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SUMMARY

Penicillium chrysogenum Acyl coenzyme A:isopeni-
cillin N acyltransferase (AT) performs the last step
in the biosynthesis of hydrophobic penicillins,
exchanging the hydrophilic side chain of a precursor
for various hydrophobic side chains. Like other
N-terminal nucleophile hydrolases AT is produced
as an inactive precursor that matures upon post-
translational cleavage. The structure of a Cys103Ala
precursor mutant shows that maturation is autopro-
teolytic, initiated by Cys103 cleaving its preceding
peptide bond. The crystal structure of the mature
enzyme shows that after autoproteolysis residues
92–102 fold outwards, exposing a buried pocket.
This pocket is structurally and chemically flexible
and can accommodate substrates of different size
and polarity. Modeling of a substrate-bound state
indicates the residues important for catalysis.
Comparison of the proposed autoproteolytic and
substrate hydrolysis mechanisms shows that in
both events the same catalytic residues are used,
but that they perform different roles in catalysis.

INTRODUCTION

Penicillins and cephalosporins are an efficacious group of

b-lactam antibiotics produced by fungi such as Penicillium

chrysogenum, Acremonium chrysogenum, and Streptomyces

clavuligerus. In P. chrysogenum, the last step in the biosynthesis

of hydrophobic penicillins is catalyzed by Acyl coenzyme A:iso-

penicillin N transferase (AT), which exchanges the a-aminoadipic

acid side chain of isopenicillin N (IPN) for a coenzyme A-acti-

vated phenylacetic acid side chain, resulting in the formation of

penicillin G (Figure 1). AT can also exchange other acyl side

chains, accepting a wide range of acyl-CoA derivatives, hydro-

phobic as well as hydrophilic ones. It even accepts various

non-CoA thioesters as substrate. This property makes AT an
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interesting enzyme for application in the (semi)synthetic produc-

tion of b-lactam antibiotics (Alvarez et al., 1987; Barends et al.,

2004; Demain and Elander, 1999; Whiteman et al., 1990).

AT is produced as a 40 kDa single chain precursor enzyme,

which is autocatalytically activated by posttranslational cleavage

of the Gly102-Cys103 peptide bond, resulting in a heterodimeric

mature protein with subunits of 11 and 29 kDa (Aplin et al.,

1993a; Tobin et al., 1990). Site-directed mutagenesis revealed

several amino acid residues to be crucial for this posttransla-

tional cleavage and enzymatic activity (Tobin et al., 1994,

1995). In particular, mutants of Cys103, which becomes the

N-terminal residue of the 29 kDa b chain upon cleavage, were

devoid of AT activity and remained in the inactive, 40 kDa

precursor form (Tobin et al., 1995).

The posttranslational activation of AT resembles that of peni-

cillin G acylase (PGA). In mature PGA the N-terminal serine

residue of the b subunit Ser264 is in the active site, where it func-

tions as the nucleophile in catalysis (Duggleby et al., 1995). This

finding made PGA the founding member of the N-terminal nucle-

ophile hydrolase (Ntn-hydrolase) superfamily (Brannigan et al.,

1995). However, the N-terminal nucleophile is not only important

for the activity of the mature enzyme, it is also essential for the

autocatalytic processing of the precursor, as shown by the struc-

ture of a slow processing mutant of this enzyme (Hewitt et al.,

2000). In that latter structure, the side chain of Ser264 is in an

appropriate position to attack the carbonyl carbon atom of the

scissile 263–264 peptide bond.

In the various Ntn-hydrolases structurally characterized until

now, the N-terminal nucleophile can be a Ser, Thr, or Cys

residue. Yet, the folding patterns of the enzymes are basically

the same, consisting of four layers of a helices and b sheets

(abba motif), and with equivalent stereochemistry at the active

site (Brannigan et al., 1995; Murzin, 1996; Oinonen and

Rouvinen, 2000). So far, seven different subfamilies have been

distinguished (see the SCOP database at http://scop.mrc-lmb.

cam.ac.uk/scop/; Andreeva et al., 2004; Murzin et al., 1995).

