The crystal structure of the unliganded mutant
(MUT) closely resembles that of WT with an over-
all rmsd in Ca atoms of 0.39 AÊ . The initial differ-
ence map showed features that clearly con®rmed
the alanine mutation at position B241 and indi-
cated conformational changes in the vicinity. In
particular, the side-chains of Arg A145 and Phe
A146 were seen to be in two alternate confor-
mations, corresponding to the wild-type non-
liganded helical state (30 %) and the ``coil'' form
(70 %). While the density is poorly de®ned for the
A145 and A146 side-chains in the helical confor-
mation, the main-chain and side-chain density for
residues A142-A144 con®rm the presence of both
MUT-PG MUT-PGSO WT-PGSO

41 Ala B241 Ala B241 wt
PenG PGSO PGSO

2 105.60 105.83 105.98
51.56 51.20 51.68

0 131.76 131.15 132.94
63.93 63.94 65.04

4 30-1.45 15-2.0 30-1.8
0.5 0.6 0.6

5 497433 107633 227614
3 144035 50974 77861
.9) 99.6 (99.9) 97.0 (95.6) 96.1 (90.8)
.6) 6.1 (33.9) 8.6 (32.1) 4.8 (20.3)
.4) 18.7 (3.3) 7.2 (1.7) 24.3 (4.6)



Table 2. Re®nement statistics

WT MUT MUT-PG MUT-PGSO WT-PGSO

Resolution (AÊ ) 20-1.3 25-1.4 30-1.45 15-2.0 30-1.8
R factor (%) 14.8 14.9 14.5 16.5 15.3
Free R factor (%)a 16.9 16.9 17.1 23.2 19.0
No. non-hydrogen atoms:

Protein 6501 6252 6293 6085 6103
Solvent 956 917 978 644 748
Ethylene glycold 96 (24) 52 (13) 88 (22) - 44 (11)
Ligand - - 23 24 24

Rmsd from idealityb (AÊ ):
Bond 1-2 distance (0.02) 0.014 0.011 0.013 0.017 0.018
Angle 1-3 distance (0.04) 0.027 0.026 0.028 0.039 0.035
Planar 1-4 distance (0.05) 0.032 0.032 0.035 0.044 0.041

Average B factor (AÊ 2):
All atoms 15.5 14.4 14.8 18.2 16.9
Protein 13.7 13.1 13.2 17.4 15.7
Solvent 27.9 23.9 26.1 25.4 26.4
Ligand - - 15.0 28.5 30.1
Ca2� 7.9 7.2 7.4 14.5 10.8
Ethylene glycol 18.6 17.5 19.3 - 23.6

Coordinate errorc (AÊ ) 0.048 0.054 0.056 0.185 0.110

a Crystallographic R factor (Rfree) � (�jjFoj ÿ jFcjj/�jFoj) � 100. The re®nement was carried out against all observed re¯ections in
the resolution range, with 3 % being omitted for calculation of Rfree.

b Target values for restraints are given in brackets.
c Coordinate error estimated by the Diffraction Data Precision Indicator.45

d Number of ethylene glycol molecules in parentheses.
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conformations. As stated in the Introduction, the
conformational change involves residues A142
through A146, as previously discussed in detail22

and shown in Figure 5 of that paper. Thus the per-
turbation of the oxyanion hole appears to favour
the local protein conformation seen in complexes
with weak-binding substrate analogues, and
suggests the existence of a dynamic equilibrium
between the two states. Close inspection of the WT
structure also suggests dual conformations for this
region, with that characteristic of the coil form
representing less than 20 %.

The presence of ethylene glycol, one factor in
generating the new crystal form of PGA with its
improved diffraction quality, is a potential compli-
cation for analysing the interactions involved in
substrate binding and catalysis. There were 24 eth-
ylene glycol molecules in the WT structure and 22
visible in the Asn B241 Ala mutant. In general, the
carbon backbones of the ethylene glycol molecules
pack against non-polar protein residues, while
their hydroxyl groups adopt various conformations
in order to form hydrogen bonds. Most lie on the
surface of the protein and some mediate crystal
contacts. A few are buried in the protein interior
where they make non-polar and polar contacts.
Four are present in the active site (Figure 3), and
seem to mimic the binding of substrate, possibly
contributing to the conformational changes in this
region. Their presence also perturbs interactions
with catalytic residues. One hydroxyl of ETG2 sits
0.7 AÊ from the site of the water molecule that
bridges the a-amino group and the Ser B1 Og in
the room temperature WT structure and which
was proposed to be involved in the catalytic mech-
anism. The other ETG2 hydroxyl group is H-
bonded to the Ser B1 a-amino group that is pre-
dicted to be responsible for enhancing the nucleo-
philicity of this catalytic residue. These ethylene
glycol molecules are displaced on binding of sub-
strates, an indication that they had no signi®cant
effect on binding.

