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Abstract

FAD and NAD(P) together represent an ideal pair for coupled redox reactions in their capacity to accept two electrons and
their redox potentials. Enzymes that bind both NAD(P) and FAD represent large superfamilies that fulfill essential roles in
numerous metabolic pathways. Adrenodoxin reductase (AdxR) shares Rossmann fold features with some of these super-
families but remains in a group of its own in the absence of sequence homology. This article documents the phylogenetic
distribution of AdxR by examining whole genome databases for Metazoa, Plantae, Fungi, and Protista, and determines the
conserved structural features of AdxR. Scanning these databases showed that most organisms have a single gene coding
for an AdxR ortholog. The sequence identity between AdxR orthologs is correlated with the phylogenetic distance among
metazoan species. The NADP binding site of all AdxR orthologs showed a modified Rossmann fold motif with a GxGxxA
consensus instead of the classical GxGxxG at the edge of the first fa-fold. To examine the hypothesis that enzyme—coenzyme
interfaces represent the conserved regions of AdxR, the residues interfacing FAD and NADP were identified and compared
with multiple-sequence alignment results. Most conserved residues were indeed found at sites that surround the interfacing
residues between the enzyme and the two coenzymes. In contrast to protein—protein interaction hot-spots that may appear in
isolated patches, in AdxR the conserved regions show strict preservation of the overall structure. This structure maintains
the precise positioning of the two coenzymes for optimal electron transfer between NADP and FAD without electron leak-
age to other acceptors.

Keywords Enzyme evolution - Rossmann fold - Consensus sequence - Flavoprotein - FDXR

Abbreviations
AdxR Adrenodoxin reductase

and ligases) that are dependent on these coenzymes. Analy-
ses of the sequences and structures of these enzymes have
revealed that these enzymes can be grouped into several,
structurally unrelated, superfamilies (Dym and Eisenberg
2001; Ojha et al. 2007; Aliverti et al. 2008).

One of the largest superfamily of enzymes that bind both

Introduction

The coenzymes NAD, NADP, and FAD are involved in many
metabolic pathways. In the Enzyme Database, most of the
enzymes that are dependent on these coenzymes appear in
the class of oxidoreductases (EC 1). There are also enzymes
in other classes (transferases, hydrolases, lyases, isomerases,
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NAD(P) and FAD has been called flavoproteins with “two
dinucleotide binding domains” (Ojha et al. 2007). The name
“dinucleotide” is based on the structure of both NAD(P)
and FAD that can be viewed as two connected nucleotides
(Fig. 1) (Hanukoglu 2015). The enzymes in this group bind
both NAD(P) and FAD and catalyze the transfer of a hydride
ion (H"=H*+2¢") from NAD(P)H to FAD forming FADH2
(You 1985) according to the following reaction:

NAD(P)H + FAD + H* — NAD(P)* + FADH,.

NAD(P) and FAD together represent an ideal pair for
electron transfer in coupled redox reactions. Both NAD(P)
and FAD can be reduced by accepting two electrons. The
reduction potential of FAD is higher than that of NAD(P)
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Fig. 1 Reduction of FAD by
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(Table 1). Thus, the tendency of the reaction is towards
the reduction of FAD by the transfer of a hydride ion from
NAD(P)H to the isoalloxazine ring of the FAD that can
accept two electrons (Fig. 1).

Depending on the substrate specificity of the enzyme,
reduced FAD (FADH?2) can transfer its newly acquired elec-
trons to a two-electron acceptor, such as a disulfide group,
or to an external single electron acceptor such as a heme

@ Springer

Table 1 Standard reduction potentials of NAD, NADP, and FAD

[Source (Voet and Voet 2004)]

Half-reaction E®" (V)
FAD+2H" +2¢ — FADH?2 (enzyme bound) -0.040
FAD+2H" +2e — FADH2 (free coenzyme) -0.219
NAD" +2H" +2e” — NADH -0.315
NADP* +2H* +2e¢” — NADPH -0.320
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or a protein with an iron—sulfur cluster (Ojha et al. 2007).
Thus, in contrast to NAD(P)H that donates two electrons in
one step as a hydride ion, FADH?2 can transfer a single elec-
tron, remaining relatively stable as a semiquinone, FADH .
After the transfer of the second electron, fully oxidized FAD
becomes ready for another cycle of redox reactions.

The Role of Adrenodoxin Reductase
in the Mitochondrial P450 Systems

Adrenodoxin reductase (AdxR) that is the subject of this
article is a prime representative of the flavoproteins with
two dinucleotide binding domains. AdxR functions as the
first enzyme in the mitochondrial cytochrome P450 systems
that are located on the matrix side of the inner mitochondrial
membrane (Hanukoglu et al. 1990). AdxR was first identi-
fied in the bovine adrenal cortex mitochondria by Omura
et al. (Omura et al. 1966) and purified by Chu and Kimura
(Chu and Kimura 1973).

Mitochondrial P450 type enzymes catalyze essential
steps in the biosynthesis of steroid hormones (CYP11A,
CYPI11B1, CYP11B2), bile acids (CYP27A), and vita-
min D derivatives (CYP24A, CYP27B) (Hanukoglu 1992;
Omura 2006; Pikuleva and Waterman 2013). These enzymes
catalyze monooxygenase type hydroxylation reactions that
depend on molecular oxygen (O,) and NADPH as a source
of two electrons (Hanukoglu 1996). In these reactions, one
atom of molecular O, is incorporated into the OH group
added to the substrate, while the second oxygen atom is
reduced to water:

Substrate-H + NADPH + H™ + O, — Substrate-OH
+ NADP* + H,0.

The two electrons donated by NADPH are transferred
to P450 via a chain of two electron transfer proteins, AdxR
and adrenodoxin (Hanukoglu and Jefcoate 1980; Hanukoglu
1996; Miiller et al. 2001b; Hannemann et al. 2007; Ewen
et al. 2011). NADPH binds to AdxR and transfers two elec-
trons to the FAD that is tightly bound to AdxR (Lambeth
and Kamin 1976). These two electrons are then transferred
from FADH2 (one at a time) to adrenodoxin, a [2Fe—2S]
ferredoxin type iron—sulfur protein that can be reduced with
only a single electron. Thus, electrons are transferred in the
following order:

NADPH — FAD-adrenodoxin reductase — adrenodoxin — P450.
The full reaction catalyzed by AdxR is

NADPH + 2 adrenodoxin,, — NADP* + H*

+ 2 adrenodoxin,,

where the subscripts “ox” and “red” refer to the oxidized and
one electron reduced states of adrenodoxin.

