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Abstract

Analyses of attainable primary amino acid sequences, assigned secondary structures and superimposed tertiary structures o
142 isopenicillin N synthase (IPNS) relatesh-haemiron-dependent oxygenasesandoxidases (designated as NHIDOX) were
examined in this study. Despite having low sequence homologi28%), these enzymes were found to possess conserved
structural domains (delineated as modules | and I1) that fold into jelly-roll motifs, juxtaposed by adjacent stabilizing elements.
The seven highly conserved residues, corresponding to His214, Asp216 and Hi#2@é& gillus nidulans IPNS (IPNSAN)
for iron binding, Arg279 and Ser281 for substrate/co-substrate binding, as well as Gly40 and Gly254 with yet undetermined
functions, are arrayed closely within these conserved modules. Complex hydrogen bonding interactions of these conserved
residues with residues found in specifichelices and3-strands of the conserved core motif are apparently involved in
stabilizing these structures. Although the NHIDOX enzymes appear to share conserved active center architecture, differences
in their hydrogen bonding networks were observed, particularly those involving the substrate/co-substrate binding ligands
and the two conserved glycines. These may modulate functional versatilities, relative sizes of the jelly-roll motifs, and the
specific amino acid residues involved in stabilization and folding of the active center.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction cephalosporin C synthase (DACS), are known to
bind iron with a non-haem coordinated ligand en-
In the multi-stepp-lactam biosynthetic pathway vironment and also concomitantly use oxygen and
carried out by various bacteria and fur[di, three ascorbate for their catalysi®,3]. Based on these
enzymes, isopenicillin N synthase (IPNS), deacetoxy- properties and their amino acid sequence related-
cephalosporin C synthase (DAOCS) and deacetyl- ness, IPNS, DAOCS and DACS have been classi-
fied under a subfamily of mononuclear non-haem
- iron-binding oxygenases and oxidag@$. Most en-
¥ Sgpplementary data associated with this article can be found zyme members within this subfamily are involved
at*dc?(l):rrleos.;c?r}(?i/r?gl:;?J:tlr_]](;:rl.7‘l7'é?jé%(—)g§7713.280; in catalyzing the biosyntheses of plant secondary
fax: +65-67766872. metabolites. For example, flavanonp-Bydroxylase
E-mail address: micsimts@nus.edu.sg (T.S. Sim). (FL3OH), flavonol synthase (FS), leucoanthocyanidin
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dioxygenase (LDOX) and anthocyanidin synthase scaffolds as well as the key factors that are respon-
(ANS) are involved in the biosynthesis of flavanoids sible for modulating the functional differences and
[4]; 1-aminocyclopropane-1-carboxylic acid oxidase substrate selectivities of enzymes in the NHIDOX
(ACCO) catalyses the last step in the biosynthe- family.

sis of ethylene[5]; hyoscyamine B-hydroxylase

(H6H) is involved in synthesizing the plant alka- )

noid scopolaming6]; gibberellin 20-oxidase (&0) 2. Materials and methods

and desacetoxyvindoline-4-hydroxylase (DVH) are

involved in the biosynthesis of gibberelling7] 2.1. Data retrieving

and vindolines [8], respectively. In this report,

these enzymes are collectively named as IPNS re- The analysis is based on comparison of 142 pro-

lated non-haem iron-dependent oxygenases and ox- tein sequences and 2 protein structures available in
idases or designated as the NHIDOX family in this the databank. All sequences were retrieved from
study. the National Center of Biotechnology Information

Iron, oxygen and ascorbate are commonly used (NCBI)-supported sequence search program and the
for catalysis although the NHIDOX enzymes carry structure coordinates were downloaded from the
out different oxidative reactions and exhibit dif- Protein Data Bank (PDB). The 142 sequences in-
ferent substrate selectivities. For instance, IPNS clude 11 IPNS, 4 DAOCS, 2 DACS, 20 FL30OH, 11
is instrumental in catalyzing a desaturative ring LDOX, 5 ANS, 7 FS, 19 GO, 2 H6H, 52 ACCO
closure reaction whereby a tripeptide substrate and 1 DVH homologous enzymes as well as proteins
L-a-aminoadipylt-cysteinylp-valine (LLD-ACV) is isolated fromCampylobacter jejuni, fruit fly, fission
cyclized to form the four-membergdlactam ringand  yeast Schizosaccharomyces pombe, Acinetobacter
the five-membered thiazolidine ring of isopenicillin and Pseudomonas species. The sources, protein se-
N [1]. DAOCS, also known as expandase, catalyses quence accession numbers and abbreviated names of
the oxidative ring expansion of the five-membered the enzymes analyzed are described in supplementary
thiazolidine ring of penicillin N to form the  material.
six-membered dihydrothiazine ring of deacetoxy-
cephalosporin C (DAOC) and DACS is responsible 2.2. Primary sequence analysis
for hydrolyzing the methyl group at the C3 position of
DAOC. The sequences were aligned and the mean pair-wise

Another enzyme of interest, H6H, is involved in comparison between and within various enzyme
catalyzing an epoxidation reaction in which the sub- groups were calculated using CLUSTALI®1]. The
strate hyoscyamine is converted to form the plant calculated percentage sequence identity is defined as
alkaloid scopolamings]. With the exception of IPNS  (Nidentica/Lmin)100 wherenigentical iS the number of
and ACCO, the other members of NHIDOX family positions in the alignment that has the same amino
also require 2-oxoglutarate as the co-substrate for acid andLmin the number of residues in the shorter
catalysis. of the two sequences being compared.

