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Abstract NfeD-like proteins are widely distributed
throughout prokaryotes and are frequently associated with
genes encoding stomatin-like proteins (slipins). Here, we
reveal that the NfeD family is ancient and comprises three
major groups: NfeDla, NfeD1b and truncated NfeDl1b.
Members of each group are associated with one of four
conserved gene partners, three of which have eukaryotic
homologues that are membrane raft associated, namely
stomatin, paraslipin (previously SLP-2) and flotillin. The
first NfeD group (NfeD1b), comprises proteins of approx-
imately 460-aa long that have three functional domains: an
N-terminal protease, a middle membrane-spanning region
and a soluble C-terminal region rich in f-strands. The
nfeD1b gene is adjacent to eoslipin in prokaryotic genomes
except in Firmicutes and Deinococci, where ygfA replaces
eoslipin. Proteins in the second major group (NfeDla) are
homologous to the C-terminus of NfeD1b which forms a
p-barrel-like domain, and their genes are associated with
paraslipin. Using OrthoMCL clustering, we show that
nfeD1b genes have become truncated on many independent
occasions giving rise to the third major group. These short
NfeD homologues frequently remain associated with their
ancestral gene neighbour, resembling NfeD1a in structure,
yet are much more related to full-length NfeD1b; we term
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these “truncated NfeD1b”. These conserved associations
suggest that NfeD proteins are dependent on gene partners
for their function and that the site of interaction may lie
within the C-terminal portion that is common to all NfeD
homologues. Although NfeD homologues are confined to
prokaryotes, this conserved association could represent an
excellent system to study slipin and flotillin proteins.
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Introduction

NfeD homologues are widely distributed throughout pro-
karyotic genomes, being present in both archaeal and
bacterial species, although at present no eukaryotic NfeD
homologue has been found (Green et al. 2004). Simple
sequence analyses reveal the family to be comprised of
both long (~460 aa) and short (~ 145 aa) forms. Long
NfeD forms contain an N-terminal serine protease domain
(Yokoyama and Matsui 2004) that shows structural simi-
larity to the ClpP protease of Escherichia coli (Yokoyama
et al. 2006), a predicted multi-spanning membrane domain
and a soluble C-terminal NfeD domain (PFAM: PF01957).
Short members of this family contain an N-terminal
hydrophobic region followed by a soluble five-stranded
p-barrel domain (Kuwahara et al. 2008; Walker et al.
2008), which is homologous to the C-terminal PF01957
domain of long NfeD forms.

Although NfeD homologues are widely distributed
amongst prokaryotes, their functions remain largely
unknown. Borthakur and Gao (1996) demonstrated that a
TnS-induced nfeD mutant of Rhizobium etli was defective in
nodulation competition. More recently, a Bacillus subtilis
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nfeD homologue, ygeZ, located in the ygeZ—yqfAB operon,
was shown to provide resistance to the SPf prophage-
encoded bacteriocin sublancin (Butcher and Helmann 2006),
although this region is not sufficient to confer immunity to
the producing strain.

nfeD homologues are frequently found co-localised with
genes encoding stomatin-like proteins (slipins) (Green and
Young 2008) (Green et al. 2004; Kuwahara et al. 2008).
Slipins are an ancient group of highly conserved proteins
whose members can be found in all three domains of life.
Human slipins are associated with a variety of medical
conditions, including cancer, haemolytic anaemia and kid-
ney failure, although precise functions remain unclear (Bo-
ute et al. 2000; Cui et al. 2007; Stewart et al. 1992). Our
recent phylogenetic analysis of the stomatin protein family
(Green and Young 2008) revealed two distinct groups of
prokaryotic slipins, which we termed eoslipins (previously
p-stomatin, Tavernarakis et al. 1999) and paraslipins (pre-
viously SLP-2, Wang and Morrow 2000). Much of the
experimental work into NfeD function has endeavoured to
explain the nfeD—slipin association, as protein conservation
and phylogenetic analyses suggest that functional conclu-
sions drawn from prokaryotic slipins may be relevant to
eukaryotic slipin function (Green and Young 2008). Yo-
koyama and Matsui (2004) demonstrated cleavage of a slipin
by the N-terminal portion of NfeD from Pyrococcus hori-
koshii. In a different experiment, a short C-terminal NfeD
homologue was shown to function, along with the slipin
QmcA encoded by the neighbouring gene, as a multicopy
suppressor that alleviated the growth defect of the ftsH/htpX
double mutant at 42°C in E. coli (Chiba et al. 2006).
Recently, Hinderhofer et al. (2009) have extended this enquiry
to show more generally that, within prokaryotes, nfeD
homologues are frequently associated with genes encoding
other members of the SPFH superfamily. The SPFH concept
was first proposed by Tavernarakis et al. (1999) to describe a
domain shared among stomatin, prohibitin, flotillin and HfIC/
K proteins, although poor alignments and variable domain
positions have led some to question the monophyly of this
group (Rivera-Milla et al. 2006).

