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ABSTRACT: Isopenicillin N synthase (IPNS) fromStreptomyces jumonjinensis(Mr 37 902) is a non-heme
ferrous iron-containing enzyme that catalyzes the oxidative cyclization of the tripeptideδ-(L-R-
aminoadipoyl)-L-cysteinyl-D-valine (ACV) to form isopenicillin N. Spectroscopic studies [reviewed in
Cooper, R. D. (1993)Biomed. Chem. 1, 1-17] have led to a model for the coordination environment of
the iron atom possessing three histidine and one aspartic acid endogenous ligands and a solvent molecule.
A refinement of that model proposes that formation of the Fe(II) IPNS-ACV complex occurs with
displacement of the H2O from the metal center and that one of the histidines is subsequently replaced by
a solvent molecule on binding of dioxygen. Here we report genetic studies to determine the nature and
location of the endogenous ligands in theS. jumonjinensisIPNS primary amino acid sequence that constitute
the ferrous active site. Site-directed mutagenesis was used to exchange each of the seven histidines and
the five aspartic acids that are conserved in bacterial and fungal IPNS proteins. Biochemical analysis of
the alanine-substituted mutant proteins shows that two histidines, His212 and His268, and one aspartic
acid, Asp214, are essential for enzyme activity. The other mutant enzymes have specific activities 5-68%
that of wild type. Sequence analysis of 10 IPNS and 42 other non-heme ferrous iron-dependent
dioxygenases reveal the presence of a common motif,HisXAsp(53-57)XHis, which in IPNS contains
the identical two histidines and one aspartic acid essential for function. Accordingly, we have assigned
residues His212, His268, and Asp214 as three of the four endogenous ligands postulated to form the
IPNS ferrous active site. Compelling support for these conclusions comes from the recent crystal structure
determination of the manganese form of a fungal IPNS [Roach et al. (1995)Nature 375, 700-704].

A key step in the biosynthesis of penicillin and cepha-
losporin antibiotics is the oxidative cyclization ofδ-(L-R-
aminoadipoyl)-L-cysteinyl-D-valine (ACV)1 by isopenicillin
N synthase (IPNS) to form theâ-lactam and thiazolidine
rings of isopenicillin N (Baldwin, 1989). IPNS belongs to
the class of non-heme Fe(II)-containing enzymes that
catalyze a wide range of reactions including aliphatic
hydroxylations, desaturations, and cyclizations of rings
containing heteroatoms through activation of dioxygen
(Ingraham & Meyer, 1985; Que, 1989). However, unlike
most of these Fe(II)-dependent dioxygenases which incor-
porate oxygen atoms into their substrates, IPNS completely
reduces dioxygen to 2 equiv of H2O in the cyclization of
ACV (White et al., 1982; Baldwin & Abraham, 1988).

The mechanism of IPNS catalysis has been extensively
examined by studies of the kinetics and stereochemistry and
by the use of a large number of substrate analogs (Baldwin
& Abraham, 1988; Robinson, 1988; Baldwin & Bradley,

1990). More recently, spectroscopic techniques have been
employed to define the coordination environment of the
ferrous active site. The combined results of EPR, Mossbauer,
NMR, and electronic spectroscopy of Fe(II) IPNS and its
ACV complex, and the corresponding Co(II) and Cu(II)
derivatives, support a metal center containing three endog-
enous histidine and one aspartic acid ligands and exogenous
sites for ACV, dioxygen, and solvent (Chen et al., 1989;
Ming et al., 1990; Jiang et al., 1991; Ming et al., 1991). A
refinement of this model proposes that the axial histidine
ligand in the Fe(II) IPNS-ACV complex is displaced on
oxygen binding (Ming et al., 1991), leaving the two
remaining histidines in the equatorial plane of the metal
center. X-ray absorption studies of Fe(II) IPNS and its
substrate complex confirm the main details of the model
(Scott et al., 1992; Randall et al., 1993) and verify that ACV
is bound to the iron atom in the active site through the
cysteinyl sulfur (Orville et al., 1992).