The mutant-PG complex

The crystal structure of the Asn B241 Ala
mutant, complexed with PG (MUT-PG) was deter-
mined to 1.45 AÊ resolution. The overall structure is
essentially identical to that of WT and mutant PGA
structures, with signi®cant difference electron den-
sity only in the active site pocket. This well-de®ned
density in the S1 and S10 sites was used to ®t the
PG substrate employing the X-LIGAND option in
QUANTA (Figure 4). Re®nement identi®ed sub-
strate-induced conformational changes that were
restricted to the region around the active site
(Table 3). The phenylacetyl side-chain of the sub-
strate sits in the hydrophobic pocket of the S1 site,
interacting with the aromatic ring of Phe B24, and
the non-polar residues Ile B177 and Met A142. The
only direct protein-ligand hydrogen bond is
between the Og atom of Ser B1 and the O16 atom
of PG. The aromatic-aromatic contacts made to the
phenylacetyl moiety are similar to those in the phe-
nylacetic acid complex.17 The position of the
penam ring is extremely well de®ned, considering
that 6-APA binds weakly, with inhibition constants
in the millimolar range. Superposition of the crys-
tal structure of free PG onto the molecule bound to
the mutant shows small but distinct conformation-
al changes when protein-bound (Figure 1(c)). The
protein contacts are fewer in the S10 subsite than at



Figure 3. The hydrogen bonding interactions of ethylene glycol (ETG) in the active site of PGA. ETG1 is positioned
in the S1 speci®city pocket. ETG2 spans the active site nucleophile, bridging the primary amino and serine hydroxyl
groups of Ser B1, displacing a water molecule implicated in catalysis. ETG3 and ETG4 make hydrophobic interactions
with the aromatic rings of phenylalanyl residues B71 and B256. Atoms are coloured by type, with carbon green, nitro-
gen blue, oxygen red and sulphur yellow.
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S1. The polar groups of the penam moiety all make
favourable hydrogen bonds to water or ethylene
glycol. Direct protein interactions are limited to
hydrophobic contacts with the aromatic side-chains
of Phe A146 and Phe B71. There are close contacts
(3.6 AÊ ) between the thiazolidine ring and the edge
(Cd1 and Ce1) of Phe A146.

The binding of PG to the mutant protein induces
side-chain movements of Arg A145 and Phe A146
into the coil form exclusively. This conformation
leads to a loss in van der Waals contacts between
the phenylacetyl group of PG and the side-chain of
Phe A146, which forms the neck of the phenylace-
tyl-binding pocket. In comparison with the PAA
complex, the phenylacetyl moiety shifts slightly
out of the hydrophobic pocket in the mutant-PG
complex (Figure 5). The active site nucleophilic ser-
ine Og lies 3.3 AÊ from the carbonyl carbon (C15) of
PG, too remote for a catalytic interaction and about
0.5 AÊ greater than the equivalent distance in the
PAA complex. The result is that the whole PG sub-
strate shifts out of the active site pocket. Interest-
ingly, the proposed catalytic water makes a
hydrogen bond (2.9 AÊ ) to the a-NH2 of Ser B1 as
seen in the PAA complex.
Table 3. Rmsd for the MUT-PG complex from WT PGA (AÊ )

Ca atoms 12 AÊ sphere of active site Ca

0.21 0.44

Selected rmsd pe

Thr A141 Met A142 Ala A143 Asn A144
1.43 0.84 0.86 1.98
The mutant-PGSO complex

The structure of the mutant-PGSO complex was
determined to 2 AÊ resolution and the initial differ-
ence maps showed well-de®ned positive electron
density consistent with bound PGSO in the active
site, in a position similar to that of PG. It differs
only in small changes in conformation and in pro-
tein contacts. The position of the phenylacetyl side-
chain is essentially identical to that in the mutant-
PG complex, with the Og of Ser B1 3.3 AÊ from the
carbonyl carbon (C16) of the substrate and dis-
placed from the expected axial direction for nucleo-
philic attack. The carbonyl oxygen (O17) makes
one direct hydrogen bond of 2.5 AÊ to protein with
the Og of Ser B1 and a second hydrogen bond to a
water molecule. An important feature in the
mutant-PGSO complex is the presence of an
internal H-bond between the PGSO O5 atom across
the top of the penam ring to the amide nitrogen
(Figure 1(d)). This may have some consequences
for the b-lactam ring con®guration, discussed in
more detail below.