It is important to emphasise that the NfeD proteins
discussed in this article are totally unrelated to the original
320 aa NfeD (nodulation formation efficiency) sequence,
first described by Soto et al. (1994) and later by Garcia-
Rodriguez and Toro (2000), that showed similarity to an
ornithine cyclodeaminase. An incorrect annotation of the
protein domain PF01957, followed by automated gene
classification, has led to a large number of sequences being
inappropriately termed NfeD in the databases. Despite an
attempt to rectify this (Green et al. 2004), the terminology
is now so well established that we reluctantly accept the
name NfeD. On the other hand, the gene mutated by
Borthakur and Gao (1996), which affected nodulation
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competitiveness, is a member of this wider nfeD family,
although the authors did not formally name it. Hinderhofer
et al. (2009) have recently proposed a nomenclature for
NfeD-like proteins: full-length NfeD is termed NfeD1b and
short-proteins homologous to the C-terminus of NfeDl1b
are termed NfeDla.

So far, the NfeD protein family has not been subject to any
rigorous phylogenetic analysis, and statements regarding
homology have been based on amino acid similarity and
protein length. We have conducted a wide-ranging study of
nfeD homologues in prokaryotic genomes and, using a
variety of bioinformatic and phylogenetic methods, shed
light on the origin, evolution and function of both nfeD
homologues and their conserved gene neighbours.

Materials and Methods
Gene Neighbour Searching

For the gene neighbour analysis, NfeD homologues classi-
fied as belonging to the PFAM NfeD family (PF01957) were
downloaded from the PFAM website (http://pfam.sanger.
ac.uk/). Of these, 500 proteins, from 394 taxa, were from
sufficiently assembled genomes that provided gene posi-
tional information in the NCBI records. Using a python
script, we searched the GenBank records for genes upstream
(—1) and downstream (+41) of our nfeD queries. Protein
products of the gene neighbours were then retrieved and
aligned using MAFFT (Katoh et al. 2002) to identify
homologous groups. Proteins found in groups represented by
more than five genera and encoded on the same strand as the
query sequence were considered to represent a conserved
gene pair, and these were used to create a spreadsheet of nfeD
gene neighbours. This analysis was then repeated for lone
genes to ensure no conserved gene pairs had been missed.
Although flotillin sequences were only found to be conserved
amongst three genera, they were kept in the analysis because
of their perceived relatedness to slipins. To obtain a com-
prehensive understanding of NfeD1b distribution and evo-
lution, a BLASTP search, using Sinorhizobium meliloti 1021
Smb20990 as the query sequence, was performed against
completed prokaryotic genomes (using archaeal or firmicute
NfeD1b sequences as the query recovered essentially the
same NfeD1b sequences). Sequences of 350-500-aa long
that aligned with the query using Muscle (Edgar 2004) and
contained the SAG protease motif were considered NfeD1b
homologues.