The first cDNA of AdxR was cloned by Hanukoglu
et al. (1987). In mammals, AdxR is encoded by a single
gene (Hanukoglu et al. 1987; Solish et al. 1988). Hence,
all the mitochondrial P450 systems are dependent on the
same AdxR that is expressed in all tissues that have mito-
chondrial P450 systems. The highest concentration of AdxR
is found in the adrenal cortex, where the ratios of AdxR,
adrenodoxin, and P450 are 1:3:8 (Hanukoglu and Hanukoglu
1986).

The two-iron, two-sulfur [2Fe-2S] protein of this system
was isolated and characterized prior to AdxR (Suzuki and
Kimura 1965). Because of the biochemical characteristics
it shared with the photosynthetic ferredoxin (characteristics
such as [2Fe—2S] cofactor, absorption spectra, and molecular
weight), its name was coined as “adrenodoxin” combining
the words “adrenal” and “ferredoxin” (Kimura and Suzuki
1965).

Enzyme and Gene Nomenclature of Adrenodoxin
Reductase

In the IUBMB Enzyme Nomenclature, the code for AdxR
is EC 1.18.1.6 and its “accepted name” is “adrenodoxin-
NADP* reductase.” Its other names include “adrenodoxin
reductase, AR, NADPH:adrenal ferredoxin oxidoreductase,
NADPH-adrenodoxin reductase” (http://www.sbcs.qmul.
ac.uk/iubmb/enzyme/EC1/18/1/6.html).

In the HUGO (human) Gene Nomenclature, the approved
symbol for the gene is FDXR representing “ferredoxin
reductase,” with recognized synonyms “adrenodoxin reduc-
tase,” and “adrenodoxin-NADP(+) reductase,” and the cor-
responding symbol ADXR (https://www.genenames.org/).

While the human genes are symbolized with all upper-
case letters, the mouse and rat gene nomenclatures require a
capital letter as the first character, followed by all lowercase
letters. Therefore, the symbol for the rodent genes that are
orthologs of the human gene is “Fdxr.”

The name “ferredoxin reductase” was assigned to AdxR
as a carryover from the initial name of the electron accep-
tor adrenodoxin that resembled plant ferredoxin from a
biochemical/functional view as noted above. Yet, the name
“ferredoxin reductase” is a misnomer and its assignment
to AdxR is misleading because studies that have compared
the sequences and structures of AdxR and plant ferredoxin
reductase have concluded unequivocally that adrenodoxin
reductase shares no homology with the plant ferredoxin
reductase (Hanukoglu 1996; Ziegler and Schulz 2000).
Therefore, the name adrenodoxin reductase will be used
throughout this article, accompanied by the symbol ADXR
for the human gene, and AdxR for the protein.
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The Structure of Adrenodoxin Reductase

The first protein sequence of AdxR did not show any
homology to any other protein sequence known at that
time (Hanukoglu and Gutfinger 1989). However, both the
FAD and NADP binding sites of AdxR were identified by
searching for modified versions of the Rossmann fold con-
sensus sequence, secondary structural analyses, and protein
sequence database screenings (Hanukoglu and Gutfinger
1989). The structure and function of these sequences were
verified by the first crystal structure of adrenodoxin reduc-
tase (Ziegler et al. 1999).

The NADP binding consensus sequence identified in
the first AdxR sequence differed from the traditional Ross-
mann fold consensus sequence by the substitution of an ala-
nine for a glycine in the fa fold (Hanukoglu and Gutfinger
1989). Site-directed mutagenesis of the fa-fold of a struc-
tural homolog, glutathione reductase, showed that a single
mutation of the Alal79 to Gly decreased the Km for NADH
40-fold as compared to the wild-type enzyme, attesting to
the importance of this residue in conferring coenzyme speci-
ficity (Scrutton et al. 1990). However, various superfamilies
of NAD(P) enzymes exhibit different features that determine
coenzyme specificity (e.g., Sharkey et al. 2012; Gonzélez-
Segura et al. 2015).

The crystal structures of AdxR with FAD (1CJC) and
with FAD and NADP (1E1L) revealed that AdxR can be
viewed as a protein with two domains that separately accom-
modate FAD and NADP (Fig. 2) (Ziegler et al. 1999; Zie-
gler and Schulz 2000). Both the FAD and NADP domains
include a f-sheet of the Rossmann fold type with five strands
in a parallel orientation (Fig. 2). Figure 3 shows the surface
structure of adrenodoxin reductase with the two coenzymes
bound to the enzyme. It can be seen that FAD is tightly
embedded in the protein with only the isoalloxazine part
exposed for electron acceptance from NADPH (Fig. 3c¢).
In contrast, NADP is located in a freely solvent accessible
niche (Fig. 3b).

The two coenzymes of AdxR are presented in a stick for-
mat in Fig. 4. Both FAD and NADP are positioned in an
extended conformation within their domains. The two coen-
zymes are juxtaposed head to head, at the junction between
the domains with precise alignment of the atoms involved
in electron transfer from the nicotinamide of NADP to the
isoalloxazine ring of the FAD. The hydride ion is transferred
from the C4 atom of the nicotinamide to the N5 atom of
isoalloxazine (You 1985). The distance between these two
atoms is 3.2 A (inset of Fig. 4). In the space-filling model, it
can be seen that the two atoms are juxtaposed.

The close proximity of the electron donating and accept-
ing atoms is expected to minimize the leakage of electrons
from NADPH to other acceptors, such as O,, to avoid pro-
ducing oxy-radicals. Indeed, our previous studies showed

@ Springer

Fig.2 a FAD and NADP domains of bovine adrenodoxin reductase
based on PDB 1EIL (Ziegler and Schulz 2000). Secondary struc-
tures in the FAD domain (residues 1-108, and 330-460) are green,
and in the NADP domain (residues 109-329) are red colored. Helices
are shown as cylinders. FAD (yellow) and NADP (blue) are shown in
CPK format. b FAD (yellow) and NADP (blue) in the same orienta-
tion as in a with helices and loops hidden. Only the beta sheets are
displayed. The f-sheet in the FAD domain and the upper f-sheet in
the NADP domain are part of the two Rossmann folds that host these
two dinucleotides (Hanukoglu 2015). This and the following molecu-
lar model images were produced using PyMOL Molecular Graphics
System, Version 1.7 Schrodinger, LLC. (Color figure online)

that adrenodoxin reductase reduced by NADPH hardly
shows electron leakage in the absence of adrenodoxin
(Hanukoglu et al. 1993; Hanukoglu 2006).

