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Abstract

Analyses of attainable primary amino acid sequences, assigned secondary structures and superimposed tertiary structures of
142 isopenicillin N synthase (IPNS) relatednon-haem iron-dependent oxygenases andoxidases (designated as NHIDOX) were
examined in this study. Despite having low sequence homologies (∼20%), these enzymes were found to possess conserved
structural domains (delineated as modules I and II) that fold into jelly-roll motifs, juxtaposed by adjacent stabilizing elements.
The seven highly conserved residues, corresponding to His214, Asp216 and His270 inAspergillus 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 specific�-helices and�-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

In the multi-step�-lactam biosynthetic pathway
carried out by various bacteria and fungi[1], three
enzymes, isopenicillin N synthase (IPNS), deacetoxy-
cephalosporin C synthase (DAOCS) and deacetyl-
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cephalosporin C synthase (DACS), are known to
bind iron with a non-haem coordinated ligand en-
vironment and also concomitantly use oxygen and
ascorbate for their catalysis[2,3]. Based on these
properties and their amino acid sequence related-
ness, IPNS, DAOCS and DACS have been classi-
fied under a subfamily of mononuclear non-haem
iron-binding oxygenases and oxidases[2]. Most en-
zyme members within this subfamily are involved
in catalyzing the biosyntheses of plant secondary
metabolites. For example, flavanone 3�-hydroxylase
(FL3OH), flavonol synthase (FS), leucoanthocyanidin
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dioxygenase (LDOX) and anthocyanidin synthase
(ANS) are involved in the biosynthesis of flavanoids
[4]; 1-aminocyclopropane-1-carboxylic acid oxidase
(ACCO) catalyses the last step in the biosynthe-
sis of ethylene[5]; hyoscyamine 6�-hydroxylase
(H6H) is involved in synthesizing the plant alka-
noid scopolamine[6]; gibberellin 20-oxidase (G20O)
and desacetoxyvindoline-4-hydroxylase (DVH) are
involved in the biosynthesis of gibberellins[7]
and vindolines [8], respectively. In this report,
these enzymes are collectively named as IPNS re-
lated non-haem iron-dependent oxygenases and ox-
idases or designated as the NHIDOX family in this
study.

Iron, oxygen and ascorbate are commonly used
for catalysis although the NHIDOX enzymes carry
out different oxidative reactions and exhibit dif-
ferent substrate selectivities. For instance, IPNS
is instrumental in catalyzing a desaturative ring
closure reaction whereby a tripeptide substrate
l-�-aminoadipyl-l-cysteinyl-d-valine (LLD-ACV) is
cyclized to form the four-membered�-lactam ring and
the five-membered thiazolidine ring of isopenicillin
N [1]. DAOCS, also known as expandase, catalyses
the oxidative ring expansion of the five-membered
thiazolidine ring of penicillin N to form the
six-membered dihydrothiazine ring of deacetoxy-
cephalosporin C (DAOC) and DACS is responsible
for hydrolyzing the methyl group at the C3 position of
DAOC.

Another enzyme of interest, H6H, is involved in
catalyzing an epoxidation reaction in which the sub-
strate hyoscyamine is converted to form the plant
alkaloid scopolamine[6]. With the exception of IPNS
and ACCO, the other members of NHIDOX family
also require 2-oxoglutarate as the co-substrate for
catalysis.

To date, extensive biochemical and functional stud-
ies of various enzyme members have shown conclu-
sively the conserved residues responsible for binding
iron and substrate/co-substrate[9–18]. Separate re-
ports[2,19,20]on the high-resolution crystal structure
complexes ofAspergillus nidulans IPNS (IPNSAN)
andStreptomyces clavuligerus DAOCS (DAOCSSC)
has been reported. Such information will provide
clues on how an enzyme’s function can be modulated
by certain amino acids or strings of sequences. In this
study, we have described the conserved architectural

scaffolds as well as the key factors that are respon-
sible for modulating the functional differences and
substrate selectivities of enzymes in the NHIDOX
family.