To date, extensive biochemical and functional stud-
ies of various enzyme members have shown conclu- 2.3. Secondary structure analysis
sively the conserved residues responsible for binding
iron and substrate/co-substrd®-18]. Separate re- Two prediction programs, the self-optimized pre-
ports[2,19,20]on the high-resolution crystal structure diction method (SOPM)[22] and GOR IV sec-
complexes ofAspergillus nidulans IPNS (IPNSAN) ondary structure prediction method (GOR 93]
and Streptomyces clavuligerus DAOCS (DAOCSSC) were used to assign structure information for en-
has been reported. Such information will provide zymes with undetermined protein structures. To
clues on how an enzyme'’s function can be modulated improve the reliability of this analysis, three homol-
by certain amino acids or strings of sequences. In this ogous protein sequences from each enzyme group
study, we have described the conserved architecturalwere selected based on disparate protein sequence
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identity for structure prediction analysis. For ex- 1.2-2.76 A range of a “compatible” donor atom
ample, FSPH and FSMI were selected because [25].

they share the lowest and the highest average se-

quence identity values with other FS enzymes, at

23 and 53%, respectively. And the third homolo- 3. Resultsand discussion

gous enzyme, F&T, was selected because it shares

intermediate sequence identity value28%) with 3.1. Comparative primary sequence analysis

other FS enzymes. For the analysis, the protein se-

guences of selected enzymes (IPNN, DAOCS._SC, An extensive sequence analysis of NHIDOX
DACS.SC, DACSNL, FL3OH.PA, FL3OHIB, enzymes was carried out 5 years & This analysis
FL3OH.PH, LDOXDC, LDOX.IP, LDOXOS, included 52 non-redundant enzyme members, con-
ANS_CC, ANSFI, ANS.IB, FS AT, FS.PH, FSMI, sisting only of those involved in makingrlactams in
GO.sSD, GQPS, GQCM, H6HHN, H6H.AB, certain prokaryotic and eukaryotic lineages and those
ACCO_HA, ACCO1PX, ACCOSL, DVH_CR, OX- involved in synthesizing secondary signaling products
IDOR_CJ, T41002SP, SDPBESP, unknowpAcine, in various plant species. Unexpectedly, our sequence

OXIDOR1PA, OXIDOR2PA, CG5346DM and searches and analyses revealed that several proteins
CG5340QDM) (supplementary material) were initially  isolated from more diverse origins, such as the fruit
arranged to have aligned positions identical to that fly, fission yeastC. jejuni, Pseudomonas andAcineto-

in the extensive multiple sequence alignment of the bacter species, are also closely related. This suggests
entire lot of 142 protein sequences. Thereafter, the that the NHIDOX family is more diverse than previ-
SOPM and GOR 1V predicted secondary structures ously thought[2,9] and that new members unveiled

of these enzymes were encoded by color (yellow for through the growing number of completed genome
strands, red for helices and gray for loops) and man- sequence projectf26—28] will constitute enzymes
ually highlighted onto their corresponding aligned from wider spectrum of mechanistic functions and
sequence positions. Since both SOPM and GOR IV metabolic pathways than is currently known. These
assigned secondary structure-based analysis produce@nzymes have also been described as iron/ascorbate
synonymous results, we have chosen to present onlyoxidoreductase family under the pfam accession num-
the structure analysis data based on SOPM predic- ber PF0067129].

tions (Fig. 1). Moreover, since the secondary struc- The sequences of the 142 enzymes compared in
tures assigned to the selected homologous proteinthis study are mostly 300-400 amino acids in lengths
sequences within each enzyme group bear strong re-with the exception of CG5340M fruit fly protein,
semblance to one another, only the results obtainedwhich is 542 amino acids in length. The other re-
for one of the homologous protein sequences is lated fruit fly protein, CG5346M is only 388 amino

presented. acids in length. Clustal analysis showed that only the
200-542 amino acid sequence region of CG5BM
2.4. Tertiary structure analysis aligned well with other NHIDOX enzymes-ig. 1).

Interestingly, further scrutinizing of the sequence re-

The protein structures of IPNSN and DAOCSSC vealed that the N-terminal 46—197 amino acid region
(PDB accession codes 1BLZ and 1RXG, respec- of CG.5340 have high homologies with the 354-507
tively) were viewed and manipulated using Swiss region of the same sequence. This region constitutes
PDB Viewer v3.7b2 (SPdbV). All modeled struc- part of a conserved domain (module Il kig. 1) elu-
tures were generated using the SWISS-MODEL cidated in the latter analysis in this study. Hence, this
program [24]. Aligned structure analysis, super- suggests the possible existence of a duplicated struc-
impositions, residue distance determinations and ture in CG5340DM and it will be interesting to un-
hydrogen bonding network evaluations were car- derstand more about these structures through detailed
ried out using tools provided by the software pro- analysis of the conserved module Il domain.
gram based on default parameters. Hydrogen bonds The enzymes compared have very low sequence
were detected if a hydrogen atom is located within identities, ranging from an average of 20% to as



0¢

IENS_AN ‘ A -« ---BEEKWDLATRAYNKEHQDQVRAGYYLS T PGKKAVES FCYLNPNFTEDHPRIQA

DAOCS_SC - - e B R R PR - <o e eeee oo oo oo - HGSEABKRAVTSEVPTMRRGFTGLESES - - - - - - TAQTTNTGS YSDYSMC-

DACS_SC -MADTPVET - DVPTMRRGYSALEAES- - - - - - TAQVTRTGSYTDYSMS -

FL3IOH_PH oBKTmT SFIRDEDERPKVAYNQFSN- PIISLES1D-—- EEKLRFDM: HLOG- VVCDWREIVTYFSYPTR-

LDOX_IP -QRIPKEYIRPEEERRSIR-DIFEEEKIAGG- - - - PQVPTVDLKG - INSED = - g = - L'ﬂu ErR e - -QPIEEKEKYANDQAAGNVOGYGSKLANNA-SG- - -QLEWEDYFFHCIFPED

ANS_CC ] s--m..xs-nsvm HDELTTIT-NIFDEEKSDQG- - - - (QVPIIDLHD - INSND- -QRVERKEKYCNDIASGKIQGYGSKLANNA-CG

FS_AT LLTERIPLEFIRSEKEQPAIT- ~TFRG- - PTPATPVVDLS - - -DPDE- - : | . -LPSSEKESVAKPEDSKDIEGYGTKLOKDP- EG

GO_PS QKLV SFL- KNQLNLPKQFINPDDEKP- —CMNVFELDVELII'ﬂ—?LBG . - i ¥ K [FE - - - s > i S NLPNKETL FQ-FSDEKNSS-NI-

HEH_HN KDVEVGNDVE- 1T0L- - . SGEQL EFLYWKDTLAHGCHPLD-

ACCOL_PX M -FEIISLOK- VNG - DMDRESTFFLKHLPT

DVH_CR 2 . -DDQIKRQYYSRORFNKNFLYSSNYVLIPG TACNWRDTMECIMNSNO -

OXIDOR_CJ -~ - 1 LOJREE KD - - K -+ -ee=r=oeee----LSRESKELL! Q! - - - -SKDYREQLDIGTERDALN o

T41002 5P I -VEEKQKYLFKGGRLHSGYT 0S- - - RGDLKESYDLAGFPDE- ;

