BMC
Evolutionary Biology

Evolutionary divergence of chloroplast FAD
synthetase proteins

Yruela et al.

O BioMed Central Yruela et al. BMC Evolutionary Biology 2010, 10:311
http://www.biomedcentral.com/1471-2148/10/311 (18 October 2010)



Yruela et al. BMC Evolutionary Biology 2010, 10:311
http://www.biomedcentral.com/1471-2148/10/311

BMC
Evolutionary Biology

Evolutionary divergence of chloroplast FAD

synthetase proteins

Inmaculada Yruela?', Sonia Arilla-Luna®?, Milagros Medina®?, Bruno Contreras-Moreira'**

Abstract

evolutionary history.

module might be involved in a distinct catalytic activity.

Background: Flavin adenine dinucleotide synthetases (FADSs) - a group of bifunctional enzymes that carry out the
dual functions of riboflavin phosphorylation to produce flavin mononucleotide (FMN) and its subsequent
adenylation to generate FAD in most prokaryotes - were studied in plants in terms of sequence, structure and

Results: Using a variety of bioinformatics methods we have found that FADS enzymes localized to the
chloroplasts, which we term as plant-like FADS proteins, are distributed across a variety of green plant lineages and
constitute a divergent protein family clearly of cyanobacterial origin. The C-terminal module of these enzymes does
not contain the typical riboflavin kinase active site sequence, while the N-terminal module is broadly conserved.
These results agree with a previous work reported by Sandoval et al. in 2008. Furthermore, our observations and
preliminary experimental results indicate that the C-terminus of plant-like FADS proteins may contain a catalytic
activity, but different to that of their prokaryotic counterparts. In fact, homology models predict that plant-specific
conserved residues constitute a distinct active site in the C-terminus.

Conclusions: A structure-based sequence alignment and an in-depth evolutionary survey of FADS proteins,
thought to be crucial in plant metabolism, are reported, which will be essential for the correct annotation of plant
genomes and further structural and functional studies. This work is a contribution to our understanding of the
evolutionary history of plant-like FADS enzymes, which constitute a new family of FADS proteins whose C-terminal

Background

Flavin mononucleotide (FMN) and flavin adenine dinu-
cleotide (FAD) are essential cofactors for numerous
enzymes (i.e., dehydrogenases, oxidases, reductases) that
participate in one- and two-electron oxidation-reduction
processes critical to the major metabolic routes in all living
organisms [1-4]. Riboflavin (RF), the precursor of FMN
and FAD can be de novo synthesized by plants, fungi and
many bacteria, but in mammals the only known RF source
is the exogenous riboflavin (vitamin B,) obtained through
the diet [5-7].

In most prokaryotes, the synthesis of FMN and FAD
is catalyzed from RF and ATP by a single bifunctional
enzyme, usually known as FAD-synthetase (FADS),
through the sequential action of its two enzymatic
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activities: an ATP:riboflavin kinase (RFK, EC 2.7.1.26)
that transforms RF and ATP into FMN, and an ATP:
FMN adenylyltransferase (FMNAT, 2.7.7.2) that cata-
lyzes the subsequent adenylylation of FMN to FAD.
Thus, FADS is a bifunctional REK/FMNAT enzyme [8].
FADSs are typically 310-340 residues in length and are
folded in two modules [9-11], each one mainly involved
in one of the activities. The RFK reaction has been
related with the C-terminal module (RFK-module),
while the N-terminal module is mainly related to the
FMNAT activity (FMNAT-module); hence, two inde-
pendent substrate binding and catalytic sites are in
charge of each activity [11,12]. In one hand, the RFK-
module (~ 180 aa) folds in a globular domain and its
overall topology is similar to that found in the RFKs
from Homo sapiens (HsRFK) and Schizosaccharomyzes
pombe (SpRFK), with differences only observed in the
loops connecting secondary structure elements [13,14].
Furthermore, the substrate binding motifs PTAN and
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GxY of the RFK-module are conserved among FADSs
and eukaryotic RFKs. In the other hand, the FMNAT-
module consists of an a/B dinucleotide binding domain
with a typical Rossmann fold topology (~ 150 aa) [9-11].
Moreover, it seems to be remotely similar to the nucleo-
tidyltransferase (NT) superfamily and contains the typi-
cal (H/T)xGH and xSST/SxxR motifs involved in
binding nucleotide and phosphate groups. Interestingly,
monofunctional enzymes with only RFK activity have
been described in Bacillus subtilis [15] and Streptococcus
agalactiae [16] but no monofunctional FMNAT
enzymes have been reported in prokaryotes.

A different scenario is found in eukaryotes, where
both activities are generally split in two different
enzymes with either RFK or FMNAT activity [17-20].
As mentioned above, the RFK enzymes show sequence
and structure similarity to the RFK-module of prokaryo-
tic FADS [13,14]. However, eukaryotic FMNATS share
little or no sequence similarity to the FMNAT-module
of FADS, as these enzymes belong to two different pro-
tein superfamilies, which are thought to require different
sets of active-site residues to carry out the same chemis-
try [21-23]. The eukaryotic FMNAT-module is currently
classified as a member of the 3’-phosphoadenosine 5’-
phosphosulfate (PAPS) reductase-like family belonging
to the “adenosine nucleotide a-hydrolase-like” super-
family, which has motifs different from those of NTs.