The penam ring of PGSO sits between the Phe
residues A146 and B71 with interactions mainly
atoms 12 AÊ sphere of active site all equivalent atoms
0.98

r residue (AÊ )

Arg A145 Phe A146 Ser A147 Phe B71
5.46 2.33 0.35 1.01



Figure 4. Stereoview showing the ®nal 2Fo ÿ Fc electron density map (red) contoured at 1 s for PenG in the MUT-
PG complex.
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con®ned to hydrophobic contacts. Similarly, the
oxidised form of the penam side-chain has each of
its polar groups satis®ed by hydrogen bonds to
water molecules. The presence of an oxygen atom
on the sulphur of the thiazolidine ring is associated
with a slightly different movement of the aromatic
rings of residues Phe A146 and B71. In contrast to
the mutant-PG complex, the side-chain of A146
rotates by ÿ15 � and forms a contact (3.2 AÊ ) with
the O5 atom of PGSO. The base of the penam moi-
ety is in van der Waals contact with the side-chain
of Phe B71, with the atoms C6 and C7 a distance of
3.2 AÊ and 3.9 AÊ , respectively, from the Cz position.
The exclusively coil conformation observed in the
mutant-PG complex for residues A142 to A146 is
also seen in the PGSO complex.

The WT-PGSO complex

The structure of wild-type PGA complexed with
the inhibitor PGSO (WT-PGSO) has been deter-
mined to 1.8 AÊ resolution. This complex proves to
be the most informative with respect to providing
evidence for the enzyme mechanism. The initial
difference map around the active site clearly
Figure 5. Stereoview of a superposition of the active site
PG complex (green). The position is shown of a water molec
anism. A major rearrangement of side-chain positions for re
hand side of the Figure.
de®ned the phenylacetyl moiety but the density is
relatively poorly de®ned for the penam ring
(Figure 6). The average B value, 15 AÊ 2, for the phe-
nylacetyl group is consistent with tight binding
and implies essentially full occupancy. In compari-
son to the mutant-PGSO structure the phenylacetyl
side-chain is shifted 0.5 AÊ into the pocket to a pos-
ition similar to that of the PAA ligand in the tricli-
nic product complex (1pnl.pdb),17 with the Nd2

atom of Asn B241 making a direct hydrogen bond
to the carbonyl oxygen.

In contrast to the well-de®ned density for the
phenylacetyl group, that corresponding to the
penam nucleus is rather poor although the density
is clearly continuous. The re®ned B factors for the
penam moiety (average 40 AÊ 2 assuming unit occu-
pancy) are considerably higher than for the pheny-
lacetyl group and the surrounding protein atoms
(16 AÊ 2). Moreover, the position of the penam ring
in the binding site is quite different from that in
the mutant-PG and -PGSO complexes, being dis-
placed by �3.5 AÊ towards Arg B263, and making a
salt-bridge contact through the carboxylate
(Figure 7). This movement separates the b-lactam
ring from Phe A146, which in other complexes
of the PAA-liganded structure (yellow) with that of the
ule (WAT1) previously implicated in the catalytic mech-
sidues Phe A146 and Arg A145 is evident on the right-



Figure 6. Stereoview of the electron density map of PGSO bound in the active site of WT-PGSO. The 2Fo ÿ Fc map
is coloured in blue and contoured at the 1 s level. For clarity, the density around protein atoms has been omitted.
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makes seemingly signi®cant non-polar contacts.
The density for the side-chain of Phe B71 in contact
with PGSO is well de®ned, but rather broader than
expected for similar side-chains in the rest of the
structure. This could re¯ect the presence of alter-
nate conformations or, more likely, the partial
hydrolysis of PGSO. Re®nement of the structure
with a combination of hydrolysis products was
attempted, but the maps at this resolution could
not model this with con®dence. While the rather
poor density for the penam ring restricts the accu-
racy of the ®nal model, the position of the phenyla-
cetyl moiety and the link to the penam ring are
clear. This is a most important feature as it delin-
eates the scissile bond.

