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Penicillium chrysogenum is an important producer of penicillin antibiotics. A key step in their biosynthesis
is the oxidative cyclization of 8-(L-01-aminoadipyl)-L-cysteinyl-D-valine (ACV) to isopenicillin N by the enzyme
isopenicillin N synthase (IPNS). bis-ACV, the oxidized disulfide form of ACV is, however, not a substrate for
IPNS. We report here the characterization of a broad-range disulfide reductase from P. chrysogenum that
efficiently reduces bis-ACV to the thiol monomer. When coupled in vitro with IPNS, it converts bis-ACV to
isopenicillin N and may therefore play a role in penicillin biosynthesis. The disulfide reductase consists of two
protein components, a 72-kDa NADPH-dependent reductase, containing two identical subunits, and a 12-kDa
general disulfide reductant. The latter reduces disulfide bonds in low-molecular-weight compounds and in
proteins. The genes coding for the reductase system were cloned and sequenced. Both possess introns. A
comparative analysis of their predicted amino acid sequences showed that the 12-kDa protein shares 26 to 600%
sequence identity with thioredoxins and that the 36-kDa protein subunit shares 44 to 49%o sequence identity
with the two known bacterial thioredoxin reductases. In addition, the P. chrysogenum NADPH-dependent
reductase is able to accept thioredoxin as a substrate. These results establish that the P. chrysogenum
broad-range disulfide reductase is a member of the thioredoxin family of oxidoreductases. This is the first
example of the cloning of a eucaryotic thioredoxin reductase gene.

Penicillins are sulfur-containing f-lactam compounds that
are produced by certain filamentous fungi and industrially by
Penicillium chrysogenum. The initial steps in the biosynthesis of
these antibiotics involve the condensation of a-aminoadipic
acid, cysteine, and valine to form a tripeptide by the enzyme
8-(L-ct-aminoadipyl)-L-cysteinyl-D-valine (ACV) synthetase
and then the cyclization ofACV to make isopenicillin N by the
enzyme isopenicillin N synthase (IPNS) (3). ACV can exist in
two states, either as the reduced monomeric form, which
possesses a free cysteine thiol, or as the oxidized disulfide
(bis-ACV) dimer. Within the cell, it may also make mixed
disulfides with other thiol-containing compounds. Significantly,
only the reduced form of ACV is converted in vitro to
isopenicillin N by IPNS (36). Furthermore, IPNS is less active
under nonreducing conditions, and a similar situation may
exist for ACV synthetase (4, 36). Therefore, synthetic reducing
agents, such as dithiothreitol (DTT), are used to maintain
reducing conditions in cell-free systems used for producing
penicillins (41). At present, it is not known how each of the
above-mentioned enzymes and ACV are kept in their reduced
state in P. chrysogenum during ,B-lactam synthesis. Moreover,
the high yields of penicillins made by commercial strains
suggest that a substantial part of the reducing power of the cell
may be diverted to their synthesis. We recently searched for an
identified an enzymatic disulfide reductase system in Strepto-
myces clavuligerus, a potent producer of penicillins and cepha-
losporins, that is able to replace the need for DTT in IPNS
reactions (2). This system efficiently reduces bis-ACV to its
thiol form and modulates the activity of IPNS (4). When
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coupled with IPNS, it quantitatively converts bis-ACV to
isopenicillin N. Because ACV structurally resembles glutathi-
one, y-glutamyl-cysteinyl-glycine, the most common intracel-
lular low-molecular-weight (LMW) thiol, we originally sup-
posed that this disulfide reductase might be related to
glutathione reductase. However, we have now shown that
streptomycetes lack both glutathione and glutathione reduc-
tase (2, 35). Also, a biochemical characterization of the S.
clavuligerus disulfide reductase revealed that, in contrast to
glutathione reductase, the S. clavuligerus disulfide reductase
reduces a wide range of disulfides in LMW compounds and in
proteins and is composed of two nonidentical polypeptides.
The high-molecular-weight (HMW) component is a 70-kDa
flavoprotein containing two identical subunits. In the presence
of NADPH, it catalyzes the transfer of electrons to the LMW
component. The latter is a heat-stable 12-kDa protein that is a
general disulfide reductant. These properties of the S. clavu-
ligerus broad-range disulfide reductase led us to propose that it
belongs to the thioredoxin-thioredoxin reductase class of fla-
voprotein disulfide oxidoreductases. This proposal was re-
cently confirmed by cloning the S. clavuligerus HMW and
LMW protein genes and determining their DNA sequences
(6). The purpose of the present paper is to describe the
biochemical and genetic properties of a broad-range disulfide
reductase system in P. chrysogenum that reduces bis-ACV, is
distinguishable from glutathione reductase, and may play a
role in promoting the biosynthesis of ,-lactam compounds. We
show that P. chrysogenum possesses both glutathione reductase
and thioredoxin-based disulfide reductase systems and that the
thioredoxin system is able to efficiently reduce bis-ACV and
disulfides in proteins. The two genes encoding the P. chryso-
genum thioredoxin system were cloned and sequenced. To the
best of our knowledge, this is the first reported cloning of a
eucaryotic thioredoxin reductase gene.
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MATERIALS AND METHODS

Microorganisms, media, and growth conditions. P. chryso-
genum NRRL 1951 was used for preparing the LMW and
HMW proteins of the general disulfide reductase. Cultures
were grown at 30°C in tryptic soy broth (Biolife) containing 10
g of soluble starch per liter (TSBS). Fifty-milliliter amounts of
TSBS in 250-ml flasks were inoculated with spores (adsorbed
on rice seeds) and incubated for 24 to 48 h at 250 rpm. These
seed cultures were transferred at 2% (vol/vol) into fresh TSBS
(usually 1-liter amounts in 4-liter flasks) and incubated for a
further 24 to 48 h at 150 rpm. Cultures were harvested by
filtration, washed with 0.9% NaCl, lyophilized, and stored at
- 700C.
Materials. Chromatography resins, DEAE-Sephacel, Blue-

Sepharose CL-6B, and 2',5'-ADP-Sepharose were supplied by
Pharmacia. Ultrogel AcA54 was obtained from LKB. DTT,
NADPH, 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), and bo-
vine insulin were purchased from Sigma. Chemically synthe-
sized ACV was obtained from Bachem Feinchemicalien AG,
Bubendorf, Switzerland, in the oxidized form (bis-ACV). Thi-
oredoxins from Spirulina platensis and Escherichia coli were
obtained from Sigma and Calbiochem, respectively. Thiore-
doxin reductase from S. clavuligerus was purified as previously
described (2).
Enzyme assays. (i) Disulfide reductase activity. The P.

chrysogenum general disulfide reductase contains two protein
components, denoted LMW and HMW. Its activity was deter-
mined by use of the DTNB assay described by Holmgren (13).
Activity was monitored by measuring the increase in the A412
at 250C during the initial 2 min of the reaction. The reaction
mixture contained, in a final volume of 1 ml, 50 mM Tris-HCl
(pH 8.0), 1 mM EDTA, 0.2mM NADPH, and 0.02 mM DTNB
(disolved in 95% ethanol). Depending on which component
activity was to be assayed, various amounts of the HMW or
LMW protein were added to the mixture, and the reaction was
started by the addition of the complementary component.
Control reactions in which either one of the two protein
components was omitted or in which NADPH was omitted
showed no significant increase in absorbance. The assay could
be adapted easily to a microtiter plate scale by reducing the
reaction mixture volume to 0.2 ml and monitoring the increase
in the absorbance by use of an automatic microtiter plate
reader. One unit of activity is the amount of protein that
oxidizes 1 ,umol of NADPH per min, calculated as AA412/(13.2
x 2) (27), in a standard reaction mixture containing known
amounts of the LMW or HMW component.