In this paper we describe a site-directed mutagenesis study
to identify the specific histidine and aspartic acid residues
in the IPNS primary amino acid sequence that constitute the
endogenous ligands of the ferrous active site. Multiple
sequence alignment of 10 bacterial and fungal IPNS proteins
shows that seven histidines and five aspartic acids are
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conserved in all sequences (Figure 1). We replaced each of
the conserved histidines and aspartic acids with alanines in
the IPNS ofStreptomyces jumonjinensisand analyzed the
biochemical properties of the recombinant mutant proteins.

Our results identify two histidines and one aspartic acid that
are essential for enzymatic activity. Furthermore, sequence
analysis of IPNS and other non-heme Fe(II)-dependent
dioxygenases reveals that all possess a common motif which

FIGURE 1: Multiple sequence alignment of 10 bacterial and fungal IPNS primary amino acid sequences. Sources are, in descending order,
Aspergillus nidulans, Penicillium chrysogenum, Cephalosporium acremonium, FlaVobacteriumsp.,Lysobacter lactamgenus, Streptomyces
jumonjinensis,Streptomyces claVuligerus,Nocardia lactamdurans,Streptomyces griseus, andStreptomyces lipmanii. Sequences were compiled
from the SWISSPROT and PIR protein data bases. Numbers shown above the aligned sequence are the positions of conserved histidines
(H) and aspartic acids (D) in IPNS sequences (numbering according toS. jumonjinensisIPNS).
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in IPNS contains the identical histidine and aspartic acid
residues essential for function. On the basis of these
observations we have been able to locate three of the four
endogenous ligands proposed to form the IPNS ferrous active
site. A partial account of these findings was presented in a
poster at the International Symposium on the Genetics of
Industrial Microorganisms, Montreal, June 1994. The ge-
netic and sequence analysis of theStreptomycesIPNS active
site presented here agrees with and complements that
determined from the crystal structure of theAspergillus
nidulans IPNS that was reported while this paper was in
preparation (Roach et al., 1995).

MATERIALS AND METHODS

Bacterial Strains and Plasmids. Construction of the
expression plasmid pOL-18 containing the IPNS gene ofS.
jumonjinensisNRRL 5741 under the control of an inducible
T7 promoter was previously described (Landman et al.,
1991). Expression of wild-type and mutant recombinant
IPNS genes was carried out inEscherichia coliBL21(DE3)
plysS. DNA manipulations were performed inE. coli TG1
(Sambrook et al., 1989).
Site-Directed Mutagenesis. Restriction fragments XbaI-

Asp718 (0.65 kb) andAsp718-EcoRI (0.85 kb) conveniently
divide the S. jumonjinensisIPNS gene and its flanking
regions for the purpose of mutant construction. These were
cloned into the single-stranded M13mp18 and M13mp19
vectors (Yanisch-Perron et al., 1985). Site-directed mu-
tagenesis was performed according to the procedure of
Eckstein (Sayers & Eckstein, 1991) using the Amsersham
Sculptor mutagenesis kit (Amersham International). The
mutagenic oligonucleotides used in this work to change
histidine and aspartic acid residues to alanine residues are
shown in Table 1. The appropriate mutagenized region was
sequenced by the dideoxy chain-termination method (Sanger
et al., 1977) to verify the specific nucleotide change,
exchanged for the wild-type region in pOL-18, and se-
quenced again to confirm the alteration in the expression
plasmid.
Expression. Growth of transformants containing wild-type

and mutant IPNS genes in the pOL-18 expression plasmid,
and induction of synthesis of IPNS, has been described
elsewhere (Landman et al., 1991). Cultures were induced
with 0.4 mM isopropylâ-thiogalactopyranoside (IPTG) for
2 h at 37°C and produced IPNS almost exclusively in the
form of insoluble inclusion bodies; cultures grown for 3 h

