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Abstract

Penicillin G acylase (PGA) is a heterodimeric enzyme synthesized as a single-polypeptide precursor that
undergoes an autocatalytic processing to remove an internal spacer peptide to produce the active enzyme.
We constructed a single-chain PGA not dependent on autoproteolytic processing. The mature sequence of
the �-domain was expressed as the N terminus of a new polypeptide, connected by a random tetra-peptide
to the �-domain, to afford a permuted protein. We found several active enzymes among variants differing
in their linker peptides. Protein expression analysis showed that the functional single-chain variants were
produced when using a Sec-dependent leader peptide, or when expressed inside the bacterial cytoplasm.
Active-site titration experiments showed that the single-chain proteins displayed similar kcat values to the
ones obtained with the wild-type enzyme. Interestingly, the single-chain proteins also displayed close to
100% of functional active sites compared to 40% to 70% functional yield usually obtained with the
heterodimeric protein.
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PGA is an industrially important enzyme used to produce
6-aminopenicillanic acid (6-APA) from penicillin G during
the manufacturing of semisynthetic antibiotics. PGA from
Escherichia coli is a periplasmic heterodimeric enzyme
composed of two subunits (�- and �-subunits of 23.8 and
62.2 kD, respectively). The mature periplasmic protein is
synthesized as a single-polypeptide cytoplasmic precursor
containing a 26-amino acid signal peptide and a 54-amino
acid connector peptide that joins the �- and �-chains. The
PGA precursor is autocatalytically processed (Kasche et al.
1999) inside the bacterial periplasm to remove the spacer

peptide and produce the mature enzyme. Because PGA ex-
pression in E. coli is limited by precursor secretion and
maturation, much work has been reported on strategies
aimed to improve the expression level of heterodimeric
PGA (Lin et al. 2001).

Crystal structures of PGA are known for the dimeric,
precursor, and substrate-bound forms of the enzyme
(Duggleby et al. 1995; Done et al. 1998; Alkema et al. 2000;
Hewitt et al. 2000; McVey et al. 2001). The crystal structure
of the dimeric enzyme (Duggleby et al. 1995) shows a cata-
lytic center that includes the N-terminal serine residue of the
�-subunit. This particularity made PGA the founding mem-
ber of the Ntn (N-terminal nucleophile) hydrolase super-
family (Brannigan et al. 1995). Structural analysis of dif-
ferent enzyme–substrate complexes (Done et al. 1998; Al-
kema et al. 2000; McVey et al. 2001), show ligand-induced
conformational changes in the enzyme-binding pocket. In
particular, residue �F146 is restricting the active-site entry

Reprint requests to: Joel Osuna, Departamento de Ingeniería Celular y
Biocatálisis, Instituto de Biotecnología/UNAM, Apdo. Postal 510-3, Cuer-
navaca, Morelos 62250, México; e-mail: joel@ibt.unam.mx; fax: (52)
(777) 317 2388.

Article published online ahead of print. Article and publication date are at
http://www.proteinscience.org/cgi/doi/10.1110/ps.03436604.

Protein Science (2004), 13:1677–1683. Published by Cold Spring Harbor Laboratory Press. Copyright © 2004 The Protein Society 1677



and needs to move away to allow access to bulky substrates,
like penicillin G.

In vitro refolding studies of PGA subunits have suggested
a key role for the �-subunit during heterodimer folding: The
�-subunit is unable to fold properly in the absence of the
�-subunit (Lindsay and Pain 1991). Furthermore, the suc-
cessful production of functional enzyme when the protein
subunits are separately expressed inside the cytoplasm
(Burtscher and Schumacher 1992) indicates that the pres-
ence of the �-subunit in the same polypeptide precursor is
not necessary for the successful assistance in the folding of
the �-subunit.

The structure of dimeric PGA (Duggleby et al. 1995)
shows that the C terminus of the �-subunit is nearby the N
terminus of the �-subunit. Thus, we decided to attempt the
construction of a single-chain PGA by joining the �- and
�-subunits with a short peptide and generating new N and C
termini (a permutation). If functional, this polypeptide ar-
rangement will no longer depend on autoproteolytic pro-
cessing.