However, AT does not show obvious amino acid sequence

homology to these or other enzymes, and therefore we initiated

crystal structure determinations of precursor and mature AT to

obtain deeper insights into its structure and functioning. AT

appears to be a small representative of the Ntn-hydrolase
01–308, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 301
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superfamily, with which it shares the structural abba motif. In the

precursor mimic, residues 95 to 102 block access to the active

site, but in mature AT these residues have departed from the

active site, providing space for the binding of substrates. Anal-

ysis of the precursor structure and a tetrahedral reaction inter-

mediate model pinpoint the important residues in autoproteoly-

sis and catalysis. Interestingly, the same residues are involved

in both processes, but they perform different roles in autopro-

teolysis and catalysis.

RESULTS AND DISCUSSION

Overall Structure of Mature and Precursor AT
Mature and Cys103Ala AT both crystallize in space group C2 with

four molecules in the asymmetric unit (molecules A, B, C, and D),

but with different crystal packing. Three of the four single chain

Cys103Ala AT molecules are very similar, with rms differences

ranging from 0.19 to 0.27 Å (for 354 Ca atoms). Molecule A shows

larger rms differences of around 0.5 Å to the other molecules,

mainly as a result of a different position of residues 39–50. These

residues are part of a helix-turn-helix motif, which is folded away

from the protein surface compared to the same region in chains B

to D, suggesting that residues 37–50 have some plasticity.

In mature AT the Ca rms differences between three of the four

molecules are also modest (0.28 to 0.40 Å for residues 1–97 and

103–355), again with molecule A deviating more (0.76 to 0.98 Å)

from the other three AT molecules. These differences are again

mainly caused by the region of residues 37–50 and the adjacent

residues 90–102. As expected, the mature protein consists of

two chains, the a subunit (residues 1–102) and the b subunit

(residues 103–357) (Aplin et al., 1993b). While Cys103, which is

the N terminus of the b chain, is well defined in all four molecules,

the C-terminal residues of the a chain are flexible or disordered

and are not visible in the electron density maps (undefined

residues: molecule A, 102; molecule B, 99–102; molecule C,

98–102; molecule D, 99–102).

AT Is a Small Ntn-Hydrolase
Precursor and mature AT show the typical four-layered abba fold

(two b sheets sandwiched between two layers of a helices)
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(Figures 2A and 2B) that characterizes

the Ntn-hydrolase superfamily (Bran-

nigan et al., 1995; Murzin, 1996; Oinonen

and Rouvinen, 2000). The SCOP data-

base distinguishes seven Ntn-hydro-

lases. AT belongs to the subfamily with

a cysteine as the N-terminal nucleophile.

Indeed, a DALI search (Holm and Sander,

1995) shows that the b subunit of mature

AT is most similar to Cys subfamily

members penicillin V acylase (PVA; Z

score 19.2, 10% sequence identity), the

66.3 kDa lysosomal mouse protein (Z
score 19.8, 11% sequence identity), and the b subunits of the

Ser subfamily members cephalosporin acylase (CA; Z score

25.1) and PGA (Z score 17.3). AT has also �10% sequence

identity to these latter enzymes. The a subunit of mature AT

has much less similarity to the available protein structures, with

highest Z scores of �7.0 with the a subunits of PGA and CA.

Superposition of AT with PGA and CA reveals that AT lacks the

structural extensions found in the other two family members. Its

central stacked antiparallel b sheet is less extensive than in PGA

and CA and the helices in the a domain are much shorter and

lack the structural protrusions seen in PGA and CA. In addition,

the b subunit of AT lacks the typical seven-stranded b barrel on

the ‘‘B knob’’ (Kim et al., 2000) as well as the large a-helical

bundle on the ‘‘A knob.’’ Only short loops are present to connect

the secondary structure elements that build up the abba fold.

The absence of the A and B knobs makes AT much less ‘‘chalice

shaped’’ and far more compact than PGA and CA, giving it

a small Ntn-hydrolase fold structure.

Comparison of the Structures of Precursor
and Mature AT
Like other Ntn-hydrolases, AT is synthesized as a precursor

enzyme that is proteolytically cleaved to yield the active enzyme.