SDPP_SP - 4 PGAl E SKDMFSNRGYELMEDFVLEGEEDSSS PLEISGIDFEAGS Y PGEAPLPPSSIGYVLPPSSLANGEGSSMED [))

unknﬂﬂn_Acine i N ESWVY TE' - - el - - - - - - H Hrw e -LPREVKAQYPLKRNSGWESKAQIRPS--T. K[PDDKES\’OVTRPR

CXIDOR1_PA - E - LDETSKLRWRMELGGRAWRGYFPLGGE 3

CXIDOR2_PA “mnee s -~ -- - -MDRLPIIDIAR- LYGADR- s G - - === - -~VEEKLKIDITRSRNHRGYG] @

CG5346_DM KTKSSODKLDTLLER -SVVPLIDLAHCGIEEVE - i - 2 -~~~ -~ LPPDIRQHYIRADGDRHCYVSRGO0Q =

CG5340_ DM NTTTKOTTSDUMINSKIREDKLETLVSR SSVRIIDLAHCG-- - LEARVQDRYRRKDGUNYGYVSRG-ME -RFDGSTPELRHAYNVC (o)

I Asp2 i ps B Bio :

IBNS_AN - “TPTHEVNVHWPDETKH®! E LSFEWHEDVSLITVLYQS - NVON - - - LOVETAA - - GYQDIEABDTGY 8

DAOCS_SC 1 - YSMGTADNLFESGH e -PL- -ee- - - - - - - LRMAPHYDLSMVTLIQQTECANGFVSLOAEVGG - - AFTDLEYREDAV 3

DACS_SC - FSMGISGNVFPSPH A RRMAPEYDLSIITFIHQTPCANGFVSLE1GG - - ELVSLeVVERY =

FL3ON_PH KRETDPGTITLLLED-QVGE- - - LOATKDNGKTHITVQPVEGAF 2

LDOX_TP -en- APKN- - - - --B —een vP == mn=n =r=n “een weaees .- - - LOLFYGG - - KWTAKEVENST o

ans_Cc i - - - - - BG- - - LQLFYGG- - KNVIAKCVEDST =

PS_AT X X PARTDLSGITLLVPN-EVPG- - - LOVFKDD - - HWFDAEYIPSAV =z

Go_ps -~ NTLGEL - Hove-- 5 - - - -- - -- -- ----------GEHCDPTSLTILHOD-QVGG- - - LOVEVDN - - EHHSIRENENAF

HEH_HN QDLVNSWPEK-- - E -l - - - - - = oGEN 1 TUROD - - LEG- - - UL IVKDATWIAVGRIPTAF [=X

ACCO1_PX -SNISEVPDL- -DE| - - - - - - - B TOAGGT ILLFQDDKVSG - - - LOLLKDG - - QWIDVEPMRHS T Q

DVH_CR - -~ PDPQEFRDV- - - - - - - e - smees smeen cmeen - “ee= -SKESDSGFLTILID - 01 - - - -QWIDVEFIPGAL &

QXIDOR_CJ ! R L - - - - sees aees 3 B- KQSE- - - FIDG- - KWLSIPPLENSV vl

T41002_8P A Y

SDPP_SP

unknown_Acine

GXIDOR1_2A - - TBLHGANLFPEV - - - B} tnmumvpg@wpmnvans

OXIDORZ_PA - ~KSFYGPNRHPDL- - - - 01 @

CG5346_DM NAQNLPEE®- wprwnnsmar‘v:moom‘r TFTLLEQD - ssss—— - LEVRLEGSEXHNRVGHLEGST

©65340_DM KLDGONTPREA-L2g] - - YYPAIVDDERGQ -A- IRCGABVD'!GTPI‘LLAQD -8EGG- - - LEVQLPGSEXIIGHL PAAT 6
[%2]
@

IPNS_AN 250

DAOCS_SC 223 - ~ARECGFDVSLDGE- - - - TATFQDWIGGNYVNIRRT SKA m

DACS_SC 227 “mives $ ARSYGLAVDLDME-- --TATFGDWIGTNYVIMHAK NEPOAG- - 3

FL’jG}{_FH 258 - P - - == -LKTREGEKS IMDEPTTFAEMYRRKMS! - o (QAKEQQLQ~ - - ~AEVAAE Q

LDOX_IP 274 - ERGVV - NRE| K --~-~RQSDQEARHTPKPDNDDDHOSN -

ans_cc 270 £B8 g - RENNDAVDEK - §

FS_AT 257 RMSWEVFLEPP - -REKIVGE- =

GO_PS 285 - - -RESLAFFLCPK - - GDKVVSP- o

HEH_HN 254 - @i 3 -RVSIATLIGPD- - YSCTIEP- - = - - -PLYKPYSYSEFADIYLS N

ACCOL_PX 214 EMSLASFYNEG- - SDAVIVP- ® KQVYPKFVFDDYMKLYA- - - - - -GLKFQAKEPRFE- w

DVH_CR 304 - - - -~ - RISVAVAFGIKTOTQEGVSPRLYG - - PPIYKEVIVKDFITIRFAKR - - FDDSSSLSPFRLNN - —

CKIDOR_CJ 228 KDIPI 2 xcvyrup KNPLLRNVASNY FKRMIRSHPDVASI YHSDLIEKFSFA N

T41002_SP 227 g LEBEKTGKDIETVTAGEWIDGR INFTYGYSARPKG- YLGSONDGIVA- Q

SDPP_SP 314 .- Brven - -TAEPTAVEDLLRDHFON- - - - - SYTSHTTSLEVA- 8

unknown_Acine 256 WSDDVLPSHE - - - = --E - YPDITAXDYLAQRVN - - - - - - ANFSGKY - - - <