Results

Single polypeptide, permuted PGA design

The first four amino acids from the �-subunit (1EQSS4)
and the last two amino acids from the �-subunit (556QR557)
were removed to leave new ends of the antiparallel �-
strand elements (6EIKIVRD12 from the �-subunit and
547KESQEVLH554 from the �-subunit), which will be now
less than 5 Å apart (Fig. 1). We chose to connect the
�-strand elements with four amino acids to favor the for-
mation of a potential �-turn. To increase the probability of
having a functional single-chain enzyme, we connected the
�- and �-subunits with a random tetra-peptide linker. The
single-chain PGA was fused to a �-lactamase signal peptide
previously selected to export a �-lactamase protein with a
serine residue at position +1 of the mature protein (Palzkill
et al. 1994). The final construct was ligated to plasmid
pT4Bla (Osuna et al. 2002) and electroporated into bacterial
cells (see Supplementary Fig. 1 and Materials and Methods
section for details about the construction strategy). The final
library size was around 1.2 × 106 variants (with a complex-
ity of 324 � 1.05 × 106).

Selection of single-chain PGA active variants

The single-chain library described above was selected for
penicillin G resistance to already 6-APA resistant E. coli
hosts (HB101 mutant [Chou et al. 1999] generously pro-
vided by Dr. C. Perry Chou, or E. coli cells containing a
�-lactamase with a better specificity to 6-APA compared to
penicillin G [Osuna et al. 1995]). Previous attempts in our
laboratory to construct a linker-specific, circularly permuted

single-chain PGA enzyme resulted in expressed protein
products showing detrimental effects on bacterial viability
(data not shown). Thus, we also decided to construct a li-
brary of single-chain PGA variants in a cloning vector with
tight expression control (pThioC; Invitrogen; see Supple-
mentary Fig. 1 and Materials and Methods section). Colony
counts in repressed and induced states indicate that around
40% of the library is not able to grow in the induced state
(data not shown). The preference for glycine residues, in
particular at position i+1 of the linker peptide (Supplemen-
tary Table 1), may be due to a G nucleotide bias during the
oligonucleotide synthesis, because we observed the same
tendency when the library was produced in a cloning vector
unable to produce a complete single-chain protein (see
Supplementary Table 1).

Specific activity characterization of
single-chain variants

Specific activity data (Table 1) using total protein extracts
from pT4Bla and pThioC expressed clones, showed good
activity for some single-chain proteins compared with the
wild-type enzyme. Western analysis of the same total pro-
tein extracts shown in Table 1 indicated that lower amounts
of single-chain proteins are being produced compared to the
heterodimeric enzyme (data not shown).

Secretion signal effects in the production of functional
and therefore, correctly processed, single-chain protein

Because we required a precise design of the signal peptide,
so as to afford the proper processing that generates the

Figure 1. The PGA dimeric structure. The �-subunit is shown in magenta,
and the �-subunit, in blue ribbons. The polypeptide regions trimmed from
the N terminus of the �-subunit and from the C terminus of the �-subunit
are indicated in green. The amino acid residues to be connected with the
four amino acids linker are labeled. In red, at the center of the molecule,
the catalytic serine residue is indicated.
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active site residue, and because the natural PGA precursor is
secreted by the unusual twin-arginine translocation (TAT)
pathway (Ignatova et al. 2002), we decided to explore the
effects of different signal peptides on the production yield
of the expressed single-chain proteins. Inspection of Table 1
indicates that variants with connecting peptides NEGM,
DPAG, RGAG, AESS, and GARD show the best specific
activities compared to the wild-type values. Therefore, we
decided to fuse the NEGM, DPAG, and GARD variants to
different secretion signals (Fig. 2 and Supplementary Fig.
1B; see Materials and Methods section for details). For
activity, the single-chain penicillin acylases must be trans-
ported to the periplasm and processed to liberate the serine
at the N-terminal position of the mature protein. Thus, we
expect that all active variants are located in the periplasmic
space. If single-chain variants are expressed in the cyto-
plasm, the N-terminal methionine should be removed to
produce an active protein. We assume that the inactive vari-
ants were not transported and retained the leader peptide, or
that they were processed in an incorrect way during export
to the periplasm.