at 30 °C in the presence of 0.01 mM inducer made small
amounts of IPNS in the soluble form.
Enzyme Purification. Soluble IPNS preparations were

obtained from the insoluble fraction of disrupted cells by
denaturating in 5 M urea and refolding as previously reported
(Landman et al., 1991). Wild-type and mutant IPNS
preparations made in this way are referred to throughout in
this article as solubilized IPNS and were approximately 95%
pure, as judged by SDS-polyacrylamide gel electrophoresis.
Soluble, crude IPNS from the supernatant fraction of cells
induced at 30°C was used without purification.
Enzyme Assay and Kinetics. The specific activities of

unpurified soluble IPNS and solubilized IPNS from inclusion
bodies were determined by an agar plate assay using
Micrococcus luteusATCC 381 as indicator (Jensen et al.,
1982a). Kinetic constantsKm andkcatwere determined with
purified solubilized enzyme preparations by following the
consumption of ACV substrate and the appearance of
isopenicillin N by HPLC (Jensen et al., 1982b). The standard
reaction contained, in a final volume of 40µL, 0.69 mM
ACV, 4 mM ascorbate, 4 mM DTT, 0.16 mM FeSO4, and
up to 0.05 mM apoenzyme. Incubations were carried out
for 20 min at 25°C and terminated by addition of an equal
volume of methanol. Conversion of ACV to isopenicillin
N byS. jumonjinensisIPNS in the standard assay was linear
with respect to time for at least 30 min in the conditions
employed, as previously found with theStreptomyces cla-
Vuligerusenzyme (Jensen et al., 1982b) and in contrast to
the rapid loss of activity reported for theCephalosporium
acremoniumIPNS and ascribed to product inhibition (Perry
et al., 1988). The data reported in Table 2 for the specific
activity and kinetic constants of wild-type and mutant IPNSs
are the average results of at least three experiments. The
specific activities of the crude and solubilized wild-type
preparations of IPNS were 29 and 530 nmol of isopenicillin
N min-1 (mg of protein)-1, respectively. IPNS concentra-
tions were determined using the extinction coefficient at 280
nm (35 mM-1 cm-1) calculated from the known amino acid
composition; otherwise protein concentrations were deter-
mined with Coomassie blue using bovine serum albumin as
standard (Bradford, 1976).
Spectroscopy. CD measurements were made in 0.1-mm

cells in a Jasco J-500C spectropolarimeter operated at a scan
rate of 20 nm/min in the range 190-270 nm. Protein
samples were prepared in 50 mM Tris‚HCl (pH 8.0) at a
concentration of 0.0071 mM.

Table 1: Mutagenic Oligodeoxynucleotides Used in the Preparation of Hisf Ala and Aspf Ala Substitution Mutants ofS. jumonjinensis
Isopenicillin N Synthase

oligodeoxynucleotide sequencea
amino acid position sequencing vectorb codon change

His48 5′-ACGTCCACACC GGC GTTCGACGCGTAG-3′ mp19 GTGf GGC
His63 5′-GCTCATGTTCCG GGC GAACTCGTTCAC-3′ mp19 GTGf GGC
His114 5′-TTGATCATCGG GGC GTCGTCGGAGAAC-3′ mp19 GTGf GGC
His124 5′-GAGGTTCACCTC GGC CATCGGGGTCTC-3′ mp19 GTGf GGC
His135 5′-CCGGAACCGCGG GGC CTTCTCCTCGTC-3′ mp19 GTGf GGC
His212 5′-AGCTTCGAGGAC GCG CTGGACGTCTCGATG-3′ mp18 CATf GCG
His268 5′-CCGGCCCCGAAC GCC CGGGTGAAGTTC-3′ mp18 CACf GCC
Asp14 5′-CGGCGAGAT GGC GATGGTCGG-3′ mp19 GTCf GGC
Asp113 5′-GATCATCGGGTG GGC GTCGGAGAACGAC-3′ mp19 GTCf GGC
Asp131 5′-CTTCTCCTC GGC CGGCCAGAG-3′ mp19 GTCf GGC
Asp203 5′-CTCGGTACC GGC CGCGCCCG-3′ mp19 GTCf GGC
Asp214 5′-GACCATCTG GCC GTCTCGATG-3′ mp18 GACf GCC

a Altered codons are underlined.b For the M13mp19 sequencing vector the antisense codons are shown.