2. Materials and methods

2.1. Data retrieving

The analysis is based on comparison of 142 pro-
tein sequences and 2 protein structures available in
the databank. All sequences were retrieved from
the National Center of Biotechnology Information
(NCBI)-supported sequence search program and the
structure coordinates were downloaded from the
Protein Data Bank (PDB). The 142 sequences in-
clude 11 IPNS, 4 DAOCS, 2 DACS, 20 FL3OH, 11
LDOX, 5 ANS, 7 FS, 19 GO, 2 H6H, 52 ACCO
and 1 DVH homologous enzymes as well as proteins
isolated fromCampylobacter jejuni, fruit fly, fission
yeast Schizosaccharomyces pombe, Acinetobacter
and Pseudomonas species. The sources, protein se-
quence accession numbers and abbreviated names of
the enzymes analyzed are described in supplementary
material.

2.2. Primary sequence analysis

The sequences were aligned and the mean pair-wise
comparison between and within various enzyme
groups were calculated using CLUSTALW[21]. The
calculated percentage sequence identity is defined as
(nidentical/Lmin)100 wherenidentical is the number of
positions in the alignment that has the same amino
acid andLmin the number of residues in the shorter
of the two sequences being compared.

2.3. Secondary structure analysis

Two prediction programs, the self-optimized pre-
diction method (SOPM)[22] and GOR IV sec-
ondary structure prediction method (GOR IV)[23]
were used to assign structure information for en-
zymes with undetermined protein structures. To
improve the reliability of this analysis, three homol-
ogous protein sequences from each enzyme group
were selected based on disparate protein sequence
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identity for structure prediction analysis. For ex-
ample, FSPH and FSMI were selected because
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-
gous enzyme, FSAT, was selected because it shares
intermediate sequence identity value (∼28%) with
other FS enzymes. For the analysis, the protein se-
quences of selected enzymes (IPNSAN, DAOCS SC,
DACS SC, DACSNL, FL3OH PA, FL3OH IB,
FL3OH PH, LDOX DC, LDOX IP, LDOX OS,
ANS CC, ANS FI, ANS IB, FS AT, FS PH, FSMI,
GO SD, GOPS, GOCM, H6H HN, H6H AB,
ACCO HA, ACCO1 PX, ACCO SL, DVH CR, OX-
IDOR CJ, T41002SP, SDPPSP, unknownAcine,
OXIDOR1 PA, OXIDOR2 PA, CG5346DM and
CG5340DM) (supplementary material) were initially
arranged to have aligned positions identical to that
in the extensive multiple sequence alignment of the
entire lot of 142 protein sequences. Thereafter, the
SOPM and GOR IV predicted secondary structures
of these enzymes were encoded by color (yellow for
strands, red for helices and gray for loops) and man-
ually highlighted onto their corresponding aligned
sequence positions. Since both SOPM and GOR IV
assigned secondary structure-based analysis produced
synonymous results, we have chosen to present only
the structure analysis data based on SOPM predic-
tions (Fig. 1). Moreover, since the secondary struc-
tures assigned to the selected homologous protein
sequences within each enzyme group bear strong re-
semblance to one another, only the results obtained
for one of the homologous protein sequences is
presented.

2.4. Tertiary structure analysis

The protein structures of IPNSAN and DAOCSSC
(PDB accession codes 1BLZ and 1RXG, respec-
tively) were viewed and manipulated using Swiss
PDB Viewer v3.7b2 (SPdbV). All modeled struc-
tures were generated using the SWISS-MODEL
program [24]. Aligned structure analysis, super-
impositions, residue distance determinations and
hydrogen bonding network evaluations were car-
ried out using tools provided by the software pro-
gram based on default parameters. Hydrogen bonds
were detected if a hydrogen atom is located within

1.2–2.76 Å range of a “compatible” donor atom
[25].

3. Results and discussion

3.1. Comparative primary sequence analysis

An extensive sequence analysis of NHIDOX
enzymes was carried out 5 years ago[9]. This analysis
included 52 non-redundant enzyme members, con-
sisting only of those involved in making�-lactams in
certain prokaryotic and eukaryotic lineages and those
involved in synthesizing secondary signaling products
in various plant species. Unexpectedly, our sequence
searches and analyses revealed that several proteins
isolated from more diverse origins, such as the fruit
fly, fission yeast,C. jejuni, Pseudomonas andAcineto-
bacter species, are also closely related. This suggests
that the NHIDOX family is more diverse than previ-
ously thought[2,9] and that new members unveiled
through the growing number of completed genome
sequence projects[26–28] will constitute enzymes
from wider spectrum of mechanistic functions and
metabolic pathways than is currently known. These
enzymes have also been described as iron/ascorbate
oxidoreductase family under the pfam accession num-
ber PF00671[29].

