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ABSTRACT. Isopenicillin N synthase (IPNS) froi8treptomyces jumonjinengigl; 37 902) is a non-heme

ferrous iron-containing enzyme that catalyzes the oxidative cyclization of the tripeptiden-
aminoadipoyl)e-cysteinylp-valine (ACV) to form isopenicillin N. Spectroscopic studies [reviewed in
Cooper, R. D. (1993Biomed 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(ll) IRREV complex occurs with
displacement of the ¥ 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 igumonjinensidPNS 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 actidgés 5

that of wild type. Sequence analysis of 10 IPNS and 42 other non-heme ferrous iron-dependent
dioxygenases reveal the presence of a common mditf{Asp(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. (2&bye 375 700-704].

A key step in the biosynthesis of penicillin and cepha- 1990). More recently, spectroscopic techniques have been
losporin antibiotics is the oxidative cyclization éf(L-a- employed to define the coordination environment of the
aminoadipoyl)t-cysteinylp-valine (ACV)! by isopenicillin ferrous active site. The combined results of EPR, Mossbauer,
N synthase (IPNS) to form thg-lactam and thiazolidine  NMR, and electronic spectroscopy of Fe(ll) IPNS and its
rings of isopenicillin N (Baldwin, 1989). IPNS belongs to ACV complex, and the corresponding Co(ll) and Cu(ll)
the class of non-heme Fe(ll)-containing enzymes that derivatives, support a metal center containing three endog-
catalyze a wide range of reactions including aliphatic enous histidine and one aspartic acid ligands and exogenous
hydroxylations, desaturations, and cyclizations of rings sjtes for ACV, dioxygen, and solvent (Chen et al., 1989;
containing heteroatoms through activation of dioxygen Ming et al., 1990; Jiang et al., 1991; Ming et al., 1991). A
(Ingraham & Meyer, 1985; Que, 1989). However, unlike yefinement of this model proposes that the axial histidine
most of these Fe(ll)-dependent dioxygenases which INCOr-ligand in the Fe(ll) IPNS-ACV complex is displaced on
porate oxygen atoms into their substrates, IPNS completelyOxygen binding (Ming et al., 1991), leaving the two

reduces dioxygen to 2 equiv of,8 in the cyclization of remaining histidi : :
. i : g histidines in the equatorial plane of the metal
ACV (White et al., 1982; Baldwin & Abraham, 1988). center. X-ray absorption studies of Fe(ll) IPNS and its

substrate complex confirm the main details of the model

H H H
NH, NG_S Mo O 2O N pe Scott et al., 1992; Randall et al., 1993) and verify that ACV
Y\Arjj/se M ﬁwe (Scott et al., : Randall et al., ) and verify tha
CooH o :—‘T."C"OOH moI'IJTZOOH is bound to the iron atom in the active site through the
. sopenieiin N cysteinyl sulfur (Orville et al., 1992).