Active Site of Isopenicillin N Synthase Biochemistry, Vol. 35, No. 6, 19961983

+ +

+ +



Sequence Analysis. BLASTP (Altschul et al., 1990) and
PROFILE (Feng & Doolittle, 1987) searches were used to
find the primary sequences of non-heme Fe(II)-containing
dioxygenases in the PIR, Swissprot and Genbank databases.
A total of 52 nonredundant protein sequences were extracted
and aligned with the PileUp program of the GCG package
(Devereux et al., 1984). This multiple sequence alignment
was manually edited to show the potential iron-binding
residues present in all the aligned sequences. Numbering
of amino acid residues shown in the alignments reported in
this paper is that ofS. jumonjinensisIPNS (Figure 2).

RESULTS

Expression of Mutant IPNS Genes. S. jumonjinensisIPNS
contains 13 histidines and 23 aspartic acids. Each of the
seven conserved histidines and five conserved aspartic acids
in the bacterial and fungal IPNS proteins (Figure 1) is,
according to spectroscopic studies, a potential candidate as
an iron ligand and was exchanged for alanine by site-directed
mutagenesis. Figure 2 shows the effect of the point
mutations on synthesis of recombinant proteins inE. coli.
All of the mutant proteins were made to about the same
extent as judged by SDS gel electrophoresis of solubilized
IPNS preparations.
Biochemical Analysis of Mutant IPNS Enzymes. Recom-

binant IPNS made with the T7 expression system was almost
entirely insoluble. Highly purified solubilized IPNS was
recovered after centrifugation of cell sonicates, denaturation
in urea, and renaturation as previously described for the wild-
type protein (Landman et al., 1991). Biochemical charac-
terization of wild-type and mutant IPNS enzymes prepared
in this way is reported in Table 2. Specific activities of the
mutant enzymes have been normalized to that of the wild-
type enzyme. The corresponding specific activities for the
untreated soluble IPNS mutant enzymes present in the cell
supernatant fraction are shown alongside. Comparison of
the two sets of data shows that the relative specific activity
of each of the mutant enzymes is qualitatively the same for
the purified solubilized preparation and the crude soluble
supernatant fraction and justifies use of the solubilized IPNS

preparations for more detailed kinetic studies (see below).
The mutant enzymes fall into two classes. His212, His268,
and Asp214 have no detectable activity in either the HPLC
or bioassay; His48, His63, His114, His124, and His135 and
Asp14, Asp113, Asp131, and Asp203 possess 5-68% the
specific activity of wild type.
Physical characterization of the wild-type and the three

inactive enzymes, His212, Asp214, and His268, by CD
spectroscopy showed no significant difference in con-
formation between the wild-type and mutant proteins
(Figure 3).
Kinetic parametersKm andkcat for 9 of the 12 IPNS mutant

enzymes and for wild type are presented in Table 2. It was
not possible to determine these constants for the three
inactive enzymes, His212, His268, and Asp214.Km values
for the partially inactive enzymes were not appreciably
different from that of the wild type, indicating that in these
mutant enzymes the histidine and aspartic acid replacements
did not substantially affect substrate binding. Values ofkcat
for 8 of the 9 partially inactive IPNS enzymes were 1.1-
5.2-fold less than that of wild type; thekcat of one enzyme,
Asp14, was much more severely affected than the others and
was approximately 70-fold less than wild type.