(ii) Insulin reduction. The reduction of protein disulfides by
the LMW component of the P. chrysogenum general disulfide
reductase was done with insulin as the substrate and DTT as
the terminal reductant (14). The reaction was monitored by
measuring the turbidity at 650 nm of a solution containing, in
a final volume of 1 ml, 0.5 mM bovine insulin, 100 mM
potassium phosphate (pH 7.5), 0.1 mM EDTA, 1 mM DTT,
and the LMW protein. Control reactions in which DTT or the
LMW protein was omitted were carried out in parallel. In
other experiments, DTT was substituted for by the HMW
protein and NADPH, and the reaction was monitored by
measuring the change in the A340-

(iii) Glutathione reductase. Reactions for the determination
of glutathione reductase activity were performed with a mix-
ture containing, in a final volume of 1 ml, 50 mM Tris-HCl (pH
8.0), 1 mM oxidized glutathione (GSSG), 1 mM EDTA, 0.2
mM NADPH, and enzyme as required. Activity was measured
by monitoring the change in the A340-

(iv) IPNS assay. The conversion of ACV to isopenicillin N

by IPNS was measured with reaction mixtures containing, in a
final volume of 0.08 ml, 0.345 mM bis-ACV, 2.8 mM sodium
ascorbate, 45 ,uM FeSO4, 50 mM Tris-HCl (pH 7.2), 1 mM
NADPH, 0.1 mM EDTA, and purified preparations of IPNS
and the LMW and HMW protein components of the general
disulfide reductase. The reaction mixtures were incubated for
30 to 60 min at room temperature, and the reactions were
terminated by the addition of 0.08 ml of methanol. The amount
of isopenicillin N produced was estimated by the agar diffusion
bioassay with Micrococcus luteus ATCC 9341 as the indicator
strain (17).

Purification of the P. chrysogenum general disulfide reduc-
tase system. Dry mycelium was ground in a mortar, suspended
in 4 volumes of 50 mM Tris-HCl (pH 8.0)-0.1 mM EDTA (TE
buffer), and centrifuged in the cold for 15 min at 14,000 x g.
Streptomycin sulfate was added to the cell extract with gentle
stirring at 4°C to a final concentration of 1% (wt/vol). After 15
min, the suspension was centrifuged for 15 min at 14,000 x g,
and the pellet was discarded. Solid ammonium sulfate was then
added to the clear supernatant to 50% saturation, and the
mixture was stirred for 20 min at 4°C and centrifuged at 14,000
x g for 20 min. The supernatant was collected, adjusted to
80% saturation with solid ammonium sulfate, stirred again for
20 min at 4°C, and centrifuged. The resulting material that
precipitated between 50 and 80% saturation was saved. The
pellet was resuspended in a small volume of TE buffer and
applied to an AcA54 column (2.6 by 35 cm) previously
equilibrated with that buffer. The column was developed with
TE buffer at a flow rate of 0.5 ml/min, and the fractions were
assayed for disulfide reductase activity with DTNB as a sub-
strate. Whereas disulfide reductase activity was readily de-
tected in the resuspended ammonium sulfate pellet, it was
absent in the individual fractions collected from the gel
filtration column. Activity could be recovered only by combin-
ing certain fractions containing an LMW protein (<15,000)
with certain fractions containing an HMW protein (>60,000).
The latter also contained glutathione reductase activity. The
LMW and HMW proteins were further purified as described
below, and their activities were determined by assaying for
each in the presence of the complementary component.

(i) Purification of the HMW protein. Gel filtration fractions
containing the HMW protein were combined and applied to a
DEAE-TSK (Merck) column that had a 20-ml bed volume and
that had been preequilibrated with TE buffer. The column was
developed with a linear gradient of 0 to 0.5 M NaCl in TE
buffer. Fractions were tested for DTNB reduction in the
presence of the LMW protein and separately for GSSG
reduction (glutathione reductase activity). The fractions con-
taining activity in the DTNB assay were pooled, diluted with
water to adjust their conductivity to that of the buffer in the
next step, and applied to a Blue-Sepharose CL-6B column (1
by 10 cm) that had been preequilibrated with 20 mM Tris-HCl
(pH 7.25)-i mM EDTA. The HMW protein was eluted with
the same buffer containing 5 mM NADPH. Active fractions
were pooled and kept frozen. The yield of activity at this stage
was about 50%, and a purification of about 500-fold was
achieved.

(ii) Purification of the LMW protein. Gel filtration fractions
containing the LMW protein were combined and incubated
with 2 mM DTT at room temperature before application to a
DEAE-Sephacel column that had been preequilibrated with 10
mM Tris-HCl (pH 8.0)-i mM EDTA. The column was devel-
oped with a linear gradient of 0 to 0.3 M NaCl in the same
buffer. Fractions were tested for DTNB reduction in the
presence of the HMW protein and NADPH. Active fractions
were combined and stored frozen at -20°C. A further ion-
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exchange step was sometimes done and included CM-Sephacel
(10-ml bed volume) as the gel matrix. For this step, the pooled
material was dialyzed against 15 mM sodium acetate buffer
(pH 4.9)-I mM EDTA by use of tubing having a molecular
weight cutoff of 3,000. A gradient of 15 to 600 mM sodium
acetate (pH 4.9) was used for elution. The yield of activity at
this step was about 20%, and a purification of about 700-fold
was achieved.
The purity of the HMW and LMW preparations at the

different steps was monitored by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (20). The NH2-terminal
portions of the purified LMW and HMW proteins were
determined after electrophoresis in denaturing gels, staining
with Coomassie blue R-250, electroblotting to a polyvinylidene
difluoride membrane, and sequencing with a gas-phase se-
quencer at Eurosequence, Groningen, The Netherlands.

Cloning and gene manipulations. A genomic library of P.
chrysogenum GB8 in the lambda cloning vector EMBL-3 (9)
was screened by hybridization to isolate the LMW and HMW
protein genes as described elsewhere (39). Synthetic mixed
degenerate oligodeoxynucleotides were prepared by use of an
Applied Biosystems 380B DNA synthesizer according to the
NH2-terminal sequences of the purified LMW and HMW
proteins. Phage and plasmid DNA preparations were made by
standard procedures (28). Plasmid pMY-8 is pUC18 contain-
ing the entire S. clavuligerus HMW reductase gene (trxB) (6).
Restriction enzymes and DNA-modifying enzymes were pur-
chased from International Biotechnologies, Inc., and Promega
and used as recommended by the manufacturers. Subcloning
and Southern analyses were done as described previously (28).
DNA analysis. Nucleotide sequencing was performed by the

dideoxy chain termination procedure after subcloning frag-
ments into M13 phage vectors (32) or by direct sequencing
from double-stranded DNA. Both strands of open reading
frames were sequenced with Sequenase version 2.0 (United
States Biochemical Corp.) and synthetic oligonucleotide prim-
ers.