The electrons on FAD are transferred to the single elec-
tron acceptor 2Fe-2S protein adrenodoxin (Lambeth et al.
1976). In this electron transfer reaction, adrenodoxin acts
a substrate of AdxR (Hanukoglu and Jefcoate 1980; Hanu-
koglu et al. 1981). The interaction between AdxR and
adrenodoxin is mainly dependent on ionic interactions and
apparently hydrophobic interactions do not play a role in
binding (Hanukoglu et al. 1981). Site-directed mutagen-
esis and structural cross-linking studies identified four
positively charged residues (Lys27, Arg211, Arg240, and
Arg244 in mature bovine AdxR) as the sites of salt-bridge
formation between AdxR and acidic residues Asp27, Asp76,
and Asp79 of the electron acceptor adrenodoxin (Table 2)
(Brandt and Vickery 1993; Miiller et al. 2001b).
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Fig.3 a The surface structure A
of adrenodoxin reductase based
on PDB 1E1L. NADP and

FAD domains are red and green
colored as described in Fig. 2.
The ligands, FAD (yellow) and
NADP (blue), are shown in
CPK format. b The surface of
the NADP domain only. Rela-
tive to the view in a, the surface
model was rotated to maximize
the visibility of NADP. Note
that the entire molecule of
NADP is visible and that NADP
is located at a freely solvent
accessible site. ¢ The surface of
the FAD domain only. Note that
only the isoalloxazine portion
of FAD (yellow CPK) is visible.
The ADP portion of FAD is
invisible as it is buried inside
the FAD domain. (Color figure
online)

Phylogenetic Distribution of Adrenodoxin
Reductase

The multitude of genome sequences that have accumulated
during the past decade revealed that adrenodoxin reductase
is found in both eukaryotes and prokaryotes (Bossi et al.
2002; Ewen et al. 2008). To determine the spectrum of the
phylogenetic distribution of AdxR, the Ensembl genome
databases were scanned, because these databases include
nearly complete genome sequences and not just isolated pro-
tein and gene sequences.

ADXR Gene in Metazoans

A search of the Ensembl genome database of vertebrates
(http://www.ensembl.org/) for the ADXR gene orthologs
showed that 58 vertebrate species have a single gene for
ADXR orthologous to human ADXR gene with the follow-
ing species distribution: 7 reptiles and birds, 33 placental
mammals, 3 marsupials, 1 of each Platypus, Xenopus, and

coelacanth, 11 ray-finned fishes, and 1 lamprey. In six spe-
cies (alpaca, hedgehog, microbat, shrew, sloth, and tarsier)
an ADXR gene has not been identified yet. The search of the
invertebrate Metazoan Ensembl database (https://metazoa.
ensembl.org/) using ADXR of sea urchin (Strongylocentro-
tus purpuratus) yielded 60 species with ADXR orthologs.
In 7 species, no orthologs were identified.

For the assessment of sequence conservation, AdxR
protein sequences were aligned using CLUSTALW
program (Chenna et al. 2003). Among primates, the
sequence identity between AdxR from different species
varied between 93 and 99%. Among metazoa, the low-
est sequence identity was observed between primate and
insect sequences in the range of 37-45%. We selected
45 complete AdxR sequences for the construction of the
gene tree (Fig. 5). The gene tree shows that the sequence
identity between ADXR sequences reflects the phyloge-
netic distance among metazoan species. For example,
the sequences from birds and lizard appear in the same
cluster that marks the Sauropsida clade; ray-finned fishes
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Fig.4 a Proximity of NADP NADP
and FAD in adrenodoxin reduc-

tase (1EIL). The ligands are

shown in stick format. Colors of

the atoms: C—green; N—blue; A
O—red; P—orange. The magni-
fied view in the inset shows the
distance between C4 atom of
nicotinamide of NADP (donor
of electrons) and N5 atom of
isoalloxazine (acceptor of the
electrons) with wireframe sur-
face representation. b Number-
ing convention of the atoms in
nicotinamide and isoalloxazine
rings based on the [IUPAC-IUB
recommendations (IUPAC-IUB
1966). (Color figure online)
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appear clustered in a clade that matches Actinopterygii; ~ ADXR Gene Among Plants, Protists, and Prokaryotes

and Insecta appear in a distant clade separate from the

other Metazoa (Fig. 5). These results indicate that all the =~ The search of the Plant Ensembl database (https://plants.

sequences derive from a common origin. ensembl.org/) using Arabidopsis thaliana MFDR yielded
46 species with ADXR orthologs and 2 species where no
ortholog could be identified. The sequence identity between
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Table2 Adrenodoxin reductase residues identified as the adreno-
doxin binding sites

Bovine Human Reference

Lys27 (Lys59)* Miiller et al. (2001a, b)

Arg211 (Arg243) Miiller et al. (2001b)

Arg240 (Arg272) Arg239 (Arg271) Brandt and Vickery
(1993); Miiller et al.
(2001b)

Arg244 (Arg276) Arg243 (Arg275) Brandt and Vickery
(1993); Miiller et al.
(2001b)

*The numbers refer to the mature sequence, and those in parentheses
refer to the full sequence

plant and metazoan sequences was in the range of 34—40%,
and the sequence identity between various plant species was
61-89% (data not shown).

The search of the Protista (single-celled, protozoa)
Ensembl database (https://protists.ensembl.org/) using Dic-
tyostelium discoideum FDXR yielded 99 species with ADXR
orthologs and 16 species where no ortholog could be identi-
fied. D. discoideum FDXR shares with those of other species
between 26 and 32% sequence identity.

The prokaryotic homologs of the fission yeast Schizos-
accharomyces pombe ADXR (UniProt ID: 059710) were
searched in the UniProt database using BLAST program.
This yielded hundreds of sequences that showed 34-40%
sequence identity with the S. pompe sequence.

Numbering of AdxR Sequence

Among all metazoa examined, the length of the full unpro-
cessed ADXR protein was similar and ranged between 466
and 506 amino acids. Among mammals, the sequence length
ranged from 489 to 496 residues. In eukaryotes, about 30
residues at the N-terminus serve as the mitochondria-target-
ing sequence that is cleaved during transfer into mitochon-
dria (Omura 2006). Amino acid sequencing of the bovine
AdxR determined the N-terminal sequence of the pro-
cessed enzyme as STQEQTPQICVVGSGPAG (Hanukoglu
et al. 1987). Studies on site-directed mutagenesis of AdxR
reported sequence numbering starting with the first residue
of the mature enzyme (Ser33 of bovine and Ser34 of human
AdxR) (Brandt and Vickery 1993). The same convention
of numbering of amino acid sequences will be followed in
this article.

Conserved Sequence Regions
To visualize the conserved regions of AdxR from diverse

species, the sequences from 60 species (selected to represent
mainly the major clades noted above of metazoa, plants,

and a few protists) were aligned for comparison (for the
full list, see the Supplementary Table in the website). Only
sequences that were marked or assumed as complete were
included in the analyses.

The conservation of a sequence segment indicates its
structural importance. To identify structural features that
may dictate sequence conservation, I plotted positions of
highly conserved residues (line marked “Cons.” in Fig. 6)
in parallel with the following positions: (1) residues at the
interface between FAD and AdxR, (2) residues at the inter-
face between NADP and AdxR, (3) inaccessible residues,
and (4) adrenodoxin binding residues. All of these positions
are shown in parallel in Fig. 6.