Table 2: Kinetic Parameters of IPNS Hisf Ala and Aspf Ala
Mutants

relative specific activitybIPNS
mutanta solubilized soluble

Km

(mM)
kcat

(min-1)
kcat/Km

(mM-1 min-1)

wild type 1.0 1.0 0.4 38.8 96.9
His48 0.16 0.23 0.56 7.5 13.4
His63 0.31 0.30 1.0 14.2 14.2
His114 0.28 0.18 0.85 12.5 14.7
His124 0.48 0.36 0.84 32.1 38.1
His135 0.22 0.17 0.59 11.7 19.8
His212 <0.007 <0.007 nmc nm nm
His268 <0.003 <0.007 nm nm nm
Asp14 0.05 0.03 0.86 0.56 0.7
Asp113 0.63 0.84 0.45 23.8 52.8
Asp131 0.68 0.70 0.48 36.3 75.5
Asp203 0.32 0.11 0.91 12.3 13.5
Asp214 <0.004 <0.007 nm nm nm

aRecombinant proteins made inE. coli from a T7-based expression
system; see Materials and Methods.b Specific activities of solubilized
IPNS preparations determined by bioassay and by HPLC assay; specific
activities of crude soluble IPNS preparations determined by bioassay,
see Materials and Methods. Values reported are averages based on at
least three experiments; individual measurements varied about these
values by no more than(25%. c nm: not measurable.

FIGURE 2: SDS-polyacrylamide gel electrophoresis ofS. jumon-
jinensiswild type and mutant IPNS. The recombinant proteins were
prepared as described in Materials and Methods. Upper panel:
lanes 1-8 refer to, in ascending order, wild type and His48, His63,
His114, His124, His135, His212, and His268 alanine-substituted
mutant proteins. Lower panel: lanes 9-14 refer to, in ascending
order, wild type and Asp14, Asp113, Asp131, Asp203 and Asp214
mutant proteins. M, molecular mass standards: 20, 24, 29, 36,
45, and 66 kDa.

FIGURE 3: CD spectra ofS. jumonjinensiswild type and His212,
Asp214, and His268 alanine-substituted mutant proteins.
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Sequence Analysis of IPNS and Other Non-Heme Fe(II)
Dioxygenases. A total of 52 nonredundant primary se-
quences were extracted with the use of PROFILE and
BLASTP searches from the Swissprot, PIR, and Genbank
databases. These include 10 IPNS enzymes, several other
â-lactam biosynthetic enzymes, including three hydroxylases
(deacetoxycephalosporin C synthase), three expandases
(deacetylcephalosporin C synthase), and one expandase/
hydroxylase, 18 1-aminocyclopropane-1-carboxylic acid
(ACCO) oxidases, nine flavanone 3â-hydroxylases, one
flavonol synthase, two E8 proteins, one gibberellin A20
oxidase, one hyoscyamine 6â-hydroxylase, and three antho-
cyanidin hydroxylases. All of the enzymes use Fe(II) and
ascorbate and all but IPNS and ACCO require 2-oxoglutarate.
The sequences were aligned with the PileUp program.
Figure 4 is an abridged alignment to show the five residues
that are totally conserved: Gly41, His212, Asp214, His268,
and Arg277 (numbering according toS. jumonjinensisIPNS).
The alignment is partitioned such that segment I contains
Gly41, segment II contains His212 and Asp214, and segment
III contains His268 and Arg277. With the exception of the
â-lactam biosynthetic enzymes, expandase, hydroxylase, and
expandase/hydroxylase and one bacterial ACCO, His48 is
also conserved in all sequences (segment I). Inspection of
Figure 4 shows that all the dioxygenases posses the motif
HisXAsp(53-57)XHis. In IPNS it contains each of the two
histidines, His212 and His268, and the one aspartic acid,
Asp214, that are essential for enzymatic activity.