Sequence analysis. Published protein sequences were ac-
cessed from the PIR protein or Swiss-Prot data banks with the
Genetic Computer Group, Inc. (GCG) (Madison, Wis.), se-
quence analysis software package. Sequence analysis was per-
formed with the Clone Manager software package, version 3.0
(Scientific and Educational Software, National Institutes of
Health, Bethesda, Md.). Paired sequence alignments were
carried out with the FASTA (26) program in the GCG
package. Multiple sequence alignments were made with the
Pileup program in the same GCG package.

Nucleotide sequence accession number. Sequence data re-
ported in this work have been submitted to EMBL and
assigned accession numbers X76119 for the P. chrysogenum
trxB gene and X76120 for the P. chrysogenum trx4 gene.

RESULTS

P. chrysogenum disulfide reductases. Gel filtration chroma-
tography of crude extracts of P. chrysogenum revealed that they
contain two NADPH-dependent disulfide reductases, one able
to reduce GSSG and the other able to reduce GSSG and
DTNB. The specific activities of the whole-cell extracts for
GSSG and DTNB were 0.095 and 0.0015 to 0.0045 U/mg of
protein, respectively. Glutathione reductase recognizes GSSG
but not DTNB as a substrate. It was found to coelute with the
main protein profile in AcA54 chromatography of the ammo-
nium sulfate fraction (Fig. 1). A second reductase able to
accept both GSSG and DTNB with similar efficiencies was
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FIG. 1. Separation of the LMW and HMW proteins of the P.
chrysogenum NADPH-dependent general disulfide reductase by
AcA54 chromatography of the ammonium sulfate precipitate of cell
extracts. The broken line represents the A280. The activities ( x 5) of
the LMW protein (0) and the HMW protein (0) were determined by
the DTNB assay (see Materials and Methods). For detection of the
HMW component, samples from the pooled fractions containing the
LMW protein (fractions 38 to 42) were included in the assay. For
detection of the LMW component, samples from the pooled fractions
containing the HMW protein (fractions 18 to 22) were included in the
assay. Glutathione reductase (GR) was assayed in individual fractions
with GSSG as a substrate (see Materials and Methods). It coeluted
with the HMW protein.

initially not detected in any of the individual fractions from the
column but was subsequently identified when certain well-
separated fractions were combined. The NADPH-dependent
DTNB reductase activity was recovered when a fraction con-
taining an HMW protein (>60,000) that coeluted with gluta-
thione reductase was combined with an LMW protein
(< 15,000) that eluted later (Fig. 1). The fact that DTNB
reductase activity requires two nonidentical components,
whereas a single protein species is sufficient for GSSG reduc-
tase activity, readily allows discrimination between the two
enzyme systems and forms the basis of the assay used for the
purification of the LMW and HMW proteins. We henceforth
refer to the former system as the P. chrysogenum general
disulfide reductase system for reasons that will become clear.

Purification of the LMW and HMW proteins of the P.
chrysogenum general disulfide reductase. Table 1 summarizes
the steps in the purification of the LMW and HMW compo-
nents of the general disulfide reductase. In the initial stages of
purification, up to the ammonium sulfate step, reductase
activity was assayed with both LMW and HMW components
present in the extract with DTNB as a substrate. Because of
the high level of nonspecific reductase activity in the ammo-
nium sulfate fractions and the difficulty in determining the
relative amounts of the two components, the activities at the
AcA54 step were used as a reference for calculating relative
yields during purification. At that step, the proteins were
separated by gel filtration chromatography, and HMW enzyme
activity was monitored by including in the reaction mixture the
LMW component. Because the fractions containing HMW
enzyme activity from the gel filtration step had high levels of
glutathione reductase activity, we preferred not to use them at
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TABLE 1. Purification of the HMW and LMW proteins of the P. chrysogenum general disulfide reductase

Protein and purification Total activity Sp act Yield Purification
step of protein (U) (U/mg) (% (fold)(mg)

HMW protein
Ammonium sulfate 95.1 0.398 0.0042 93 1
Ultrogel AcA54 25.2 0.429 0.0170 100 4
DEAE-TSK 2.7 0.283 0.104 66 24
Blue-Sepharose 0.1 0.207 2.070 48 493
CL-6B

LMW protein
Ammonium sulfate 169.6 0.105 0.00062 27 1
Ultrogel AcA54 6.9 0.390 0.056 100 90
DEAE-Sephacel 1.5 0.244 0.162 62 261
CM-Sephacel 0.23 0.083 0.355 21 572

this stage for assaying LMW enzyme activity. The separation of
glutathione reductase from HMW enzyme activity by DEAE-
TSK chromatography is shown in Fig. 2. Glutathione reductase
elutes first at 0.15 to 0.23 M NaCl and is followed by HMW
reductase at 0.24 to 0.32 M NaCl. To further purify HMW
reductase from residual levels of highly active glutathione
reductase, pooled HMW fractions were applied to a 2',5'-
ADP-Sepharose column that had previously been found to be
effective at this step for different disulfide reductases. HMW
reductase bound poorly to this resin but was retained much
more effectively by Blue-Sepharose CL-6B and could be eluted
with a buffer containing NADPH. A purification of 500-fold at
this stage was achieved, with an overall yield of 50%. Analysis
of the HMW preparation by electrophoresis in denaturing gels
revealed a single band with an estimated molecular weight of
36,000 + 2,000. Gel filtration chromatography of the native
HMW protein showed that it is a dimer. The purification of the
LMW component of the disulfide reductase is summarized in
Table 1. A purification of about 570-fold was obtained, with an
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overall yield of 20%. Analysis of the LMW preparation by
electrophoresis in denaturing gels showed it to be greater than
90% pure and to have a molecular weight of about 12,000. The
size of the native LMW protein determined by gel filtration
chromatography was indistinguishable from that of the dena-
tured protein. The LMW protein is heat stable. Incubation of
the LMW protein (DEAE-Sephacel step) for 25 min at 78°C
had no significant effect on its DTNB-reducing activity.
The P. chrysogenum general disulfide reductase has broad

substrate specificity. Several LMW disulfide-containing com-
pounds were tested as substrates with the purified P. chryso-
genum NADPH-dependent disulfide reductase; they included
DTNB, GSSG, bis-ACV, CoASSCoA (oxidized coenzyme A),
CoASSG (coenzyme A glutathione disulfide), and CysGlySS
CysGly (bis-CysGly). The standard reaction mixture contained
0.2 mM NADPH, 18 ,ug of HMW protein (from the DEAE
purification step), 2.5 jig of LMW protein (from the same
step), and various concentrations of disulfide substrates. The
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FIG. 2. Separation of the P. chrysogenum HMW reductase and

glutathione reductase by DEAE-TSK chromatography of pooled
AcA54 fractions (see Fig. 1). The activity (x 100) of HMW reductase
(-) was determined by the DTNB assay in the presence of the LMW
protein (see Materials and Methods). Glutathione reductase (GR) (0)
was assayed with GSSG as a substrate (see Materials and Methods).
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FIG. 3. Reduction of disulfide bonds in insulin by the P. chrysoge-
num LMW protein with NADPH and the HMW protein or DTT as the
source of reducing power. Symbols: *, 1 mM DTT; 0, 22 p,g ofLMW
protein (L) (DEAE step) plus 60 jig of HMW protein (H) (DEAE
step) and NADPH; 0, 22 ,ug of LMW protein (L) (DEAE step) plus
0.5 mM DTI; O, control experiments in which DTI, the LMW
protein, the HMW protein, and NADPH were omitted.