GXTDOR1_PA 237 LYRSTE- - - HRVARNTSGRD- I ARRWDQANVHAFKGEYGDYLUNKVAKVE PQLRRDLL

OXTDOR2_PA 235 RYRSTP- - - ERVIS- - PRGVH ﬂ

CG5346_] 301 LVNSTSRONTGAGNYSGSWPPLDSVLLPSGOHHH - -DIASRSAQSRCREG - - OGVSOAA- RK- - -~~~ ~-=-K eammeonen |

CG5340_DM 455 LING-- --EELLS‘RYHALP-A~ERWIPWELIRW@HSIRYFCHW NSILISP==-=-~ EGEAKS-==-===- K YEL K TYGQRSQ-========== 3

Fig. 1. Sequence-based comparative analysis of SOPM-predicted secondary structures of NHIDOX enzymes. The protein sequencel,dDARNS SC, DACSSC,
FL3OH_PH, LDOX.IP, ANS.CC, FSAT, GO_PS, H6HHN, ACCO1PX, DVH.CR, OXIDORCJ, T41002SP, SDPESP, unknowpAcine, OXIDORL1PA, OXIDOR2PA,
CG5346DM and CG5340DM were arranged according to their respective aligned positions in the multiple sequence alignment of 142 NHIDOX enzymes. The SOPM-predicted
secondary structures (yello-strand; reda-helix; gray, loop) of these enzymes are highly conserved in two delineated regions, modules | and Il. Seven highly conserved
residues (bold, blue) are found to juxtapose within the conserved modules.@R/ldnd CG53486M contain substantially long sequence stretches that intervene at the
specific regions of modules | and I, respectively.
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low as 10% (data not shown) and they share seven 3.2. Sequence-based comparative secondary
highly conserved residues positioRig. 1). The mo- structure analysis
tif comprising of His214, Asp216 and His270 of
IPNS AN, shown to be important for binding iron High-resolution structural data of IPNS and DAOCS
in IPNS, DAOCS, ACCO and FL30OH9-13,17] [2,19,20] were analyzed in this study. In a number
are strictly conserved in all the enzymes compared. of enzyme familie§32—36] detailed sequence analy-
Two other conserved residues, corresponding to ses and three-dimensional structure comparisons have
Arg279 and Ser281 of IPN8N, have been shown revealed the sequence patterns, unique architectural
to bind the ACV substrate in IPNf4,15] and the features and how key residues are involved in stabiliz-
2-oxoglutarate co-substrate in FL3CH6]. The re- ing the common folds. Similar studies are not possible
maining conserved residues are glycines (Gly40 and for enzymes in the NHIDOX family due to the lim-
Gly254, IPNSAN numbering). Their specific roles ited number of available enzyme structures. However,
are unknown although functional studies suggest using comparative biocomputational methods such as
that these residues when mutated affect protein fold- sequence-based analysis of secondary structures and
ing properties in IPNS[30]. Additionally, certain superimposed tertiary structure analyses, the otherwise
residues such as Prol0, Ala35 and His47 (IBAN$ cryptic structural relationships indigenous to this fam-
numbering) appear to be relatively conserved, al- ily of enzymes are unveiled.
though, the reasons for their conservedness are not Comparative sequence-based structure analysis re-
known. vealed that these enzymes share highly conserved
After tracking through the corresponding amino secondary structures in two broad regiofsg( 1)
acid residue positions in 142 enzymes, the three computed to be highly divergent in sequence. These
(His214, Asp216 and His270) proposed to bind iron conserved regions are marked as module | which
are extremely restricted in terms of the type of residues comprises of threex-helices and twd3-strands and
found at these locations. This observation is in agree- module 1l which comprises of nin@-strands and
ment with studies demonstrating the constraints in three a-helices. Some of these secondary structure
the spatial organization and residue preference of the elements are more conserved and in certain enzyme
iron-binding ligands in IPN$31]. In contrast, the pro-  members, stretches of sequence structures intervene
posed substrate/co-substrate binding residues are nothe conserved modules. The most prominent one is
so strictly conserved. For instance, the residue position thatin CG5346DM which is composed of-60 amino
in the CG5346DM fruit fly protein corresponding to  acids made up of essentially loops that intersperse
Arg279 is occupied by a histidin€ig. 1). The residue  around theB7 region. However, this is absent in
positions inS. pombe T41002SP and SDPFSP pro- CG5340DM. By gene locus, CG5346M is found at
teins corresponding to Ser281 are both occupied by ~2 kbp upstream from CG534DM in chromosome
threonine instead of serine. Hence, it seems that this3R. Hence, the sequence and structure differences
particular conserved position can be occupied by ei- imply that these two relateBrosophila proteins are
ther serine or threonine, both of which have hydroxyl most likely functionally distinct. Alternatively, the
side groups. Between the two conserved glycines, apparent intervening sequence in CG531d may
only the residue positions corresponding to Gly40 be an artifact introduced during gene annotations in
are strictly conserved whereas those correspondingthe Drosophila genome project, as it is not uncom-
to Gly254 are not. For example, in DVBR and mon to have errors in demarcating the exon-intron
T41002SP, they are occupied by alanines. These re- regions. Close examination of the genome sequence
sults, which were not observed in previous sequence for this region revealed two highly potential splice
analyses of enzymes in this fam[§,11] suggest that  consensus sequences at about nucleotide positions
there are variable residue type restrictions in these 99265 and 99105. Hence, the intervening sequence
seven conserved sites and our latter structural analyseswill be removed if the splicing of the mRNA occurs
provide support that this may have evolved according at these sites. Besides the intervening sequences,
to their specific functional roles and distinct structural the N- and C-terminal regions as well as regions
involvements. connecting modules | and Il of the enzymes com-
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pared are not conserved in terms of their secondary | and Il suggest that all NHIDOX enzymes may adopt

structures.
Also in Fig. 1, it is clearly illustrated that all the

common scaffolds and generate a conserved architec-
ture for their active centers as observed for IPNS

seven conserved residues are juxtaposed within theand DAOCSSC.

conserved structural modules. Module | carries only
one conserved residue, Gly40, and the remaining six
conserved residues are all located in module Il. The