DISCUSSION

Spectroscopic studies of IPNS have led to a physical model
for the coordination environment of the ferrous active site
[reviewed in Cooper (1993)] in which the metal center in
the holoenzyme contains three endogenous histidines, an
unsymmetrically chelated endogenous aspartate carboxylate,
and a solvent molecule. A refinement of that model proposes
that formation of the Fe(II) IPNS-ACV enzyme-substrate
complex occurs through displacement of the H2O; subsequent
binding of dioxygen to that complex results in exchange of
the axial histidine ligand by a solvent molecule, creating an
Fe(II) center with sites for two histidines, one aspartic acid,
and the cysteinyl thiolate from ACV (Figure 5). According
to the above, two histidines and one aspartic acid are critical
features of the IPNS ferrous active site. The genetic analysis
of S. jumonjinensisIPNS presented in this work shows that
alanine substitutions of the amino acids His212, Asp214, and
His268 result in enzymes with no measurable activity,
whereas appreciable activity is retained in all other histidine
and aspartic acid replacements. CD spectroscopy studies
demonstrate that these substitutions do not cause any
significant conformational changes. We propose, therefore,
that His212, Asp214, and His268 correspond to three of the
four endogenous ligands postulated from physical studies to
determine the IPNS ferrous active site (Figure 5). Our results
agree with and considerably extend those of a recent genetic
analysis of the fungalC. acremoniumIPNS and reported
while this work was in progress; this study was confined to
showing that His272 (equivalent to His268 ofS. jumonjin-
ensis) is essential for activity (Tiow-Suan & Tan, 1994). The
reduced activity of the remaining mutant enzymes, with the
possible exception of the extremely defective Asp14 mutant,
may reflect general effects of the alanine substitutions on
protein structure.
Support for the above assignments comes from compara-

tive primary amino acid sequence analysis of a broad group
of non-heme Fe(II)-dependent dioxygenases. All of the
enzymes activate dioxygen and have a strict requirement for
ferrous ions and ascorbate, and several require 2-oxoglutarate.
They carry out hydroxylations, desaturations, and oxidative
cyclizations in secondary metabolic processes, including
reactions involved in the biosynthesis of penicillins and
cephalosporins in bacteria and fungi (Baldwin & Abraham,

FIGURE 4: HisXAsp(53-57)XHismotif in IPNS and other non-heme ferrous iron-containing dioxygenases. Multiple sequence alignment
of three blocks of amino acids inS. jumonjinensiswith the corresponding sequences from representative members of 10 other classes of
Fe(II)-dependent dioxygenases. Numbering is according toS. jumonjinensis. Enzyme designations, sources, and data bank references are
as follows, in descending order. HYD STRCL: deacetylcephalosporin C synthase fromS. claVuligerus, SW:CEFE STRCL. EXP STRCL:
deacetoxycephalosporin C synthase fromS. claVuligerus, PIR2:A39204. EXP/HYD CEPAC: expandase/hydroxylase fromC. acremonium,
PIR2:A29711. IPNS STRJU: isopenicillin N synthase (IPNS) fromS. jumonjinensis, SW:IPNS STRJU. ANS maize: A2 gene fromZ.
mays, SW:ANS MAIZE. FS PETHY: flavonol synthase fromP. hybrida, PIR3:S33510. FL3H HORVU: flavanone-3-hydroxylase from
H. Vulgare, SW:FL3H-HORVU. ACCO PETHY: ethylene-forming enzyme fromP. hybrida, SW:ACCI PETHY. E8 LYCES:1-
aminocyclopropane-1-carboxylic acid oxidase homolog fromL. esculentum, SW:ACCH LYCES. HY6H HYONI: hyoscyamine 6-â-
hydroxylase fromH. niger, SW:HY6H HYONI. GH CUCMA: gibberellin 20-oxidase fromC. maxima, GB CMGIB.