Mutants of Cys103 are not cleaved and the Cys103Ala mutant

protein is therefore considered a good model of precursor AT

(Hensgens et al., 2002; Tobin et al., 1995). Its structure shows

that the molecule consists of a single chain, with the peptide

bond between residues 102 and 103 intact (Figure 2A). In mature

AT, however, this peptide bond is cleaved, with a Ca-101 to

Ca-103 distance of over 25 Å (residue 102 is not visible in the

electron density maps). No density extends from the a-amino

group of Cys103 (Figure 2C), confirming that Cys103 has

become the N-terminal residue of the b chain.

A more detailed comparison of mature and Cys103Ala AT

shows that the two molecules have very similar overall struc-

tures, with an rms positional difference of only 0.33 Å for 344

of the 355 Ca atoms of the A molecules. Only residues 38–39,

95–101, and 254 differ by more than 0.65 Å; residue 102 is not

visible in the mature enzyme. The largest conformational differ-

ences occur for residues 92–102. In precursor AT these residues



Gly95 Gly102
Gly95

Asp101A
Cys103

B C

Cys103

Asn246

Trp120

Figure 2. Comparison of the Precursor and Mature Structure

of AT

(A) Structure of precursor AT with strands in red and helices in blue.

(B) Wild-type AT with strands in green and helices in red. In both (A)

and (B), the precursor segment, residues 95–102, that folds out of

the active site after maturation is indicated in yellow.

(C) Electron density of mature AT (blue, contoured at 1.2 s), showing

the oxidized side chain of Cys103 at the free N terminus. An

mFo-DFc difference map (magenta, contoured at 5 s) shows two

strong peaks originating from the oxygen atoms covalently attached

to the sulfur. For comparison, precursor AT is superposed in a blue

ribbon representation.
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form a loop that blocks the active site, but in mature AT they are

part of an a helix that has moved out of the active site region. As

a result, Cys103 has become accessible from the solvent after

maturation, and the substrate binding cavity has opened up.

The Mechanism of Precursor Activation
The structure of Cys103Ala AT shows that the scissile peptide

bond between residues 102 and 103 is not accessible to another

enzyme or specific protease from the solvent, invalidating that the

proteolytic activation of AT occurs intermolecularly. Instead, the

precursor structure suggests that AT is activated by an intramo-

lecular autocatalytic event, which has also been proposed for

the cysteine-containing 66.3 kDa lysosomal mouse protein

(Lakomek et al., 2009). A bound water molecule (Figure 3A,

Wat1) is present that could act as the nucleophile in a one-step

cleavage mechanism, but the absence of a catalytic base to acti-

vate the water molecule (see below) makes this mechanism

unlikely. Furthermore, the Cys103 Sg atom would place the water

molecule in an unfavorable position to attack the carbonyl carbon

of the scissile bond. Therefore, an intramolecular attack by the

Cys103 side chain seems more likely. Indeed, replacing Ala103

by a cysteine in the Cys103Ala AT structure brings the Sg atom

near the carbonyl carbon atom of the Gly102-Cys103 scissile

peptide bond (Figure 3A). The tight packing of the residues around

the Cys103 side chain in the b sheet constrains the Cys103 side

chain to a rotamer conformation with c1 close to 0�, placing the

Sg atom at�2.7 Å from the carbonyl carbon atom. This conforma-

tion allows a perpendicular intramolecular attack of Cys103 on

the carbonyl carbon of the scissile peptide bond, resulting in a

thioester intermediate via an N-S acyl rearrangement.

Such N-S or N-O acyl shifts have been proposed for other

Ntn-hydrolases as well (Paulus, 2000). However, the nucleo-

phile-activating mechanisms differ; a conserved water molecule

that acts as a base has been proposed for CA and the protea-

some subunits (Ditzel et al., 1998; Kim et al., 2002), while in

glycosylasparaginase the residue preceding the N-terminal

nucleophile is proposed to act as a general base (Xu et al.,

1999). Neither mechanism can be applied to AT. First of all, AT

lacks a highly coordinated water molecule that could act as

a base, which is in agreement with the observation that a

Cys103Ser mutant is incapable of self-cleavage (Tobin et al.,

1995). Second, the only residue preceding Cys103 that could

act as a base is Asp101; however, the Od atom of Asp101 is too

far away from the C103 Sg (4.7 Å), and Asp101 can be mutated

without seriously affecting maturation (Tobin et al., 1995).