In this paper we describe a site-directed mutagenesis study
The mechanism of IPNS catalysis has been extensivelyto identify the specific histidine and aspartic acid residues
examined by studies of the kinetics and stereochemistry andin the IPNS primary amino acid sequence that constitute the
by the use of a large number of substrate analogs (Baldwinendogenous ligands of the ferrous active site. Multiple
& Abraham, 1988; Robinson, 1988; Baldwin & Bradley, sequence alignment of 10 bacterial and fungal IPNS proteins
shows that seven histidines and five aspartic acids are
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ipns_emeni MGSVSK..AN VPKIDVSPLF GDDQAAKMRV AQQIDAASRD TGFFYAVNHG INVQRLSQKT
ipns_pench MASTPK..AN VPKIDVSPLF GDNMEEKMKV ARAIDAASRD TGFFYAVNHG VDVKRLSNKT
ipns_cepac MGSVPVPVAN VPRIDVSPLF GDDKEKKLEV ARAIDAASRD TGFFYAVNHG VDLPWLSRET
ipns_strju .MPILMPSAE VPTIDISPLS GDDAKAKQRV AQEINKAARG SGFFYASNHG VDVQLLQDVV
ipns_strcl .MPVLMPSAH VPTIDISPLF GTDAAAKKRV AEEIHGACRG SGFFYATNHG VDVQQLQDVV
ipns_nocla .. .MKMPSAE VPTIDVSPLF GDDAQEKVRV GQEINKACRG SGFFYAANHG VDVQRLQDVV
ipns_strgr .MPIPMLPAH VPTIDISPLS GGDADDKKRV AQEINKACRE SGFFYASHHG IDVQLLKDVV
ipns_strlp .MPVLMPSAD VPTIDISPLF GTDPDAKAHV ARQINEACRG SGFFYASHHG IDVRRLQDVV
ipns_flass ....MNRHAD VPVIDISGLS GNDMDVKKDI AARIDRACRG SGFFYAANHG VDLAALQKFT
63 : 113 114
ipns_emeni KEFHMSITPE EKWDLAIRAY NKEHQDQVRA GYYLSIPGKK AVWSFCYLNP NFTPDHPRIQ
ipns_pench REFHFSITDE EKWDLAIRAY NKEHQDQIRA GYYLSIPEKK AVESFCYLNP NFKPDHPLIQ
ipns_cepac NKFHMSITDE EKWQLAIRAY NKEHESQIRA GYYLPIPGKK AVESFCYLNP SFSPDHPRIK
ipns_strju NEFHRNMSDQ EKHDLAINAY NKDN.PHVRN GYYKAIKGKK AVESFCYLNP SFSDDHPMIK
ipns_strcl NEFHGAMTDQ EKHDLAIHAY NPDN.PHVRN GYYKAVPGRK AVESFCYLNP DFGEDHPMIA
ipns_nocla NEFHRTMSPQ EKYDLAIHAY NKNN.SHVRN GYYMAIEGKK AVESFCYLNP SFSEDHPEIK
ipns_strgr NEFHRTMTDE EKYDLAINAY NKNN.PRTRN GYYMAVKGKK AVESWCYLNP SFSEDHPQIR
ipns_strlp NEFHRTMTDQ EKHDLAIHAY NENN.SHVRN GYYMARPGRK TVESWCYLNP SFGEDHPMIK
ipns_flass TDWHMAMSAE EKWELAIRAY NPAN.PRNRN GYYMAVEGKK ANESFCYLNP SFDADHATIK
124 131 135
ipns_emeni AKTPTHEVNV WPDETKHPGF QDFAEQYYWD VFGLSSA.LL KGYALALGKE ENFFARHFKP
ipns_pench SKTPTHEVNV WPDEKKHEPGF REFAEQYYWD VFGLSSA.LL RGYALALGKE EDFFSRHFKK
ipns_cepac EPTPMHEVNV WPDEAKHPGF RAFAEKYYWD VFGLSSA.VL RGYALALGRD EDFFTRHSRR
ipns_strju SETPMHEVNL WPDEEKHPRF RPFCEDYYRQ LLRLSTV.IM RGYALALGRR EDFFDEALAE
ipns_strcl AGTPMHEVNL WPDEERHPRF RPFCEGYYRQ MLKLSTV.LM RGLALALGRP EHFFDAALAE
ipns_nocla AGTPMHEVNS WPDEEKHPSF RPFCEEYYWT MHRLSKV.LM RGFALALGKD ERFFEPELKE
ipns_strgr SGTPMHEGNI WPDEKRHQRF RPFCEQYYRD VFSLSKV.LM RGFALALGKP EDFFDASLSL
ipns_strlp AGTPMHEVNV WPDEERHPDF RSFGEQYYRE VFRLSKVLLL RGFALALGKP EEFFENEVTE
ipns_flass AGLPSHEVNI WPDEARHPGM RRFYEAYFSD VFDVAAV.IL RGFAIALGRE ESFFERHFSM
203 212 214
ipns_emeni DDTLASVVL. IRYPYLDPYP EAAIKTAADG TKLSFEWHED VSLITVLYQS NVONLQVETA
ipns_pench EDALSSVVL. IRYPYLNPIP PAAIKTAEDG TKLSFEWHED VSLITVLYQS DVANLQVEMP
ipns_cepac DTTLSSVVL. IRYPYLDPYP EPAIKTADDG TKLSFEWHED VSLITVLYQS DVONLQVKTP
ipns_strju ADTLSSVSL. IRYPYLEEYP ..PVKTGADG TKLSFEDHLD VSMITVLYQT EVQNLQVETV
ipns_strcl QDSLSSVSL. IRYPYLEEYP . .PVKTGPDG QLLSFEDHLD VSMITVLFQT QVONLQVETV
ipns_nocla ADTLSSVSL. IRYPYLEDYP ..PVKTGPDG EKLSFEDHFD VSMITVLYQT QVONLQVETV
ipns_strgr ADTLSAVTL. IHYPYLEDYP ..PVKTGPDG TKLSFEDHLD VSMITVLFQT EVQNLQVETA
ipns_strlp EDTLSCRSLM IRYPYLDPYP EAAIKTGPDG TRLSFEDHLD VSMITVLFQT EVONLQVETV
ipns_flass DDTLSAVSL. IRYPFLENYP ..PLKLGPDG EKLSFEHHQD VSLITVLYQT AIPNLOVETA
268

ipns_emeni AGYQDIEADD TGYLINCGSY MAHLTNNYYK APIHRVKWVN AERQSLPFFV NLGYDSVIDP
ipns_pench QGYLDIEADD NAYLVNCGSY MAHITNNYYP APIHRVKWVN EERQSLPFFV NLGFNDTVQP
ipns_cepac QGWQDIQADD TGFLINCGSY MAHITDDYYP APIHRVKWVN EERQSLPFFV NLGWEDTIQP
ipns_strju DGWQDIPRSD EDFLVNCGTY MGHITHDYFP APNHRVKFIN AERLSLPFFL NAGHNSVIEP
ipns_strcl DGWRDIPTSE NDFLVNCGTY MAHVTNDYFP APNHRVKFVN AERLSLPFFL, NGGHEAVIEP
ipns nocla DGWRDLPTSD TDFLVNAGTY LGHLTNDYFP SPLHRVKFVN AERLSLPFFF HAGQHTLIEP
ipns_strgr DGWQDLPTSG ENFLVNCGTY MGYLTNDYFP APNHRVKFIN AERLSLPFFL HAGHTTVMEP
ipns_strlp DGWQSLPTSG ENFLINCGTY LGYLTNDYFP APNHRVKYVN AERLSLPFFL HAGQONSVMKP
ipns_flass EGYLDIPVSD EHFLVNCGTY MAHITNGYYP APVHRVKYIN AERLSIPFFA NLSHASAIDP
ipns_emeni FDPREP.... .NGKSDREPL SYGDYLQONGL VSLINKNGQT