The sequences of the 142 enzymes compared in
this study are mostly 300–400 amino acids in lengths
with the exception of CG5340DM fruit fly protein,
which is 542 amino acids in length. The other re-
lated fruit fly protein, CG5346DM is only 388 amino
acids in length. Clustal analysis showed that only the
200–542 amino acid sequence region of CG5340DM
aligned well with other NHIDOX enzymes (Fig. 1).
Interestingly, further scrutinizing of the sequence re-
vealed that the N-terminal 46–197 amino acid region
of CG 5340 have high homologies with the 354–507
region of the same sequence. This region constitutes
part of a conserved domain (module II inFig. 1) elu-
cidated in the latter analysis in this study. Hence, this
suggests the possible existence of a duplicated struc-
ture in CG5340DM and it will be interesting to un-
derstand more about these structures through detailed
analysis of the conserved module II domain.

The enzymes compared have very low sequence
identities, ranging from an average of 20% to as



20
J.

Sim
et

al./Journal
of

M
olecular

C
atalysis

B
:

E
nzym

atic
23

(2003)
17–27

Fig. 1. Sequence-based comparative analysis of SOPM-predicted secondary structures of NHIDOX enzymes. The protein sequences of IPNSAN, DAOCS SC, DACSSC,
FL3OH PH, LDOX IP, ANS CC, FSAT, GO PS, H6HHN, ACCO1 PX, DVH CR, OXIDOR CJ, T41002SP, SDPPSP, unknownAcine, OXIDOR1PA, OXIDOR2 PA,
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 (yellow,�-strand; red,�-helix; gray, loop) of these enzymes are highly conserved in two delineated regions, modules I and II. Seven highly conserved
residues (bold, blue) are found to juxtapose within the conserved modules. DVHCR and CG5346DM contain substantially long sequence stretches that intervene at the
specific regions of modules I and II, respectively.
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low as 10% (data not shown) and they share seven
highly conserved residues position (Fig. 1). The mo-
tif comprising of His214, Asp216 and His270 of
IPNS AN, shown to be important for binding iron
in IPNS, DAOCS, ACCO and FL3OH[9–13,17]
are strictly conserved in all the enzymes compared.
Two other conserved residues, corresponding to
Arg279 and Ser281 of IPNSAN, have been shown
to bind the ACV substrate in IPNS[14,15] and the
2-oxoglutarate co-substrate in FL3OH[16]. The re-
maining conserved residues are glycines (Gly40 and
Gly254, IPNSAN numbering). Their specific roles
are unknown although functional studies suggest
that these residues when mutated affect protein fold-
ing properties in IPNS[30]. Additionally, certain
residues such as Pro10, Ala35 and His47 (IPNSAN
numbering) appear to be relatively conserved, al-
though, the reasons for their conservedness are not
known.

After tracking through the corresponding amino
acid residue positions in 142 enzymes, the three
(His214, Asp216 and His270) proposed to bind iron
are extremely restricted in terms of the type of residues
found at these locations. This observation is in agree-
ment with studies demonstrating the constraints in
the spatial organization and residue preference of the
iron-binding ligands in IPNS[31]. In contrast, the pro-
posed substrate/co-substrate binding residues are not
so strictly conserved. For instance, the residue position
in the CG5346DM fruit fly protein corresponding to
Arg279 is occupied by a histidine (Fig. 1). The residue
positions inS. pombe T41002SP and SDPPSP pro-
teins corresponding to Ser281 are both occupied by
threonine instead of serine. Hence, it seems that this
particular conserved position can be occupied by ei-
ther serine or threonine, both of which have hydroxyl
side groups. Between the two conserved glycines,
only the residue positions corresponding to Gly40
are strictly conserved whereas those corresponding
to Gly254 are not. For example, in DVHCR and
T41002SP, they are occupied by alanines. These re-
sults, which were not observed in previous sequence
analyses of enzymes in this family[9,11] suggest that
there are variable residue type restrictions in these
seven conserved sites and our latter structural analyses
provide support that this may have evolved according
to their specific functional roles and distinct structural
involvements.

3.2. Sequence-based comparative secondary
structure analysis

High-resolution structural data of IPNS and DAOCS
[2,19,20] were analyzed in this study. In a number
of enzyme families[32–36], detailed sequence analy-
ses and three-dimensional structure comparisons have
revealed the sequence patterns, unique architectural
features and how key residues are involved in stabiliz-
ing the common folds. Similar studies are not possible
for enzymes in the NHIDOX family due to the lim-
ited number of available enzyme structures. However,
using comparative biocomputational methods such as
sequence-based analysis of secondary structures and
superimposed tertiary structure analyses, the otherwise
cryptic structural relationships indigenous to this fam-
ily of enzymes are unveiled.