We made no attempts to fractionate the samples other
than separation of insoluble and soluble material, but West-
ern analysis of protein expression showed that variants con-
taining the PGA wild-type signal peptide were found mainly
as insoluble aggregates (more than 95% of the produced
NEGM variant; Fig. 2A). Variants containing the TorA
leader peptide were produced in good soluble yield (around

30% of the NEGM total protein; Fig. 2A). Proteins using the
�-lactamase signal peptide were produced in lower total
yields than that obtained using the TAT-dependent leader
peptides, but were significantly found at the soluble protein
fraction (around 40% of the produced protein; Fig. 2C). The
single-chain variants expressed without a signal-peptide
were mostly found at the soluble protein fraction (around
40% of the produced protein) and were produced in good
yields (Fig. 2B). Functional proteins were only obtained
when the single-chain variants were targeted to the bacterial
periplasmic space using the �-lactamase leader (Fig. 2C) or
when produced inside the bacterial cytoplasm (Fig. 2B).
The absence of function of the different variants when at-
tempted to be secreted with TAT-specific signal peptides
indicates incompatibility of the single-chain protein with the
TAT secretion pathway or that an incorrect processing of
the signal peptide could be taking place. The similar activi-
ties shown by the cytoplasmically or periplasmically ex-
pressed variants (Fig. 2), despite better expression yields
obtained with the former, indicate that a poor removal of the
N terminus methionine could be taking place in the bacterial
cytoplasm.

Figure 2. Western blot of single-chain variants expressed with or without
a leader peptide. (A) Variant NEGM was fused to different leader peptides
or expressed without a leader peptide. (B) The three indicated variants were
expressed without a leader peptide or (C) with a modified �-lactamase
leader peptide. The PGA wild-type protein was expressed using its natural
leader peptide. All the cultures were OD600 normalized. T means a total
protein sample, and S means a soluble protein sample. The upper band in
the PGA-WT lane corresponds to the unprocessed polypeptide (precursor
protein) and the lower band corresponds to the �-subunit. The percentages
indicated below the soluble protein bands in parts B and C correspond to
the relative specific activities measured using 20 times the protein amount
shown in the figure; 11.66 �g per min of produced 6-APA using 100 �g
of soluble protein of the wild-type clone was taken as 100%.

Table 1. Linker sequences of functional single-chain
penicillin acylases

Enzyme Specific activitya %

WTb 100
NEGMb 22
PGLR 15
GGEA 14
DPAGb 35
GGLK 8
EPQR 5
GGG 18
RGAG 27
PGVG 18
GDAL 16
QGAG 13
GGSG 7
RAAV 3
AESSc 29
GARDc 39

a Measured using an XL1-Blue total crude soluble-protein extract by the
PDAB method. The PGA wild-type value (28.9 �g per min of 6-APA
formed using 100 �g of soluble protein) was taken as 100%.
b Those clones were expressed in both pT4Bla and pThioC expression
vectors.
c Functional clones obtained from the library constructed with the pThioC
expression vector.
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Catalytic parameter measurements for two
single-chain variants

Active-site titration of penicillin acylase with PMSF has
been used (Siewinsky et al. 1984; del Rio et al. 1995; Jans-
sen et al. 2002; van Langen et al. 2002) to quantify the
amount of catalytically competent enzyme present in crude
bacterial extracts, whole-cell preparations, or immobilized
enzyme preparations. The active site titration experiments
provide the necessary information for the quantification of
catalytic parameters such as kcat and help to minimize the
known presence of a catalytically incompetent protein frac-
tion in heterodimeric enzyme preparations. The kcat values,
obtained from PMSF inhibition studies, were similar for all
the assayed proteins (Table 2). Analysis of the PMSF inhi-
bition course, for the three enzymes tested, showed a linear
inhibition behavior in all cases (Fig. 3). This means that the
intersection with the abscissa in the graph should corre-
spond to the active site molar concentration and the slope to
kcat. The active site titration experiments (Fig. 3; Table 2)
also indicate close to 100% of active conformation for the
single-chain proteins compared to around 60% of active
conformation for our semipure wild-type enzyme. Western
experiments using normalized amounts of the purified pro-
teins (Supplementary Fig. 2) did not show any proteolysis of
the single-chain proteins during the experimental course.