ipns_pench WDPSKE.... .DGKTDQRPI SYGDYLQNGL VSLINKNGQT

ipns_cepac WDPATAKDGA KDAAKDKPAT SYGEYLQGGL RGLINKNGQT

ipns_strju FVPEGA.... AGTVK.NPTT SYGEYLQHGL RALIVKNGQT

ipns_strcl FVPEGA.... SEEVR.NEAL SYGDYLQHGL RALIVKNGQT

ipns_nocla FFPDGA.... PEGKQGNEAV RYGDYLNHGL HSLIVKNGQT

ipns_strgr FSPEDT.... RG.KELNPPV RYGDYLQQAS NALIAKNGQT

ipns_strlp FHPEDT.... .GDRKLNPAV TYGEYLQEGF HALIAKNVQT

ipns_flass FAP.PP.... YAPPGGNPTV SYGDYLQHGL LDLIRANGQT

Ficure 1: Multiple sequence alignment of 10 bacterial and fungal IPNS primary amino acid sequences. Sources are, in descending order,
Aspergillus nidulansPenicillium chrysogenunCephalosporium acremoniyrlavobacteriumsp.,Lysobacter lactamgenuStreptomyces
jumonijinensisStreptomyces clailigerus Nocardia lactamduransStreptomyces griseuandStreptomyces lipmaniiSequences 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 accordiBgjumonjinensidPNS).

conserved in all sequences (Figure 1). We replaced each ofOur results identify two histidines and one aspatrtic acid that

the conserved histidines and aspartic acids with alanines inare essential for enzymatic activity. Furthermore, sequence
the IPNS ofStreptomyces jumonjinensisd analyzed the  analysis of IPNS and other non-heme Fe(ll)-dependent
biochemical properties of the recombinant mutant proteins. dioxygenases reveals that all possess a common motif which
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Table 1: Mutagenic Oligodeoxynucleotides Used in the Preparation of-Hida and Asp— Ala Substitution Mutants o8. jumonjinensis
Isopenicillin N Synthase

oligodeoxynucleotide sequerice

amino acid position sequencing vectbr codon change

His48 3-ACGTCCACACC GGC GTTCGACGCGTAG-3 mp19 GTG— GGC
His63 3-GCTCATGTTCCG _GGC GAACTCGTTCAC-3 mp19 GTG— GGC
His114 5-TTGATCATCGG GGC GTCGTCGGAGAAC-3 mp19 GTG— GGC
His124 3-GAGGTTCACCTC GGC CATCGGGGTCTC-3 mp19 GTG— GGC
His135 5-CCGGAACCGCGG _GGC CTTCTCCTCGTC-3 mp19 GTG— GGC
His212 3-AGCTTCGAGGAC GCG CTGGACGTCTCGATG-3 mpl8 CAT— GCG
His268 5-CCGGCCCCGAAC _GCC CGGGTGAAGTTC-3 mpl18 CAC— GCC
Aspl4a 3-CGGCGAGAT GGC GATGGTCGG-3 mp19 GTC— GGC
Aspl13 5-GATCATCGGGTG GGC GTCGGAGAACGAC-3 mp19 GTC— GGC
Aspl31 5CTTCTCCTC GGC CGGCCAGAG-3 mp19 GTC— GGC
Asp203 5-CTCGGTACC GGC CGCGCCCG-3 mp19 GTC—GGC
Asp214 5-GACCATCTG GCC GTCTCGATG-3 mp18 GAC— GCC

a2 Altered codons are underlinetiFor the M13mp19 sequencing vector the antisense codons are shown.

in IPNS contains the identical histidine and aspartic acid at 30°C in the presence of 0.01 mM inducer made small
residues essential for function. On the basis of these amounts of IPNS in the soluble form.