In the WT-PGSO complex the Ser B1 Og is 2.9 AÊ

from the carbonyl carbon of the substrate analogue
and ideally placed for nucleophilic attack. In
addition, the carbonyl oxygen (O17) makes a direct
hydrogen bond of 2.6 AÊ to Ser B1 Og and the b-lac-
tam oxygen makes a well-de®ned H-bond to the
Ser B1 a-amino group. Unlike the inactive mutant
complexes, the positions of Arg A145 and Phe
A146 in this complex are the same as in the unli-
ganded wild-type enzyme. The second coil confor-
mation evident in the other complexes may
nevertheless be signi®cant. It is possible that the
active site needs to open to allow initial access of
the bulky substrate, before the coil to helix closure
Figure 7. Stereoview of a superposition of the WT-PGSO
the region of the active site. The ligands and the protein of W
in green. A water molecule (WAT1 in Figure 5) is depicted a
lar structure Figures were drawn with the program BOBSCR
positions the substrate for catalysis. The intramole-
cular PGSO H-bond, seen in the mutant-PGSO
complex, is also present in the WT-PGSO structure.
This H-bond appears to be the key to the low
activity of the enzyme on PGSO. The carbon of the
scissile bond would be required to distort towards
a tetrahedral sp3 hybridisation for the transition
state. The intramolecular H-bond to the -NH
restrains the carbon in a planar sp2 state, hence
PGSO is a useful mimic for a PGA enzyme:sub-
strate Michaelis complex.

Discussion

These crystallographic studies illustrate that
non-polar contacts and the conformational proper-
ties of PGA are probably the principal factors that
govern enzyme interactions with ligands. It is
apparent that the aromatic residues within the
active site are the main contributors to substrate
recognition and binding. These and other studies
reveal that the conformations at Arg A145, Phe
A146 and Phe B71 are ¯exible, can adopt alterna-
tive positions, and respond to the presence of
ligands. The important role of aromatic residues
for substrate binding has been reported for PGA
from E. coli9 and Kluyvera citrophila.28 The enzyme:-
substrate complexes reveal interactions between
protein and the penam ring, highlighting the
and WT-PAA (1PNL.pdb) protein complex structures in
T-PGSO are coloured yellow, the protein of WT-PAA is

s a brown ball near the centre of the Figure. All molecu-
IPT.46
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importance of Phe B71, as suggested by a number
of studies where in vitro evolution was used to
force altered substrate binding.29,30 Correlated
movements between Phe B71 and Phe A146, and
the transition between the helical and coil confor-
mations may be required to allow substrate access
to the major speci®city-determining pocket, whose
neck is constricted by Phe A146. The interplay of
ligand binding and conformational changes
suggests that this mechanism might also be used
to initiate processing and enzyme maturation.
Expression of PGA in the cytoplasm invariably
leads to precursor accumulation. It is only upon
export to the periplasm that correct folding and
processing occurs, probably concomitant with
calcium binding,24 thus ensuring that catalytic
competence is restricted to the correct cellular
compartment.

Attempts to ®nd suitable inactive PGA mutants
for the analysis of substrate binding led to the use
of an Asn B241 Ala mutant protein. This residue
was predicted to be important in stabilising the tet-
rahedral reaction intermediate by contributing to
an oxyanion hole. In proteases, oxyanion stabilis-
ation is ascribed an accessory role, secondary to
the major catalytic residues. For example in subtili-
sin, mutation of Asn155 to leucine reduces kcat by
200-300-fold.31 In contrast, mutation of the equival-
ent residue in PGA results in a 10,000-fold
reduction of enzyme activity, without seriously
compromising ligand binding. There is a connec-
tion between interactions at Asn B241 and the
behaviour of residues at positions A145, A146 and
B71, since the substitution of Ala at B241 is associ-
ated with increased occupation of the coil confor-
mation. The expected H-bond to Asn B241 in the
oxyanion hole is lost in the binding of PG and
PGSO to the mutant, and the ligands take a pos-
ition further out of the S1 pocket than expected for
productive binding. Thus Asn B241, in addition to
forming part of the oxyanion hole, helps de®ne the
position of bound substrate and presents the
amide bond appropriately for catalysis. The inac-
tivity of the mutant could be attributed to altera-
tions in either of these properties so it is dif®cult to
deduce anything directly about the catalytic mech-
anism by the study of Asn B241 mutant ES com-
plexes. Analysis of both mutant and wild-type
PGA without substrates bound is additionally
complicated by the presence of ethylene glycol in
the active site, hence the complex of wild-type
PGA and a slowly hydrolysable substrate is
especially relevant.