A topology diagram illustrating the arrangements
of the secondary structures in the conserved modules,
particularly that of the connections and orders be-

secondary structure elements in which the conservedtween the3-strands and loops making up the jelly-roll

residues are located differed in the various enzymes.
Although the iron-binding ligands have preference
for certain residues, the various ligand-binding sites
are not restricted to specific secondary structures.
Residue positions corresponding to Asp216 in the
enzymes analyzed are found in the loops. How-
ever, corresponding positions to His214 are found
in loops at 75% frequency while for His270, corre-

sponding positions are found in the helical regions

motif, is shown inFig. 2B. Jelly-roll motifs are com-
monly observed in plant lectin concanavalin A and
the coat proteins of most spherical viruses such as
the hemagglutunin protein from influenza virfs¥].
However, it is very clear from this analysisg. 2A

and B as well as previous observatiofy that the
jelly-roll structures in IPNSAN consists of an incom-
pletely closed and distorted structural unit. Across the
enzymesfig. 1), some of the3-strands that made up

at 40% occurrence. Residue positions correspondingthe core motif, such as those corresponding20p8,

to the substrate/co-substrate binding ligands, Arg279 311 andB13, are more conserved than others. Partic-
and Ser281, are mostly found in loops (53%) and ularly interesting is that in some enzymes, they have
B-strands (61%), respectively. The two conserved “missing” B-strands around th@6 and 37 regions.

glycines are both found in loops, with about 75-77% TheseB-strands are arranged antiparallel to each other
occurrence. Interestingly, five of the seven conserved and make no connections to those in the core motif.

residues are located more frequently in loop regions.

3.3. Computational superimposed tertiary
structure comparison

Scrutiny of the conserved secondary structure do-
mains aligned against IPNSN protein structure re-
vealed their tertiary orientations as well as their unique
structural features. The contiguogsstrands in mod-
ule Il were found to correspond to the eight antipar-
allel running B-strands in IPNSAN responsible for
forming the jelly-roll active center (highlighted blue
in Fig. 2A). The longest conservedhelix, labeled as
a6, aligned precisely to the-helix proposed to sta-
bilize the IPNSAN active center. The corresponding
conserved secondary structufgdsandal of module |
in IPNS_AN (highlighted yellow inFig. 2A) were ob-
served to connect via a short loopct@ (possibly with
the exception of DVHCR). Another short loop that
connectsx2 to 32 was observed to retu@® alongside
B1 to form an antiparalleB-sheet that continues with
11,38, B13 andp5 to form a larger extended sheet.
Superimposition analysis carried out with DAOGE
also revealed similar observations. Hence, the signifi-

Moreover, the same region in CG538M is inter-
spersed by a broad region of loops. Hence, whether
these or other enzymes also form a distorted or
perfectly closed jelly-roll motif and whether the dif-
ferences existing within this important core have im-
plications on biological functions, can only be made
clear with high-resolution structure elucidations.

3.4. Hydrogen bonding networks within conserved
residue clusters

Clearly, all the seven highly conserved residues are
brought into close proximity around the active cen-
ter (Fig. 2A). The spatial orientation of Gly40 is par-
ticularly interesting. This residue is brought in close
proximity to the jelly-roll motif from the N-terminus
region via the folding and arrangement of secondary
structures that bring the residuesfia to form bond-
ings with 11 (Fig. 2B). Based on their spatial dis-
tance relationships, the seven conserved residues can
be subgrouped into two clusters. The iron-binding lig-
ands and the two conserved glycine residues are lo-
cated within an averaged distance of 10 A from one
another. However, the substrate/co-substrate binding

cant conservation of secondary structures in modules residues are located further away, within an averaged
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distance of 20 A from the earlier cluster. Most strik-
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protein structures, similar extensive hydrogen bonding

ingly, structure analysis revealed extensive hydrogen networks were observeddble J). Although the bond-

bonding networks within both conserved residue clus-
ters. As shown ifrig. 2C(1), the iron-binding residues,
His214 and His270 of IPN&N, are connected via
three interactions to each other, consisting of two

ing partners for Gly40, His214 and His270 appear to
be conserved, differences in terms of partner residue
identities and the exact number of bonding partners
were observed for those of Gly254, Asp216, Arg279

main-chain:main-chain and one side-chain:side-chain and Ser281. When similar analyses were carried out

hydrogen bonding interactions. Moreover, the axial
nitrogen atom in the imidazole side chain of His270
also participates in a fourth hydrogen bonding in-
teraction with the carbonyl group in the side chain
of Asp216. Also clearly revealed from the analy-
sis is that Asp216 is held in its spatial orientation
via three additional hydrogen bonding interactions,
Asn252 11), Ser255¢8) and Thr221§8). In close
proximity, Gly254 intercalates with three backbone
interactions with the corresponding main chains of
Leu219 (8), Met257 &8) and Ala258 ¢8). Gly40,
located in the turn region of the loop connecting
andp2, is observed to form a main-chain:main-chain
hydrogen bonding interaction with Ala35, which is
located at the C-terminus cap of the preceding helix
(«2). On the opposite end of the core motif, the sub-

for DAOCS isozymes, specific differences in the
bonding relationships were also observed for the con-
served residues in these enzymes and those of IPNS, in
particular, the respective bonding partners to Arg279
and Ser281. Thus, instead of making interactions
with residues corresponding to Tyr189/1le187, the
corresponding conserved Arg279/Ser281 co-substrate
binding site in various DAOCS isozymes interact
with a Phe/Arg partner pair (though the number of
bondings observed in DAOCHL is different) which
corresponds to Leul92/Pro190 in IPMSI. This re-
sults in a lateral shift of two amino acid positions in
the partnering patterns of the respectxstrands in
DAOCS and IPNS.