Discussion

We have constructed an active, single-polypeptide, per-
muted penicillin G acylase. The key for obtaining active
single-chain PGA variants was to randomize the linker that
fused the �- and �-protein domains and then use a selection
approach to identify the active variants. The importance of
the selection step was made evident when a high proportion
of putative variants with a strong detrimental effect to bac-
terial viability were detected. In other words, a lot of dif-
ferent linker sequences joining the �- and �-subunits are not
allowed due to expression impairment of bacterial viability.

Recently, it was proposed that the wild-type E. coli PGA
signal peptide directs the protein to the twin-arginine trans-
location (TAT) pathway (Ignatova et al. 2002). Along with
the wild-type PGA signal peptide, we tested a classical TAT
signal peptide (the TorA signal peptide). None of the TAT
signal peptides tested produced functional single-chain
PGA.

The fact that the different single-chain proteins were suc-
cessfully produced when expressed without a leader peptide
indicates that the new domain arrangement in the polypep-
tide chain is not impairing the folding process. However,
adding the PGA wild-type signal peptide to the single-chain
proteins resulted in aggregated protein products. There can
be several reasons that could explain the observed behavior
of the TAT routed single-chain proteins. Because the pro-
teins must fold first before being transported by the TAT
pathway (Palmer and Berks 2003), the simplest explanation
would be an impairment of the folding capabilities of the
�-subunit as a result of the extension in the N terminus of
the protein with the wild-type leader peptide. Additionally,
the new domain arrangement in the polypeptide could make
the proteins not compatible with the TAT secretion pathway
as reported for other proteins (Stanley et al. 2002).

Single-chain proteins using the Sec-dependent �-lacta-
mase signal peptide were correctly processed, as demon-
strated by the production of functional protein. The success
of the �-lactamase leader to correctly secrete the single-
chain PGA proteins could be explained by the suggested
capabilities of this leader peptide to collect a set of protein

Table 2. Active-site titration experiments for some variants and
the heterodimeric protein

Enzyme

kcat
a

Active site concentration
�M PMSF

sec−1 Experiment 1 Experiment 2

WT 25.1 ± 1.4 0.28 (0.55)b 0.56 (1.1)
NEGM 36.8 ± 2.7 0.13 (0.14) 0.22 (0.28)
DPAG 15.5 ± 0.8 0.20 (0.21) 0.54 (0.62)

a Determined by PMSF inhibition studies (Fig. 3).
b The data in parentheses indicate the protein molar concentration (in �M)
used for the inhibition experiments. The different inhibition experiments
consisted in modifying the amount of initial protein before measuring the
active-site molar concentration.

Figure 3. Plot of residual PGA activity vs. PMSF inhibitor concentration.
The open and closed symbols indicate different concentration of protein
used during the inhibition assays (enzyme concentration values are shown
in Table 2). The slope of the parallel lines was taken as the kcat and the line
intersection with the abscissa indicates the active site molar concentration.
Circles, diamonds, and triangles correspond to PGA-WT, DPAG, and
NEGM data, respectively.
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chaperones that help in the translocation process (Zahn et al.
1994; Wild et al. 1996; Kebir and Kendall 2002). It is also
possible that our modifications of the �-lactamase leader
(see Results section) could be more permissive to the cor-
rect processing of the single-chain proteins. Finally, the fact
that a known Sec-dependent signal peptide is important to
produce functional (and therefore, fully processed) protein
is not a proof that the single-chain proteins are following the
Sec secretion pathway. Repeating the expression experi-
ments using the reported TAT-deficient bacterial strains
could be the next step to help clarify this point.

The successful production of functional PGA when the
subunits are separately expressed inside the cytoplasm was
recently reported as bacterial strain dependent (Burtscher
and Schumacher 1992). The authors reported a wild-type
PGA expression level of about 10% that of the subunits
using the same permissive bacterial strain. Nonetheless, the
wild-type PGA showed a better specific activity than the
one obtained with PGA formed from separately expressed
subunits. In our work, the single-chain variants were ex-
pressed in lower yields than the ones obtained with wild-
type PGA. However, the single-chain PGA specific activity
values were similar to the ones showed by the wild-type
PGA.