In plants only a few efforts have been devoted to this
system. Early studies characterized apparently mono-
functional enzymes with either RFK or FMNAT activ-
ities in several plant species [24-27]. In those studies the
subcellular localization of RFK and FADS was not
addressed although it is known that plants use flavin
nucleotides in mitochondria, plastids and in the cytosol.
In an earlier work RFK activity was associated to the
cytosol and to an organellar fraction containing chloro-
plasts and mitochondria [28]. More recently, a bifunc-
tional enzyme with both FMN hydrolase and RFK
activities has been described in Arabidopsis thaliana
(AtFHy/RFK) [29], whose N-terminal module responsi-
ble for the FMN hydrolase activity, shares sequence
similarity with members of the haloacid dehalogenase
(HAD) superfamily. AtFHy/RFK enzyme was predicted
to be cytosolic [29]. Additionally, two more enzymes
with FMNAT activity have been identified, cloned and
characterized in the same species [30]. These AtRibF1
and AfRibF2 enzymes, herein plant-like FADS proteins,
have an N-terminal module which is found to be homo-
logous to the FMNAT-module of FADS, but instead its
C-terminal module does not catalyze RF phosphoryla-
tion. AfRibF1 and AtRibF2 were localized to the chloro-
plast [30]. In mitochondria, the catalytically conversion
of RF into FMN and FAD has been reported, due to the
existence of mitochondrial RFK and FADS enzymes
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[31], but nevertheless FADS activity was much lower
than in chloroplasts. These results agree with the cited
confocal microscopy studies [30], but the hypothesis for
the localization of FADS isoforms (AtRibF1 and
AfRibF2) in mitochondria cannot be ruled out on the
basis of bioinformatics (TAIR) analysis [31]. The mito-
chondrial FAD-forming enzymes reside in two distinct
monofunctional enzymes, which can be separated in
soluble and membrane-enriched fractions. It is worth
mentioning that the genes encoding organellar RFK
activity remains unidentified.

In order to investigate RFK and FMNAT activities in
plants we have conducted an extensive bioinformatics
survey using the available genomes in public databases.
Here we report the identification of a conserved C-term-
inal module in plant FADS enzymes, which does not
contain the typical RFK active site sequence, suggesting
that it belongs to a new family of FADS proteins. The
activity of this module is discussed.

Results and Discussion

Sequence and evolutionary analysis

As shown in Table 1, most prokaryotic genomes (1178/
1194) surveyed in this study, including cyanobacteria, con-
tain a single gene encoding for a bifunctional FADS
enzyme, hereafter identified as FADS-type I protein.
Sequence searches in a variety of repositories of green
plant sequences allowed us to identify a related group of

Table 1 Bacterial genomes containing FADS-like proteins "

Type of protein Genomes N
FMNAT Chthoniobacter flavus Ellin428 ctg76
RFK Mesoplasma florum L1
Mycoplasma capricolum subsp. capricolum 4
Mycoplasma mycoides subsp. capricolum
FADS-type | Most bacterial genomes 17
FADS-type | Bacillus cereus 0388102,
FMNAT Bacillus cereus ATCC 10987
Bacillus turingiensis str. AlHakam 5
Geobacillus thermodenitrificans NG80-2
Listeria monocytogenes EGD-e
FADS-type | Bacillus subtilis subsp. subtilis 2
RFK Haemophilus influenzae 86-028NP
FADS-type | Arthrobacter chlorophenolicus A6
FADS-type Il Bacillus cereus subsp. cytotoxis NVH 391-98
Lactobacillus plantarum JDM1
Lactobacillus plantarum WCFS1
Listeria monocytogenes HCC23 8
Listeria welshimeri serovar
Oceanobacillus iheyensis HTE831
Treponema denticola ATCC 35405
FADS-type Il Eubacterium saphenum ATCC 49989
Mycoplasma conjunctivae
Treponema pallidum subsp. pallidum str. Nichols 3
FADS-type Il Alistipes putredinis DSM 17216 1
RFK

' Check details in section “Sequence analysis” of Methods.
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genes, which contain two domains with high similarity
(see Methods section) to FADS-type I sequences (Figure 1
and 2), and are also present in a single copy in most cases
with currently available complete genome (14/18). This
result agrees with previous work by Sandoval et al. [30].
The N-terminal module of these proteins displays high
similarity to the FMNAT-module of prokaryotic FADS-
type I, showing the typical motifs HxGH and xSST/SxxR
involved in FMNAT activity, also common to other NTs.
However, several observations can be made with respect
to the C-terminal module in plant proteins: i) its length is
40 to 60 residues shorter; ii) the PTAN motif characteris-
tic of the RFK activity mutates to PxS; iii) a LNxPP motif
is found conserved in plants, next to the invariant GxY
motif. AfRibF1 and A¢RibF2 belong to this group of pro-
teins and were recently characterized by Sandoval et al.
[30], who did not detect any RFK activity in these
enzymes. This experimental observation, together with the
absence of the PTAN motif suggests a different enzymatic
activity for this module. Therefore we named these pro-
teins as plant-like FADS.