Although we could not carry out similar bonding
analyses for the remaining NHIDOX enzymes due to

strate binding residues are also extensively connectedthe lack of available protein structures, we have eval-

(Fig. 2C(l1)). For instance, Arg279 forms a bifurcate
backbone interaction with the carbonyl oxygen and
amide nitrogen of Tyrl89R5) and Ser281 makes

three hydrogen bonding interactions, a bifurcate back-

bone interaction with the carbonyl oxygen and amide
nitrogen of 11e187 g5) and a main-chain:side-chain
interaction with GIn225 8). The locations of the

uated the residue types found at positions correspond-
ing to all bonding partners identified in IPNS and

DAOCS (Table 1. Those of ACCO and FL3OH are

specifically enumerated since experimental evidence
for the essentiality of their conserved residues have
been obtained. Interestingly, most of these positions
are also highly conserved, albeit the residue identities

conserved residues and their bonding partners as wellat specific bonding sites differ from those found in
as the extensive network interactions are illustrated in IPNS and DAOCS. When the analyses were extended

Fig. 2B. Interestingly, majority of the bonding partners
are clustered i35, B8 anda8. Intricate networks of

to include all 142 NHIDOX enzymes, the correspond-
ing positions which aligned to the bonding partners

hydrogen bondings involving key residues have been of the three iron-binding ligands, His214, Asp216 and
proven, both through theories and experiments, to be His270, were found to be most conserved. This sug-

important for protein folding and stabilit}38—41]
Similarly, the extensive network structures observed
for the conserved residues in IPM&N suggest that
apart from their known functional roles (except Gly40
and Gly254), they also participate in juxtaposing the

gests that the corresponding conserved iron-binding
ligands in the NHIDOX enzymes utilize a similar
repertoire of bonding partners to generate the same or-
ganized structure. This network is structurally impor-
tant as can be seenlhiig. 2B, the bonding interactions

respective conserved strands and loops to form the between His214 and His270, appear to be essential

core motif structure in IPN&N via bonding interac-
tions.

for anchoring Asp216 such that the latter can func-
tion to hold the respective conserved strands and loops

When the bonding partners of the seven conservedin proper conformation. This finding, together with

residues in three other IPNS isozymes, IPQS,
IPNS.SJ and IPNSSC, were evaluated using modeled

our observations that these ligands are most restricted
in terms of residue identities, suggest that functional



Table 1

Hydrogen bonding network of conserved residue clusters in NHIDOX enzyfopganel: The identities of the residues that form bondings with the corresponding conserved
residues in IPNSAN, IPNS_CA, IPNS.SJ, IPNSSC, DAOCSSC, DAOCS/DACSCA, DAOCSLL, DAOCS.NL were determined using the respective crystal and modeled
structures. Their corresponding positions are marked with respect to_MN8mino acid numbering. If more than one hydrogen bond is formed between the respective
residues, the bonding numbers are indicated in superschifiticlle panel: the residue types found at the corresponding positions of the respective bonding partners were
evaluated in 52 ACCO and 20 FL3OH isozymes and those enumerated from all 142 NHIDOX enzymes are shoviotionthganel. The numbers in parentheses indicatel

the occurrence frequency of the residue types g
Tdcntitics of residucs that arc bonded to the corresponding conscrved residucs evaluated i various IPNS and DAOCS isozymes 3
Gly40* Gly254 His214 Asp216 His270 Arg279 Ser281 :
Ala3s” Cys253 Lew219 Met257 A58 Glu212 1is270 Thi221 ASI252 Ser255 11is270 1is214 Asp216 Tyrisy Val275 Al Leul?2 Le187 GIn225 Pro190 S
TPNS_AN Al Teu Met Ala His, “Thr Asn His His ASD Ty Tie” Gin c
IPNS_CA Ala Leu Met 1lis” Asn 1lis IIi\: Asp m: val Glu Hu: 3
IPNS_S) Al Mat Mt His® Ast His His Asp Ty Ala e’ D
TPNS_SC Ala Met Met His" Asn His. His Asp Tyr® Tle”

DAOCS_SC Cys Cys Met Ala 1is* Thr Ala 1lis nis* Asp Phe’ Arg’ S
DAOCS/DACS_CA Cys Cys Tor His* Ala His |||~: Asp Phe’ Arg! =
DAOCS_LL Cys Cys Met His® Thr Ala His His* Asp Phe Arg’ o
DAOCS_NI Cys. Cys. lle His" Ala His. His Asp Phe* Arg” §
Residue types found at the corresponding positions of ACCO and FI3OH e
ACCO (52 Ala (94)° Leu(8S)  Gly(100)  Leu(90)  G(100)  Arg(98) 11is (100) lle (98) Asn(100)  Asp(100)  Is(100)  Ilis(100)  Asp(100)  Gly(100)  Gln(92) Gly (90) Val (100) I (54) Gl (98) “Thr (96) 2
isozymes) e
Val 2) e (15) e (8) Ser (2) Val (2) Arg (2) Thr (4) Asi (44) Gln (2) Ser (2) &
Val (2) 1is (2) Glu(2) Pro (2) Ala (2) §
<
FL30H (20 Ala(100)  Len(100)  Thr(95) Gly (95) His(100)  Lys(100)  His(100)  Thr(100)  Asn(100)  Asp(100)  His(100)  His(100)  Asp(100) B Asn(100)  Asu (40) Val (90) - Gln (100) Val (50) Q.
isorymes) Len (5) Ala (5) Glu (30) Leu (10) Tle (30) n
Ser (25) Leu (15) w
m
>
Residue types found at the corresponding positions of NHIDOX enzymes é
All 142 NHIDOX Ala (94) Len (49) Gly (39) Leu (47) Gl (54) Arg (37) His(100)  Thr (60) Ast (80) Asp(86)  His(100)  His(100)  Asp(l00)  Gly(@3) Asn (45) Gly (36) Val (51) Thr (31) Gl (83) Thr (36) =
caizymes Cys(2) lie (35) Thr (17) Gly (14) His (14) Gly (20) lie (37) His (15) Alz (4) e (16) Gl (35) Lys (17) Leu (25) Asi (26) His (1) Met (22) o
Tle (1) Cys (10) Ser (14) Phe (14) Met (14) Ghu (17) Ser (3) Phe (3) Thr (4) Gln (12) Pro (7) Ser (1) Te (17) Teu(1s) Pro (4) Leu (17) Ny
Pro (1) Val (4) Ala(13) Tie (9) Ala (5) Lys (14) Val (1) Leu (1) Ser (3) Leu (7) Val (4) The (10) Met (2) Tle (12) Lys (1) Val (7) 0w
Val (1) Ser (1) Leu (7) Met (7) The (3) Ala(4) Met (1) Ghu (1) Tyr (7) Asp (4) Ala (6) Thr (1) Val (4) Thr (1) Pro (6) —
Tip (1) Gly (1) Met (4) Val (4) Gly (2) Val(4) Leu (1) Glu(5) Tle (2) Arg (5) Phe (1) Glu(3) Glu (1) lle (6) N
Ser (1) lie (4) Ala(4) Pro (2) Pro (1) Val (4) Ser (1) Tle (4) Lys (1) Met (2) Phe (2) 8