In the alignment of all eukaryotic sequences, the first
conserved sequence was observed at the beginning of the
FAD binding Rossmann fold (Figs. 6, 7). The N-terminal
sequence that precedes this motif showed no conservation
across eukaryotes. However, among mammalian sequences
and within a few additional clades, there was a significant
clade-specific conservation of the amino-terminal sequences.

It can be seen that dense regions of sequence conservation
appear around residues that are at the interface between FAD
and NADP (Fig. 6). Yet, the extent of sequence conserva-
tion is much broader than the positions of interface residues
(Fig. 6). Details of the correspondence between the con-
served residues and the residues at the enzyme—coenzyme
interface are presented below for the FAD and NADP bind-
ing domains separately.

FAD Binding Domain

The FAD binding domain starts at the N-terminus (residues
1-108, and 330-460) (Ziegler et al. 1999). The first S-strand
of the FAD binding fap-fold starts at GIn8 of the bovine
AdxR mature sequence (Figs. 6, 7). The structures of the
FAD binding domain cores of AdxR in both NADP-free
(1CJC) and NADP-bound forms (1E1L) are superimposable
with an RMSD of 0.3 A (Ziegler et al. 1999; Ziegler and
Schulz 2000). Thus, apparently NADPH binding does not
modify FAD binding.

The most conserved regions in the FAD binding domain
is the first pa fold that marks the start of the Rossmann fold
(Fig. 7). This is followed by two highly conserved a-helices
(h2 and h3-h4) (Fig. 7).

In the crystal structures of AdxR, the total number of
the residues at the interface between FAD and AdxR is 37
(PISA interface analysis of 1E1L). Thirty-one of these res-
idues at the interface are conserved in > 90% of the AdxR
sequences. Nine of the 37 residues participate in hydrogen
bonding to FAD (Table 3) and these are all conserved. A
cluster of four interface residues (Tyr37, Glu38, Lys39,
and GIn40) do not appear to be located at a conserved site
(Fig. 6). Yet, with Blosum 35 scoring (counting Asp and
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Fig.5 The Gene tree for adren- Human
odoxin reductase in Metazoan Chimp
species. The protein sequences
were taken from the Uniprot
database entries listed in the
Supplementary spreadsheet 1.
The sequences were aligned Marmoset
using ClustalW. The phyloge- Horse
netic distances were calculated Pig
using BLOSUMG62 with Jalview
(version 2.9.0b2) (Waterhouse

et al. 2009) Dog
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Fig.6 Comparison of the conserved residues and the residues that
are located at the coenzyme binding sites. Legend to line labels—
“Cons.”: Positions that are identical in >90% of the sequences com-
pared from 60 species. “FAD” and “NADP”’: Positions of the residues
that are at the enzyme interface with the FAD and NADP coenzymes,
respectively, determined using the PISA web server for the explora-
tion of macromolecular interfaces located at PDBe (Krissinel and

starts at Thr147 as identified by (Hanukoglu and Gutfinger
1989; Ziegler and Schulz 2000).

Similar to the FAD binding site, the most conserved
regions in the NADP binding domain is the first fa fold
that marks the start of the second Rossmann fold (Fig. 8).
This is followed by several highly conserved a-helices (h9,
h11, and h12) (Fig. 8).

In the crystal structure of AdxR, the total number of
the residues at the interface between NADP and AdxR
is 26 (PISA interface analysis of 1EI1L). Twenty-five of
these residues at the interface are conserved in >90% of
the AdxR sequences (Fig. 6). Seven of these 26 residues
participate in hydrogen bonding to NADP (Table 3) and
these are all conserved.

A most noteworthy finding is that, in all species, the
NADP binding site consensus sequence differs from that of
FAD with the presence of an alanine instead of the glycine
as observed for the first time in bovine AdxR (Hanukoglu
and Gutfinger 1989). Thus, for the NADP binding site of
AdxR orthologs, the traditional GxGxxG motif of Ross-
mann fold is modified to GxGxxA without an exception
(Fig. 9).

Another difference of the NADP binding site from the
classical pap type Rossmann fold is that after the fa-fold
there are two helices (h9 and h10 in Fig. 8). This region is
conserved in all sequences (Fig. 8).

Adrenodoxin Binding Residues

As noted above, positively charged residues (Lys27,
Arg211, Arg240, and Arg244 in mature bovine AdxR)

Henrick 2007). “Inacc.”: Residues that are solvent inaccessible
(determined by software at PDBe Pisa server by analysis of PDB ID
1EIL). “Adx”: Residues determined to bind to the electron accep-
tor adrenodoxin (see Table 2). The sequence numbering follows the
bovine mature AdxR sequence. Percent sequence identities between
aligned sequences were determined using GeneDoc (Nicholas and
Deerfield 1997)

were identified as sites of adrenodoxin binding (Table 2).
Three of these AdxR residues are strictly conserved;
the fourth (Arg240) is identical in only ~60% of the
sequences. Residues homologous to these are also con-
served in the FprA, the M. tuberculosis homolog of AdxR
(Bossi et al. 2002), that may be functional with the P450
systems in M. tuberculosis (Ouellet et al. 2010).

Implications for the Rossmann Fold Diversity

The FAD binding domain of AdxR is a prime example of
the ADP binding paf-fold (Wierenga et al. 1986; Hanukoglu
2015).This domain starts with a faf-fold and carries the
classic consensus sequence G-x-G-x-x-G that has been char-
acterized in many FAD and NAD binding dehydrogenases
(Wierenga et al. 1986; Ojha et al. 2007).

The NADP binding site of AdxR differs from the “clas-
sic” ADP binding fap-fold, noted above, by the presence of
two additional helices before the second p-strand (Fig. 8),
and a consensus sequence that has an alanine instead of the
third glycine in the common consensus sequence (Fig. 9).
The strict conservation of the sequences in this region fol-
lowing the first g-strand provides strong evidence that the
structural model of bovine AdxR applies to all orthologs of
AdxR, and that the Gly-Ala difference in the FAD vs. NADP
binding sites is of structural importance as initially predicted
(Hanukoglu and Gutfinger 1989).