Furthermore, a few bacterial parasites and pathogens
isolated from plant, human or soil material and belong-
ing to phyla Firmicutes, Actinobacteria, Tenericutes and
Spirochaetes contain extra sequences with significant
similarity to FADS-type I (E-values < 1.5x107'°). How-
ever, as shown in Figure 1 and 2, these sequences do
not conserve the catalytic PTAN motifs, and have
shorter C-terminal modules similar in length to plant
like-FADS, suggesting that they might constitute
another divergent type of FADS, which we label as
FADS-type II (see Table 1).

In our sequence searches, plant-like FADS proteins
are distributed across a variety of green plant lineages.
Among land plants we found 84 matches (62 in Eudi-
cots, 11 in Monocots, 6 in Coniferophyta, 3 in Magno-
liids, 1 in Bryophyta, 1 in Lycopodiophyta). Other than
land plants, plant-like FADS proteins were restricted to
unicellular photosynthetic organisms belonging to phy-
lum Chlorophyta (Micromonas pusilla, Chlamydomonas
reinhardtii, Coccomyxa sp. and Ostreococcus lucimari-
nus) (see Table 2). All plant genomes surveyed encode
these proteins in the nuclear genome (sequence searches
in chloroplast genomes did not produce matches). Our
search strategies did not find plant-like FADS proteins
in any other eukaryotic genomes. These observations
might imply that these genes have a prokaryotic origin,
somewhat related to the endosymbiotic origin of chloro-
plasts. On the other hand, all green plant genomes
explored have a copy of the cytosolic bifunctional FHy/
RFK protein except two Micromonas species that have a
monofunctional RFK enzyme like in most eukaryotes.
Proteins related to the HAD domain of FHy/RFK have
been found in either bacteria or eukaryotes but this
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enzyme has been suggested to be unique in plant
lineages probably being originated by fusion of a HAD
to an eukaryotic-type RFK [29].

With the aim of further exploring the origin of plant-
like FADS proteins, we carried out a phylogenetic analy-
sis, which is summarized in the phylogram in Figure 3.
According to this tree, which was rooted by taking the
sequence of the cytosolic protein AtFHy/RFK from Ara-
bidopsis thaliana as an outgroup, plant-like FADS pro-
teins are closer to the group of cyanobacteria than any
other bacterial species, which were selected to represent
taxa included in Table 1. Indeed proteins from both cya-
nobacteria and green plants are enclosed in a clade with
an associated approximate likelihood ratio (aLRT) of
0.80. These observations suggest that plant-like FADS
proteins have a prokaryotic origin closely related with
cyanobacteria, although shaping a divergent group of
sequences, as illustrated in Figure 3. Note that AtFHy/
REK clusters apart from prokaryotic FADS, confirming a
different origin for this enzyme. The tree also suggests
that plant-like FADS proteins diverged from bacterial
FADS probably before the separation of the two major
plant phyla (Streptophyta -plants and their closest green
algal relatives- and Chlorophyta -the rest of green algae-
), since they are present in species from both. In order
to further investigate this, we searched for putative
plant-like FADS homologues in Mesostigma viride, pro-
posed to be the earliest plant lineage and anterior to the
divergence of the Streptophyta and Chlorophyta [32].
Unfortunately, the nuclear genome of this species is not
available and the chloroplast and mitochondrial gen-
omes yielded no sequence matches. Our findings could
indicate that plant-like FADS indeed derived from cya-
nobacterial FADS, despite the fact that they are now
encoded in the nuclear genome [33].

Moreover, these results reveal that most bacteria con-
taining FADS-type II sequences have also typical FADS-
type I proteins (see Table 1) and the tree in Figure 3
shows that these two types of sequences cluster together,
implying that they might actually be paralogous genes.
Only the genomes of Eubacterium saphenum ATCC
49989, Mycoplasma conjunctivae, Treponema pallidum
subsp. Pallidum contain exclusively FADS-type II pro-
teins. Although the tree does not support that FADS-
type II proteins constitute a distinct evolutionary class,
their shorter and non-conserved C-terminal domains still
clusters them clearly as a distinct functional group,
which might have lost the C-terminal activity typical of
FADS-type I proteins.

We also note the observed variability in terms of RFK
and FMNAT enzymatic activities in bacterial genomes.
While most prokaryotes have a single copy of a typical
FADS-type I sequence, in 4 species both enzymatic
activities are separated in monofunctional proteins,
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Figure 1 Alignment of a selection of FADS protein sequences used in this study (part 1 of 2). The alignment includes bifunctional FADS-
type | proteins from Thermotoga maritima (Q9WZW1), Corynebacterium ammoniagenes (Q59263), Listeria monocytogenes HCC23 (YP_002350202)
and Paulinella chromatophora (YP_002048796.1), FADS-type |l proteins from Alistipes putredinis DSM 17216 (ZP_02425815.1), Lactobacillus
plantarum JDM1 (YP_003062293.1) and Listeria monocytogenes HCC23 (YP_002350850), and plant-like FADS from Micromonas sp. RCC299
(XP_002501784), Arabidopsis thaliana L., AtRibF1 (At5g23330) and AtRibF2 (At5g08340), Carica papaya (Cp00060g00820), Populus trichocarpa
(Pt07906690, EEE90505.1), Vitis vinifera L. (VWw00g06080, XP_002273393.1), Oryza sativa L. (0s03g58710, NP_001051594), Zea mays L.