J. BACrERIOL.



THIOREDOXIN SYSTEM OF PENICILLIUM CHRYSOGENUM 977

levels of activity were highest for DTNB and progressively
lower for CoASSCoA, bis-ACV, CoASSG, and CysGlySSCys-
Gly, in that order, with apparent Km values of 1.4, 83, 125, 125,
and 800 ,uM, respectively. The specific activity of disulfide
reductase (the DEAE step) was 2.3-fold higher for bis-ACV
than for GSSG, 0.129 and 0.056 ,umol of NADPH oxidized per
mg of protein per min, respectively. In contrast, the specific
activity of glutathione reductase was 70-fold higher for GSSG
than for bis-ACV, 5.78 and 0.082 ,umol of NADPH oxidized
per mg of protein per min, respectively.
The LMW component of the purified P. chrysogenum disul-

fide reductase stimulates the reduction of disulfide bonds in
bovine insulin by DTT. Figure 3 shows the effect of the LMW
protein on the dissociation of the two polypeptide chains of
insulin. The increase in turbidity is due to precipitation of the
free insulin B chain. By itself, DTT reduces insulin disulfides at
a characteristic rate. However, in the presence of the LMW
protein, the rate of insulin disulfide reduction is considerably
enhanced, much in the same manner as that which occurs with
thioredoxins (14) (leftmost curve). Moreover, NADPH and the
HMW protein are able to effectively substitute for DTT as the

LMW protein (8 pLg of protein) was from the DEAE purifica-
tion step; the HMW protein (39.6 pLg of protein) was from the
DEAE purification step. Incubation was done for 30 min at
25°C. Antibiotic production was measured in a bioassay with
M. luteus as the indicator organism (see Materials and Meth-
ods and reference 16). In the presence of the HMW and LMW
proteins and NADPH, 72 ,ug of isopenicillin N per ml was
detected; none was detected in the presence of the HMW and
LMW proteins, the HMW protein and NADPH, or the LMW
protein and NADPH. In a control experiment in which the
disulfide reductase system was replaced with 5 mM DTT, the
amount of isopenicillin N obtained was 250 ,ug/ml.

Cloning of the P. chrysogenum HMW reductase gene. To
isolate the gene coding for the HMW component of the P.
chrysogenum general disulfide reductase, the purified protein
was subjected to Edman degradation and the NH2-terminal
portion was sequenced. The information was used to construct
a mixed degenerate oligodeoxynucleotide probe for screening
by hybridization with a phage X EMBL-3 genomic library. The
sequences of the HMW peptide and the mixed oligode-
oxynucleotide probe are as follows:

(Val) (His) Ser Lys Val Val Ile Ile Gly Ser Gly Pro Gly Ala His
5'-GGA CCI GGA GCI CAC

C C G
T T

Thr Ala Ala Ile Tyr Leu Ser (Arg) Ala Glu Leu Gln Pro-
ACI GCI GCI ATC GC-3'

T

source of reducing power in that reaction, and when any one of
the LMW, HMW, and NADPH components is omitted, the
rate of insulin disulfide reduction falls to the background level.
These experiments show that the LMW component of the P.
chrysogenum general disulfide reductase is a protein disulfide
reductant.

Ability of the P. chrysogenum HMW and LMW proteins to
accept and to serve as substrates for other thioredoxins and
thioredoxin reductases, respectively. The P. chrysogenum
HMW protein was tested for disulfide reductase activity with
E. coli, S. platensis, and S. clavuligerus thioredoxins as sub-
strates, as well as the P. chrysogenum LMW protein, and with
DTNB as an electron acceptor. In the presence of saturating
amounts of NADPH, the fungal HMW protein partially ac-
cepted the E. coli and S. platensis thioredoxins, with apparent
Km values of 27 and 65 ,uM, respectively, compared with 0.27
,uM for its cognate LMW protein, but surprisingly failed to
accept the S. clavuligerus thioredoxin. In contrast, the P.
chrysogenum LMW protein was unable to serve as a substrate
for either the E. coli or the S. clavuligerus HMW reductase.
The in vitro biosynthesis of isopenicillin N from bis-ACV is

driven by the P. chrysogenum general disulfide reductase and
IPNS. The conversion of ACV to isopenicillin N by IPNS is
strictly dependent on its existing in the free thiol form.
bis-ACV is not a substrate for IPNS. To determine whether
bis-ACV is cyclized to isopenicillin N by the concerted action
of disulfide reductase and IPNS, reactions were carried out in
the presence of the complete enzymatic system, the LMW and
HMW proteins, and NADPH, and the synthetic DTT reduc-
tant was omitted. The composition of the enzymatic reaction
mixture was as described in Materials and Methods. To 70 ,ul
of the reaction mixture, 16.8 ,ug of highly purified recombinant
IPNS was added. The latter was obtained by expressing the
Flavobacterium sp. strain 12.154 IPNS gene in E. coli (21). The

Approximately 9 x 103 recombinant phage plaques were trans-
ferred to nitrocellulose filters and hybridized with the 29-mer
inosine-containing probe, and eight positively responding
phages were recovered. Two further screens were used to purify
the recombinant phages, and five were selected for detailed
analysis. Southern analysis of the DNA of one phage showed
that a 4.7-kb SalI fragment hybridized to both the 29-mer probe
and plasmid pMY-8, which has the entire HMW thioredoxin
reductase gene (trxB) of the S. clavuligerus disulfide reductase
system. That fragment was cloned into plasmid vector pUC19,
and a restriction map was constructed (Fig. 4B). Further sub-
cloning showed that a 0.5-kb BamHI-HindIII fragment hybrid-
ized to the oligodeoxynucleotide probe. The nucleotide se-
quence of the 0.5-kb BamHI-HindIII fragment was determined
and found to contain an open reading frame with a deduced
amino acid sequence that matched the NH2-terminal portion of
the HMW protein, but with the HMW protein initiation methi-
onine removed. The remaining segment of the gene, coding for
the carboxy-terminal portion of the HMW protein, resides in an
overlapping 1.3-kb EcoRV fragment. Figure 4B shows the
restriction map of the 1.4-kb BamHI-EcoRV fragment contain-
ing the entire HMW reductase gene and the strategy used for
sequencing. Figure 5 shows the nucleotide sequence of that
fragment. It includes 118 nucleotides upstream of the ATG
translational initiation codon, 1,150 nucleotides representing the
HMW reductase gene, and 153 nucleotides downstream of the
chain termination codon. Two introns, denoted I and II and
containing 83 and 65 nucleotides, respectively, are located in the
amino- and carboxy-terminal coding parts of the gene, respec-
tively. Consensus fungal intron-exon junction sequences and
lariat branch sites are found in each case (11). The predicted
amino acid sequence of the intronless gene codes for a polypep-
tide of 334 amino acids (including the initiation methionine).
The calculated molecular weight of that protein is 35,643 and is
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FIG. 4. Restriction maps of and nucleotide sequencing strategy for the LMW (trxA) (A) and HMW (trxB) (B) genes of P. chrysogenum.