The better performance of single-chain PGA as compared
with PGA formed from separately expressed subunits could
be explained by a more successful production of functional
enzyme with the former as shown by the 100% yield of
functional active sites displayed by the single-chain variants
compared with 40% to 70% functional yield obtained with
the wild-type enzyme, and also reported during in vitro
enzyme refolding (Lindsay and Pain 1991; Shamolina and
Svedas 2000). Joining the �- and �-subunits in a single
polypeptide should improve the interdomain contacts, and
might help the calcium ion to define the structure of the
binding site (McVey et al. 2001).

We believe our results open new, alternative avenues for
PGA production. A natural next step would be to improve
the single-chain PGA production yield by using the selec-
tion method described in this work. Directed evolution ex-
periments could be planned to increase the amount of
soluble single-chain protein in the periplasm of bacteria by
looking for mutations that eliminate the detected aggrega-
tion tendencies of the single-chain penicillin acylases here
described.

Materials and methods

All chemicals were from Sigma. Restriction enzymes and T4 DNA
ligase were from New England Biolabs. Taq Gold polimerase was
from PE Applied Biosystems. PCR and Plasmid DNA purification
kits were from Qiagen. Antimouse secondary alkaline phospha-
tase-conjugated antibody and alkaline phosphatase substrates were
from ICN. Oligonucleotides were synthesized in an in-house fa-

cility (Instituto de Biotecnología). PCR reactions were performed
in an iCycler thermal cycler from Bio-Rad.

Single-chain PGA gene construction

A single-chain PGA gene containing a stop codon in the connector
peptide was used as a DNA template. The �-domain coding DNA
was amplified with the oligonucleotides ACLINK (5� CGCAG
GAAGTGTTGCACGTTNNG/CNNG/CNNG/CNNG/CAGTGAG
ATAAAGATTGTT 3� [Nucleotides in bold code for the random
connector; underlined nucleotides code for the first amino acids of
the � domain; and nucleotides in italics code for the last amino
acids of the �-domain.]) and ACTAP (5� AGCCGTGGATCGT
GGGTCGACTCATTATGCTGTTTGCGA 3� [Underlined nucleo-
tides are complementary to the part of the gene that codes for the
last amino acids of the �-domain including a new stop codon;
nucleotides in italics correspond to the SalI restriction site.]). The
PCR product was used as a megaprimer, and extended to reach a
MluI restriction site upstream in the �-domain coding DNA using
the backward oligonucleotide BMLU (5� GGTGTACCGCAGGC
CGCA 3�). The final product was digested with MluI and SalI, and
used to replace the original fragment in the cloning vector (pT4-
BLA [Osuna et al. 2002] containing the single-chain PGA gene).
The PGA library was selected on penicillin G plates at antibiotic
concentrations above the background levels (around 25 or 60 �g/
mL, depending on the strain used).

The pTHIOC library was made using the following strategy:
Using the same DNA template previously described, we amplified
the gene portion coding for the �-domain with the oligonucleotides
ACLINK (see above) and ACTAPSPETAG (see below); and the
gene portion coding for the �-domain was amplified with the
oligonucleotides PSNDE (5� GGGCCATATGAGTATTCAACAT
TTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTT 3� [Un-
derlined nucleotides code for the start of the �-lactamase lead-
er peptide and the nucleotides in italics indicate the NdeI re-
striction site.]) and 20B-C (see below). The two purified PCR
products were combined to construct the complete single-chain
gene by PCR using the external oligonucleotides PSNDE and
ACTAPSPETAG. The final product was digested with NdeI and
SpeI restriction enzymes and cloned into the PTHIOC vector pre-
pared with the same restriction enzymes.

Expression studies with different single-chain PGA

XL1-Blue was transformed by electroporation with the different
expression plasmids and grown with shaking at 30°C in 5 mL of
LB medium containing the appropriate antibiotic. When the cul-
ture OD600 reached 0.6–0.8, the expression of the proteins was
induced with 20 �M of IPTG, and growth was continued for an
additional 3 h at 30°C. Before pelleting the cells, the cultures
OD600 were measured and the cell pellets were resuspended in
PBS at appropriate volumes (around 500 �L) to normalize all
samples to the same OD600. The resuspended cell pellets were
disrupted by sonication and total and soluble (collected by cen-
trifugation) protein samples were taken.