A nucleophile activation mechanism may not even be neces-

sary for AT because of the greater nucleophilicity of a cysteine
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side chain compared to that of serine or threonine (Noren

et al., 2000). With a pKa value of around 8.0 to 8.5 for a Cys

side chain, the Cys103 thiol group may be deprotonated by the

solvent. Indeed, a narrow water tunnel exists that may connect

the side chain of residue 103 to the solvent. The ensuing thiolate

ion can be stabilized by the backbone amide of Ala168 and

the Nd atom of Asn246, which are 3.2 Å and 3.4 Å away from

the Cys103 Sg, respectively. The Cys103 thiolate ion may then

directly attack the carbonyl carbon atom of Gly102. A transient

tetrahedral oxythiazolidine anion transition state is formed,

which is stabilized by the backbone amide of Asp121. Next,

a water molecule (Figure 3B, Wat2) can protonate the a-amino

leaving group of Cys103, resulting in the collapse of the transition

state into a thioester intermediate. Wat2 is located on the oppo-

site side of the scissile peptide bond. It is held in place by

hydrogen bonding and van der Waals interactions with the side

chains of Asp121, Arg268, and Arg302. The Wat2 hydroxide

ion is now able to attack the new thioester carbonyl carbon

atom, again resulting in a tetrahedral transition state stabilized

by the backbone amide of Asp121. Wat1 completes the reaction

by protonating the cysteine Sg atom and causing the collapse of

the tetrahedral transition state into the free C- and N-terminal

residues. Interestingly, except for Gly102 and Asp101, none of

the amino acids in the precursor segment have strong interac-

tions with the rest of the enzyme, indicating that it may easily

fold away from the N-terminal nucleophile into the a helix found

in the mature enzyme.

The Wat2 binding residues Arg268 and Asp121 form a

hydrogen-bonding network with Asn246 and the carbonyl and

amide backbone atoms of residue 103, which maintains the

structural integrity of both the autocatalytic and catalytic site

(see below). Arg268 is conserved in the AT homologs CA,

PGA, and PVA, and mutation of this arginine in PGA gives rise

to enzymes incapable of autocleavage (Alkema et al., 2002).

No mutation studies to assess its (auto)catalytic importance

have been reported for Asp121 or its equivalents in PGA or PVA.

Our data on the structure of precursor AT yet again provides a

different model of Ntn-hydrolase zymogen activation compared

to previous work (Ditzel et al., 1998; Kim et al., 2002; Xu et al.,

1999). Our results suggest that the catalytic cysteine is self-acti-

vated for nucleophilic attack of the scissile peptide bond. The

variations in activation mechanisms observed in the Ntn-hydro-

lase family are likely the result of the different nucleophiles

present in the enzymes. Nevertheless, the intricate structural

framework that underlies self-activation, such as the oxyanion

hole and the nucleophile-stabilizing residues, is essentially

conserved.
01–308, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 303
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Figure 3. The Site of Autoproteolysis

(A) The autocatalytic environment of residue 103. The alanine residue in the

crystal structure was replaced in silico by a cysteine. The scissile bond is

indicated in magenta. The backbone atoms of residue 119 and 167 and the

side chain of Gln118 (indicated in light blue) maintain the eclipsed conforma-

tion of Cys103 while the backbone amide of Ala168 and the Nd of Asn246

stabilize the thiolate state. The backbone amide of Asp121 is involved in

transition state stabilization.

(B) The site of Wat2 opposite to the Cys103 side chain. Wat2 is the putative

proton donor that protonates the a-amino leaving group. The resulting OH�

nucleophile hydrolyzes the thioester intermediate.
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Figure 4. Substrate Binding Pocket of AT

(A) Binding of 6-APA in the substrate binding site with its composite omit

electron density contoured at 1 s. The important ligating and catalytic residues

are indicated in ball and stick.

(B) Surface representation of AT with bound 6-APA.

(C) PGA with bound penicillin G (PDB entry 1FXV). AT has a more closed

substrate binding site than PGA.