), Ricinus communis L. (XP_002517319.1), Glycine max (EST assembly from Soybean Genome Project, DoE Joint Genome Institute),
Physcomitrella patens L. (Pp00229g00440, A9TH63) and Picea sitchensis L. (ABR16575.1). N-terminus (red) and C-terminus (green) within FADS
proteins are marked over the sequences. Secondary structure of TmFADS (pdb 1mrz) is shown in the upper line. Predicted secondary structure of
is shown in the bottom line. Conserved amino acids are shown in black. Catalytic motifs in FADS enzymes are highlighted in yellow.
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Figure 2 Alignment of a selection of FADS protein sequences used in this study (part 2 of 2). The alignment includes bifunctional FADS-
type | proteins from Thermotoga maritima (Q9WZW1), Corynebacterium ammoniagenes (Q59263), Listeria monocytogenes HCC23 (YP_002350202)
and Paulinella chromatophora (YP_002048796.1), FADS-type Il proteins from Alistipes putredinis DSM 17216 (ZP_02425815.1), Lactobacillus
plantarum JDM1 (YP_003062293.1) and Listeria monocytogenes HCC23 (YP_002350850), and plant-like FADS from Micromonas sp. RCC299
(XP_002501784), Arabidopsis thaliana L., AtRibF1 (At5g23330) and AtRibF2 (At5g08340), Carica papaya (Cp00060g00820), Populus trichocarpa
(Pt07906690, EEE90505.1), Vitis vinifera L. (Vw00g06080, XP_002273393.1), Oryza sativa L. (0s03g58710, NP_001051594), Zea mays L.
(NP_001151161.1), Ricinus communis L. (XP_002517319.1), Glycine max (EST assembly from Soybean Genome Project, DoE Joint Genome Institute),
Physcomitrella patens L. (Pp00229g00440, A9TH63) and Picea sitchensis L. (ABR16575.1). N-terminus (red) and C-terminus (green) within FADS
proteins are marked over the sequences. Secondary structure of TmFADS (pdb Tmrz) is shown in the upper line. Predicted secondary structure of
AtRIbF1 is shown in the bottom line. Conserved amino acids are shown in black. Catalytic motifs in FADS enzymes are highlighted in yellow.




Yruela et al. BMC Evolutionary Biology 2010, 10:311
http://www.biomedcentral.com/1471-2148/10/311

Table 2 Eukaryotic genomes containing FADS-like
proteins ("

Type of protein Genomes N

FADS-type | Anopheles gambiae
Babesia bovis
Caenorhabditis japonica strain DF5081
Caernorhabditis remanei strain PB4641
Culex pipiens quienquefasciatus 8
Plasmodium knowlesi
Trichoplax adhaerens
Paulinella chromatophora
RFK Most eukaryotic genomes 658
Plant-like FADS Micromonas pusilla
RFK Micromonas sp. RCC299 2
Plant-like FADS Land plant genomes
FHy/RFK @) Chlamydomonas reinhardtii 87

Coccomyxa sp.
Ostreococcus lucimarinus

! Check details in section “Sequence analysis” of Methods.
2 EMN hydrolase fused to RFK in ref. 29.
3 Includes unigenes compiled from ESTs.

which correspond to RFK or FMNAT modules, respec-
tively. In other cases the FADS-type I sequence was
accompanied by either monofunctional prokaryotic
FMNAT (5 genomes) or monofunctional prokaryotic
RFK (2 genomes). For instance, the genome of Alistipes
putredinis contains both a monofunctional RFK and a
FADS-type 1l sequence. Furthermore, although most
bacterial FADS and RFK proteins include the conserved
PTAN motif, some sequence variants can be found,
including PTLK, PTLN, PTIN or KTAN, which never-
theless conserve the C-terminal module length. As these
genomes do not contain any other RFK related proteins,
these sequence variants are supposed still to be respon-
sible for the RFK activity.

FADS-type I sequences were also found in 8 eukaryotic
species (Table 2), including Anopheles gambiae, Caenor-
habditis sp., Trichoplax adhaerens, which is considered
to be the most primitive multi-cellular animal known, or
the freshwater amoeba Paulinella chromatophora, which
harbours a cyanobacterial endosymbiont.

It has been proposed that the double enzymatic activity
of FADS proteins might be the result of a gene fusion
event that genetically perpetuated an ancient protein-
protein interaction [8,34]. If this hypothesis holds true, it
is remarkable that 1190 out of 1194 bacterial genomes
have a copy of this fused gene (Table 1) while monofunc-
tional RFKs are vastly predominant (658/755) across
eukaryotic genomes (Table 2). This observed unbalance
suggests that this fusion event, or functional coupling,
would have been evolutionary favoured only in unicellu-
lar organisms, from which chloroplasts are thought to be
derived.