Primer NDENEW (5� GGAATTCCATATGAGTATTCAACAT
TTCCG 3�) and primer ACTAPSPETAG (5� AGCCGTGGATC
GTGGACTAGTAGAAGCGTAGTCCGGAACGTCGTACGG
GTATGCTGTTTGGGA 3�) were used to amplify the NEGM and
DPAG single-chain variant genes. These primers are complemen-
tary (underlined parts in the previous primers) to the start of the
�-lactamase gene coding for the leader peptide (NDENEW) and to
the end of the circularly permuted penicillin acylase gene coding

A single-chain penicillin G acylase

www.proteinscience.org 1681



for the last amino acids of the �-domain (ACTAPSPETAG).
Nucleotides in bold code for a decapeptide tag recognized by
monoclonal antibody 12Ca5 (I.A. Wilson, The Scripps Research
Institute). PCR products were digested with NdeI and SpeI restric-
tion enzymes (recognition sites shown in italics in the previous
primers) and cloned in the pTHIOC vector prepared with the same
restriction enzymes.

To introduce the different leader peptides to the single-chain
variants we designed the following oligonucleotides: SPA-ALA
(5� GTTACTGCTTCCCTGATGTATTATTGGAGCTTCCCTGC
ACTGGCTAGCAATATGTGGGTG 3�) and SPA-NDE1 (5� TC
GTGGCATATGAAAAATCGCAATCGTATGATCGTGAACTG
TGTTACTGCTTCCCTGATG 3�) were used in two sequential
PCR reactions to introduce the wild-type leader peptide. (The un-
derlined part in SPA-ALA, and in all the following oligonucleo-
tides, is complementary to the start of the �-domain of the single-
chain PGA gene. The NdeI restriction site in SPA-NDE1, and in
all the following oligonucleotides, is shown in italics.) TORA1 (5�
GGCGGGCATGCTGGGTCCGAGCCTGCTGACCCCGCGCC
GTGCGACCGCGAGCAATATGTGGGTG 3�), TORA2 (5� TC
TGGCGCAGCTGGGCGGTCTGACCGTGGCGGGCATGCTG
GGT 3�), and TORA3 (5� TCGTGGCATATGAACAACAATG
ATCTGTTTCAGGCGAGCCGCCGTCGCTTTCTGGCGCAGC
TG 3�) were used in three sequential PCR reactions to introduce
the TorA leader peptide.

To finish the PCR fragments, all of the constructions described
above were extended using the backward primer 20B-C (5�
GCAACACTTCCTGCGACTCC 3�) that is complementary to the
part of the single-chain gene coding for the last amino acids of the
�-domain. The final PCR products were digested with NdeI and
BglII, and cloned into the respective vector (carrying the different
single-chain variants) previously digested with the same restriction
enzymes.

To construct the cytoplasm expressed single-chain variants, we
carried out a PCR reaction with oligonucleotide NPSNDEI (5�
CGCGGCCATATGAGCAATATGTGGGTGATC 3�) and the above
described 20B-C primer. The final PCR product was cloned as
described above.

To construct the wild-type penicillin acylase gene in the pThioC
vector, primer SPA-NDEI described above and primer PACTAG
(5� TCGTGGCTCGAGTCATTAAGAAGCGTAGTCCGGAA
CGTCGTACGGGTATCTCTGAACGTG 3�) were used in a
PCR reaction to amplify the wild-type gene. The underlined part in
PACTAG is complementary to the end of the gene that codes for
the last amino acids of the �-domain and the nucleotides in bold
code for the decapeptide tag previously described. The final PCR
product was digested with NdeI and XhoI, and cloned in the
pTHIOC vector prepared with the same restriction enzymes. The
final constructs were verified by nucleotide sequence.