Cys (1) Asp (1) Gln (1) Ser (1) Met(2) His (1) Glu (4) Tyr (1) His (1) Lys (1)
Tyr (1) Lys (1) Gin (1) 1is (1) Arg (1) s (3) Gly (1) Ser (1) Cys (1) @

Phe (1) Leu (1) Arg (D) Thr (1) Cys (3) Tyr (1) Ser (1)
Asu(l) Asn (1) Tyr (1) Tip (1) Ala (1) ':‘
Ser (1) Ser (1) Asu (1) Pro (1) |
Thr (1) Phe (1) N
Vil (1) ~

a. The seven highly conserved residues in IPNS-related NHIDOX enzymes.

b. All labelings arc stated with respeet to IPNS_ AN,

¢. The figures in brackets represent percentage occurrences rounded off to the nearest whole number.

d. No residues are aligned in this position.

If more than one hydrogen bond is formed between the respective residucs, the bonding numbers arc indicated in supersceripts.
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constraints are imposed on the evolution of these lig- of having seven highly conserved residues. However,
ands as well as their hydrogen bonding partners. Flex- analysis of their two- and three-dimensional structure
ibility around the iron-binding ligand cluster region relationships showed that these enzymes have evolved
appears to be modulated by the neighboring Gly40 and common topological scaffolds, comprising of highly
Gly254 bonding networks. In comparirgg. 2C(l, conserved antiparallel runnifgystrands and bondings
), the extra bonding between Gly30 (corresponding with certain amino acid residues, to form the jelly-roll
to Gly40 of IPNSAN) and Cys226 of DAOCSSC, motif structure for their active centers. The remark-
appears to result in a tight arrangement of the con- able conservation of core motifs throughout NHIDOX
served structures around its jelly-roll motif. This has enzymes can be interpreted in terms of their strin-
been confirmed through superimposition analyses of gent requirement of an inimitable chemical and struc-
IPNS.AN and DAOCSSC protein structures. More- tural environment for dioxygen binding and generation
over, the number and types of bonding interactions of highly oxidized Fe(IV)-oxo moieties to mediate ap-
that Gly254 is involved in may be critical for control-  propriate substrate oxidations. Interestingly, we have
ling the flexibility of the loop region connectingl1 identified a conserved hydrophobic cleft made up of
and B12 and betweer88 andB11. It is interesting 11 hydrophobic residues, appropriately configured in
to observe that the corresponding bonding partners of the active center of IPN$42]. This cleft is possi-
Gly40 and Gly254 are less conserved in the NHIDOX bly important for isolation of reactive intermediates
enzymes compared to the iron-binding ligands, sug- generated during the oxidative reactions from destruc-
gesting that different network organizations may exist. tion of enzyme function. It is suggested that struc-
However, it is important to note that the corresponding turally similar hydrophobic patches exist in the active
conserved Gly40 and Gly254 in these enzymes may centers of NHIDOX enzymes since residues corre-
either be bonded to the respective aligned residuessponding to the proposed hydrophobic cleft are also
identified inTable 1, to adjacent or other neighboring highly conserved or conservatively substituted. Al-
residues, or make no bonding interaction at all. though these enzymes have evolved a stable architec-
Most strikingly, the analyses revealed that the tural framework for iron oxidation, this investigation
hydrogen bonding partners of Arg279 and Ser281 reveals their esoteric structural differences. It is quite
are most diverse amongst the conserved residues.apparent that extensive networks of hydrogen bond-
This is specifically evident from the analyses of ing interactions involving the conserved residues are
IPNS, DAOCS, ACCO as well as FL3OH isozymes. colocalized within the conserved jelly-roll motifs of
Hence, although the various NHIDOX enzymes have these enzymes. However, the different network orga-
evolved a conserved ArgXSer residue pair for binding nizations observed in various NHIDOX enzymes are
substrate/co-substrate, control over their specificities reminiscent of differences in catalytic prowess and
and selectivities is modulated via the bonding network substrate specificities. Further structural studies are
organizations. Particularly interesting is that a similar eminent, especially those designed to compare the
bonding involving the main-chain:side-chain bonding fine structural differences between their core motifs
interaction of Ser281 and GIn225 which connects and product formation. The importance for elucidating
B13 andB8 in IPNSAN is absent in various IPNS fundamental folding pathways to stabilize the jelly-roll
and DAOCS isozymes. However, the corresponding core motifs and the involvement of the seven con-
residue positions to GIn225 are rather conserved in served residues and their respective interaction part-
other NHIDOX enzymes and it will be interesting ners also cannot be overemphasized.
to pursue whether the missing bondage observed is In principle, the results clearly illustrate that in
substituted by other connections. addition to sequence and invariant residue relation-
ships, the conserved structural modules and common
features observed in the NHIDOX enzymes can be
4. Conclusions manipulated as useful emblems for more accurate
annotation and identification of sequence and struc-
Comparison of the protein sequences of NHIDOX tural relatives of this family of catalytically diverse
enzymes essentially reveals their linear relationships enzymes. Although the NHIDOX enzymes possess
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functional residues that are highly conserved, the inter-

actions that these residues are involved in are the key
g [18] H.J. Lee, M.D. Lloyd, I.J. Clifton, K. Harlos, A. Dubus,

modulators for fine tuning structural features allowin
the diverse enzymes to achieve exquisite reactions.

Acknowledgements

The assistance of Francis Ng Hoong Kee in the
computational calculations is greatly appreciated.
This research was supported by National University
of Singapore (Singapore) Research Grant Number
R-182-000-019-112.

References

[1] J.E. Baldwin, E.P. Abraham, Nat. Prod. Rep. 5 (1998) 129—
145.

[2] P.L. Roach, I.J. Clifton, V. Futop, K. Harlos, G.J. Barton,
J. Hadju, I. Andersson, C.J. Schofield, J.E. Baldwin, Nature
375 (1995) 700-704.