We would like to remark that FADS proteins are
annotated in sequence databases with confusing or
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contradictory names such as riboflavin biosynthesis pro-
tein RibF (i.e., YP_002487514.1), FMN adenylylate trans-
ferase (i.e., NP_692523.1), FMN adenylyltransferase (i.e.,
YP_001623829.1), FAD synthase (i.e., YP_518746), ribo-
flavin kinase/FMN adenylyltransferase (i.e., YP_932710),
flavokinase/FAD synthetase (i.e., YP_002783884), ribofla-
vin kinase/FAD synthetase (i.e., NP_975116.1). Indeed,
non-strictly FADS sequences are also named as that
(i.e., YP_003062293.1). In the case of plants, plant-like
FADS sequences are found as riboflavin kinase (i.e., gb|
C0899788.1|, gb|BG509026.1|, gb|CN491424.1|) or pro-
tein-s isoprenylcysteine o-methyltransferase (i.e.,
PTHR12714, gb|GR935784.1)|, cassaval385). This mis-
leading variability in names is of no benefit to users,
and clearly so a consensus in the nomenclature would
be desirable. We hope this work makes a contribution
in this direction.

A putative molecular function for the C-terminal module
in plant-like FADS proteins

PSI-BLAST searches of both the complete sequence of
the plant-like FADS AtRibF1 and its C-terminus
matched only NTs and RFKs (10 iterations, E-value
< 3x10®) from bacteria, cyanobacteria, yeast and
human. No other family was identified as related to the
C-terminus of plant-like FADS. The similarity between
the newly identified C-terminal module and NTs was
further explored in the pdb70 structural library using
the fold-recognition algorithm HHPred in local and glo-
bal mode. Local searches provided significant matches
(E-value < 1.4x10™'7) to: the RFK-module of TmFADS
(pdb 1mrz, 1s4m, 1t6x, 1t6y, 1t6z, 2ill; [9,10]), SpRFK
(pdb 1n08, 1n05, 1n07, 1n06; [13]), HsRFK (pdb 1nbO0,
1nb9, 1p4m, 1q9s; [14]) and Trypanosoma brucei RFK
(pdb 3bnw). Apart from these hits, global searches with
the C-terminal domain yielded significant matches
(E-values < 2.5x10°) to: nicotinamide mononucleotide
(NMN) adenylyl transferase/ribosylnicotinamide kinase
from Haemophilus influenzae (pdb 1lw7), ethanolamine-
phosphate cytidylyltransferase from H. sapiens (pdb
3elb), nicotinamide-nucleotide adenylyltransferase (pdb
2qjt) from Francisella tularensis and the C-terminal
module of bifunctional nicotinamide mononucleotide
(NMN) adenylyltransferase/Nudix hydrolase from Syne-
chocystis sp. (SyNadM-Nudix) (pdb 2gjo; [35]).

To evaluate the possible role of the C-terminal module
of plant-like FADSs and the molecular arrangement of
this protein region we modelled the AtRibF1 structure
using all the above mentioned protein structures as tem-
plates. The best predicted models, as expected in terms
of sequence similarity and alignment quality in putative
binding and catalytic regions were obtained with the
X-ray structure of TmFADS, SpRFK and HsRFK. In order
to annotate putative functional residues, the comparative
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PHYML aLRT analysis

OUTGROUP AtFHy/RFK Arabidopsis thaliana
FADS-type | Chlamydia trachomatis D UW 3 CX
FADS-type | Mycobacterium marinum M
FADS-type | Corynebacterium ammoniagenes
FADS-type Il Arthrobacter chlorophenolicus AB
FADS-type | Arthrobacter chlorophenolicus AB
FADS-type | Micrococcus luteus NCTC 2663
FADS-type | Chloroflexus aggregans DSM 9485
FADS-type | Desulfobacterium autotrophicum HRMZ
FADS-type | Desulfomicrobium baculatum DSM 4078
— FADS-type Il Treponema pallidum subsp pallidum str Nichals
b———————— FADS-type Il Treponema denticola ATCC 35405
FADS-type | Mycoplasma penetrans HF 2
FADS-type | Treponema denticola ATCC 35405
FADS-type Il Eubacterium saphenum ATGC 49983
FADS-type | Clostridium thermocellum ATCC 27405
FADS-type | Thermotoga maritima
FADS-type Il Listeria monocytogenes HCCZ3
FADS-type Il Alistipes putredinis DSM (7216
FADS-type | Chlorobium chlorachromatii CaD3
FADS-type | Rhodospirillum centenum SW
FADS-type | Bacillus subtilis subsp subtilis str 168
FADS-type | Listeria monocytogenes HCGZ3
FADS-type Il Lactobacillus plantarum JOMI
FADS-type | Lactobacillus plantarum JOMI
FADS-type | Lactobacillus fermentum IF0 3936
FADS-type | Prochlorococcus marinus str NATLIA
FADS-type | Paulinella chromatophara
FADS-type | Synechocaccus sp JA 3 3Ab CYA 2407
FADS-type | Synechocystis sp PCC 6803
FADS-type | Nostoc punctiforme ATCC23133
FADS-type | Trichodesmium erythraeum IMSIO!
FADS-type | Acaryochloris marina MBICIDI7
FADS-type | Thermosynechococeus elongatus BP |
FADS-type | Gloeabacter violaceus PCC 7421
plant-like FADS Chlamydomonas reinhardtii
plant-like FADS Ostreococcus lucimarinus
— plant-like FADS Micromanas sp RCC299
plant-like FADS Physcomitrella patents
plant-like FADS Picea sitchensis
plant-like FADS Ananas comosus
plant-like FADS Zea mays
plant-like FADS Oryza sativa
plant-like FADS Brachypodium distachyon
plant-like FADS Triticum aestivum
— plant-like FADS Vitis vinifera
plant-like FADS Citrus sinensi
plant-like FADS Gossypium raimondii
plant-like FADS Brassica napus
plant-like FADS Arabidospsis thaliana AtRibFI
plant-like FADS Carica papaya
plant-like FADS Populus trichocarpa