Structure

Crystal Structure of Acyl-CoA:IPN Acyltransferase
Substrate Binding Site and Active Center
of Wild-Type AT
The maturation of AT and the concomitant structural rearrange-

ments of residues 38–39, 95–101, and 254 result in the formation

of a large cavity with a narrow entrance. This cavity is already

present in the precursor structure, but its entrance is blocked

by residues 95–102 such that the substrate can not enter. The

cavity is lined by hydrophilic and hydrophobic amino acids

from both the a and b subunits, and with a volume of �720 Å3

it is much larger than the substrate binding pockets found in

CA and PGA.
304 Structure 18, 301–308, March 10, 2010 ª2010 Elsevier Ltd All rig
Co-crystallization of mature AT with the b-lactam core 6-ami-

nopenicillanic acid (6-APA) revealed that 6-APA binds near

Cys103. Its thiazole ring has Van der Waals interactions with

Phe122 and Phe123, and its carboxylate group makes a salt

bridge with Arg310 (Figure 4A). Compared to substrate/product

binding in PGA and CA, 6-APA is buried much deeper in the AT

active site cavity (Figures 4B and 4C), and its b-lactam group is

much less solvent exposed and has more interactions with the

enzyme. 495 Å2 of solvent accessible surface area of the ligand

is buried upon binding of 6-APA by AT, compared to�375 Å2 for

the b-lactam nucleus buried in CA and PGA [1JVZ (Kim and Hol,

2001) and 1GM7 (McVey et al., 2001)].

To pinpoint catalytically important residues we attempted to

model the substrate IPN in the active site of AT. This was not

successful when starting from the observed 6-APA position

because the a-aminoadipic acid side chain clashed with

Leu262 and Arg302, which form part of the wall of the substrate

binding site. Instead, based on the binding and coordination of

penicillin G and PMSF in PGA [PDB entries 1FXV (Alkema

et al., 2000) and 1PNM (Duggleby et al., 1995), respectively],

we could model the tetrahedral reaction intermediate of IPN

that results from a nucleophilic attack by the Cys103 Sg on the

carbonyl carbon of the substrate scissile bond (Figure 5A). The

tetrahedral intermediate resembles the transition state, which

is the chemical species actually recognized by the enzyme

(Hermann et al., 2007). In the model, the a-aminoadipic acid part

of IPN points into the substrate binding cavity, similar to the side

chains of penicillin and glutaryl-7-aminocephalosporanic acid in

PGA and CA, while the 6-APA part sits on top, closing off the

cavity (Figure 5B). Several conformational rearrangements are

required to allow IPN binding. Most notably, Trp120 at the

bottom of the binding site must adapt its rotamer conformation

to make room for the a-aminoadipic acid side chain. Lys154

and Gln118 may also adjust their side chain conformations to
hts reserved
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B Figure 5. Comparison of the Precursor,

Tetrahedral Intermediate Model, and 6-APA-

Bound AT

(A) Modeled AT-IPN tetrahedral intermediate, in

which the IPN is indicated in yellow and AT in

green.

(B) A surface slice indicating the different binding

modes of 6-APA (blue) and IPN (yellow). The

6-APA moiety of IPN (center of the figure) prevents

the side chain (bottom) from leaving the substrate

binding site. Therefore, the IPN 6-APA moiety

is proposed to relocate to the experimentally

observed 6-APA binding site (blue).

(C) Superposition of precursor AT (blue) with the

tetrahedral intermediate model of wild-type AT

(green). The a chain in the precursor structure is

indicated in white, the precursor scissile peptide

bond is indicated in magenta, and the catalytic

and substrate binding residues are labeled.
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make hydrogen bonds with the carboxylate and the amino group

of the a-aminoadipic acid.

The model of the tetrahedral intermediate shows that the

backbone amide of Ala168 and the Nd atom of Asn246 are at

hydrogen-bonding distance (2.9 Å and 3.1 Å, respectively)

from the carbonyl oxygen of the substrate scissile bond

(Figure 5A). This suggests that these groups form the oxyanion

hole that stabilizes the tetrahedral transition state. An oxyanion

hole comprising a backbone amide and an Nd atom of an aspar-

agine is highly conserved among Ntn-hydrolases. Other exam-

ples are the Alab69 backbone amide and Asnb241 in PGA

(Alkema et al., 2000; Duggleby et al., 1995) and the Valb70 amide

and Asnb244 in CA (Kim and Hol, 2001). Interestingly, the

substrate scissile bond in the tetrahedral intermediate model is

flipped with respect to the precursor scissile peptide bond, of

which the carbonyl oxygen points to the backbone amide of

Asp121, which is located on the opposite side (Figure 5C). This

implies that there are fundamental differences between transi-

tion state stabilization in precursor and substrate. Interestingly,

the substrate-bound structures of PGA, CA, and g-glutamyl

transpeptidase (PDB entries 1FXV, 1JVZ, and 2DBW) also

show this flipped orientation of the scissile bond compared to

the orientation in the precursor (1E3A, 1KEH, and 2E0W), indi-

cating that this may be a general property of Ntn-hydrolases.