[3] C.J. Schofield, J.E. Baldwin, M.F. Byford, I. Clifton, J. Hajdu,
C. Hensgens, P.L. Roach, Curr. Opin. Struct. Biol. 7 (1997)
857-864.

[4] W. Heller, G. Forkmann, in: J.B. Harborne (Ed.), The
Flavanoids, Advances in Research Since 1986, Chapman &
Hall, London, 1993, pp. 399-425.

[5] D.O. Adams, S.F. Yang, Proc. Natl. Acad. Sci. U.S.A. 70
(1979) 170-174.

[6] T. Hashimoto, J. Matsuda, Y. Yamada, FEBS Lett. 329 (1993)
35-39.

[7] T. Lange, P. Hedden, J.E. Graebe, Proc. Natl. Acad. Sci.
U.S.A. 91 (1994) 8552-8556.

[8] F. Vazquez-Flota, E. De Carolis, A.M. Alarco, V. De luca,
Plant Mol. Biol. 34 (1997) 35-948.

[9] I. Borovok, O. Landman, R. Kreisberg-Zakarin, Y.
Aharonowitz, G. Cohen, Biochemistry 35 (1996) 1981-1987.

[10] V.J. Lay, A.G. Prescott, P.G. Thomas, P. John, Eur. J.
Biochem. 242 (1996) 228-234.

[11] D.S.H. Tan, T.S. Sim, J. Biol. Chem. 271 (1996) 889-894.

[12] P. Loke, J. Sim, T.S. Sim, FEMS Microbiol. Lett. 157 (1997)
137-140.

[13] R. Lukein, L. Britsch, Eur. J. Biochem. 249 (1997) 748-757.

[14] P. Loke, T.S. Sim, FEMS Microbiol. Lett. 164 (1998) 107—
110.

[15] P. Loke, T.S. Sim, FEMS Microbiol. Lett. 165 (1998) 353—
356.

[16] R. Luketin, I. Groning, U. Pieper, U. Matern, Eur. J. Biochem.
267 (1999) 853-860.

27

[17] J. Sim, T.S. Sim, Biosci. Biotechnol. Biochem. 64 (2000)
828-832.

J.E. Baldwin, J.M. Frere, C.J. Schofield, J. Biol. Chem. 276
(2001) 18290-18295.

[19] P.L. Roach, 1.J. Clifton, C.M.H. Hensgens, N. Shibata, C.J.
Schofield, J. Hadju, J.E. Baldwin, Nature 387 (1997) 827—
830.

[20] K. Valegard, A.C. Terwisscha van Scheltinga, M.D. Lloyd, T.
Hara, S. Ramaswamy, A. Perrakis, A. Thompson, H.J. Lee,
J.E. Baldwin, C.J. Schofield, J. Hajdu, I. Andersson, Nature
394 (1998) 805-809.

[21] J3.D. Thompson, D.G. Higgins, T.J. Gibson, Nucleic Acids
Res. 22 (1994) 4673-4680.

[22] C. Geourjon, G. Deléage, Protein Eng. 7 (1994) 157-164.

[23] J. Garnier, J.F. Gibrat, B. Robson, Methods Enzymol. 266
(1996) 540-553.

[24] N. Guex, A. Diemand, M.C. Peitsch, TIBS 24 (1999) 364—
367.

[25] S.J. Weiner, P.A. Kollman, D.A. Case, U.C. Singh, C. Ghio,
G. Alagona, S. Profeta, P.K. Weiner, J. Am. Chem. Soc. 106
(1984) 765-784.

[26] D.R. Bentley, Med. Res. Rev. 20 (2000) 189-196.

[27] P.S. Lee, K.H. Lee, Curr. Opin. Biotechnol. 11 (2000) 171—
175.

[28] A. Pandey, M. Mann, Nature 405 (2000) 837—846.

[29] A. Bateman, E. Birney, R. Durbin, S.R. Eddy, R.D. Finn,
E.L.L. Sonnhammer, Nucleic Acids Res. 27 (1999) 260-
262.

[30] P. Loke, T.S. Sim, Can. J. Microbiol. 47 (2001) 961-964.

[31] R. Kreisberg-Zakarin, I. Borovok, M. Yanko, Y. Aharonowitz,
G. Cohen, Antonie van Leeuvenhock 75 (1999) 33-39.

[32] L. Banei, I. Bertini, A. Rosato, G. Varani, J. Biol. Inorg.
Chem. 4 (1999) 824-837.

[33] B. Taneja, S.C. Mande, Protein Eng. 12 (1999) 815-818.

[34] A.E. Todd, C.A. Orengo, J.M. Thornton, Protein Eng. 12
(1999) 375-379.

[35] K. Ginalski, C. Venclovas, B. Lesyng, K. Fidelis, FEBS Lett.
482 (2000) 119-124.

[36] G. Pujadas, J. Palau, Mol. Biol. E 18 (2001) 38-54.

[37] C. Branden, J. Tooze, Beta structures, Introduction to Protein
Structure, second ed., Garland, New York, 1998, pp. 67—
88.

[38] D. Bordo, P. Argos, J. Mol. Biol. 243 (1994) 504-519.

[39] M.P. Byrne, R.L. Manuel, L.G. Lowe, W.E. Stites,
Biochemistry 34 (1995) 13949-13960.

[40] G. Vogt, S. Woell, P. Argos, J. Mol. Biol. 269 (1997) 631
643.

[41] E.J. Herbert, A. Giletto, J. Sevcik, L. Urbanikova, K.S.
Wilson, Z. Dauter, C.N. Pace, Biochemistry 37 (1998) 16192—
16200.

[42] E. Wong, J. Sim, T.S. Sim, Biochem. Biophys. Res. Commun.
283 (2001) 621-626.



	Conserved structural modules and bonding networks in isopenicillin N synthase related non-haem iron-dependent oxygenases and oxidases
	Introduction
	Materials and methods
	Data retrieving
	Primary sequence analysis
	Secondary structure analysis
	Tertiary structure analysis

	Results and discussion
	Comparative primary sequence analysis
	Sequence-based comparative secondary structure analysis
	Computational superimposed tertiary structure comparison
	Hydrogen bonding networks within conserved residue clusters

	Conclusions
	Acknowledgements
	References