Obsel’vations we haVe been able to |Ocate thl’ee Of the four Enzyme Puriﬁcation So'ub|e IPNS preparations were
endogenous ligands proposed to form the IPNS ferrous activegptained from the insoluble fraction of disrupted cells by
site. A partial account of these findings was presented in a denaturating in 5 M urea and refolding as previously reported
poster at the International Symposium on the Genetics Of(Landman et al., 1991). Wild-type and mutant IPNS
Industrial Microorganisms, Montreal, June 1994. The ge- preparations made in this way are referred to throughout in
netic and sequence analysis of teeptomycelPNS active  this article as solubilized IPNS and were approximately 95%
site presented here agrees with and complements thatyre, as judged by SDSolyacrylamide gel electrophoresis.
determined from the crystal structure of thespergillis  soluble, crude IPNS from the supernatant fraction of cells
nidulans IPNS that was reported while this paper was in jnduced at 30C was used without purification.

preparation (Roach et al., 1995). Enzyme Assay and KineticsThe specific activities of
MATERIALS AND METHODS unpurified soluble IPNS and solubilized IPNS from inclusion
bodies were determined by an agar plate assay using
Bacterial Strains and Plasmids Construction of the  Micrococcus luteusATCC 381 as indicator (Jensen et al.,
expression plasmid pOL-18 containing the IPNS gen& of 1982a). Kinetic constants, andk..:were determined with
jumonijinensifNRRL 5741 under the control of an inducible purified solubilized enzyme preparations by following the
T7 promoter was previously described (Landman et al., consumption of ACV substrate and the appearance of
1991). Expression of wild-type and mutant recombinant isopenicillin N by HPLC (Jensen et al., 1982b). The standard

IPNS genes was carried outlischerichia colBL21(DE3) reaction contained, in a final volume of 44, 0.69 mM

plysS DNA manipulations were performed B coli TG1 ACV, 4 mM ascorbate, 4 mM DTT, 0.16 mM FegGnd

(Sambrook et al., 1989). up to 0.05 mM apoenzyme. Incubations were carried out
Site-Directed MutagenesisRestriction fragments bal — for 20 min at 25°C and terminated by addition of an equal

Asp718 (0.65 kb) and\sp7 18—EcaRl (0.85 kb) conveniently ~ volume of methanol. Conversion of ACV to isopenicillin
divide the S jumonjinensisIPNS gene and its flanking N by S jumonjinensidPNS in the standard assay was linear
regions for the purpose of mutant construction. These wereWith respect to time for at least 30 min in the conditions
cloned into the single-stranded M13mp18 and M13mp19 employed, as previously found with ti&ireptomyces cla-
vectors (Yanisch-Perron et al., 1985). Site-directed mu- vuligerusenzyme (Jensen et al., 1982b) and in contrast to
tagenesis was performed according to the procedure ofthe rapid loss of activity reported for tiéephalosporium
Eckstein (Sayers & Eckstein, 1991) using the Amsersham acremoniumiPNS and ascribed to product inhibition (Perry
Sculptor mutagenesis kit (Amersham International). The et al., 1988). The data reported in Table 2 for the specific
mutagenic oligonucleotides used in this work to change activity and kinetic constants of wild-type and mutant IPNSs
histidine and aspartic acid residues to alanine residues areare the average results of at least three experiments. The
shown in Table 1. The appropriate mutagenized region wasspecific activities of the crude and solubilized wild-type
sequenced by the dideoxy chain-termination method (Sangerpreparations of IPNS were 29 and 530 nmol of isopenicillin
et al., 1977) to verify the specific nucleotide change, N min~! (mg of protein)?, respectively. IPNS concentra-
exchanged for the wild-type region in pOL-18, and se- tions were determined using the extinction coefficient at 280
quenced again to confirm the alteration in the expression nm (35 mM* cm™?) calculated from the known amino acid
plasmid. composition; otherwise protein concentrations were deter-
Expression Growth of transformants containing wild-type ~Mined with Coomassie blue using bovine serum albumin as
and mutant IPNS genes in the pOL-18 expression plasmid,standard (Bradford, 1976).
and induction of synthesis of IPNS, has been described Spectroscopy CD measurements were made in 0.1-mm
elsewhere (Landman et al., 1991). Cultures were inducedcells in a Jasco J-500C spectropolarimeter operated at a scan
with 0.4 mM isopropyls-thiogalactopyranoside (IPTG) for rate of 20 nm/min in the range 19@70 nm. Protein
2 h at 37°C and produced IPNS almost exclusively in the samples were prepared in 50 mM TFHKCI (pH 8.0) at a
form of insoluble inclusion bodies; cultures grown for 3 h concentration of 0.0071 mM.
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Table 2: Kinetic Parameters of IPNS His Ala and Asp— Ala M1 2 3 4 5 6 718 M
Mutants
IPNS  relative specific activity i Keat Kead Kon T ————
mutant  solubilized  soluble (mMM) (min™!) (MM~1min™Y)
wild type 1.0 1.0 04 388 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 0.84 321 38.1
His135 0.22 017 059 117 19.8 M 8§ 1011 12 1B K¥ M
His212 <0.007 <0.007 nm nm nm
His268 <0.003 <0.007 nm nm nm
Aspl4 0.05 0.03 086 0.56 0.7 —— s S e gy
Aspl113 0.63 0.84 0.45 23.8 52.8
Aspl31 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

a Recombinant proteins made i coli from a T7-based expression
system; see Materials and Metho8Specific activities of solubilized