in good agreement with that found for the HMW protein by
electrophoresis in denaturing gels.
Amino acid sequence comparison of the P. chrysogenum

HMW protein with thioredoxin disulfide reductases. Figure 6
shows the alignment of the predicted amino acid sequence of
the P. chrysogenum HMW reductase, from this work, with the
sequences of the only other thioredoxin reductases that have
been reported, those of E. coli (37) and S. clavuligerus (6). All
three enzymes are closely related. The fungal protein shares
45.5 and 44% sequence identities with the E. coli and S.
clavuligerus enzymes, respectively; the bacterial enzymes share
48.7% sequence identity. Lesser but significant sequence sim-
ilarity occurs with the 34.2-kDa protein encoded by the rubre-
doxin operon of Clostridium pasteurianum, the NADPH dehy-
drogenase of a Bacillus sp., and the F52a protein of Salmonella

typhimurium alkyl hydroperoxide reductase (36.6, 30.2, and
30.6% identities, respectively). The P. chrysogenum HMW
reductase has a redox active site (-CAVC-) similar to that
present in the E. coli and S. clavuligerus thioredoxin reductase
(-CATC-) and located in the same position in the polypeptide.
Also, the P. chrysogenum HMW reductase and the bacterial
thioredoxin reductases possess three peptide regions that share
extensive sequence similarity, and these are shown shaded in
Fig. 6. Related sequences occur in other NADPH-dependent
disulfide reductases, including glutathione reductase, mercuric
reductase, dihydrolipoamide dehydrogenase, trypanothione
reductase, and alkyl hydroperoxide reductase. The function of
these peptide regions is discussed below.

Cloning of the P. chrysogenum LMW protein gene. The
sequences of the NH,-terminal portion of the LMW protein and
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G GAT CCA TTG GGT TGA CTG

CCA CTG CGG CCA CTA CCC TTC ACC AAC AAT CTC CTC CTT CGG

CCT CGG TCT TCT CCA AGT CAT TTC CGA GCG TCG CGC GTC AAT

TCC AAT ACC GCC AGA ATG GTG CAC TCT AAA GTA GTC Agt.aag
M V H S K V V

cgg ttt ttc gag gag atg gaa tga tcc gga tca cct aga ttt
intron I

ctt cga tat cag agt tct aac cgt ttt ccc cca cag TT ATT
ITI

GGC TCC GGC GCT GGT GCC CAC ACT GCC GCT ATC TAT CTA TCG
G S G P G A H T A A I Y L S

CGC GCA GAG CTC CAG CCA GTC CTT TAC GAG GGC ATG CTC GCC
R A E L 0 P V L Y E G M L A

AAC GGT ACC GCC GCC GGT GGT CAG CTC ACG ACG ACC ACT GAC
N G T A A G G Q L T T T T D

GTC GAG AAC TTC CCC GGA TTC CCC AGC GGC ATC GGC GGC GCC
V E N F P G F P S G I G G A

GAG CTC ATG GAC AAC ATG CGC GCC CAA TCC GAG CGC TTC GGC
E L M D N M R A Q S E R F G

ACC GAG ATC ATC ACA GAG ACC ATC TCC AAG CTT GAC CTC TCC
T E I I T E T I S K L D L S

TCC CGG CCC TTC AAG ATG TGG ACC GAG TGG AAC GAT GAC GAA
S R P F K M W T E W N D D E

GGC AGC GAG CCC GTC CGC ACC GCC GAC GCC GTC ATC ATT GCC
G S E P V R T A D A V I I A

ACA GGC GCC AAC GCC CGC CGT CTG AAC CTG CCC GGC GAG GAG
T G A N A R R L N L P G E E

ACC TAC TGG CAG AAC GGA ATC AGC GCC TGT GCC GTC TGC GAC
T Y W Q N G I S A C A V C D

GGT GCC GTG CCC ATT TTC CGT AAC AAG CCC CTG TAC GTC ATT
G A V P I F R N K P L Y V I

GGC GGT GGT GAC TCC GCC GCC GAG GAG GCC ATG TTC CTG GCC
G G G D S A A E E A M F L A

-100

-58

- 16

27

69

110

152

194

236

278

320

362

404

446

488

530

572

614

AAG TAC GGC AGC AGC GTG ACT GTT CTC GTT CGC AAG GAC AAG
K Y G S S V T V L V R K D K

CTG CGT GCC TCT AAC ATC ATG GCT GAT CGT CTC CTT GCC CAC
L R A S N I M A D R L L A H

CCC AAG TGC AAG GTC CGC TTC AAC ACC GTC GCC ACC GAG GTT
P K C K V R F N T V A T E V

ATC GGC GAG AAC AAG CCT AAC GGC CTC ATG ACC CAC CTC CGT
I G E N K P N G L M T H L R

GTC AAG GAC GTT CTC TCT AAC GCG GAG GAG GTC GTT GAG GCT
V K D V L S N A E E V V E A

AAC GGT CTC TTC TAC GCT GTT GGT CAC GAC CCC GCC AGT GGT
N G L F Y A V G H D P A S G

CTC GTC AAG GGC CAG GTT GAG CTC GAC GAC GAG GGA TAC ATC
L V K G Q V E L D D E G Y I

ATC ACC AAG CCC GGT ACT AGC TTC ACT AAC GTC GAG GGT GTT
I T K P G T S F T N V E G V

TTC GCC TGC GGT GAT GTT CAG GAT AAG CGC TAC CGT CAG GCT
F A C G D V Q D K R Y R Q A

ATC ACC AGT GCC GgtLatgZttc ata ctt cag cat ctc att cat
I T S A

agt aat tgc aat ttg gct aac tca ata ttc tac cag. GA TCT
intron II G S

GGC TGT GTC GCT GCT CTT GAG GCT GAG AAG TTC ATC GCC GAG
G C V A A L E A E K F I A E

ACC GAG ACT CAC GAG GAG GCA AAG CCT GTG CTC TAA ATA TAT
T E T H Q E A K P V L Z

ATA CAC CCT TTC TCC TAC TGT TCT CTC CTA TTT CTC GTT GTC

ATG ATG CAT GAA ACA TGA TGT TTG GCG CGT GTA TCG AGG ATT

CTT CTT GCT TCT AGA CTT ATA TCT GTT TTA TGC GAT GAC TCT

AGA GGA TCC CCG GGT ACC GA

FIG. 5. Nucleotide sequence of the P. chrysogenum HMW gene (trxB). Nucleotides are numbered from the ATG start codon (A in ATG = 1)
and are shown in the right margin. Introns are indicated by lowercase letters, and consensus internal splicing sites and branch sites are underlined.
The deduced amino acid sequence is presented below the nucleotide sequence. The NH2-terminal region of the HMW protein that was sequenced
is shown by a line beneath the deduced sequence.