The difference of the NADP binding pa-fold from that
observed in FAD raises a question whether these two motifs
originated from a common ancestral structure. As noted pre-
viously, in both FAD and NADP binding sites the consensus
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10 20 30 40 50 60
Human STQEKTPQICVVGSGPAGFYTAQHLLKHP-Q-AHVDIYEKQPVPFGLVRFGVAPDHPEVKNVINTFT 65

Chimpanzee STQEKTPQICVVGSGPAGFYTAQHLLKHP-Q-AHVDIYEKQPVPFGLVRFGVAPDHPEVKNVINTFT 65
Orangutan STQEKTPQICVVGSGPAGFYTAQHLLKHP-Q-AHVDIYEKQPVPFGLVRFGVAPDHPEVKNVINTFT 65
Rhesus STQEKTPQICVVGSGPAGFYTAQHLLKHP-Q-AHVDIYEKQPVPFGLVRFGVAPDHPEVKNVINTFT 65
G_monkey STQEKTPQICVVGSGPAGFYTAQHLLKHP-Q-AHVDIYEKQPVPFGLVRFGVAPDHPEVKNVINTFT 65
Marmoset STQETTPQICVVGSGPAGFYTAQHLLKHP-Q-AHVDIYEKQPVPFGLVRFGVAPDHPEVKNVINTFT 65

Horse STQEQTPQICVVGSGPAGFYTAQHLLKHHPR-AHVD I FEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Cow STQEQTPQICVVGSGPAGFYTAQHLLKHHSR-AHVDIYEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Sheep STQEQTPQICVVGSGPAGFYTAQHLLKHHSR-AHVDIYEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Pig STQEQTPQICVVGSGPAGFYTAQHLLKHHSR-ARVDIYEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Panda STQEQPPQICVVGSGPAGFYTAQHLLKHHPR-AHVDIYEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Dog STQEQPPQICVVGSGPAGFYTAQHLLKHHPR-AHVDIYEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Cat STQEQHPQICVVGSGPAGFYTAQHLLKHHPQ-AHVDIYEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Ferret STQEQGPQICVVGSGPAGFYTTQHLLKHHPR-AHVDIYEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Mouse STQEKTPQICVVGSGPAGFYTAQHLLKHHTH-AHVDIYEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Rat STQETTPQICVVGSGPAGFYTAQHLLKHHTR-AHVD I YEKQLVPFGLVRFGVAPDHPEVKNVINTFT 66
Squirrel SAQKN-PQICVVGSGPAGFYTAQHLLKHHTQ-AHVDIYEKQLVPFGLVRFGVAPDHPEVKNVINTFT 65
B_bat STQEQTPQICVVGSGPAGFYTAQHLLKHHAQ-AHVDIYEKQLVPFGLVRFGVAPDHPEVKNVVHTFT 66
Platypus STAEPTPQVCIVGSGPAGFYTAQHLLKHHPQ-AQVDIFEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Flycatcher SSLAPAPRVCVVGSGPAGFYTAQHILKHHGG-ALVDIYEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Anolis VSAEVIPRICIVGSGPAGFYTAQHLLKHHKQ-AQVDIFEKLPIPFGLVRFGVAPDHPEVKNVINAFT 66
Alligator STGERIPRICIVGSGPAGFYTAQHLLKHHKL - ARVDVYEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Cturtle STAALAPQICIVGSGPAGFYTAQHLLKHHQL -AQVDIYEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
G_turtle STAALAPQICIVGSGPAGFYTAQHLLKHHRL -AQVDIYEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Xenopus SSVSHTPQICIVGSGPAGFYTAQHILKHNPK-AQVDIYEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Xenopus_t SSVSPTPHICIVGSGPAGFYTAQHILRHNPQ-AQVDIYEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
A_molly LSTSSCPKVCIVGSGPAGFYTAQHL I KARQD-VEVDIYERLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Platyfish LSTSGCPKVCIVGSGPAGFYTAQHL I KARQD-VEVDIYERLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Croacker FSSG-KPKVCIVGGGPAGFYTAQHL I KACQD-AEVDIYERLPVPFGLVRFGVAPDHPEVKNVINTFT 65
Tilapia LSSC-SPKVCIVGSGPAGFYTAQHL I KARQD-VEVDIYERLPVPFGLVRFGVAPDHPEVKNVINTFT 65
Trout STPASSPKVCIVGGGPAGFYTAQHLVKTRTD-VQVDIYERLPVPFGLVRFGVAPDHPEVKNVINTFT 66
S gar STAAHQPKVCIVGSGPAGFYTAQHLLKNHQS-LQVDIYEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Zebrafish GLSSVSARVCVVGGGPAGFYTAQQLLKARQD-AVVDIYERLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Coelacanth SATGPKPKICI IGSGPAGFYTAQYLLKHHRL -AEVDMYEKLPVPFGLVRFGVAPDHPEVKNVINNFT 66
G_shark SSSDCDLQVCVVGSGPAGFYAAQHVLKLQKS-AIVDIYEKLPVPFGLVRFGVAPDHPEVKNVINSFT 66
Limpet NSGDFVPHVAVIGSGPAGFYTTQQLLKAHPK-LKVDIYEKLPIPFGLVRYGVAPDHPEVKNVINTFT 66
S_slug SLSNQKHCVAIVGSGPAGFYTAQHLLKSDHN-LIVDVYEKLPVPFGLVRFGVAPDHPDVKNVIHTFT 66
Sea_urchin SQSASTPRVCI IGSGPAGFYTAQSLLKGDKS-LHVDIYDRLPVPFGLVRYGVAPDHPDVKNVINQFT 66
Plant_bug VHFEPTTKICIVGSGPAGFYFAQNVLKKAPD-VTIDMLEKLPVPFGLVRYGVAPDHPEVKNVINTFE 66
Leafcutter_ant 1 AQQSVPQVCIVGAGPAGFYAAQQLLRDSSN-AIITILDKQPVPFGLIRYGVAPDHQDVKNVLNTFH 66
Louse CSNTSGIKICIVGSGPAGFYSAQQLIKISPN-VVVDIYERLPVPFGLVRYGVAPDHADVKNVINTFT 66
Mosquito STTTVQPRICIVGAGPAGFYTAQYILKHLDN-SSIDIVEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
O_fruitfly SGSGATKRICIVGAGPAGFYAAQYI|ILKHLSD-CAVDLIEKLPVPFGLVRYGVAPDHPEVKNVINTEN 66

Drosophila QSTTPTKRICIVGAGPAGFYAAQL I LKQLDN-CVVDVVEKLPVPFGLVRFGVAPDHPEVKNVINTFT 66
Cucumber TFASHPTHICVVGSGPAGFYTAEKLLKALPN-AQVDI IDRLPTPFGLVRSGVAPDHPETKIVVNQFT 66