IPNS preparations determined by bioassay and by HPLC assay; specifi FIGURE 2. SDS-polyacrylamide gel electrophoresis 8fjumon-

activities of crude soluble IPNS preparations determined by bioassay,ﬁI?g;;@’é”iggg?g?brgg tﬁ]ntl\l/lPalt\leSri.allhgnrg c'\c;lrgttr)]lggg't p{j’;ﬁ'grs ;l:r:gl:

see Materials and Methods. Values reported are averages based on nes 18 refer to, in ascending order, wild type and His48, His63

least three experiments; individual measurements varied about thesgic114 His124 i—|i5135 His212 ana His268 alanine-substitute’d

values by no more thas25%. °nm: not measurable. mutant proteins. Lower panel: lanes 94 refer to, in ascending
order, wild type and Asp14, Asp113, Asp131, Asp203 and Asp214

Sequence AnalysisBLASTP (Altschul et al., 1990) and ~ Mutant proteins. M, molecular mass standards: 20, 24, 29, 36,
PROFILE (Feng & Doolittle, 1987) searches were used to 4 a1d 66 kDa.
find the primary sequences of non-heme Fe(ll)-containing 30
dioxygenases in the PIR, Swissprot and Genbank databases. 20 |
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 o jumonjinensidPNS (Figure 2). 50

Ellipticity (arbitrary units)

RESULTS 180 200 220 240 260 280

Expression of Mutant IPNS GeneS. jumonjinensidPNS Wavelength (nm)
contains 13 histidines and 23 aspartic acids. Each of theFiGure 3: CD spectra ofs. jumonjinensiswild type and His212,
seven conserved histidines and five conserved aspartic acid€'SP214, and His268 alanine-substituted mutant proteins.
in the bacterial and fungal IPNS proteins (Figure 1) is, . ) o _
according to spectroscopic studies, a potential candidate adreparations for more detailed kinetic studies (see below).

an iron ligand and was exchanged for alanine by site-directed T "€ mutant enzymes fall into two classes. His212, His268,
mutagenesis. Figure 2 shows the effect of the point and Asp214 have no detectable activity in either the HPLC

mutations on synthesis of recombinant proteing€ircoli. or bioassay; His48, His63, His114, His124, and His135 and

All of the mutant proteins were made to about the same ASP14, Asp113, Aspl131, and Asp203 possesé&% the

extent as judged by SDS gel electrophoresis of solubilized SPecific activity of wild type.

IPNS preparations. Physical characterization of the wild-type and the three
Biochemical Analysis of Mutant IPNS Enzyméecom-  inactive enzymes, His212, Asp214, and His268, by CD

binant IPNS made with the T7 expression system was almostspectroscopy showed no significant difference in con-

entirely insoluble. Highly purified solubilized IPNS was formation between the wild-type and mutant proteins

recovered after centrifugation of cell sonicates, denaturation (Figure 3).

in urea, and renaturation as previously described for the wild-  Kinetic parameter&, andk,for 9 of the 12 IPNS mutant

type protein (Landman et al., 1991). Biochemical charac- enzymes and for wild type are presented in Table 2. It was

terization of wild-type and mutant IPNS enzymes prepared not possible to determine these constants for the three

in this way is reported in Table 2. Specific activities of the inactive enzymes, His212, His268, and Asp2X4, values

mutant enzymes have been normalized to that of the wild- for the partially inactive enzymes were not appreciably

type enzyme. The corresponding specific activities for the different from that of the wild type, indicating that in these

untreated soluble IPNS mutant enzymes present in the cellmutant enzymes the histidine and aspartic acid replacements

supernatant fraction are shown alongside. Comparison ofdid not substantially affect substrate binding. Valueg&gf

the two sets of data shows that the relative specific activity for 8 of the 9 partially inactive IPNS enzymes were-1.1

of each of the mutant enzymes is qualitatively the same for 5.2-fold less than that of wild type; tHg, of one enzyme,

the purified solubilized preparation and the crude soluble Asp14, was much more severely affected than the others and

supernatant fraction and justifies use of the solubilized IPNS was approximately 70-fold less than wild type.
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block T block II block III