FIGURE 5: Assignment of histidine and aspartic acid endogenous
ligands in the IPNS ferrous active site. Numbers refer to the
positions of histidine and aspartic acid residues inS. jumonjinensis
IPNS that are essential for catalytic activity. The spatial arrange-
ment of His212 and His268 ligands with respect to ACV in the
equatorial plane is not unambiguously determined.
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1988; Cohen et al., 1990), the production of flavonoids
(Britsch et al., 1981), alkaloids (Hashimoto & Yamada,
1986), and hormones (Hedden & Graebe, 1982) in plants,
and the modification of proline and lysine residues in
collagens in vertebrates (Kivirikko et al., 1989). A common
general mechanism appears to unite these diverse reactions,
and consequently analysis of the primary amino acid
sequences of these dioxygenases was carried out to search
for functional and structural motifs.
Multiple sequence alignment of 11 representative members

of 52 non-heme Fe(II)-containing dioxygenases (Figure 4)
establishes that just two histidines and one aspartic acid are
entirely conserved. It is highly significant, therefore, that
in IPNS these two histidines, His212 and His268, and one
aspartic acid, Asp214, are precisely the ones essential for
activity. We conclude from the sequence analysis that the
assignment of the IPNS histidine and aspartic acid endog-
enous ligands in the ferrous active site, depicted in Figure 4
and based on the mutagenesis analysis alone, is highly
probable and corresponds to three of the four ligands
postulated from spectroscopic studies of IPNS. Furthermore,
we propose that the motifHisXAsp(53-57)XHis determines
a structural and functional element common to this class of
non-heme Fe(II) dioxygeneses and critical to their mechanism
of action. We note also that just two other amino acid
residues, Gly41 and Arg277, are conserved in all 52
dioxygenases (S. jumonjinensisnumbering). The Arg277
residue has been suggested to be involved in 2-oxoglutarate
and/or ascorbate binding (Britsch et al., 1992), but no
possible function has been ascribed for Gly41. Similar but
less definitive conclusions were previously reached from
alignment of non-heme Fe(II) dioxygenases (Matsuda et al.,
1991; Myllyla et al., 1992; Britsch et al., 1993) but could
not be substantiated through lack of genetic or structural
evidence. We have used theHisXAsp(53-57)XHis motif
to screen the protein data bases and found, in addition to
the above 52 proteins, four more proteins (or open reading
frames), two from barley, one fromArabidopsis thaliana,
and one fromSchizosaccharomyces pombethat have no
known function. These were not included in the above
sequence analysis. We anticipate that the activity of these
proteins will require ferrous iron.
EPR studies of Co(II) IPNS and Cu(II) IPNS-ACV

demonstrate that two of the three endogenous histidine
ligands, and the ACV substrate, lie in the equatorial plane
of the hexacoordinated metal center (Jiang et al., 1991). EPR
studies also show that nitric oxide, frequently used as an
analog for O2 with heme proteins and dioxygenases (Arciero
& Lipscomb, 1986), occupies an axial position in the
coordination center (Chen et al., 1989). Accordingly, in
Figure 5 we have drawn the His212 and His268 endogenous
ligands and the ACV exogenous ligand in the equatorial
plane, and the exogenous O2 ligand in the axial state. We
also place the aspartic acid endogenous ligand, Asp214, in
the equatorial plane because a similar geometry exists for
the three histidines and one aspartic acid in the active site
of non-heme iron superoxide dismutase (Stoddard et al.,
1990). Moreover, secondary structure analysis of IPNS (data
not shown) suggests that His212 and Asp214 occur in a
region of extended sheet structure which is compatible with
the two ligands adopting acisconfiguration in the equatorial
plane. This arrangement is supported by models based on
typical protein secondary structure from X-ray data which

show that the motif HisXAsp in aâ-strand can form
energetically stable chelating sites for Ni(II) and Cu(II)
(Arnold & Zhang, 1994).
Spectroscopic studies indicate that four endogenous ligands,