Spinach SLPSNLLRVCVVGSGPAGFYTAEKMLKAHPK-AEVDI|ILDRLPTPFGLVRSGVAPDHPETKIVINQFT 66
Cotton TVSSHPLRVCIVGSGPAGFYTAEKILKTHQG-SQVDI IDRLPTPYGLVRSGVAPDHPETKNVINQFS 66
Cacao TLSPLPLRVCIVGSGPAGFYAAEKMLKTHQG-SQVDI IDRLPTPYGLVRSGVAPDHPETKSVINQFS 66
Clementina ALSSNPLRVCVVGSGPAGFYTAEKTLKAHQE-AQVDI IDRLPTPFGLVRSGVAPDHPETKIVINQFS 66
Grape SLSSNPLRVCVVGSGPAGFYTAEKMLKAHQG-AEIDIVDRLPTPFGLVRSGVAPDHPETKIVVNQFS 66
Peach TVASHPLRVCVVGSGPAGFYTAEKMLKAHQE-AQVD I IDRLPTPFGLVRSGVAPDHPETKIVVNQFT 66
Soybean SISSNPLRVCVVGSGPAGFYTAEKMLKAHQQ-AQVDI IDRLPTPFGLVRSGVAPDHPETKIVINQFS 66
Potato TVSSEPLRVCIVGSGPAGFYTADKILKAHEG-AEVDIVDRLPTPFGLVRSGVAPDHPETKIVTNQFS 66
Arabidopsis SASSRPLHVCIVGSGPAGFYTADKVLKAHEG-AHVDI| IDRLPTPFGLVRSGVAPDHPETKIAINQFS 66
Maize ASTQEQLHVCVVGSGPAGFYTADRMLKGHDG-AQVDI IDRLPTPFGLVRSGVAPDHPETKIVLNQFS 66
Rice APSREPLHVCVVGSGPAGFYTADKMLKGHEG-AQVDI IDRLPTPFGLVRSGVAPDHPETKIVVNQFS 66
Rhizopus STASRPFRLAIVGSGPAGFYTAHRLLKECPQ-IQIDMFDALPVPHGLVRFGVAPDHPEVKNVMTTFED 66

Green_alga AEGGAGLQFCVVGSGPAGFYTADKLLKRFGEGARVDIVEALPTPFGLVRSGVAPDHADTKNVINQFT 67
Fission_yeast STQTSSPVVGI IGSGPAAFYTAHRLLRNDPN-VKIDMFESRPVPFGLVRYGVAPDHPEVKHVEHKFS 66
Dictyostelium QVNKTPFNLCI IGSGPAGLYTAAKVHRQIPH-ANITILEKLPYPFGLVRSGISPDHQNEKKVKNTLE 66

C VG GPAGFY A K D PFGLVR GVAPDHPE K V N F
L I L I L I
B a(h1) B a(h2) a (h3-h4)

Fig.7 The FAD binding site of adrenodoxin reductase from 60
eukaryotic species. The protein sequences were aligned as described
in the legend of Fig. 2. Residues that are conserved in at least 95%
of the sequences are highlighted with a yellow background. The
Greek letters a and f at the bottom of the aligned sequences mark
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the positions of the a-helices and f-strands as identified in the bovine
adrenodoxin reductase crystal structure (PDB ID: 1E1L). The number
of each helix is shown in parentheses. The UniProt code numbers of
the sequences are listed in the Supplementary spreadsheet 1, together
with the full species names. (Color figure online)
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Table 3 Amino acids that

.. . . FAD NADP
participate in the formation of
hydrogen bonds with FAD and 1 Alal?7 GIn153
NADP in bovine adrenodoxin 2 Lys39 Asnl55
reductase
3 Leu46 Vall56
4 His55 Argl97
5 Val82 Argl98
6 Trp367 Glu209
7 Gly374 Gly 374
8 11e376 -
9 Thr379 -

AA numbering is based on the
bovine mature sequence. The
residues were identified by the

PDBe PISA server analysis
of PDB ID 1EIL (Ziegler and
Schulz 2000)

sequence Gly-x-Gly is in contact with the two phosphates of
ADP at a common orientation (Hanukoglu 2015). Thus, it
is likely that this motif evolved from an original ADP bind-
ing motif. As seen in Fig. 2, the NADP domain includes
a P-sheet similar to the FAD binding domain. Apparently,
during the evolution of the NAD(P) binding enzyme fami-
lies, additional structural elements may have been inserted
between the initial fa-fold and the remaining f-strands of
the sheet as seen in other NAD(P) binding enzymes (Hanu-
koglu 2015).

In many (if not most) articles, the Rossmann fold is
described as a pap-fold. In view of the highly conserved
NAD(P) binding domains that do not match this descrip-
tion, it would be more appropriate to note that the Ross-
mann fold represents an ADP binding fold, with a common
denominator of a fa-fold at the start of a f-sheet, and that
there may be a variable number of structures in between
the f-strands.

Unconserved Central Region

A perusal of Fig. 6 shows that a central region in AdxR
sequence extending from Met213 to Pro313 (MIQLP ...
TRAVP, in the bovine mature sequence) is not conserved
across all species. This region includes insertions and
deletions in various species. But, it also includes two resi-
dues where adrenodoxin binds (Fig. 6).

An additional remarkable aspect in the conservation of
the AdxR structure is the location of the major uncon-
served region that extends over a range of ~ 100 residues
nearly in the center of the sequence (residues 213-313 in

Fig. 6). This region shows relatively great diversity across
clades, including insertions and deletions of up to 10 resi-
dues (sequences not shown).

In the structure of AdxR, the unconserved region
appears at the edge of the enzyme, far removed from the
FAD and NADP binding sites (Fig. 10). It is noteworthy
that two of the electron acceptor binding residues (Arg240
and Arg244) appear in this region. Therefore, one pos-
sibility is that this region has co-evolved to suit itself for
binding different electron accepting partners in different
clades. Nonetheless, the far removed structural location
of this region at the edge of the enzyme again emphasizes
that a major structural change has not taken place (or has
not survived) in the conserved enzyme-FAD-NADP inter-
face detailed above.

Conclusions

The phylogenetic screening summarized above indicated
that AdxR is an enzyme that is widely distributed in both
eukaryotic and prokaryotic organisms. The minimum ~30%
sequence identity observed between sequences from distant
species represents a high degree of sequence conservation
specifically in the FAD and NADP binding regions of the
enzymes. These two regions both have a Rossmann fold
structure starting with a pa-fold that is considered as one
of the most ancient and widespread motifs (Ma et al. 2008;
Hanukoglu 2015).

The data shown in Fig. 6 support the hypothesis that the
conserved residues are located at sites that surround the
interface between the enzyme and the two coenzymes. The
subject of the conservation of residues at protein—protein
interfaces has been extensively investigated (e.g., Halperin
et al. 2004; Guharoy and Chakrabarti 2010). These stud-
ies revealed that conserved residues are located in clusters,
as the so-called hot-spots, on protein—protein interfaces
(Guharoy and Chakrabarti 2010). In the present case, the
strict conservation of the AdxR sequence over a wide region
around the residues at enzyme—coenzyme interface (Fig. 6)
shows that the conservation is not limited to patches around
the AdxR-FAD and AdxR-NADP interfaces.