Multiple Sequence Alignment

NfeD homologues were aligned using Muscle; all other
alignments were performed using MAFFT. Duplicates
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were removed from alignments using ElimDupes at the
HCV (http://hcv.]lanl.gov/content/sequence/ELIMDUPES/
elimdupes.html) and the long-branched NfeD from Bdell-
ovibrio bacteriovorus (GI:42523756) was removed to
prevent the problem of long branch attraction (Felsenstein
1978; Johannes 2005). All full-length alignments were
edited using the Gblocks server (Castresana 2000) before
phylogenetic reconstruction, whilst domain-specific phy-
logenies were edited by eye using SeaView (Galtier et al.
1996).

Phylogenetic Analyses

Maximum likelihood (ML) trees were constructed using
PhyML 3.0 (Guindon and Gascuel 2003) using Nearest-
Neighbour Interchange for tree improvement and MrBayes
3.1.1 for Bayesian Inference (Ronquist and Huelsenbeck
2003). For ML analyses, empirical matrices of protein
evolution and their parameters were determined separately
for each alignment using ProtTest (Abascal et al. 2005) and
goodness-of-fit estimated using the Akaike Information
Criterion. In all cases, the LG model (Le and Gascuel 2008)
with +1, +G (four rate categories) and +F parameters was
selected as the optimal model. For MrBayes analyses, fixed
rate models were estimated (prset aamodel = mixed) using
the Markov Chain Monte Carlo (MCMC) sampler: WAG
for NfeD (Whelan and Goldman 2001), RtRev for slipin
(Dimmic et al. 2002), VT for NfeD1b-2 (Miiller and
Vingron 2000) and Cprev for YqfA (Adachi et al. 2000)
were chosen. A discrete-gamma distribution with four rate
categories was combined with the proportion of invariable
sites model using Iset rates = invgamma for all phyloge-
nies. Support for the ML tree topologies was determined
using 100 bootstrap repetitions whilst Bayesian posterior
probabilities were used in MrBayes. The MCMC analysis
comprised two runs, each with one cold and three hot chains
for 1,000,000 generations (NfeD), 3,000,000 generations
(slipin), 500,000 generations (NfeD1b-2 and YqfA) and
sampled every 100 generations, with a burnin of 25% of the
samples. Sufficient convergence of runs was checked by
ensuring random fluctuation of log likelihood values of the
cold chain and that the potential scale reduction factor was
1.0 for all parameters. Trees were viewed using FigTree
v.1.2.1 (Rambaut 2007).

Clustering Analysis of the C-Terminal Domains

All 500 NfeD homologues were clustered using the Or-
thoMCL algorithm (Li et al. 2003). A Muscle alignment of
all short and long NfeD homologues was manually trun-
cated at the point where full-length and C-terminal NfeD
proteins no longer aligned, leaving only the C-terminal
domain. Gaps were removed from this alignment and

clustering was performed on ~ 150 aa fragments using an
all-against-all BLASTP analysis. BLASTP hits were pas-
sed to OrthoMCL for Markov Chain Clustering.

Structural Prediction

Membrane topology was predicted by PolyPhobius (Kill
et al. 2005) from alignments that were edited minimally by
eye using the displayed sequence as the template. To pre-
vent bias, only one species was selected from each genus.

Results

nfeD Homologues Are Associated With One of Four
Conserved Gene Neighbours

To gain an overview of the NfeD protein family, a simple
BLASTP search was performed using the S. meliloti NfeD1b
sequence as the query (Fig. 1). Full-length homologues
(NfeD1b) have a widespread yet patchy distribution, being
absent from major bacterial groups such as the Chlamydiae,
Cyanobacteria, Actinobacteria, Spirochetes, Epsilonproteo-
bacteria and Mollicutes. Indeed this patchiness occurs even
at the strain level: for example, Rhizobium leguminosarum
bv. trifolii WSM2304 encodes NfeD1b whilst R. legumin-
osarum bv. viciae 3841 does not. The BLASTP search was
essentially comprehensive for NfeD1b sequences, because
the N-terminal protease domain is well conserved, but also
recovered some short sequences (approximately 150 aa) that
had only the C-terminal domain. However, most NfeDla
sequences were not recovered because this domain is highly
divergent. We then assembled all 500 proteins that are
annotated as possessing the Pfam PF01957 domain, which
includes both NfeD1b and NfeD1a. Just over 85% of these
nfeD homologues had, as immediate neighbour, one of four
conserved gene partners: eoslipin, paraslipin, yqfA or flo-
tillin (Fig. 2; see Supplementary Material). Full-length
sequences of ygeZ (the nfeD1b homologue found in Firmi-
cutes and Deinococci) were located upstream of ygfA. Other
nfeDI1b genes were always found to be associated with
eoslipin, in either an upstream (bacteria and Thermococci) or
a downstream (archaea only) orientation, except in the case
of Pyrobaculum spp., where nfeDI1b is associated with
paraslipin. Short nfeDla genes were found to be either
upstream or downstream of paraslipin, yqfA or flotillin
genes.