Preparation of cell extracts and Western blotting

Cells from an overnight culture were used to inoculate 5 mL of LB
medium containing the appropriate antibiotics. If needed, at
around 0.8 OD of cell density, all cultures were induced with IPTG
at a final concentration of 0.02 M. After 3 to 4 h of induction, the
final OD of the culture was measured and the cells were collected
by centrifugation. The cell pellet was resuspended with 300 to 500
�L of PBS buffer, depending on the OD reached by any individual
culture. The cell suspension was sonicated (three 30-sec periods at
0°C) with a model 450 Branson sonifier. Total (T) protein samples
were taken before subjecting the lysed cells to an extra centrifu-
gation step aimed to remove any aggregated protein and the cell
debris. After the centrifugation step, soluble (S) protein samples

were taken to be used for the Western blotting or to measure the
specific activity (see below).

Western blotting was performed according to general proce-
dures (Towbin et al. 1979). BSA 3% in PBS was used to block any
nonspecific sites in the nitrocellulose paper. For PGA protein de-
tection, a mouse antibody specific for the decapeptide sequence
N-YPYDVPDYAS-C (introduced at the end of the wild-type or
single-chain PGAs, see above) was used as the first antibody. The
PGA band was revealed using an antimouse secondary alkaline
phosphatase-conjugated antibody and ready-to-use alkaline phos-
phatase substrates from ICN.

Purification of wild-type and single-chain PGA
containing the linkers NEGM and DPAG

Single-chain proteins and wild-type PGA, modified to include a
histidine tail at the C terminus, were expressed and purified fol-
lowing the manufacturer’s instructions (pET system; Novagene).
Briefly, cells were grown at 30°C in M9 medium. When OD600

reached 0.4, 0.5 mM IPTG was added to the culture to induce gene
expression. After 8 h of induction, cells were harvested by cen-
trifugation. The pellet was resuspended in 20 mL of PBS by soni-
cation and the cell debris removed by centrifugation at 4°C. The
protein solutions were applied to nickel columns (Qiagen) previ-
ously equilibrated with PBS. The bound protein was exhaustively
washed using the same buffer and then eluted with 250 mM im-
idazole. To improve the purity of the proteins, they were precipi-
tated with 5% to 30% ammonium sulfate, depending on the pro-
tein. The precipitate containing PGA was resuspended in PBS. The
protein solution was thoroughly dialyzed against HEPES 20 mM.
The protein yields were around 1 mg of purified protein per liter of
culture.

Active site titration and specific activity measurements

PGA active site molar concentration was determined by direct
titration with phenylmethylsulphonyl fluoride (PMSF; Siewinsky
et al. 1984). PGA was incubated at 25°C for 30 min with PMSF
(from 0 to 1 �M) in 10 mM phosphate buffer pH 7.8. The residual
activity measured for the active-site titration, and the specific ac-
tivity assays using crude soluble-protein extracts were determined
under substrate saturation (2% penicillin G final concentration,
well above the reported Km values for the heterodimeric enzyme)
by the PDAB method (Balasingham et al. 1972). Assays for PGA
specific activity done with crude soluble-protein extracts coming
from cells harboring the pThioC expression vector required a pre-
incubation with clavulanic acid (10 mM final) to inhibit the �-lac-
tamase encoded in the plasmid. Briefly, 80 �L of soluble protein
was, when needed, incubated at 30°C for 10 min with 10 �L of a
100 mM solution of clavulanic acid. Later, 10 �L of a 20% solu-
tion of penicillin G was added and the incubation continued by 10
min. The reaction was stopped by the addition of 2.4 mL of ab-
solute ethanol, and the 6-APA produced during the reaction was
revealed by the addition of 1.25 mL of a 1% solution of paradi-
methyl amino-benzaldehyde. The reaction product between 6-APA
and the PDAB was monitored in a DU-650 Beckman spectropho-
tometer at a wavelength of 415 nm. To quantify the amount of
6-APA produced in the different reactions a calibration curve
made with known amounts of pure 6-APA was used to interpolate
the produced 6-APA values. All measurements were made at least
by duplicate.
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Electronic supplemental material

Table 1 shows the different linker sequences joining the �- and
�-subunits. Figure 1 describes the different gene construction strat-
egies. Figure 2 shows the purification of two single-chain penicil-
lin acylases.
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