06

PTAN

alignment length : 312

number of taxa : 64

model of amino acids substitution : WAG
loglk = -23498.94766

discrete gamma categories : 6

gamma shape parameter : 2.062
proportion of invariant : 0.009

mean aLRT = 0.78 (median = 0.83)

plant-like FADS Manihot esculenta
plant-like FADS Ricinus communis
plant-like FADS Malus x domestica
plant-like FADS Prunus persica
plant-like FADS Cucumis sativus
plant-like FADS Glycine max

plant-like FADS Medicago truncatula
plant-like FADS Vaccinium corymbosum
plant-like FADS Mimulus guttatus

Figure 3 Maximum likelihood tree of a selection of 64 FADS sequences. Maximum likelihood tree of a selection of 64 sequences, including
FADS-type | (black), FADS-type Il (red) and plant-like FADS (green) proteins. Approximate likelihood ratio support values are printed next to
branches and a summary of the tree parameters is shown in a box. Schematic protein representations including both the N-terminal (in grey)
and the C-terminal modules, highlighting the distinctive sequence motifs, are drawn to assist in the interpretation of the tree. The underlying

plant-like FADS Ipomoea nil
plant-like FADS Solanum lycopersicum
plant-like FADS Solanum tuberosum

multiple alignment is available in Additional file 1; Figure S3.

models were superposed to the original templates,
including all ligands present in the experimental coordi-
nates. The superposition in Figure 4 indicate that plant
conserved residues **°PxS**? and *°°GVY>°* in the
model occupy equivalent positions with respect to the
ligands (ADP and FMN) present in the crystallographic

structure of TmFADS. Similar results were obtained with
SpRFK and HsRFK (data not shown). The predicted sec-
ondary structure of AfRibF1 corresponds well with that
of TmFADS (see Figure 1 and 2), although it lacks the
last a.-helix at the N-terminal end, which is conserved
also in SpRFK and HsRFK. This helix appears to be
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AtRibF1 m

Figure 4 Structural comparison of the C-terminal module of both TmFADS (pdb 1t6y) and the homology model of AtRibF1. A) Ribbon
diagrams of TmFADS (gray) and homology model of AtRibF1 (green). Bound ADP and FMN ligands in pdb 1t6y are shown as sticks in CPK with
carbons in magenta. Conserved residues in the C-terminus of plant-like FADS are superposed to catalytic residues in TmFADS. Electrostatic
potential surface of AtRibF1 is also shown. B) Putative new active site in the structural model of AtRibF1. Specific-plant conserved residues are
shown as sticks with carbons in green.
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crucial for a correct orientation of the bound flavin sub-
strate [14] and its absence in AtRibF1 is in agreement
with the observed lack of RFK activity [30].

Figure 4 shows the specific-plant conserved residues
Leu295, Asn296, Leu297, Pro298 and Pro299
(*’LNLPP**® motif), Cys307, Cys319, Glu331, GIn344,
Glu352, Phe353 and Gly354. It can be observed that the
LNLPP motif is located in a flexible loop, in an opposite
site of that bound FMN or ADP in TmFADS and orien-
tated towards a cavity. Furthermore, the conserved resi-
dues Ser292, Cys307, Glu331 and Glu352 appear
orientated towards this cavity suggesting that this site
could possibly be a putative new binding-site in plant-
like FADSs. It is also worth mentioning that Glu331 resi-
due, invariant also in FADS and RFK families (i.e.,
Glu268 in FADS-type I from Corynebacterium ammonia-
genes [11]), has been proposed to act as a catalytic base.