the mixed degenerate oligodeoxynucleotide probe (complemen-
tary strand) used for isolating the LMW protein gene are as
follows:

reading frame with a deduced amino acid sequence that
matched the NH2-terminal portion of the LMW protein, but
with the LMW protein initiation methionine removed. In

(Gly) Val Thr Pro Ile Lys Ser Val Ala Glu Tyr Lys Glu Lys
3'-CAI CGI CTT ATG TTT CTT TTT

C A C C C

Val Thr Asp Ala Thr Gly Pro Val Val Val Asp Phe His Ala
CAI TGI CT-5'

Thr Trp Xaa Gly Pro Xaa Lys Ile Ala Pro-

Southern analysis of total chromosomal DNA of P. chrysoge-
num with the 29-mer inosine-containing probe identified at a
low hybridization stringency a 4.0-kb Sall fragment (data not
shown). The same hybridization conditions were used to screen
the X EMBL-3 genomic library, and four positively responding
recombinant phage plaques were recovered. After purification,
the DNA of one phage was found to contain a 0.65-kb
Sall-HindlIl fragment that hybridized to the probe and that
was subcloned into vector pUC19. The nucleotide sequence of
that fragment was determined and found to contain an open

parallel, a 5.8-kb BamHI fragment was subcloned from the
same phage and shown by Southern analysis to contain a 0.7-kb
BamHI-EcoRI fragment that hybridized to the 29-mer probe
and that overlapped the 0.65-kb Sall-Hindlll fragment. Figure
4A shows the restriction map of the HindIll-EcoRI region
containing the entire LMW protein gene and the strategy used
for sequencing. Figure 7 shows the nucleotide sequence of that
region. It includes 383 nucleotides upstream of the ATG
translational initiation codon, 457 nucleotides representing the
LMW protein gene, and 74 nucleotides downstream of the
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FAD binding domain I
.MVHSKVI.- III#G.... .SEXE2VLYEQ LANGTANO.,L.T
.VSDVRNVI,IIS FEAGYTAA12TARASLQLVFEGAVT....AI

MGTTKHSKLLIL LITO. ME.... KP,AQTT

48
45
46

ly --Q--------GG-L-Consensus --------- .. ""' ........ QP..:.:.: :'... ........

TTDVEpFPGFPSGGGAAELMDNMRAQSERFGTtI ITETI SKLDLSSRPFK
T.DV.FpFGFRDGIMGPDMDNMRAQAERFGA2LZPDDSVVS TGDIKT

WTEV1PWILGPNDLT PLLR EHATKPET'I "FDHINK QNRPFR

G----G--t.4-M--M--- V---E-I- DL----......................... ...... . . ..................... . ..... ......

Redox
MWTEWNDDEGSEPVRTADAVI RPGEQETYWQNIIIAA
V TDSAGTVHRAKPAVIVT RSQHKGLR9DALSGRkV TJTC
L NGDNGE.YTCDALIIA .SASARYSEEAFKGRG TC

Consensus ------------ A--- ---R-- ------

NAD(P)H binding domain
P. chr YAVPIFRNKPLYVI$DSAFtAKYGSSVTVLVRK$KLRSNIM
S. cla DGF. FFKDQDIWDVGGQD 1rTF-SRFAKSVTIVHRRDSIiRASKAM
E. col D0F. FYRNQ A INT........... .... ........... ... .... ... .... ...

KIL

Consensus D-----------V--- --A-S R.--L- E -A-

AD-RLL... AHPKCKVRFNTVATEVIGENKPNGLM.tIHILRVKDIVL. SNAEEV
QDRiaAF...ADPKISFAWNSEVATIHPGEQK.... LVGLTLRDTKTGETRS.
IK1LMDKVENGNIILHTARTLEEVTODQMG... VTGVRLRPTQNSDNIES

..... . . ....

_ R_----------_-_-_ N - G - T - D - _ __

FAD
VEANGLYYAVGHDS ASGLV1(QQVELDDGy.I ITKPG.... TSFTNVE
L~IAI EDFKDRTELFK-L DDEYLKVASP.... STRTNLTM
LDVAAG" IS NTAIFE LELEN. .7YIKVQSGIHGNATQTS I PGVF

98
95
96

148
139
139

198
187
187

244
229
234

290
275
283

Consensus ----Gs- HP- GQ--*-----------------T

A^ SMKR~~~S KSF~ERKF... IAETETHQEAKPVL
AAV1{TYRQAUiAAGTGTSAaLARYLAAISDSEQIAEPAPAVAV{IYRQAZ~SAiz,ISTQcAIAT RYLDGLADAK.

.- ..s .....s~~~~~~~~~~A_-
....:-. :..... ... .::S

334
322
321

FIG. 6. Amino acid sequence alignment of the P. chrysogenum (P.chr) HMW reductase and the E. coli (Ecol) (37) and S. clavuligerus (S.c1a)
(6) thioredoxin reductases. Identical amino acids occurring at the same position in all three aligned sequences are shown shaded and provide the
consensus sequence depicted below. Redox active-site cysteines are shown in boldface type.

chain termination codon. The LMW protein gene contains a

single intron of 139 nucleotides located in the NH2-terminal
coding part of the gene. It has the consensus intron-exon
junction sequences and lariat branch sites found in fungal
genes (11). Other features of this gene are two promoter-like
motifs in the 5'-untranslated region, TATAAA at -204 and
CCAATT at - 350 (11). The predicted amino acid sequence of
the intronless gene contains 106 residues (including the initi-
ation methionine) with a calculated molecular weight of
11,333, in good agreement with that found for the LMW
protein by electrophoresis in denaturing gels.
Amino acid sequence comparison of P. chrysogenum LMW

protein with thioredoxins. Figure 8 shows the alignment of the
predicted amino acid sequence of the P. chrysogenum LMW
protein, from this work, with sequences of selected thioredox-
ins from eucaryotic and procaryotic sources. The latter were

obtained from a computer search of protein data banks for
sequences related to that of the LMW protein. Thioredoxins
contain 106 to 112 amino acids, have a highly conserved redox
active region (-D30XXAXWCGPCK/RXXXP44-) (numbering
is that of the consensus sequence), and share five other totally
conserved residues. The P. chrysogenum LMW protein is

clearly a thioredoxin. It possesses 106 amino acids, has the
identical redox active-site cysteine dithiol of thioredoxins,
which is located in the same position in the polypeptide chain,
and has each of the five other conserved residues.