41 48 212 214 268 277
HYD_STRCL .. ECVTGMGVFYLTGYG.AGDK ... PRRMAPHYDLSIITFIHQTP ... ALPAPRHHVRSPGAGMREGSDRTSSVFFLR ...
EXP_STRCL .. RCLRDKGLFYLTDCGL.TDT ... PLRMAPHYDLSMVTLIQQTP ... QVKAPRHHVAAPRRDQIAGSSRTSSVFFLR ...
EXP/HYD_CEPAC . EAVTTKGIFYLTESGLVDD. ... PLRMGPHYDLSTITLVHQTA ... KVKAPKHRVKSPGRDQRVGSSRTSSVFFLR ...
IPNS_STRJU . KAARGSGFFYASNHGVDVQL ... KLSFEDHLDVSMITVLYQTE ... YFPAPNHRV...... KFINAERLSLPFFLN ...
ANS_MATIZE ... AAAADWGVMHIAGHGIPAEL ... AVGVEAHTDVSALSFILHNG ... RYTSVLHRGLV....NRE.AVRISWVVFCE ...
FS_PETHY ... DASKEWGIFQLINHGIPDEA ... ALGVVAHTDMSYITILVPNE ... KYKSVYHRTTV....NKD.KTRMSWPVFLE ...
FL3H_HORVU ... AACEDWGIFQVIDHGVDADL ... TLGLKRHTDPGTITLLLQDL ... RFKNADHQAVV....NGESS.RLSIATFQON ...
ACCO_PETHY ... DACENWGFFELVNHGIPREV ... IKGLRAHTDAGGIILLFQDD ... KYKSVMHRVIA....QKDGA.RMSLASFYN ...
E8_LYCES ... DASEKWGFFQVVNHGIPTSV ... TMGTIQHTDIGFVTILLQDD ... KYLSVEHRAIS....NNVG.SRMSITCFFG ...
HY6H_HYONI .. KACQDFGLFQVINHGFPEEL ... TLGSGGHYDGNLIT.LLQQD ... KFEGSIHRVVT....DPTRD.RVSIATLIG ...
GH_CUCMA . EACRQHGIFFVVNHGVDIEM . VLGTGPHTDPTSVTILHQDP ... IYKGCIHRAVV....NSMNA.RKSLAFFLC ...

Biochemistry, Vol. 35, No. 6, 19961985

Ficure 4: HisXAsp(53—57)XHis motif in IPNS and other non-heme ferrous iron-containing dioxygenases. Multiple sequence alignment
of three blocks of amino acids I8 jumonjinensiswith the corresponding sequences from representative members of 10 other classes of
Fe(ll)-dependent dioxygenases. Numbering is accordir jamonjinensis Enzyme designations, sources, and data bank references are
as follows, in descending order. HYD STRCL: deacetylcephalosporin C synthas&fotamuligerus SW:CEFE STRCL. EXP STRCL:
deacetoxycephalosporin C synthase ft@mlayuligerus PIR2:A39204. EXP/HYD CEPAC: expandase/hydroxylase f@@racremonium
PIR2:A29711. IPNS STRJU: isopenicillin N synthase (IPNS) fr@rjumonjinensisSW:IPNS STRJU. ANS maize: A2 gene frafn

mays SW:ANS MAIZE. FS PETHY: flavonol synthase frofh hybrida PIR3:533510. FL3H HORVU: flavanone-3-hydroxylase from

H. wulgare SW:FL3H-HORVU. ACCO PETHY: ethylene-forming enzyme from hybrida SW:ACCI PETHY. E8 LYCES:1-
aminocyclopropane-1-carboxylic acid oxidase homolog fionesculentumSW:ACCH LYCES. HY6H HYONI: hyoscyamine -
hydroxylase fromH. niger, SW:HY6H HYONI. GH CUCMA: gibberellin 20-oxidase fror@. maxima GB_CMGIB.

l‘-l ll'l DISCUSSION
His12/His268 N H70 N Hisp12/His268
e

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

" Fe . e ey
s r\ the holoenzyme contains three endogenous histidines, an
S o As unsymmetrically chelated endogenous aspartate carboxylate,
| NO(O2) p214 and a solvent molecule. A refinement of that model proposes
ACV (0]

that formation of the Fe(ll) IPNSACV enzyme-substrate
FIGURE 5: Assignment of histidine ano_l aspartic acid endogenous complex occurs through displacement of th@®kdsubsequent
ligands in the IPNS ferrous active site. Numbers refer to the binding of dioxygen to that complex results in exchange of

positions of histidine and aspartic acid residueS ijumonjinensis Sl Rictidime I .
IPNS that are essential for catalytic activity. The spatial arrange- the axial histidine ligand by a solvent molecule, creating an

ment of His212 and His268 ligands with respect to ACV in the Fe(ll) center with sites for two histidines, one aspartic acid,
equatorial plane is not unambiguously determined. and the cysteinyl thiolate from ACV (Figure 5). According

to the above, two histidines and one aspartic acid are critical
Sequence Analysis of IPNS and Other Non-Heme Fe(ll) features of the IPNS ferrous active site. The genetic analysis
Dioxygenases A total of 52 nonredundant primary se- of S jumonjinensidPNS presented in this work shows that
guences were extracted with the use of PROFILE and alanine substitutions of the amino acids His212, Asp214, and
BLASTP searches from the Swissprot, PIR, and Genbank His268 result in enzymes with no measurable activity,
databases. These include 10 IPNS enzymes, several othewhereas appreciable activity is retained in all other histidine
pB-lactam biosynthetic enzymes, including three hydroxylases @nd aspartic acid replacements. CD spectroscopy studies
(deacetoxycephalosporin C synthase), three expandase§emonstrate that these substitutions do not cause any
(deacetylcephalosporin C synthase), and one expandaseyignificant conformational changes. We propose, therefore,
hydroxylase, 18 1-aminocyclopropane-1-carboxylic acid that His212, Asp214, and His268 correspond to three of the
(ACCO) oxidases, nine flavanonesdiydroxylases, one fouren_dogenous ligands postglateq from physical studies to
flavonol synthase, two E8 proteins, one gibberellin A20 determlr_le the IPNS f_errous active site (Figure 5). Our result§
oxidase, one hyoscyaming&ydroxylase, and three antho- agree with and considerably extend those of a recent genetic

cyanidin hydroxylases. All of the enzymes use Fe(ll) and analysis of the fungaC. acremoniumiPNS and reported

" while this work was in progress; this study was confined to
ascorbate and all but IPNS and AC(;O require 2 oxoglutarate.Showing that His272 (equivalent to His268 Sfjumoniin-
The sequences were aligned with the PileUp program.