Comparative sequence-based structure analysis re-
vealed that these enzymes share highly conserved
secondary structures in two broad regions (Fig. 1)
computed to be highly divergent in sequence. These
conserved regions are marked as module I which
comprises of three�-helices and two�-strands and
module II which comprises of nine�-strands and
three �-helices. Some of these secondary structure
elements are more conserved and in certain enzyme
members, stretches of sequence structures intervene
the conserved modules. The most prominent one is
that in CG5346DM which is composed of∼60 amino
acids made up of essentially loops that intersperse
around the�7 region. However, this is absent in
CG5340DM. By gene locus, CG5346DM is found at
∼2 kbp upstream from CG5340DM in chromosome
3R. Hence, the sequence and structure differences
imply that these two relatedDrosophila proteins are
most likely functionally distinct. Alternatively, the
apparent intervening sequence in CG5346DM may
be an artifact introduced during gene annotations in
the Drosophila genome project, as it is not uncom-
mon to have errors in demarcating the exon–intron
regions. Close examination of the genome sequence
for this region revealed two highly potential splice
consensus sequences at about nucleotide positions
99265 and 99105. Hence, the intervening sequence
will be removed if the splicing of the mRNA occurs
at these sites. Besides the intervening sequences,
the N- and C-terminal regions as well as regions
connecting modules I and II of the enzymes com-
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pared are not conserved in terms of their secondary
structures.

Also in Fig. 1, it is clearly illustrated that all the
seven conserved residues are juxtaposed within the
conserved structural modules. Module I carries only
one conserved residue, Gly40, and the remaining six
conserved residues are all located in module II. The
secondary structure elements in which the conserved
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
at 40% occurrence. Residue positions corresponding
to the substrate/co-substrate binding ligands, Arg279
and Ser281, are mostly found in loops (53%) and
�-strands (61%), respectively. The two conserved
glycines are both found in loops, with about 75–77%
occurrence. Interestingly, five of the seven conserved
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 IPNSAN protein structure re-
vealed their tertiary orientations as well as their unique
structural features. The contiguous�-strands in mod-
ule II were found to correspond to the eight antipar-
allel running �-strands in IPNSAN responsible for
forming the jelly-roll active center (highlighted blue
in Fig. 2A). The longest conserved�-helix, labeled as
�6, aligned precisely to the�-helix proposed to sta-
bilize the IPNSAN active center. The corresponding
conserved secondary structures�1 and�1 of module I
in IPNS AN (highlighted yellow inFig. 2A) were ob-
served to connect via a short loop to�2 (possibly with
the exception of DVHCR). Another short loop that
connects�2 to�2 was observed to return�2 alongside
�1 to form an antiparallel�-sheet that continues with
�11, �8, �13 and�5 to form a larger extended sheet.
Superimposition analysis carried out with DAOCSSC
also revealed similar observations. Hence, the signifi-
cant conservation of secondary structures in modules

I and II suggest that all NHIDOX enzymes may adopt
common scaffolds and generate a conserved architec-
ture for their active centers as observed for IPNSAN
and DAOCSSC.