Our model indicates that Trp120 has to adapt its side chain

conformation to permit substrate binding. The intrinsic confor-

mational flexibility of the Trp120 side chain is apparent from its

high B factors and the different conformations it takes up in the

four AT molecules in the asymmetric unit. Other residues that

line the substrate binding site, such as Lys154, Tyr166, and

His182, also show high flexibility. Rotation of the Trp120 side

chain expands the substrate binding site and exposes the deeply

buried hydrophobic side chains of Leu130, Ile146, Leu314, and

Phe315 and the hydrophilic side chains of Thr126 and Glu148.

The chemically ambivalent character of the substrate binding

pocket is in agreement with the observation that AT can accept

both polar a-aminoadipyl and apolar phenylacetyl side chains.

Furthermore, phenylacetyl-CoA is a competitive inhibitor for

hydrolysis of IPN (containing an a-aminoadipoyl side chain), indi-
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cating that both side chains bind in the same pocket (J.D.S.,

unpublished data). The structural as well as the chemical adapt-

ability of the substrate binding site allows AT accommodating

substrates of different size and polarity. This is unlike the rigid,

hydrophilic or hydrophobic pocket found in CA and PGA,

respectively, and seems to be a distinctive feature of AT that

underlies its broad substrate specificity (Alvarez et al., 1993).

Our tetrahedral intermediate model shows a catalytic environ-

ment appropriate for the cleavage of the substrate peptide bond;

however, in order to let the a-aminoadipic acid product leave the

active site, 6-APA has to relocate since it blocks the exit path

(Figure 5B). According to our 6-APA-bound structure 6-APA

can be ‘‘stored’’ in a subpocket, creating room for the departure

of a-aminoadipic acid. Subsequently, a new side chain can bind

and be transferred to 6-APA from a donating group such as

coenzyme A. An advantage of this temporary storage is that

the transient acyl-enzyme intermediate, which is generated by

transfer of a side chain from coenzyme A to Cys103, can be at-

tacked by 6-APA before the acyl-enzyme is hydrolyzed by water.

However, as of yet no data is available on the binding mode of

coenzyme A-activated side chains.

Different Ways of Transition State Stabilization
in Precursor and Mature AT
Comparison of the putative binding mode of a b-lactam

substrate and the binding mode of the scissile bond of the

precursor enzyme shows that the scissile bond in the substrate

is rotated by 180� compared to the scissile bond in the precursor

enzyme (Figure 5C). As a consequence, different ways of transi-

tion state stabilization are used in precursor and mature AT. In

the precursor enzyme, the tetrahedral transition state is stabi-

lized by the backbone amide of Asp121, while that of the

substrate is stabilized by the Nd of the Asn246 side chain and

the backbone amide of Ala168, schematically represented in

Figure 6. These latter residues lie on the opposite side of the

substrate binding groove compared to Asp121. Because of

this different orientation of the scissile bond, essential active

site residues have different functions, depending on whether

precursor or substrate is cleaved. While the Nd atom of
01–308, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 305
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Figure 6. Comparison of the Formation of the Transition State in

Autoproteolysis and Substrate Conversion

(A) In autoproteolysis the Nd atoms of Asn246 and Ala168 backbone amide

stabilize the reactive state of the nucleophilic Cys103 while the backbone

amide of Asp121 stabilizes the negative charge on the oxythiazolidine anion

transition state.

(B) Transition state formation during substrate conversion shows the opposite.