Figure 4 is an abridged alignment to show the five residues ensig is essential for activity (Tiow-Suan & Tan, 1994). The

) : . reduced activity of the remaining mutant enzymes, with the
that are totally consgrved. Gly_41, H.|3212,__Asp2.14, His268, possible exception of the extremely defective Asp14 mutant,
and Arg277 (numbering according $ojumonjinensisPNS).

; . 2 . may reflect general effects of the alanine substitutions on
The alignment is partitioned such that segment | contains protein structure.

Gly41, segment Il contains His212 and Asp214, and segment  gypport for the above assignments comes from compara-
[l contains His268 and Arg277. With the exception of the jye primary amino acid sequence analysis of a broad group
p-lactam biosynthetic enzymes, expandase, hydroxylase, angf non-heme Fe(ll)-dependent dioxygenases. All of the
expandase/hydroxylase and one bacterial ACCO, His48 isenzymes activate dioxygen and have a strict requirement for
also conserved in all sequences (segment I). Inspection offerrous ions and ascorbate, and several require 2-oxoglutarate.
Figure 4 shows that all the dioxygenases posses the motifThey carry out hydroxylations, desaturations, and oxidative
HisXAsp(53—57)XHis. In IPNS it contains each of the two  cyclizations in secondary metabolic processes, including
histidines, His212 and His268, and the one aspartic acid, reactions involved in the biosynthesis of penicillins and
Asp214, that are essential for enzymatic activity. cephalosporins in bacteria and fungi (Baldwin & Abraham,
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1988; Cohen et al., 1990), the production of flavonoids show that the motif HisXAsp in g3-strand can form
(Britsch et al., 1981), alkaloids (Hashimoto & Yamada, energetically stable chelating sites for Ni(ll) and Cu(ll)
1986), and hormones (Hedden & Graebe, 1982) in plants, (Arnold & Zhang, 1994).
and the modification of proline and lysine residues in  Spectroscopic studies indicate that four endogenous ligands,
collagens in vertebrates (Kivirikko et al., 1989). A common three histidines and one aspartic acid, define the metal center
general mechanism appears to unite these diverse reactiongf the IPNS holoenzyme and its substrate complex and that
and consequently analysis of the primary amino acid one of the histidines is displaced by a solvent molecule on
sequences of these dioxygenases was carried out to searchinding of molecular oxygen (nitric oxide) (Ming et al.,
for functional and structural motifs. 1991). Biochemical analysis of the seven histidine-deficient
Multiple sequence alignment of 11 representative membersmutants described in this work failed to identify the third
of 52 non-heme Fe(ll)-containing dioxygenases (Figure 4) histidine ligand. Indeed, it is not clear what would be the
establishes that just two histidines and one aspartic acid areconsequences for enzymatic activity on replacing that his-
entirely conserved. It is highly significant, therefore, that tidine ligand with alanine. Each of the five histidine mutants,
in IPNS these two histidines, His212 and His268, and one His48, His63, His114, His124, and His135, has substantial
aspartic acid, Asp214, are precisely the ones essential foractivity, although His48 is more defective than the others.
activity. We conclude from the sequence analysis that the The multiple sequence alignment of non-heme Fe(ll)-
assignment of the IPNS histidine and aspartic acid endog-dependent dioxygenases shows that in 52 sequences six lack
enous ligands in the ferrous active site, depicted in Figure 4 a histidine residue at the position equivalent to 48Sin
and based on the mutagenesis analysis alone, is highlyjumonjinensidPNS. Five of the exceptions are noteworthy
probable and corresponds to three of the four ligands because they, like IPNS, are enzymes involved in the
postulated from spectroscopic studies of IPNS. Furthermore,$-lactam biosynthetic pathway, deacetoxycephalosporin syn-
we propose that the motifisXAsp(53—57)XHis determines  thase and deacetylcephalosporin synthase. The former is the
a structural and functional element common to this class of ring expansion enzyme, and the latter carries out ring
non-heme Fe(ll) dioxygeneses and critical to their mechanismhydroxylation (Cooper, 1993). The other example is the
of action. We note also that just two other amino acid ethylene-forming enzyme oPseudomonas syringapv.
residues, Gly4l and Arg277, are conserved in all 52 phaseolicolel-aminocyclopropane-1-carboxylic acid oxidase
dioxygenases§ jumonjinensisnumbering). The Arg277  (Fukuda et al., 1993), whereas all other members of this class
residue has been suggested to be involved in 2-oxoglutarateof oxidases contain the equivalent His48. On the basis of
and/or ascorbate binding (Britsch et al., 1992), but no these findings it is possible that the spectroscopic studies
possible function has been ascribed for Gly41. Similar but may have misidentified the fourth endogenous ligand in the
less definitive conclusions were previously reached from metal center-that it is not a histidine and this would account
alignment of non-heme Fe(ll) dioxygenases (Matsuda et al., for our not identifying it.
1991; Myllyla et al., 1992; Britsch et al., 1993) but could Compelling evidence for the conclusions reached in the
not be substantiated through lack of genetic or structural above discussion has very recently come from the studies
evidence. We have used thiisXAsp(53—57)XHis motif of Roach et al. (1995) who have determined the 3D structure
to screen the protein data bases and found, in addition toof the A. nidulansIPNS. Crystals of IPNS were prepared
the above 52 proteins, four more proteins (or open readingwith manganese replacing iron at the active site. The
frames), two from barley, one frorArabidopsis thaliana structure of the active site reveals four protein ligands
and one fromSchizosaccharomyces pomtieat have no attached to the metal ion, three of which correspond precisely
known function. These were not included in the above to those identified by our genetic analysis as the endogenous
sequence analysis. We anticipate that the activity of theseligands of the ferrous active site in tisgreptomycetPNS.
proteins will require ferrous iron. The fourth ligand is the penultimate glutamine residue in
EPR studies of Co(ll) IPNS and Cu(ll) IPN&CV the IPNS molecule and is the ligand that is likely to be
demonstrate that two of the three endogenous histidinedisplaced on substrate binding. The genetic analysis de-
ligands, and the ACV substrate, lie in the equatorial plane scribed in this paper complements that derived from the
of the hexacoordinated metal center (Jiang et al., 1991). EPRcrystal structure and indicates that the coordination environ-
studies also show that nitric oxide, frequently used as anment of the manganese and iron atoms in the fungal and
analog for Q with heme proteins and dioxygenases (Arciero bacterial enzymes, respectively, is essentially the same.
& Lipscomb, 1986), occupies an axial position in the In view of the above results, we attempted to determine
coordination center (Chen et al.,, 1989). Accordingly, in by direct iron binding experiments whether elimination of
Figure 5 we have drawn the His212 and His268 endogenousany one of the His212, Asp214, and His268 ligands affects
ligands and the ACV exogenous ligand in the equatorial iron binding. When an equimolar amount of ferrous iron
plane, and the exogenous and in the axial state. We  was incubated with the wild-type and mutant proteins, all
also place the aspartic acid endogenous ligand, Asp214, inbound essentially the same amount of iron, which, in the
the equatorial plane because a similar geometry exists forcase of the wild-type protein, was estimated to be that needed
the three histidines and one aspartic acid in the active sitefor maximal enzyme activity (Chen et al., 1989). At higher
of non-heme iron superoxide dismutase (Stoddard et al.,levels of iron, from 1 to 10 equiv/mol of enzyme, both the
1990). Moreover, secondary structure analysis of IPNS (datawild-type and mutant proteins (only the His268 mutant was
not shown) suggests that His212 and Asp214 occur in atested) bound increasing amounts of iron up to 3 equiv/mol
region of extended sheet structure which is compatible with of protein, indicating the existence in tBéreptomycelPNS
the two ligands adopting@s configuration in the equatorial  of two additional iron-binding sites. Roach et al. (1995) also
plane. This arrangement is supported by models based orfound evidence for an additional metal binding site in their
typical protein secondary structure from X-ray data which crystal studies of theA. nidulans IPNS. Interestingly,
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increasing the iron concentration in reactions carried out with Hedden, P., & Graebe, J. E. (1982Plant Growth Regull, 105-