NfeD1b Family Phylogeny
A phylogeny of those long NfeD1b sequences (>400 aa)

that have conserved gene neighbours reveals four distinct
groups, which we term NfeD1b-1,2,3 and 4 (Fig. 3). ML
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Fig. 1 Distribution of NfeD1b
within the major prokaryotic
groups. NfeD1b homologues
were identified through a
BLAST search against
completed prokaryotic genomes
using Sinorhizobium meliloti
1021 NfeD1b as the query. Only
proteins of length 350-600 aa,
containing the three functional
domains, were accepted. n the
number of genomes searched
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and Bayesian analyses produced congruent topologies with
mostly well-resolved internal branches. NfeD1b-4 is the
major archaeal group, with monophyletic clades of eury-
archaeotes and crenarchaeotes. However, certain archaea
have NfeD1b-2 or NfeD1b-3 in place of, or as well as,
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NfeD1b-4. Within bacteria, we see two main groups,
comprising NfeD1b-1 and NfeD1b-2 (YqeZ). NfeD1b-2 is
restricted to Firmicutes and Deinococci and the long-
branched Pyrobaculum homologues fall at the base of this
group. The major groups identified in Fig. 3 correlate with
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the type and arrangement of gene neighbour, as illustrated
in Fig. 2. All nfeDIb-1 genes are upstream of eoslipin,
whereas the nfeDI1b-2 sequences are upstream of a differ-
ent partner, ygfA. Within archaea, nfeDI1b-4 is associated
with eoslipin but is downstream of it, unlike the arrange-
ment in bacteria. In contrast, the eoslipin—-nfeD1b-3 clus-
ters of Pyrococcus and Thermococcus have the ‘bacterial’
arrangement, the significance of which will be dealt with
later.

Phylogeny of Slipin Neighbours Suggest an Ancient
Origin for the NfeD-Slipin Cluster

The majority (76%) of NfeD homologues were associated
with a slipin gene. To investigate further the coevolution of
the nfeD—slipin gene clusters, a phylogeny of all nfeD-
associated slipin sequences was constructed (Fig. 4). There
are two major groups separated by a long, well-supported,
internal branch. The upper portion of the tree contains
eoslipin sequences encoded by genes adjacent to nfeD1b-1,
nfeD1b-3 or nfeDI1b-4. The only exceptions are sequences
from Dehalococcoides spp., where eoslipin is a down-
stream of a C-terminal nfeD-1b homologue. The lower
group comprises paraslipin sequences from bacteria and
euryarchaeota that are associated with NfeDla. Paraslipin
phylogeny does not totally reflect organism phylogeny; for

example, the paraslipin sequences of Cyanobacteria,
Clostridia and Deinococci species all fall within the major
proteobacterial clade, suggesting horizontal transfer of
genes between these groups. Archaea are paraphyletic in
both portions of the tree, with Thermococci species
branching away from the main archaeal clade. In the
paraslipin portion of the tree, there is strong support for a
clade uniting both bacterial and archaeal hyperthermo-
philes from the Thermotogae and Thermococci, suggesting
horizontal transfer between these two groups. Long-bran-
ched Pyrobaculum slipins associated with nfeD1b-2 and
the Methanopyrus kandleri slipin associated with truncated
nfeD1b-4, fall within the paraslipin and eoslipin portion of
the tree, respectively, but were omitted from the final tree
in Fig. 4 (with no change in topology) to increase branch
resolution.