Here the Nd atoms of Asn246 and Ala168 backbone amide stabilize the

substrate transition state while the backbone Od atom of Asp121 stabilizes

the positively charged a-amino group and the backbone atom stabilizes the

thiolate state of Cys103.
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Asn246 forms part of the oxyanion hole during substrate

cleavage, it stabilizes the thiolate state of Cys103 in the autoac-

tivation reaction. Likewise, the backbone amide of Asp121

stabilizes the tetrahedral transition state during precursor activa-

tion, but its side chain Od atom and backbone amide stabilize the

reactive state of Cys103 during substrate cleavage (Figure 5C).

This dual role of the (auto)catalytic residues has also been noted

in PGA (Hewitt et al., 2000). The substrate oxyanion hole groups

stabilize the precursor Ser264 hydroxide prior to autoproteoly-

sis, and the precursor oxyanion hole residues stabilize the

N-terminal nucleophile during substrate hydrolysis. These

observations indicate that Ntn-hydrolases are able to use the

same functional groups to perform different roles in the cleavage

of peptide bonds in substrate and precursor.

Application of AT in Antibiotic Synthesis
AT is of interest for the production of novel b-lactam antibiotics

because it accepts a broad range of hydrophobic and hydro-

philic side chains, such as CoA-activated phenylacetic and

phenoxyacetic acid, as well as saturated and unsaturated C5

to C10 fatty acids (Alvarez et al., 1993). Our results show that

the structural and chemical adaptability of the side chain binding

pocket are the main determinants of this broad specificity. Inter-

estingly, AT is localized to the microbodies (or peroxisomes)

(Müller et al., 1992) where b oxidation takes place. Intermediate
306 Structure 18, 301–308, March 10, 2010 ª2010 Elsevier Ltd All rig
products of b oxidation are aliphatic CoA adducts, which supply

AT with a wide variety of substrates (Luengo, 1995). The localiza-

tion of AT to such an environment allows the enzyme to exercise

its broad substrate specificity and produce an assortment of

different penicillins, making the microbodies a high-throughput

antibiotic production facility.

In contrast, with regard to the b-lactam nucleus, AT only

accepts penicillins, and not cephalosporins (Alvarez et al.,

1993). In the observed 6-APA binding site there is no room for

the cephalosporin carboxylate, which lies in the plane of the

cephem ring, whereas there is room for the axial substitution

in penicillins (Figure 4B). This information can now be used to

modify AT by site-directed mutagenesis to let it accept cephalo-

sporins next to penicillins. However, to prevent such mutations

from negatively affecting the maturation of AT, the permuted

PGA construct of Flores et al. (2004) or the two-cistron construct

of Tobin et al. (1995) seem to be suitable approaches for such

research.

EXPERIMENTAL PROCEDURES

Overexpression and Purification

The mutant Cys103Ala AT precursor-like protein was prepared, purified,

and crystallized as described previously (Hensgens et al., 2002). Mature

wild-type AT was purified according to Yoshida et al. (2005).

Crystallization and Data Collection of Wild-Type and Cys103Ala AT

Wild-type AT was crystallized by hanging-drop vapor diffusion at room

temperature. Aliquots of 2.0 ml of protein solution (9.03 mg/ml) were mixed

with 2.0 ml of reservoir solution containing 25 mM acetate and 1.95 M phos-

phate (0.78 M NaH2PO4/1.17 M K2HPO4) (pH 6.9). Crystals appeared within

1 to 2 weeks. To characterize the substrate binding pocket of AT, mature

wild-type AT was co-crystallized with 2.5 mM 6-APA (present in the precipitant

solution). For data collection, crystals were flash-cooled in liquid nitrogen

using mother liquor with 30% glycerol as cryoprotectant; data was collected

at 100 K. Wild-type AT crystals showed diffraction to 1.64 Å, whereas the

crystals of Cys103Ala AT diffracted to 1.85 Å. The crystals used for co-crystal-

lization studies of AT with 6-APA diffracted to 2.0 Å. Data collection statistics

are given in Table 1.

Structure Determination and Analysis

The diffraction data of wild-type AT was processed using DENZO and

SCALEPACK (Otwinowski and Minor, 1997); XDS (Kabsch, 1993) was used

for processing the data of Cys103Ala AT and a co-crystal of AT with 6-APA.