A topology diagram illustrating the arrangements
of the secondary structures in the conserved modules,
particularly that of the connections and orders be-
tween the�-strands and loops making up the jelly-roll
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 virus[37].
However, it is very clear from this analysisFig. 2A
and B) as well as previous observations[2] that the
jelly-roll structures in IPNSAN consists of an incom-
pletely closed and distorted structural unit. Across the
enzymes (Fig. 1), some of the�-strands that made up
the core motif, such as those corresponding to�2, �8,
�11 and�13, are more conserved than others. Partic-
ularly interesting is that in some enzymes, they have
“missing” �-strands around the�6 and �7 regions.
These�-strands are arranged antiparallel to each other
and make no connections to those in the core motif.
Moreover, the same region in CG5346DM 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 residues in�2 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 Å from one
another. However, the substrate/co-substrate binding
residues are located further away, within an averaged
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Fig. 2. Spatial orientations of the conserved structural modules and the bonding networks of conserved residue clusters. (A) As deciphered from IPNSAN tertiary structure,
the conserved secondary structures in module I (yellow) are brought into close proximity around the jelly-roll motif structure regions in module II (blue). The spatial positions
of the conserved residues (CPK colors), iron (gray) and ACV substrate (maroon) are also indicated. (B) Topology diagram illustrating the connectivity within the jelly-roll
barrel. Extensive hydrogen bonding interactions are observed to connect between the seven conserved residues (red circles) and the various partners (blue triangles) to form the
core motif structure.�6 and�7 form an antiparallel�-sheet which did not appear to make any bonding connections with the other two�-sheets in this conserved region. (C(I,
II)) The bonding network within the iron-binding ligand and the substrate/co-substrate binding ligand clusters of IPNSAN are shown, respectively. (C(III, IV)) The hydrogen
bonding networks clustering around the corresponding conserved residues in DAOCSSC are shown. The conserved secondary structures in modules I and II of DAOCSSC
are shown in white and turquoise ribbons, respectively, and the spatial locations of iron (yellow) and co-substrate 2-oxoglutarate (2-OXO) (purple) are also indicated. Hydrogen
bonding connections in all figures are represented by dotted lines. CPK color coding, white: carbon and hydrogen, blue: nitrogen, red: oxygen and yellow: sulfur.
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distance of 20 Å from the earlier cluster. Most strik-
ingly, structure analysis revealed extensive hydrogen
bonding networks within both conserved residue clus-
ters. As shown inFig. 2C(I), the iron-binding residues,
His214 and His270 of IPNSAN, are connected via
three interactions to each other, consisting of two
main-chain:main-chain and one side-chain:side-chain
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�2
and�2, 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-
strate binding residues are also extensively connected
(Fig. 2C(II)). For instance, Arg279 forms a bifurcate
backbone interaction with the carbonyl oxygen and
amide nitrogen of Tyr189 (�5) and Ser281 makes
three hydrogen bonding interactions, a bifurcate back-
bone interaction with the carbonyl oxygen and amide
nitrogen of Ile187 (�5) and a main-chain:side-chain
interaction with Gln225 (�8). The locations of the
conserved residues and their bonding partners as well
as the extensive network interactions are illustrated in
Fig. 2B. Interestingly, majority of the bonding partners
are clustered in�5, �8 and�8. Intricate networks of
hydrogen bondings involving key residues have been
proven, both through theories and experiments, to be
important for protein folding and stability[38–41].
Similarly, the extensive network structures observed
for the conserved residues in IPNSAN suggest that
apart from their known functional roles (except Gly40
and Gly254), they also participate in juxtaposing the
respective conserved strands and loops to form the
core motif structure in IPNSAN via bonding interac-
tions.

When the bonding partners of the seven conserved
residues in three other IPNS isozymes, IPNSCA,
IPNS SJ and IPNSSC, were evaluated using modeled

protein structures, similar extensive hydrogen bonding
networks were observed (Table 1). Although the bond-
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
and Ser281. When similar analyses were carried out
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/Ile187, 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 DAOCSLL is different) which
corresponds to Leu192/Pro190 in IPNSAN. This re-
sults in a lateral shift of two amino acid positions in
the partnering patterns of the respective�-strands in
DAOCS and IPNS.