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.

116.

graham, L. L., & Meyer, D. L. (1985) inBiochemistry of
Dioxygen(Frieden, E., Ed.) pp 139246, Plenum Publishing Co.,
New York.

Presumably, the coordination environment at the ferrous site jensen, S. E., Westlake, D. W. S., & Wolfe, S. (198R#ntibiot

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

35, 1026-1032.
Jensen, S. E., Westlake, D. W. S., & Wolfe, S. (1982@#ntibiot
35, 483—-490.

Jiang, F., Peisach, J., Ming, L. J., Que, L., Jr., & Chen, V. J. (1991)

elucidate the crystal structure of tisejumonjinensidPNS Biochemistry 3011437-11445.

and its substrate complex and to characterize the role of they; o k. 1. Myllyla, R., & Pihlajaniemi, T. (1989)FASEB J
endogenous ligands in the ferrous active site and understand 3 1609-1617.

the mechanism of IPNS catalysis. We predict that the Landman, O., Shiffman, D., Av Gay, Y., Aharonowitz, Y., &
structural elements and catalytic properties of the IPNS metal Cohen, G. (1991FEMS Microbiol Lett 68, 239-244.

center will prove to be similar to that to be determined among Matsuda, J., Okabe, S., Hashimoto, T., & Yamada, Y. (1991)

other non-heme Fe(ll) dioxygenases.
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