As mentioned above, remote similarity of the C-
terminal module of plant-like FADSs was found with
the C-terminal domain of other families such as
SyNadM-Nudix (E-value = 6.8x10°%), which belongs to
a large superfamily of pyrophosphohydrolases (see Addi-
tional file 1; Figure S4). In Arabidopsis 27 Nudix hydro-
lase genes have been found and the proteins they
encode are able to hydrolyze various types of nucleoside
diphosphates derivatives such as ADP-glucose, ADP-
ribose and a wide range of its derivatives, FAD, NADH,
NADPH, and diadenosine polyphosphates [36]. More-
over, a remote sequence consensus of this protein
region including the LNxPP motif was found with ser-
ine/threonine phosphatases 2C and members of the
hydrolase superfamily. These observations suggest that
the C-terminal module of AfRibF1 could have a function
other than RFK enzymatic activity. Sandoval et al. [30]
showed that purified recombinant AtRibF1 and AfRibF2
enzymes only display FADS activity, with undetectable
RFK activity and hence assumed that these are indeed
monofunctional enzymes. However, they were able to
measure FMN hydrolase, FAD pyrophosphatase and
RFK activities in Percoll-isolated chloroplasts.

As mentioned above, our bioinformatic analyses point
out that plant-like FADS proteins could be bifunctional
enzymes. More precisely, structural similarities predict a
hydrolase and phosphatase activity for the C-terminal
module, although the possibility to have a non-
enzymatic regulatory role or to be a simple evolutionary
relic should not be dismissed. Nevertheless, considering
the results of Sandoval et al. [30] and ours, we could
speculate that some of the measured activities in iso-
lated chloroplasts (i.e., FMN hydrolase or FAD pyropho-
sphatase) could be associated to this C-terminal module.
In order to test this hypothesis we have designed some
experiments with recombinant plant-like FADS from
soybean (Glycine max) and preliminary results seem to
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indicate that its C-terminal module might have a hydro-
lytic activity since GmFADS was able to convert FMN
into RF (data not shown). Interestingly, this activity was
not detected in purified FADS from C. ammoniagenes, a
typical FADS-type I protein [11]. While these prelimin-
ary results seem to be in agreement with our theoretical
analyses, clearly further investigations are necessary to
confirm the possible enzymatic role of the C-terminal
module of plant-like FADS. Future work will be done by
using recombinant plant-like FADS (GmFADS) in order
to confirm this observed hydrolytic enzymatic activity.

Conclusions

Plant-like FADS enzymes are distributed across a variety
of green plant lineages and constitute a divergent pro-
tein family clearly of cyanobacterial origin. Homology
models predict that plant-specific conserved residues are
orientated towards a cavity, building a distinct active
site when compared to that involved in substrate bind-
ing and catalysis in the C-terminus of typical FADS-type
I enzymes. The remote relationship reported here
between plant-like FADS proteins and members of pyro-
phosphohydrolase or phosphatase superfamilies as well
as preliminary experimental results suggest that the C-
terminal module of these proteins, clearly of bacterial
origin, might be involved in a catalytic function.

Methods

Sequence analysis

The NCBI non-redundant protein sequences (nr),
nucleotide collection (nr/nt) and concise microbial pro-
tein databases, and the CyanoBase (http://genome.
kazusa.or.jp/cyanobase/) sequence library, were scanned
with PSI-BLAST [37] and TBLASTN, in order to
retrieve sequences similar (E-values < 10™%) to: i) FADS
from Thermotoga maritima (UniProtKB Q9WZW1
[9,10]), ii) RFK from Bacillus subtilis (GenBank
AAC00333.1) and iii) the plant-like FADS A¢RibF1
(At5g23330, NP_568429, GenBank ACH56223.1) or
AtRibF2  (At5g08340; NP_568192, GenBank
ACHS56224.1). To increase sensitivity, further similar
sequences were retrieved by scanning either the N-
terminal or the C-terminal modules of prokaryotic and
plant-like FADS and RFK proteins.

In order to increase the recovery of plant sequences,
which are currently distributed from a variety of reposi-
tories, the AfRibF1 sequence was also scanned against
JGI Genome portal (http://genome.jgi-psf.org/), Phyto-
zome (http://www.phytozome.net/) and PLAZA (http://
bioinformatics.psb.ugent.be/plaza/) with E-values
< 10°°. Finally, further searches were performed against
NCBI Expressed Sequence Tags (filter: Viridiplantae)
and TIGR Plant Transcript Assembly databases, with
E-values < 107,
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Multiple alignments

The multiple alignment in Figure 1 and 2 was con-
structed in three steps, using the AtRibF1 protein as
seed:

1) A sequence profile of plant-like proteins was
compiled with ClustalW [38].

2) A selection of bacterial and eukaryotic sequences
was aligned to the profile.

3) The sequence of Thermotoga maritima was added
following the fold recognition alignment produced
by HHPred [39] using the Protein data Bank struc-
ture 1mrz. This template was predicted to be the
best modelling template by the BiolnfoBank Meta
Server (see below).

The multiple alignment used to drive the phylogenetic
analysis summarized in Figure 3 was constructed as fol-
lows:

1) A representative set of FADS-type I and FADS-type
II sequences were multiply aligned with CLUSTALW
[38] and their secondary structure was predicted with
PSIPRED [40] taking the Thermotoga maritima
sequence as a representative. The sequences selected
are representative of bacterial species having FADS-
type I and/or FADS-type II, and belonging to phyla
Actinobacteria, Firmicutes, Spirochaetes and Teneri-
cutes. Also sequences from species containing only
FADS-type I, which belong to phyla Chlamydiae,
Chlorobi, Chloroflexi (green non-sulfur bacteria), Cya-
nobacteria, Proteobacteria (purple bacteria) and Ther-
motogae are included, providing a good coverage of
diverse phylogenetic bacterial groups.