three histidines and one aspartic acid, define the metal center
of the IPNS holoenzyme and its substrate complex and that
one of the histidines is displaced by a solvent molecule on
binding of molecular oxygen (nitric oxide) (Ming et al.,
1991). Biochemical analysis of the seven histidine-deficient
mutants described in this work failed to identify the third
histidine ligand. Indeed, it is not clear what would be the
consequences for enzymatic activity on replacing that his-
tidine ligand with alanine. Each of the five histidine mutants,
His48, His63, His114, His124, and His135, has substantial
activity, although His48 is more defective than the others.
The multiple sequence alignment of non-heme Fe(II)-
dependent dioxygenases shows that in 52 sequences six lack
a histidine residue at the position equivalent to 48 inS.
jumonjinensisIPNS. Five of the exceptions are noteworthy
because they, like IPNS, are enzymes involved in the
â-lactam biosynthetic pathway, deacetoxycephalosporin syn-
thase and deacetylcephalosporin synthase. The former is the
ring expansion enzyme, and the latter carries out ring
hydroxylation (Cooper, 1993). The other example is the
ethylene-forming enzyme ofPseudomonas syringaepv.
phaseolicole1-aminocyclopropane-1-carboxylic acid oxidase
(Fukuda et al., 1993), whereas all other members of this class
of oxidases contain the equivalent His48. On the basis of
these findings it is possible that the spectroscopic studies
may have misidentified the fourth endogenous ligand in the
metal centersthat it is not a histidine and this would account
for our not identifying it.
Compelling evidence for the conclusions reached in the

above discussion has very recently come from the studies
of Roach et al. (1995) who have determined the 3D structure
of theA. nidulansIPNS. Crystals of IPNS were prepared
with manganese replacing iron at the active site. The
structure of the active site reveals four protein ligands
attached to the metal ion, three of which correspond precisely
to those identified by our genetic analysis as the endogenous
ligands of the ferrous active site in theStreptomycesIPNS.
The fourth ligand is the penultimate glutamine residue in
the IPNS molecule and is the ligand that is likely to be
displaced on substrate binding. The genetic analysis de-
scribed in this paper complements that derived from the
crystal structure and indicates that the coordination environ-
ment of the manganese and iron atoms in the fungal and
bacterial enzymes, respectively, is essentially the same.
In view of the above results, we attempted to determine

by direct iron binding experiments whether elimination of
any one of the His212, Asp214, and His268 ligands affects
iron binding. When an equimolar amount of ferrous iron
was incubated with the wild-type and mutant proteins, all
bound essentially the same amount of iron, which, in the
case of the wild-type protein, was estimated to be that needed
for maximal enzyme activity (Chen et al., 1989). At higher
levels of iron, from 1 to 10 equiv/mol of enzyme, both the
wild-type and mutant proteins (only the His268 mutant was
tested) bound increasing amounts of iron up to 3 equiv/mol
of protein, indicating the existence in theStreptomycesIPNS
of two additional iron-binding sites. Roach et al. (1995) also
found evidence for an additional metal binding site in their
crystal studies of theA. nidulans IPNS. Interestingly,
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increasing the iron concentration in reactions carried out with
the His268 mutant did not result in the recovery of detectable
enzyme activity. These observations suggest that the mutant
proteins bind iron to a similar extent as the wild type.
Presumably, the coordination environment at the ferrous site
in the mutant proteins must differ in some subtle way from
that of the wild type to prevent IPNS chemistry.
We are currently involved in a collaborative effort to

elucidate the crystal structure of theS. jumonjinensisIPNS
and its substrate complex and to characterize the role of the
endogenous ligands in the ferrous active site and understand
the mechanism of IPNS catalysis. We predict that the
structural elements and catalytic properties of the IPNS metal
center will prove to be similar to that to be determined among
other non-heme Fe(II) dioxygenases.
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