The extended conservation of the sequence suggests that
the overall structures of the enzymes have been conserved
throughout the evolution of the metazoan species to main-
tain a precise positioning of the two coenzymes for optimal
electron transfer between the electron donor NADP and the
acceptor FAD. The conservation of the eons-long perfected
structure should provide a selective advantage, both for effi-
cient electron transfer and minimization of electron leakage
to prevent free radical formation during electron transfer.
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10 20 30 40 50 60
1 1 [ 1 [ [

Human 144 CDTAVILGQGNVALDVARILLTP-PEHLERTDITKAALGVLRQSRVKTVWLVGRRGPLQVAFTIKELREM 272
Chimpanzee 144 CDTAVILGQGNVALDVARILLTP-PEHLERTDITKAALGVLRQSRVKTVWLVGRRGPLQVAFTIKELREM 212
Orangutan 743 CDTAVILGQGNVALDVARILLTP-PEHLERTDITKAALGVLRQSRVKTVWLVGRRGPLQVAFTIKELREM 277
Rhesus 144 CDTAVILGQGNVALDVARILLTP-PEHLERTDITKAALGVLRQSRVKTVWLVGRRGPLQVAFTIKELREM 272
G_monkey 144 CDTAVILGQGNVALDVARILLTP-PEHLERTDITKAALGVLRQSRVKTVWLVGRRGPLQVAFTIKELREM 2712
Marmoset 144 CDTAVILGQGNVALDVARILLTP-PEHLEKTDITKAALDVLRQSRVKTVWLVGRRGPLQVAFTIKELREM 2712

Zebrafish 145 CETAVVLGQGNVALDVARILLSP-VDMLKETDITQNALEALTGSNVRRVL
Coelacanth 145 SETAVILGQGNVALDIARILLSP-VDYLKKTDITESSLAAIAASKVRKVF

VGRRGPLQIACTIKELREM 213
VGRRGPLQVAFTIKELREM 213

Horse 745 CDTAVILGQGNVALDVARILLTP-PEHLEKTDITEAALGVLRQSRVKTVWIVGRRGPLQVAFTIKELREM 2713
Cow 745 CDTAVILGQGNVALDVARILLTP-PDHLEKTDITEAALGALRQSRVKTVWIVGRRGPLQVAFTIKELREM 2713
Sheep 746 CDTAVILGQGNVALDVARILLTP-PDHLEKTDITEAALGALRQSRVKTVWIVGRRGPLQVAFTIKELREM 274
Pig 745 CDTAVILGQGNVALDVARILLTP-PEHLEKTDITEAALGALRQSRVKTVWIVGRRGPLQVAFTIKELREM 2713
Panda 745 CDTAVILGQGNVALDVARILLTP-PEHLEKTDITEAALGVLRQSRVKTVWIVGRRGPLQVAFTIKELREM 2713
Dog 745 CDTAVILGQGNVALDVARILLTP-PEYLEKTDITEAALGVLRQSRVKTVWIVGRRGPLQVAFTIKELREM 2713
Cat 745 CDTAVILGQGNVALDVARILLTP-PEHLEKTDITEAALGVLRQSRVKTVWIVGRRGPLQVSFTIKELREM 2713
Ferret 745 CDTAVILGQGNVALDVARILLTP-PGHLEKTDITEAALGVLRQSRVKTVWIVGRRGPLQVAFTIKELREM 2713
Mouse 745 CDTAVILGQGNVALDVARILLTP-PEHLEKTDITEAALGALRQSRVKTVWIVGRRGPLQVAFTIKELREM 2713
Rat 745 CDTAVILGQGNVALDVARILLTP-PEHLEKTDITEVALGVLRQSRVKTVWIVGRRGPLQVAFTIKELREM 2713
Squirrel 144 CDTAVILGQGNVALDVARILLTP-HEHLEKTDITEAALGVLRQSQVKTVWIVGRRGPLQVAFTIKELREM 272
B_bat 745 CDTAVILGQGNVALDVARILLTP-PEQLEKTDITEASLGILRQSRVKTVWIVGRRGPLQVAFTIKELREM 2713
Platypus 745 CDTAVVLGQGNVALDVARILLTP-PELLEKTDITARALGALKQSRVKTVWIVGRRGPLQAAFTIKELREM 2713
Flycatcher 745 CETALILGHGNVALDIARILLSP-LQLLRKTDITDSSLAALACSKVKRVWLVGRRGPLQVAFTIKELREM 2713
Anolis 145 SETAVVLGHGNVALDVARILLSP-LEILRKSDITEDSLTALARSKVKRVCLIGRRGPLQVAFTIKELREM 2713
Alligator 745 SKTALVLGQGNVALDVARILLTP-LDLL-QTDITEGSLAAIASSKVKRVWLVGRRGPLQVAFTIKELREM 2712
C turtle 745 SETAVVLGQGNVALDVARILLSP-LDTLRKTDITEGSLAAIACSRVKRVWLVGRRGPLQVAFTIKELREM 2713
G_turtle 145 SETAVVMGQGNVALDVARVLLSP-LDILRKTDITEGSLAAIACSKVKRVWLVGRRGPLQVAFTIKELREM 2713
Xenopus 745 CDTAVILGQGNVALDIARILLSP-VDILRKTDITQDALDALSKSRVRRVWMVGRRGPLQVAFTIKELREM 2713
Xenopus_t 745 CDTAVILGQGNVALDIARILLSP-VDILRKTDITQTALDALSQSRIRRVWMVGRRGPLQVAFTIKELREM 2713
A_molly 745 CETAVILGQGNVALDVARILLSP-LDILKKTDITQPALEALAESRVQKVLIVGRRGPMQVACTIKELREM 2713
Platyfish 745 CETAVILGQGNVALDVARILLSP-SDILKKTDITQPALEALAESRVRKVLIVGRRGPMQVACTIKELREM 2713
Croacker 144 CETAVILGQGNVALDIARILLSP-VDVLKKTDITQPALEALTKSQIRRVLIVGRRGPAQIACTIKEVREM 2712
Tilapia 144 CETAVILGQGNVALDVARILLSP-IDILKKTDITQPALEALAESQVRRVLIVGRRGPIQIACTIKELREM 2712
Trout 745 CETAVILGQGNVALDVARMLLSP-VDILKKTDITQHALDALAESSVRRVLIVGRRGPLQVACTIKELREM 2713
S gar 745 SETAVILGQGNVALDVARILLSP-VELLKKTDITESSLEAIAASKIQRVLIVGRRGPLQVACTIKELREM 2713
|
|