Some C-Terminal Homologues Cluster
With Full-Length NfeD1b Proteins

It was clear from the BLAST searches that not all short
NfeD homologues were equally related, as some short
fragments produced a better BLAST score to full-length
NfeD1b than to NfeDla proteins. Unfortunately, deter-
mining relatedness of short and long NfeD forms using
phylogenetic analysis is problematic due to the high level
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Fig. 4 Phylogeny of nfeD-associated slipin sequences using ML. ML
and Bayesian trees were constructed from a 201-aa alignment.
Branches are drawn proportional to the number of amino acid
substitutions per site as indicated by the scale bar. ML bootstraps
(based on 100 replicates) and Bayesian posterior probabilities are
displayed for important internal branches using branch thickness
according to the key (top left). Arrows indicate positions of the two
most plausible roots (root 1, branch between eoslipins and paraslipins;
root 2, branch between crenarchaeota and euryarchaeota eoslipins).
The upper groups contain eoslipins associated with nfeD1b-1,2,3,4,
whereas the lower group comprises paraslipin sequences associated
with nfeDla

of sequence divergence among short C-terminal forms.
However, OrthoMCL was able to cluster all NfeD homo-
logues based on amino acid similarity of the C-terminal
domain. Twenty-five clusters were recovered in total and
20 of these contained members with conserved gene pairs
(see Supplementary Material); 4 of these clusters include
both long and short NfeD forms (Table 1). Cluster 1 is the
largest mixed cluster and consists mostly of long bacterial
NfeD1b-1 sequences (>400 aa) that are eoslipin-associ-
ated, as well as some short C-terminal NfeD sequences
from Dehalococcoides spp. and Pseudomonas entomophila
(96 and 175 aa, respectively) that are also associated with
eoslipin. Pyrococcus, Thermococcus and Thermoplasma
NfeD1b-3 sequences also fall within this group. Cluster 2,
reflecting NfeD1b-4, contains only archaeal species and
comprises long NfeDs (plus a single short form from
M. kandleri); all are associated with eoslipin. Cluster 3

@ Springer

Table 1 MCL clustering of the C-terminal domain of all NfeD
homologues reveals distinct groups that reflect gene neighbour and
not protein length

Cluster  Long NfeD (>350 aa) + short NfeD (<350 aa)
Eo Fl Yq Pa -
1 90 + 4 5+4
2 12 +1 240 3+4
3 11 4 23 3+2
4 047 0+1
5 240
6 042
7-20 0+ 268 1+ 41
Total 102 + 5 0+7 13 4+ 25 2 + 268 12 + 52

Cluster sizes are represented by two numbers, “X + Y”, where X
denotes the number of full-length NfeD forms and Y denotes the
number of short C-terminal NfeD forms

Eo eoslipin-associated, FI flotillin-associated, Yq ygfA-associated, Pa
paraslipin-associated, — no conserved gene neighbour found

groups both long (NfeD1b-2) and short NfeD homologues,
all are associated with ygfA except one which has no
conserved neighbour. The fourth cluster comprises flotillin-
associated C-terminal NfeD forms. Remaining clusters are
paraslipin-associated NfeDla forms, with one of these
clusters containing a single long NfeD from the archaeon,
Archaeoglobus fulgidus. Five clusters of C-terminal forms
have no conserved neighbour.

Truncation and Fusion in NfeD Evolution

The above observation suggests that some of the short
C-terminal NfeD homologues are in fact truncations of
full-length NfeD1b proteins. To test this hypothesis, we
constructed a phylogeny from a C-terminal alignment of
short and long ygfA-associated NfeD1b-2 homologues from
cluster 3 in Table 1 (Fig. 5a). Short truncated forms do not
form a single distinct group on the tree; rather, they are
dispersed amongst long NfeD1b-2 forms, suggesting mul-
tiple independent origins. The congruent phylogeny of
the gene neighbour ygfA (Fig. 5b) together with their
co-localisation on the genome suggests that truncated
forms have evolved repeatedly from full-length NfeD1b-2
and have remained associated with their ancestral gene
neighbour, ygfA.