The difference in binding of PGSO to the wild-
type enzyme compared with the inactive mutant
reinforces the important role of Asn B241 during
catalysis, and more importantly provides a plaus-
ible model for the Michaelis complex. It is clear
from earlier studies that PGA does cleave PGSO,
albeit slowly. The catalytic Ser Og in the WT-PGSO
complex is poised appropriately for nucleophilic
attack (not the case in the mutant complexes) while
the b-lactam has moved closer to the catalytic
domain where it interacts through a salt-bridge
with a residue conserved among penicillin acy-
lases, Arg B263. Even when the similarity is such
that alignment based on primary sequence is
impossible, structure-based alignments highlight
the conservation of this Arg residue, for instance in
penicillin V acylase from Bacillus sphaericus.32 Arg
B263 is therefore a likely candidate for the posi-
tively-charged residue that has been postulated to
be important for enzyme catalysis.9,33

The density for the PGSO suggests that it is par-
tially hydrolysed, lending support for the appro-
priateness of the stereochemistry at the catalytic
site. Why then is reaction of the PGSO incomplete?
One obvious explanation is that the intramolecular
H-bond, between the oxygen atom of the oxidised
sulphur and the amide group, stabilises planarity
of the amide and disfavours the formation of a tet-
rahedral intermediate. Hence we propose that the
WT-PGSO structure is a good representation of a
Michaelis complex for PGA. In this complex, there
is no water molecule adjacent to the SerB1 Og, thus
it is evident that the reaction proceeds by direct
nucleophilic attack on the scissile amide and not as
suggested previously via a tightly H-bonded water
molecule acting as a ``virtual'' base.17,34

Penicillin G acylase has evolved a remarkable
economy in its use of amino acid residues involved
in catalysis and substrate binding. Proteolytic pro-
cessing unmasks the Ser B1 primary amine group,
which enhances the nucleophilicity of its own side-
chain, forming the active centre. Residue Arg B263
is implicated in processing events, as the mutant
Arg B263 Ile does not progress from the precursor
form. Arg B263 is also involved in substrate bind-
ing, and helps to position Asn B241. Phe A146 is
the gatekeeper for entry to the substrate-binding
pocket. It is responsive to ligand binding and
forms part of both S1 and S10 binding sites. Asn
B241 contributes to the oxyanion hole as well as
positioning both substrate and the active site Ser
B1. The remarkable nature of PGA catalysis, embo-
died within a single catalytic residue, means that
enzyme activity is highly dependent on Asn B241,
suggesting that a Ser-Asn dyad may be a more
appropriate way to describe the active site.

Materials and Methods

Penicillin G acylase production and purification

Site-directed mutagenesis was performed on ssDNA
templates using oligonucleotides to direct mutation.
Selection against the parental strand was by a modi®ed
Eckstein method35 using the Sculptor kit (Amersham).
DNA templates were derived from the complete pac
gene encoding PGA cloned into pBluescript KS(ÿ). Silent
restriction sites (underlined) were incorporated into the
oligonucleotides as an aid to mutant screening (bold)
i.e. EcoRI for N241A 50-d(TCTTTTTGGGGA-
GAATTCGCCCAGTTAGCA)-30 and EcoRV for R263I
50-d(TCGGTCGATCTCCGTAACGATATCTGCACCAC
CCC)-30. Mutated DNA was sub-cloned into the
expression plasmid pA1, which is based on pACYC18436
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either as a 395 bp BglII/SplI (N241A) or a 655 bp BglII/
MluI fragment (R263I).