G_shark 745 CETAVILGQGNVALDVARILISP-IDLLMKTDITSYSLEAIAASKVKRVLIVGRRGPLQVAFTIKELREM 2713
Limpet 145 CDTAVVLGHGNVALDVARILLTP-TSTLSKTDISNHALEALSKSNIKKVYVVGRRGPLQVSFTIKELREM 2713
S_slug 145 CESAVVLGHGNVAIDVARILLTP-ISVLEKTDISEHALEILRKSRVTKVHIVGRRGPLQVAFTIKELREM 2713

Sea_urchin 745 TDTAVVIGHGNVALDVARILLTP-LDILKKTDITADAIEALKHSKVKKVHVVGRRGPLNISFTIKELREM 2713
Plant_bug 745 SETVVVLGQGNVAVDVSRILLSP-IDSLKVTDITEYSLQALSLSKVKTVYLVGRRGPLQAAFTIKELREM 2713
Leafcutter_ant 145 VEEAV I IGQGNVAIDVARILLTP-IDKLKNTDITLYALEALSRSRVRKVIMVGRRGPLQAAFTTAELRE!I 213

Louse 145 GENAVIIGQGNVAIDVARILLSP-IDKLKHTDITEYALEALNGSKVKNVCLIGRRGPLQIACTIKELREM 2713
Mosquito 745 GKSLTLLGQGNVAVDVARIVLSS-VDELKKTDITEYALEALSRSQIETVHLVGRRGPLQAAFTIKELREM 2713
O_fruitfly 145 GNTVAILGQGNVAVDAARMLLSS - LDALRKTDTTEYALEALSQSKVQQVYLVGRRGPLQAAFTIKELREM 2713

Drosophila 745 GRDVTIVGQGNVAVDVARMLLSP-LDALKTTDTTEYALEALSCSQVERVHLVGRRGPLQAAFTIKELREM 2713
Cucumber 746 TDTAVILGQGNVALDVARILLRP-TSELASTDIASHALEALQESSIRKVLLVGRRGPVQAACTAKELREV 2714

Spinach 746 TDTAVILGQGNVALDVARILLRS-TAELATTDIASHALGALEKSSIRKVYLVGRRGPVQAACTAKELREI 274
Cotton 746 TDTAVILGQGNVALDVARILLRP-TSELAITDIASHALTALEQSSIRKVYLVGRRGPVQAACTAKELREV 274
Cacao 746 TDTAVILGQGNVALDVARILLRP-TSELATTDIASHALTALEQSSIRKVYLIGRRGPVQAACTAKELREV 274
Clementina 746 TDTAVILGQGNVALDVARILLRP-TEELATTDIASYAWTALEGSSI|IRKVYLVGRRGPVQAACTAKELREI 274
Grape 746 TDTAVILGQGNVALDVARILLRP-TMELAKTDI|IASHALAALEESSIRKVYLVGRRGPVQAACTAKELREI 274
Peach 746 SDTAVILGQGNVALDVARILLRP-TTELATTDIASHALAALEDSAIRKVYLVGRRGPAQAACTAKELREI 274
Soybean 746 TDTAVILGQGNVALDVARILLRP-TTELATTDIASHALATLEESSIRVVYLVGRRGPAQAACTAKELREI 274
Potato 746 SDTAVIIGQGNVALDVARILLRP-TSELATTDISCHALAALSESSIRKVYLVGRRGAAQAAFTAKELREV 274
Arabidopsis 746 SDSAVILGQGNVALDVARILLRP-TTELASTDIATHALSALKESSIRKVYLIGRRGPVQAALTAKELREV 274
Maize 746 TESAVVLGQGNVALDVARILLRC-KAELATTDITDYALDALRGSTIRKVYLVGRRGPVQAACTAKELREI 274
Rice 746 TDSAVVLGQGNVALDVARILLRC-TSELAATDIADYALDALRGSTIKKVYLVGRRGPVQAACTAKELREI 274
Rhizopus 749 TDTAVVVGQGNVALDVARILLSP-IDELRKTDITEYALEALSKSRIKHVHVVGRRGPVQVSFTSKELREQ 277

Green_alga 147 TSSVAIAGLGNVAVDCARILLKP-AGDMAATDI|I CSHAVDQLRSSAVKEVHLVGRRGPVQAAFTPKELREL 275
Fission_yeast 146 VEDAVVIGHGNVSLDVARILLSN-PAQLSPTDINPLFLKSLERSNLKRLHIVGRRNIFSVSFTIKELREL 2714
Dictyostelium 148 NENLAIVGQGNVALDVARLLLKKNSDELKKTDITSTSFDKINKSNVKNIHI IGRRGPLEVSFTNKEIRE!I 217

A G GNVA D ARILL L TD I L S \ VGRRGP Q A T KELRE
1L 1 L 1 L 1 L 1 L 1L

B a (h8) a (h9) a (h10) B a(h11) a(h12)

Fig.8 The NADP binding site of adrenodoxin reductase from 60 tions of the a-helices and f-strands as identified in the bovine adren-

eukaryotic species (the full species names are listed in the Supple- odoxin reductase crystal structure (PDB ID: 1E1L). The number of
mentary Table). The protein sequences were aligned as described in each helix is shown in parentheses. The UniProt code numbers of the
the legend of Fig. 5. Residues that are conserved in at least 95% of sequences are listed in the Supplementary spreadsheet 1, together

the sequences are highlighted with a yellow background. The Greek with the full species names. (Color figure online)
letters o and f at the bottom of the aligned sequences mark the posi-
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B a(h1)

123456
- -CiVBSBPAGFYtA---1K

FAD fold

NADP fold tAv-leGNVKlDVARILL-
B a (h8)

Fig.9 Consensus sequences for the FAD and NADP binding fa-fold
for the eukaryotic adrenodoxin reductase sequences based on com-
parisons in Figs. 7, 8. The glycines in the GxGxxG motif (G repre-
sents Gly and x any residue) are colored in cyan. The exceptional Ala
in the NADP binding motif is marked with a red asterisk. The upper
case letters mark residues that are conserved in > 95 of the sequences.
The lower case letters (i, 1, s, t, and v represent Ile, Leu, Ser, Thr, and
Val) mark residues that are 95% conserved when Blosum 35 similar-
ity group is enabled. (Color figure online)

Conserved

Unconserved

Fig. 10 The location of the unconserved region of adrenodoxin reduc-
tase in the overall structure of the enzyme. a The surface of the enzyme
with unconserved and conserved regions colored gray and magenta,
respectively. b The surface of the unconserved region (gray colored)
extending from Met213 to Pro313 (sequence range: MIQLP...TRAVP
in the bovine mature sequence) is shown superimposed on the cartoon
model of the enzyme with FAD (yellow) and NADP (blue) in CPK
form. Note that the unconserved region that appears at the center of the
sequence (see the range of residues from position 213-313 in Fig. 6),
defines the gray colored surface at the edge of the enzyme structure, far
from the enzyme—coenzyme interface points. (Color figure online)
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