DISCUSSION

P. chrysogenum possesses an NADPH-dependent disulfide
reductase that has broad substrate specificity and that is
effective in reducing disulfides in LMW compounds and pro-
teins. When coupled in vitro with IPNS, it converts bis-ACV to
isopenicillin N. We previously proposed that because IPNS
reactions occur in vitro only when ACV is in its reduced thiol
form, 3-lactam-producing organisms may employ a disulfide
reductase system to maintain intracellular ACV in its reduced
state (2, 6). The broad-range disulfide reductase described in
this report may therefore play an important role in promoting
penicillin production in P. chrysogenum.
The properties of the P. chrysogenum general disulfide

reductase are incompatible with it being glutathione reductase
or any other glutathione-like disulfide reductase. Thus, DTNB,
CoASSCoA, and bis-ACV are not substrates or are very poor

P. chr
S. cla
E. col

P. chr
S. cla
E. col

Consensus

P. chr
S. cla
E. col

P. chr
S. cla
E. col

Consensus

P. chr
S. cla
E. col

P. chr
S. cla
E. col

Consensus
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ACT AGT ACT GAC AAA TCT CAC CAT GTA AGT CCC AAT TGA AAT -340

CTT CCC CTT GGA AGA ATC CCG ATC AAA CCA GCA AAG CTC CAG -298

AGA CTT CTG GAC CTT CAG ACG GGG CCA GCT CGA CCC ATT ATT -256

CAG CGC GTC TTA CCT AAT CCC CTC TGC TGG CCC CGG CGA ACG -214

TCA TGG CCC TAT AAA AAC CTA ACG CCC CTC ACT CTA CCC CTC -172

CAA TCG AAA TAC TCA TAT CCA CTC CAG TTC AAG CCT TCA ACT -130

CTT CGT TCT ACC CCC AGA ACC ATC TCC GGA GTT TCA TCG CTA -88

CTC AAT CGA TCG ACT TCC GTC CAG CGC GCC GCT TTC CGA CCC -46

TTT TCT TCC ACA CCT ATC CCC CGC TTC ACG CCT TCA TCT CTC -4

AAA ATG GGT GTC ACT CCT ATC AAG TC s0t aaga cc gac ctt 37

M G V T P I K S

act ctc ata ttc ccg ctt tcg gtt ctg tat ctg gat ccc aga 79

aac atg ccc tac aca ctc gtg atc att tcg caa gac atc gtt 121
intron

ttg tac aac atc aca gac aac cca gct aat act cct cac agC 163

GTC GCC GAG TAC AAG GAA AAG GTC ACC GAC GCC ACC GGC CCC 205
V A E Y K E K V T D A T G P

GTC GTC GTC GAC TTC CAC GCC ACC TGG TGC GGT CCC TGC AAG 247
V V V D F H A T W C G P C EC

GCC ATC GCC CCT GCC CTC GAG AAG CTC AGC GAG ACC CAC ACC 289
A I A P A L E K L S E T H T

GGC ATC CAG TTC TAC AAG GTC GAC GTC GAT GAG CTC TCT GAG 331

G I Q F Y K V D V D L S E

GTC GCT GCT TCC AAC GGC GTC TCT GCT ATG CCT ACC TTC CAC 373
V A A S N G V S A M P T F H

TTC TAC AAG GGT GGT GAG CGC AAC GAG GAG GTT AAG GGT GCT 415
F Y K G G E R N E E V K G A

AAC CCT GCT GCC ATC CAG GCT GGC GTC AAG GCT ATC CTT GAA 457
N P A A I Q A G V K A I L E

TAG ATT TGG AAT TTG AGA TTC GTG CTT GAT CAT ACC ATT CAT 499
z

CTA TGT TTT TTT rrC TGA GWG ATG GGC AAT Cr 531

FIG. 7. Nucleotide sequence of the P. chrysogenum LMW (txA)
gene. Details are as given in the legend to Fig. 5. Two transcription
promoter-like motifs in the 5'-untranslated region upstream of the
structural gene are overlined.

substrates for glutathione reductase. In addition, glutathione
reductase consists of a single protein component (38), whereas
the P. chrysogenum broad-range disulfide reductase is com-
posed of two nonidentical protein components. The HMW
reductase component is a 35-kDa protein that forms dimers. In
contrast, the glutathione reductase from P. chrysogenum (43) is
composed of two 55-kDa subunits. The LMW component is a
heat-stable 12-kDa protein that is reduced by the HMW
protein and that is a general disulfide reductant. In all these
properties, the P. chrysogenum disulfide reductase closely

resembles the thioredoxin-thioredoxin reductase systems of E.
coli (15) and S. clavuligerus (2). The finding that the P.
chrysogenum HMW reductase partially accepts the E. coli and
S. platensis thioredoxins supports this view. Surprisingly, the P.
chrysogenum HMW reductase was unable to accept as a
substrate the S. clavuligerus thioredoxin, and the P. chrysoge-
num LMW component failed to recognize either of the
bacterial thioredoxin reductases. The fact that P. chrysogenum
contains glutathione reductase led us to consider the possibility
that the bis-ACV disulfide reductase activity described in this
work is a glutaredoxin-based system. Glutaredoxin is a small
disulfide redox active-site protein that is reduced specifically by
glutathione (16). However, the biochemical evidence summa-
rized above and the amino acid sequence analysis (see below)
rule out this idea. Furthermore, although glutaredoxins (thiol-
transferases) have been considered to be a class of relatively
nonspecific general catalysts of thiol-disulfide exchange reac-
tions, more recent work (10) shows that they possess a
restrictive substrate specificity involving a requirement for
mixed disulfides containing the glutathione moiety.
To verify that the LMW and HMW components of the P.

chrysogenum general disulfide reductase are homologs of thi-
oredoxin and thioredoxin reductase, respectively, the genes
encoding these proteins were cloned and sequenced. Amino
acid sequence analysis showed that the P. chrysogenum HMW
reductase is closely related to the thioredoxin reductases of E.
coli and S. clavuligerus (Fig. 6). The enzymes possess 334, 321,
and 322 amino acids (counting the initiation amino acids),
respectively, share 44 to 48.7% amino acid sequence identity,
and contain essentially the same catalytic redox active site and
FAD and NADPH dinucleotide binding domains. They clearly
differ from other NADPH-dependent disulfide reductases,
glutathione reductase, dihydrolipoamide dehydrogenase,
trypanothione reductase, and mercuric reductase, which are
much larger, share limited sequence similarity with each other
and with the P. chrysogenum HMW reductase and the bacterial
thioredoxin reductases, and have rather different redox active
regions (6). The consensus dithiol redox active region of the
former is -CV/LNVI/GC- (1, 37), and that of the latter is
-CAT/VC- (6, 37; this work). We conclude that the HMW
component of the P. chrysogenum disulfide reductase is a
thioredoxin reductase, and the gene coding for it is therefore
denoted trxB, in accordance with the convention used for the
E. coli thioredoxin reductase gene (12). This is the first
reported example of the cloning of a eucaryotic thioredoxin
reductase gene.
Amino acid sequence analysis of the P. chrysogenum LMW

protein showed that it is closely related to procaryotic and
eucaryotic thioredoxins. Although thioredoxins share limited
overall sequence similarity, 26 to 58%, they all possess the
dithiol amino acid sequence-WCGPC-, containing the catalytic
redox active site as well as several other highly conserved
residues. The P. chrysogenum LMW protein has these features
and is most similar to the thioredoxins of Saccharomyces
cerevisiae and Aspergillus nidulans, with which it shares 53.5
and 59.6% sequence identities, respectively (Fig. 8). It shows
no significant similarity to E. coli and calf thymus glutaredox-
ins. These observations as well as the biochemical properties of
the LMW protein allow us to conclude that it is a thioredoxin.
The gene coding for the P. chrysogenum LMW protein is
therefore denoted trxA, in accordance with the convention
used for the E. coli thioredoxin gene (30).
The nucleotide sequences of the P. chrysogenum trx;A and

trxB genes show that both contain introns; the trxA gene
consists of two exons and one intron, while the trxB gene
possesses three exons separated by two introns. In each case,
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Chromatium vinosum
Escherichia coli K12
Corynebacterium nephridii
Anabaena sp. 7199
Bacillus subtilis
Streptomyces clavuligerus