2) The sequence of the cytosolic protein AtFHy/RFK
from Arabidopsis thaliana [29] was added and
aligned as an outgroup, and the resulting multiple
alignment was converted to a hidden Markov model
in HHSearch format with hhmake [39].

3) All plant-like FADS protein sequences that cov-
ered most of both domains (from the HxGH to the
GxY motif) were considered complete, aligned with
CLUSTALW [38] and converted to a hidden Markov
model, including the PSIPRED secondary structure
prediction of AtRibF1. The plant sequences selected
cover the diverse phylogenetic groups of green
plants as shown in Additional file 1; Figure S1.

4) The profiles 2) and 3) were globally aligned with
hhalign [39] and the resulting alignment was
trimmed by removing the poorly aligned segments,
following the protocol “automatedl” of the trimAL
software (http://trimal.cgenomics.org/) [41]. The ori-
ginal and trimmed alignments are available in Addi-
tional file 1; Figures S2 and S3.
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Phylogenetic analysis

The trimmed multiple alignment described above was
used to drive a maximum likelihood phylogenetic tree
with PhyML [42] and the best fitting amino acid substi-
tution model selected with ProtTest [43]. The tree was
midpoint-rooted and plotted with FigTree (http://tree.
bio.ed.ac.uk/software/figtree).

Molecular modelling

To further investigate possible molecular functions of the
C-terminal module of plant-like FADS proteins the com-
plete protein sequence of AfRibF1 as well as its C-terminal
domain were submitted to the BioInfoBank Meta Server
[44]. The best aligned template provided by FUGUE [45]
and PSI-BLAST [37] were subsequently employed to drive
homology modelling with Modeller [46]. Further tem-
plates were found with HHpred [39] scans of the pdb70
library. Structural superposition and alignments were per-
formed with the software MAMMOTH [47]. Molecular
structures and models were inspected, analyzed and
plotted with PyMol [48]. Secondary structure predictions
were made with PSIPRED [40].

Production of GmFADS and activity measurement
GmFADS gene synthesis, and E. coli protein over-
expression and purification were carried out by Gene-
Script USA Inc. Conversion of FMN into RF was quali-
tatively assayed by addition of GmFADS or CaFADS
[11] (final enzyme concentration ~ 0.2 uM) to a solution
(final volume, 150 pl) containing 50 pM FMN, either 0
or 0.2 mM ATP and 10 mM MgCl,, in 50 mM Tris-
HCI, pH 8.0. After incubation overnight at 25°C or 5
min at 37°C the reaction was stopped by boiling the pre-
parations for 5 minutes. Transformation of FMN was
visualized by resolving the products of the reaction at
room temperature and in the dark by TLC on Silica Gel
SIL-G-25 (20 cm x 20 cm, thickness 0.25 mm) plates.
The moving phase was a solution of butanol:acetic acid:
water (12:3:5). Flavin TLC spots were visually examined
and scanned by determining their fluorescence under an
ultraviolet light [11].

Additional material

Additional file 1: Additional Figures. Figure S1.- Taxonomy of plant-
like FADS sequences used in the phylogenetic analysis presented in the
main text (Figure 3). Figure S2- Multiple alignment of a representative
set of FADS-type |, FADS-type Il and plant-like FADS protein sequences.
The alignment was obtained, as explained in Methods, to drive the
phylogenetic analysis presented in the paper. Figure S3.- Trimmed
multiple alignment of the set of FADS-type I, FADS-type Il and plant-like
FADS protein sequences used to build the PHYML maximum likelihood
tree in Figure 3 of the paper. The alignment was trimmed with the
‘automated1’ option of the trimAl software. Figure S4.- HHPred alignment
of structural template SyNadMNudix (pdb 2gjo) and AtRibF1.



http://trimal.cgenomics.org/
http://tree.bio.ed.ac.uk/software/figtree
http://tree.bio.ed.ac.uk/software/figtree
http://www.biomedcentral.com/content/supplementary/1471-2148-10-311-S1.PDF

Yruela et al. BMC Evolutionary Biology 2010, 10:311
http://www.biomedcentral.com/1471-2148/10/311

List of Abbreviations

FADS-type I: bifunctional prokaryotic enzyme with riboflavin kinase and FMN
adenylyltransferase activities; FADS-type II: prokaryotic enzyme with FMN
adenylyltransferase activity of FADS in the N-terminal module and a putative
different activity in the C-terminal module; FMNAT: monofunctional
prokaryotic enzyme with FMN adenylyltransferase activity; FMNAT-module:
module of FADS with FMN adenylyltransferase activity; plant-like FADS:
bifunctional enzyme found in plants with FMN adenylyltransferase activity of
FADS in the N-terminal domain and a putative different activity to that of
FADS-type | in the C-terminal domain; RFK: monofunctional prokaryotic
enzyme with riboflavin kinase activity; RFK-module: module of FADS with
riboflavin kinase activity; Tris: Tris (hydroxymethyl)Jaminomethane.
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