Domain Structure of the NfeD Family and Its Partner
Proteins

NfeD proteins are predicted to be membrane proteins,
although the exact number of membrane-spanning helices
remains unclear. Both Phobius and TMHMM predict four
TMDs for some NfeD1b proteins, and five for other NfeD1b
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Fig. 5 ML phylogeny of
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proteins. Prediction of TMDs can be improved using an
alignment of homologues, since they are likely to share
sequence features (Kall et al. 2005). Separate alignments
were constructed of 5 NfeD1b-2 proteins, 54 NfeD1b-1,3,4
proteins, and 132 NfeDla proteins and submitted to the
PolyPhobius server. Essentially, congruent profiles were
predicted for NfeD1b-1,3,4 and NfeD1b-2 proteins (Fig. 6),
with an N-terminal signal peptide sequence (posterior label
probability = 0.8) and five TMDs towards the C-terminus.
Truncated NfeD forms possess an N-terminal hydrophobic
domain followed by the C-terminal soluble region, although
these were based on single submissions to Phobius rather
than global alignments. NfeD1a proteins possess a hydro-
phobic N-terminus followed by a soluble C-terminal region.

Discussion
The NfeD Family Is Ancient

The NfeD protein family can be considered to be composed
of three major groups: NfeDla, NfeD1b and truncated
NfeD1b (Fig. 7). The largest group, NfeDla, comprises
proteins of approximately 145 aa in length that are exclu-
sively associated with paraslipin (Fig. 4). These proteins
possess an N-terminal hydrophobic domain, followed by a
soluble C-terminal domain rich in beta sheets (Kuwahara
et al. 2008), which is structurally very similar to the OB-fold
(oligosaccharide/oligonucleotide-binding fold) domain.
The second major group, NfeD1b, comprises proteins of
approximately 460 aa with three functional domains after a
predicted N-terminal signal peptide: (i) an N-terminal serine
protease domain, (ii) a middle membrane-spanning domain
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and (iii)) a C-terminal domain that is homologous to the
soluble C-terminal region of NfeD1a. The majority (78%) of
these nfeD genes are associated with eoslipin in archaeal and
bacterial genomes, whilst within Firmicutes and Deinococci
the partner gene is ygfA. The final group is not a ‘natural
group’ in that it unites independently evolved truncated
forms of NfeD1b. These truncated forms are of a similar
length and domain structure to NfeD1a (Fig. 6), yet evolu-
tionarily they are more related to NfeD1b, as demonstrated
by our clustering and phylogenetic analyses (Table 1 and
Fig. 5). Many of these truncated forms have remained
associated with their ancestral gene partner, either ygfA or
eoslipin. It is not clear whether these truncated forms are
functioning in a similar way to NfeD la—paraslipin pairings
or instead are performing some novel role. It does however
raise the intriguing question of whether eoslipin can, under
certain circumstances, functionally replace paraslipin; an
important consideration for any knockout studies. Although
flotillin did not meet our criteria for being considered a
conserved gene neighbour (it is restricted to Bacillus and
Mycobacterium spp.), we included it in the analysis due to
its SPFH domain. Our clustering analysis did not allow us to
assign the flotillin-associated C-terminal NfeD homologue,
YuaF, to any group, therefore we cannot discern whether
these represent convergently evolved NfeD domains or
instead represent divergent copies of either NfeDla or
truncated NfeD1b. Attempts to determine relatedness of
these C-terminal forms using phylogenetic methods are
fraught with difficulties associated with aligning and mod-
elling the evolution of highly diverged sequences and are
probably best avoided.