P. chrysogenum

Rat
Human
Chicken
Saccharomyces cerevisiae
Aspergillus nidulans
Chlam. reinhardtii CHI

1
.... SDSIVHVTDDSFEEEVXKSPDI
.... SDKIIHLTDDSFDTDVLKADG2
.......ATVKVDNSNFQSDVLQSSEI
......SAAAQVTDSTFKQEVLDSDVI
........MAIVKATDQSFSAETSEG'
... VAGVLKNVTDDTFEADVLKSEKI

.... MGVTPIKSVAEYKEKVTDATGI

......VKLIESKEAFQEALAAAGDKI

......VKQIESKTAFQEALDAAGDKI

......VKSVGNLADFEAELKAAGEKI

.... MVTQLKSASEYDSAL.ASGDKI
GASEHVPPITSKAEFQEKV.LNAKGI
GGSVIVIDSKAAWDAQLAKGKEEHKI

60

AEYIJ:1KXA
TEMAIQKIA

i ~~IAZ QYE :KVVEMC:IKKIV
,I T . EHCIQUE

PHKAIAIAJ.ZKU-SETHTGUQFY

KY. l VFL
cSEKY. lNIFL

F S C'DKF. lIVFI
i AEQY . IIAFY

QTY. SKY

SNDY IFL

Consensus --------------------------***D*-A-WCGPC*-*-P--*-*-----*-*---

Chromatium vinosum
Escherichia coli K12
Corynebacterium nephridii
Anabaena sp. 7199
Bacillus subtilis
Streptomyces clavuligerus

112
EATK AVSKSQLTAFLDSNX.

KV3ALSKGQLKEFLDANLA
ELAANM3AAPKSRLADWIKASA.

4I KVDMVV AVPKTTLSQTLEKHL.
TS FKPKEALQELVNKHL.

EVVKTI PKAALLRPGPVPR.

SEVIASNESE 1 IjERNEREVKANPAAIQAGVKAILE 100.0%

Rat
Human
Chicken
Saccharomyces cerevisiae
Aspergillus nidulans
Chlam. reinhardtii CH1

KVGEFS -KEKLEATITEFA.

KVGEFS -KEKLEATINELV.
KKVQEFS -KEKLEETIKSLV.

P-AAIKQAIASNV.
KVSD P-GALEAGIKALLA
I D AS -QDKLKALVAKHAA

Consensus ****D*----*---**-**PT*--**-G-------G----------------

FIG. 8. Amino acid sequence alignment of the P. chrysogenum LMW protein and 13 thioredoxins from eucaryotic and procaryotic sources,

obtained by the CLUSTAL V and FASTA programs (26). The redox active region is shown in boldface type. Conserved amino acids are shown
below in the consensus sequence; similar amino acids are indicated by asterisks. X denotes an unknown amino acid. The percentages of pairwise
amino acid sequence identities for the thioredoxins and the LMW protein of P. chrysogenum are shown at the ends of the sequences. Data were

obtained from the indicated sources: Chromatium vinosum (18); E. coli (25); Corynebacterium nephridii (31);Anabaena sp. strain 7199 (24); Bacillus
subtilis (5); S. clavuligerus (6); rat (40); human (42); chicken (19); S. cerevisiae (8); A. nidulans (22); Chlamydomonas reinhardtii CHI (7); and P.
chrysogenum (this work).

intron-exon junction sequences and lariat branch sites corre-

spond well with the consensus sequences reported for fungal
genes (11). The only previous report of introns in thioredoxin
genes is for the human trxA gene, which is 13 kb in size and

contains five exons encoding a 12-kDa protein (40).
We previously argued that the thioredoxin oxidoreductase

system may support the synthesis of penicillins and cephalo-
sporins in P-lactam-producing Streptomyces spp. by maintain-
ing the intracellular level of reduced ACV (2). In most
eucaryotic organisms, the thiol-disulfide redox balance within
the cell is thought to be governed by glutathione, present in
millimolar levels, and its associated enzymes and is strongly
poised to the reduced state (29). Because streptomycetes lack
glutathione and glutathione reductase (35), we suggested that
their thioredoxin system may have a similar function. In
addition, we noted that thioredoxin could potentially be in-
volved in supporting P-lactam synthesis through its ability to
modulate the thiol-disulfide redox state of functionally impor-
tant cysteine residues in ACV synthetase and IPNS (4). Thus,
the activities of ACV synthetase and IPNS, the two early
enzymes in the P-lactam biosynthetic pathway, and ACV, their
respective product and substrate, may be affected by the
thiol-disulfide redox state of the cell.
The potential involvement of disulfide reductase systems in

the biosynthesis of penicillins in P. chrysogenum may differ in
two important ways from that in streptomycetes. Firstly, P.
chrysogenum contains both glutathione (and presumably glu-
taredoxin) and thioredoxin redox active disulfide reductase
systems, whereas streptomycetes have only the thioredoxin
system. At present we know little about the regulatory mech-
anisms operating on these reductases and less about their
involvement in the synthesis of antibiotics. Secondly, in P.
chrysogenum, the three penicillin biosynthetic enzymes, ACV
synthetase, IPNS, and acyltransferase (AT), are physically
compartmentalized in the cell (23, 33, 34), whereas in the
procaryotic streptomycetes, they appear to be uniformly dis-
tributed. The role of disulfide reductase systems in penicillin
synthesis in P. chrysogenum might therefore be dependent on

the redox state which exists at these intracellular sites and
which could be a function of the physiological state of the
organism. Because antibiotic production typically occurs at a

late stage during the growth cycle and in response to nutrient
imbalance, the activities of the cellular disulfide reductase
systems at this stage and at these different sites are of special
interest. These considerations warrant an analysis of the
individual roles of the glutathione and thioredoxin systems in
penicillin production in P. chrysogenum and their regulation.
They also point to the possibility of improving P-lactam yields

P. chrysogenum

32 .9%
35.4%
43. 0%
39.5%
44.2%
41.2%

41.7%
40.4%
37. 5%
53 .5%
59.6%
48.8%
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by increasing expression, for example, of the thioredoxin
system. If successful, it would provide an example of the use of
pathway engineering of regulatory genes for rational improve-
ment of strains producing ,B-lactam antibiotics.
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