Although we could not carry out similar bonding
analyses for the remaining NHIDOX enzymes due to
the lack of available protein structures, we have eval-
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
at specific bonding sites differ from those found in
IPNS and DAOCS. When the analyses were extended
to include all 142 NHIDOX enzymes, the correspond-
ing positions which aligned to the bonding partners
of the three iron-binding ligands, His214, Asp216 and
His270, were found to be most conserved. This sug-
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 seen inFig. 2B, the bonding interactions
between His214 and His270, appear to be essential
for anchoring Asp216 such that the latter can func-
tion to hold the respective conserved strands and loops
in proper conformation. This finding, together with
our observations that these ligands are most restricted
in terms of residue identities, suggest that functional
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Table 1
Hydrogen bonding network of conserved residue clusters in NHIDOX enzymes.Top panel: The identities of the residues that form bondings with the corresponding conserved
residues in IPNSAN, IPNS CA, IPNS SJ, IPNSSC, DAOCSSC, DAOCS/DACSCA, DAOCS LL, DAOCS NL were determined using the respective crystal and modeled
structures. Their corresponding positions are marked with respect to IPNSAN amino acid numbering. If more than one hydrogen bond is formed between the respective
residues, the bonding numbers are indicated in superscripts.Middle 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 shown in thebottom panel. The numbers in parentheses indicate
the occurrence frequency of the residue types
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constraints are imposed on the evolution of these lig-
ands as well as their hydrogen bonding partners. Flex-
ibility around the iron-binding ligand cluster region
appears to be modulated by the neighboring Gly40 and
Gly254 bonding networks. In comparingFig. 2C(I,
III) , the extra bonding between Gly30 (corresponding
to Gly40 of IPNSAN) and Cys226 of DAOCSSC,
appears to result in a tight arrangement of the con-
served structures around its jelly-roll motif. This has
been confirmed through superimposition analyses of
IPNS AN and DAOCSSC protein structures. More-
over, the number and types of bonding interactions
that Gly254 is involved in may be critical for control-
ling the flexibility of the loop region connecting�11
and �12 and between�8 and �11. It is interesting
to observe that the corresponding bonding partners of
Gly40 and Gly254 are less conserved in the NHIDOX
enzymes compared to the iron-binding ligands, sug-
gesting that different network organizations may exist.
However, it is important to note that the corresponding
conserved Gly40 and Gly254 in these enzymes may
either be bonded to the respective aligned residues
identified inTable 1, to adjacent or other neighboring
residues, or make no bonding interaction at all.

Most strikingly, the analyses revealed that the
hydrogen bonding partners of Arg279 and Ser281
are most diverse amongst the conserved residues.
This is specifically evident from the analyses of
IPNS, DAOCS, ACCO as well as FL3OH isozymes.
Hence, although the various NHIDOX enzymes have
evolved a conserved ArgXSer residue pair for binding
substrate/co-substrate, control over their specificities
and selectivities is modulated via the bonding network
organizations. Particularly interesting is that a similar
bonding involving the main-chain:side-chain bonding
interaction of Ser281 and Gln225 which connects
�13 and�8 in IPNSAN is absent in various IPNS
and DAOCS isozymes. However, the corresponding
residue positions to Gln225 are rather conserved in
other NHIDOX enzymes and it will be interesting
to pursue whether the missing bondage observed is
substituted by other connections.

4. Conclusions

Comparison of the protein sequences of NHIDOX
enzymes essentially reveals their linear relationships

of having seven highly conserved residues. However,
analysis of their two- and three-dimensional structure
relationships showed that these enzymes have evolved
common topological scaffolds, comprising of highly
conserved antiparallel running�-strands and bondings
with certain amino acid residues, to form the jelly-roll
motif structure for their active centers. The remark-
able conservation of core motifs throughout NHIDOX
enzymes can be interpreted in terms of their strin-
gent requirement of an inimitable chemical and struc-
tural environment for dioxygen binding and generation
of highly oxidized Fe(IV)-oxo moieties to mediate ap-
propriate substrate oxidations. Interestingly, we have
identified a conserved hydrophobic cleft made up of
11 hydrophobic residues, appropriately configured in
the active center of IPNS[42]. This cleft is possi-
bly important for isolation of reactive intermediates
generated during the oxidative reactions from destruc-
tion of enzyme function. It is suggested that struc-
turally similar hydrophobic patches exist in the active
centers of NHIDOX enzymes since residues corre-
sponding to the proposed hydrophobic cleft are also
highly conserved or conservatively substituted. Al-
though these enzymes have evolved a stable architec-
tural framework for iron oxidation, this investigation
reveals their esoteric structural differences. It is quite
apparent that extensive networks of hydrogen bond-
ing interactions involving the conserved residues are
colocalized within the conserved jelly-roll motifs of
these enzymes. However, the different network orga-
nizations observed in various NHIDOX enzymes are
reminiscent of differences in catalytic prowess and
substrate specificities. Further structural studies are
eminent, especially those designed to compare the
fine structural differences between their core motifs
and product formation. The importance for elucidating
fundamental folding pathways to stabilize the jelly-roll
core motifs and the involvement of the seven con-
served residues and their respective interaction part-
ners also cannot be overemphasized.

In principle, the results clearly illustrate that in
addition to sequence and invariant residue relation-
ships, the conserved structural modules and common
features observed in the NHIDOX enzymes can be
manipulated as useful emblems for more accurate
annotation and identification of sequence and struc-
tural relatives of this family of catalytically diverse
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
modulators for fine tuning structural features allowing
the diverse enzymes to achieve exquisite reactions.
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