The origin of the NfeD1b—eoslipin and NfeDla—para-
slipin clusters is not clear because of low branch resolution
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Fig. 6 Hydrophobic profiles of [
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and evidence for horizontal transfer between archaea and
bacteria in both portions of the slipin tree. The monophyly
of crenarchaeota and euryarchaeota in Fig. 3 suggests that
the common ancestor of archaea had an NfeD-1b—eoslipin
cluster. What is not clear is whether this cluster was present
in the common ancestor all life (root 1, Fig. 3) or instead
was transferred later into bacteria through an ancient hor-
izontal transfer from a Thermococci-like ancestor (root 2,
Fig. 3). In contrast, NfeDla—paraslipin is present in both
bacteria and euryarchaeotes but is missing from cre-
narchaeota. Again, we cannot be certain whether the
NfeD1la—paralsipin cluster was present in the last universal
common ancestor or instead arose in archaea and later was
transferred into bacteria.

@ Springer

1

50 9% 148 197 248

aa position

Gene duplications can be used to root a tree that includes
ancient paralogues. If we accept eoslipin and paraslipin as
paralogous clades, the root of the slipin phylogeny (root 1,
Fig. 4) occurs prior to the divergence of archaea and bac-
teria, in line with the traditional rooting of the prokaryotic
tree (Gogarten et al. 1989; Iwabe et al. 1989). This suggests
that both subfamilies are extremely ancient and provides
evidence that nfeD1a—paraslipin and nfeD1b—eoslipin gene
clusters arose from a duplication of an ancestral nfeD—slipin
protocluster. Because NfeD1a and NfeD1b are exclusively
associated with paraslipin and eoslipin, respectively, we are
able to use the slipin root and map this onto our NfeD
phylogeny (Fig. 3, root 1). If we do this, we recover archaea
and bacteria as each essentially monophyletic, although
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Fig. 7 Model of NfeD family
evolution. A slipin/nfeD
protocluster duplicated to give
rise to NfeD1la and NfeD1b
subfamilies, which became

Ancestral cluster

nfeD - slipin cluster

_

I region duplication

associated with paraslipin and
eoslipin, respectively. Within
Firmicutes, nfeD1b-2 became
associated with ygfA, which
may represent a highly diverged
form of eoslipin. Throughout
NfeD1b evolution, multiple,

nfeD1b I eoslipin

nfeD1a paraslipin

independent truncation events
occurred which gave rise to
truncated C-terminal portions
which frequently remained
associated with their ancestral
gene neighbour. Grey boxed
clusters represent ancestral
forms

eoslipin | nfeD1b-4

=P -5

@ Beta-rich
Q© protease [] TMD

strict monophyly is distorted by horizontal transfer between
bacteria and Thermococci (Fig. 3). An alternative hypoth-
esis would be to accept that eoslipin and paraslipin proteins
are not equally ancient and instead propose that the
NfeD1la—paraslipin cluster arose from the duplication of an
NfeD1b—eoslipin ancestral cluster within archaea; this
would correspond to root two in Figs. 3 and 4. Following
this duplication, both NfeDla—paraslipin and NfeD1b—eo-
slipin clusters where transferred into bacteria by horizontal
transfer before many of the major bacterial groups had
diverged. We find this second hypothesis considerably more
complex and therefore less likely.

Within Firmicutes and Deinococci, NfeD1b diverged to
form YqeZ (NfeD1b-2). The long branch leading to the
group (Fig. 3) may reflect rapid evolution coinciding with
the acquisition of a new gene partner ygfA. It is important
to note that the same taxa are not found in both NfeD1b-2
and NfeD1b-1 clades, suggesting that YqeZ is an ortholo-
gous rather than paralogous NfeD group and therefore does
not warrant a separate name. YQfA has been termed a
stomatin homologue and recently included as a member of
the SPFH superfamily (Hinderhofer et al. 2009). However,
we can provide no sequence evidence to support either of
these hypotheses. BLASTP searches using YqfA reveal
extremely weak hits (e-value of 1.0) to the so-called pro-
hibitin-like and SPFH proteins: this is not good evidence of
homology. Indeed, regions of alignment occur in areas
predicted to form coiled coils in both the query and the hit
sequence, suggesting any similarity could equally be a
result of convergence. It is true, however, that the genomic