Mature AT crystallized in space group C2 with cell dimensions a = 198.7,

b = 68.2, c = 147.0 Å, and b = 128.6�. The Cys103Ala mutant AT crystallized

in the same space group, but with cell dimensions a = 230.9, b = 68.1,

c = 150.9 Å, and b = 129.5�.

The crystal structure of the Cys103Ala mutant was solved by selenomethio-

nine MAD phasing at 3.5 Å resolution using 30 of the 32 Se sites (Schneider and

Sheldrick, 2002). Phase extension to 1.85 Å resolution and automatic model

building were done with ARP/wARP (Morris et al., 2003), and the obtained

model was refined using REFMAC5 (Murshudov et al., 1997) to a final R factor

of 16.9% at 1.85 Å resolution. The structure of mature AT was solved by molec-

ular replacement with MOLREP (Vagin and Teplyakov, 1997), using the refined

Cys103Ala mutant structure as starting model, and the structure was refined

with REFMAC5 to a final R factor of 17.9% at 1.64 Å resolution. Electron

density maps were interpreted using COOT (Emsley and Cowtan, 2004). The

location of 6-APA in the 6-APA-AT complex structure was obtained from

a difference electron density map, which was followed by refinement of the

structure of the complex to a final R factor of 17.7% at 2.0 Å resolution. TLS

refinement was used for all structures with one TLS group per molecule

(Winn et al., 2003). Difference electron density maps revealed that the catalytic

Cys103 was oxidized (Figure 2C). Structure validation was done with Molpro-

bity (Davis et al., 2007), which indicated that in all mature AT structures and in
hts reserved



Table 1. Data Collection and Refinement Statistics

preAT wtAT AT 6-APA

Beam line ESRF ID14-1 ESRF ID14-1 DESY BW7A

Data collection

Resolution (Å) 48.8�1.85

(1.95�1.85)

40.0�1.64

(1.68�1.64)

38.6�2.0

(2.11�2.00)

Space group C2 C2 C2

Cell dimensions

a, b, c (Å) 230.8, 68.1,

151.0

198.7, 68.2,

147.0

198.2, 68.4,

146.6

b (o) 129.5 128.6 128.8

Rsym
a (%) 4.0 (21.2) 4.4 (35.1) 6.8 (38.2)

Wavelength (Å) 0.933 0.934 0.976

I/s (I) 21.5 (5.4) 19.7 (2.1) 15.3 (3.8)

Completeness (%) 98.5 (98.6) 98.2 (99.2) 98.9 (98.3)

Redundancy 2.9 (2.7) 2.4 (1.9) 3.8 (3.7)

Refinement

Resolution (Å) 48.8�1.85 34.1�1.64 33.8�2.00

No. reflections 145,184 175,358 97,033

Rwork/Rfree
b (%) 16.9/19.3 17.9/20.7 17.7/20.2

Number of atoms

Protein 11,388 11,367 11,231

Ligand/ion 73 51 72

Water 585 909 395

B factors

Protein 29.7 26.8 29.1

Solvent 33.9 34.1 30.8

Rmsd

Bond lengths (Å) 0.010 0.010 0.008

Bond angles (o) 1.113 1.255 1.162

Values in parentheses correspond to the highest resolution shell.
a Rsym =

P
hkl

P
ijIi(hkl) � < I(hkl) >j/

P
hkl

P
iIi(hkl).

b R =
P
jFobs(hkl) � Fcalc(hkl)j/

P
jFobs(hkl)j. Rfree is the R value calculated

for 5% of the data that were not included in the refinement.
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all subunits the active site residue Lys154 lies outside the allowed region of the

Ramachandran plot. Refinement statistics are summarized in Table 1.

The tetrahedral reaction intermediate was modeled as follows. First, IPN

was placed in the substrate binding site by hand based on the orientation of

penicillin G and PMSF in PGA (PDB entries 1FXV and 1PNM) (Alkema et al.,

2000; Duggleby et al., 1995). Second, a covalent bond was introduced

between the Sg atom of Cys103 and the (tetrahedral) carbonyl carbon of

the IPN scissile bond. After that, the geometry and nonbonding interactions

of the protein side chains and the ligand were energy minimized using the

‘‘model_minimize’’ option in CNS_solve (Brünger, 2007); the protein backbone

atoms were kept fixed.
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Coordinates and structure factors for precursor AT, wild-type mature AT, and
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