Wild-type and mutant proteins were puri®ed from the
periplasmic cell fraction released by osmotic shock.
Brie¯y, cells were grown at 28 �C in Luria Broth contain-
ing chloramphenicol (35 mg/ml) for at least 46 hours.
Tris-HCl (pH 8) was added to the cell culture to a ®nal
concentration of 0.1 M for 20 minutes before harvesting.
After centrifugation, the cell pellet was resuspended in
protoplast media (40 % (w/v) sucrose, 3 mM EDTA,
50 mM Tris-HCl pH 8) and stirred for one hour. The
cells were again centrifuged and the pellet subjected to
osmotic shock by the addition of ice-cold water to release
the periplasmic fraction. Cell debris was removed by
centrifugation, and the supernatant fractionated with
ammonium sulphate (AS). Protein that precipitated
between 50 and 70 % AS was resuspended in 50 mM
Tris-HCl (pH 7.5) containing 1.1 M AS and loaded onto
a hi-load phenyl Sepharose column (Pharmacia) equili-
brated in the same buffer. Protein was eluted in a linear
ammonium sulphate gradient from 1.1-0 M AS in
50 mM Tris-HCl (pH 7.5). Fractions containing acylase
protein were pooled and dialysed against 100 mM Tris-
HCl (pH 8.5) and applied to an anion-exchange hi-load
Q-Sepharose column (Pharmacia) equilibrated in the
same buffer. Protein was eluted with a linear salt gradi-
ent of 0-0.5 M NaCl. Fractions were assayed and/or ana-
lysed by SDS-PAGE.

Crystallisation, data collection and processing

Crystals were grown in the monoclinic space group
P21, as described.25 For data collection, they were ¯ash-
frozen in a 30 % ethylene glycol solution by a gaseous
nitrogen stream at 100 K from an Oxford Cryo-system.
For ligand soaks, crystals were immersed in PG (10 mM)
or PGSO (7 mM) in mother liquor for three to ®ve min-
utes. All data (Table 1) were collected on beam line
BW7B at the EMBL outstation (DESY, Hamburg) and
were indexed and integrated using the HKL suite.37 PG
was obtained from Sigma Ltd. as a potassium salt. The
sodium salt of PGSO was a kind gift from J. Guisan
(Instituto de Catalisis, CSIC Serrano, Madrid, Spain).

Refinement and model building

The structure of WT-PGA in the monoclinic crystal
form was determined by molecular replacement using
AMoRE.38 The 1.9 AÊ PGA structure (1pnk.pdb) with
water molecules removed was the search model. The
crystals for the mutant and the substrate complexes were
all isomorphous with wild-type and their acronyms are
de®ned in Table 1. The models were re®ned using the
restrained maximum likelihood method as implemented
in REFMAC39,40 with a bulk solvent correction and over-
all anisotropic scaling. ``Riding'' hydrogen atoms were
included using the program HGEN, however hydrogen
atoms were not included for substrates or ligands.
Difference electron density maps with coef®cients
2 mjFoj ÿ DjFcj and mjFoj ÿ DjFcj (output weights gener-
ated from REFMAC) were used to guide manual ®tting
of the models, using the X-AUTOFIT option41 in QUAN-
TA (MSI, San Diego). Water molecules were added using
the automated re®nement program ARP42 in concert
with REFMAC, provided there was density above the 3s
level in the F0 ÿ Fc difference map. In the later stages,
additional water molecules were added using the X-
SOLVATE module in QUANTA. During model building
and re®nement, 3 % of the data were ¯agged for cross-
validation using the Rfree to monitor the progress of
re®nement.43 Re®nement statistics for each structure are
presented in Table 2.

Modelling of bound substrates and modified
amino acids

REFMAC parameter ®les for the substrates were gen-
erated with the CCP4 program MAKEDICT.40 The par-
ameter ®les for PG and PGSO were based on related
small molecule X-ray structures deposited in the Cam-
bridge Structural Database44, benzylpenicillin 10-diethyl-
carbonate ester (CSD code BENPEN10) and cloxacillin
sulphoxide (CSD code IPENSX), respectively. The mol-
ecular mass and chemical composition of PGSO were
veri®ed by mass spectrometry and 13C NMR analysis,
con®rming that the compound was intact (data not
shown). The parameter ®le for an oxidised Met (A16)
was based on the related small molecule X-ray structure,
carboxymethyl-L-cysteine sulphoxide (CSD code
CMXLCS).

Atomic coordinates

Structural data have been deposited in the PDB with
the following codes: 1gk9 (WT), 1gkf (MUT), 1gm7
(MUT-PG), 1gm8 (MUT-PGSO) and 1gm9 (WT-PGSO).
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