/ | \truncaﬂon
nfeD1b-2

nfeD1b-1 eoslipin

>
e / | \truncatlon

FAN g N

yqfA

context suggests that YqfA may represent a highly diverged
form of eoslipin that evolved within the Firmicute lineage,
as suggested by Hinderhofer et al. (2009) and probably was
acquired by Deinococci through HGT. What drove this
change in gene partner is not clear, although it may have
coincided with the change in cell envelope structure asso-
ciated with Firmicutes. The distribution of NfeD1b ortho-
logues within bacteria is intriguing and not fully
understood (Figs. 1 and 2). It appears that NfeD1b has been
lost from many major groups, such as Actinobacteria,
Cyanobacteria and Chlamydiae and even within related
groups we find a patchy distribution. These results are
consistent with the idea that NfeD1b proteins have a non-
essential, accessory role in prokaryotic genomes; intrigu-
ingly, this ‘role’ is of use to an extremely diverse set of
bacteria and archaea and is not restricted to a narrow tax-
onomic range.

Functional Implications

NfeD homologues are clearly reliant on a conserved gene
neighbour which we assume is necessary for function,
either through direct physical interaction or by functioning
in the same pathway. All conserved gene partners identified
here share similar structural properties, with broadly
comparable hydrophobic profiles and predicted coiled-coil
regions (Hinderhofer et al. 2009). Exactly what is the role
of these partner proteins? Paraslipin, eoslipin and flotillin
all have clear eukaryotic homologues that contain the
SPFH domain and reside in cholesterol-rich regions of the
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cell membrane known as lipid rafts (Browman et al. 2007).
Increasingly, prokaryotic SPFH proteins are being found to
exhibit similar characteristic to their eukaryotic relatives,
being found in detergent-resistant membranes (Zhang et al.
2005) where they form discrete foci (Donovan and
Bramkamp 2009).

Our results suggest that it is the C-terminal domain of
NfeD1b (transmembrane region or f-barrel) that interacts
with the partner protein, as even truncated nfeDIb genes
remain associated with the original gene partner (Table 1).
Indeed, Fig. 5 implies that NfeD1b proteins have a pro-
pensity to become truncated, as this has occurred a number
of times. Whether truncation results in a novel function, or
merely attenuates the original function, is not clear. We can
speculate that the protease domain may be performing
some regulatory role, possibly by cleaving the partner
protein (Yokoyama and Matsui 2004) or some other pro-
tein, but is not required for the interaction with the partner.
At present there is considerable ambiguity as to whether
there are four or five transmembrane domains (TMD)
within the middle portion of NfeDlb. Using a global
alignment of NfeD1b-1,2,3 proteins, PolyPhobius predicts
five TMDs (Fig. 6). Determining the exact topology is vital
if we are to make an informed prediction of function, as
with four TMD both the protease and C-terminal NfeD
domains would be on the same side of the membrane,
whereas with five they would reside in different compart-
ments of the cell. This topology also affects whether the C-
terminal domain is accessible to the partner protein. A
considerable amount of experimental research into NfeD
function has been performed using the archaeon P. hori-
koshii as a model; this has both the nfeDIb-eoslipin and
nfeDla-paraslipin gene clusters. Using surface plasmon
resonance, Yokoyama et al. showed that the C-terminus of
PH1510 (NfeD1b) interacts with the C-terminus of PH0470
(paraslipin). On this evidence, the authors suggest that
NfeD1b/eoslipin proteins form a functioning complex with
paraslipin/NfeD1a proteins. However, this is unlikely to be
a general mechanism, since only 13% of genomes exam-
ined in this study were found to contain both clusters. It
may be that the observed interaction is merely a reflection
of the fact that eoslipin and paraslipin are homologous
proteins with similar structures. Cross binding of paraslipin
with NfeD1b would not occur in vivo if the proteins resi-
ded in different compartments within the cell, but cellular
localisation of NfeD1b, eoslipin and NfeDla still needs to
be determined.

We have provided a number of discrete hypotheses that
can now be tested experimentally to unravel NfeDla and
NfeD1b functions. Such studies will undoubtedly enhance
our understanding of NfeD gene partners and their raft-
associated eukaryotic relatives such as stomatin, flotillin
and paraslipin.
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