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Summary

Most extremophilic anaerobes possess a sulfur for-
mation (Suf) system for Fe–S cluster biogenesis. In
addition to its essential role in redox chemistry and
stress responses of Fe–S cluster proteins, the Suf
system may play an important role in keratin degra-
dation by Fervidobacterium islandicum AW-1. Com-
parative genomics of the order Thermotogales
revealed that the feather-degrading F. islandicum
AW-1 has a complete Suf-like machinery (SufCBDSU)
that is highly expressed in cells grown on native
feathers in the absence of elemental sulfur (S0). On
the other hand, F. islandicum AW-1 exhibited a sig-
nificant retardation in the Suf system-mediated ker-
atin degradation in the presence of S0. Detailed
differential expression analysis of sulfur assimilation
machineries unveiled the mechanism by which an
efficient sulfur delivery from persulfurated SufS to
SufU is achieved during keratinolysis under sulfur

starvation. Indeed, addition of SufS–SufU to cell
extracts containing keratinolytic proteases acceler-
ated keratin decomposition in vitro under reducing
conditions. Remarkably, mass spectrometric analy-
sis of extracellular and intracellular levels of amino
acids suggested that redox homeostasis within cells
coupled to extracellular cysteine and cystine recy-
cling might be a prerequisite for keratinolysis. Taken
together, these results suggest that the Suf-like
machinery including the SufS–SufU complex may
contribute to sulfur availability for an extracellular
reducing environment as well as intracellular redox
homeostasis through cysteine released from keratin
hydrolysate under starvation conditions.

Introduction

Iron–sulfur (Fe–S) clusters play a pivotal role in numer-
ous cellular processes including respiration, photosyn-
thesis and nitrogen fixation. Fe–S cluster-containing
proteins are highly specific for sensing various redox sig-
nals including levels of oxidative stress and the abun-
dance of elements such as iron, and they are involved in
responses and adaptation to environmental changes,
resulting in adaptive cellular responses (Mettert and
Kiley, 2015; Golinelli-Cohen and Bouton, 2017). Sulfur is
a vital element in all living cells for the biosynthesis of
Fe–S clusters, sulfur-containing amino acids and vita-
mins, and RNA through a variety of modifications (Muel-
ler, 2006). Its delivery to the Fe–S cluster biogenesis
system is a sophisticated process. Elaborate sulfur
transfer systems are widely distributed from bacteria to
humans (Johnson et al., 2005; Kessler, 2006; Mueller,
2006). Bacterial sulfur mobilization systems have
diverged into three main distinct systems: (i) the iron-sul-
fur cluster (Isc) system (Zheng et al., 1998; Py and Bar-
ras, 2010), (ii) the nitrogen fixation (Nif) system
(Jacobson et al., 1989; Zheng et al., 1993) and (iii) the
sulfur formation (Suf) system (Takahashi and Tokumoto,
2002; Ayala-Castro et al., 2008; Vaccaro et al., 2017).
The Suf system initially involves a cysteine desul-

furase (SufS) and a sulfur acceptor protein (SufE), that
mobilize and relay sulfur to SufBCD (Layer et al., 2007).
In the case of the U-type protein containing sufCDSUB
gene cluster in the phylum Firmicutes, SufU accepts
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sulfur from SufS, but it remains elusive whether SufU
acts as SufE, or as an Fe�S cluster biosynthetic scaf-
fold (Fujishiro et al., 2017). SufS catalyses the pyridoxal-
5’-phosphate (PLP)-dependent removal of sulfur from L-
cysteine, yielding L-alanine and persulfide S0 species via
the formation of a protein-bound persulfide (R–S–SH)
intermediate (Zheng et al., 1994; Schwartz et al., 2000;
Mihara and Esaki, 2002). Subsequently, the protein per-
sulfide group is transferred from SufS to SufE via a per-
sulfide exchange reaction, thereby greatly increasing
SufS activity (Layer et al., 2007; Roche et al., 2013).
The reduced persulfide is incorporated into the Fe–S
cluster as sulfide (S2-) during assembly on the SufBCD
complex as scaffold protein (Loiseau et al., 2003; Outten
et al., 2003; Layer et al., 2007). These multi-step pro-
cesses are required for Fe–S cluster and methionine bio-
genesis in vivo (Mueller, 2006, Dai and Outten, 2012).
Due to the reactivity of both the persulfide intermediate
and the sulfhydryl groups, Fe–S cluster assembly is
prone to oxidative damage. Unlike the analogous Isc
system, the Suf system is highly expressed upon expo-
sure to oxidative stress or iron starvation (Outten et al.,
2004; Huet et al., 2005; Shi et al., 2010; Marinoni et al.,
2012). In general, primordial environments rich in iron
and inorganic sulfur under anaerobic conditions might
exert selective pressure and promote the evolution of
several sulfur assimilation pathways including the Suf
system for Fe–S cluster biogenesis (Rees and Howard,
2003; Py and Barras, 2010; Groussin and Gouy, 2011;
Hidese et al., 2014; Vaccaro et al., 2017). Remarkably,
SufS orthologs are widely distributed in many ther-
mophilic bacteria and mesophilic archaea, but not in the
most hyperthermophilic Crenarchaeotal genera such as
Sulfolobus or Pyrobaculum (Liu et al., 2010). However,
the hyperthermophilic Euryarchaeon Thermococcus
kodakarensis contains a group II SufS that is only
required for growth when S0 is not available as a sulfur
source (Hidese et al., 2014). Thus, among hyperther-
mophiles there are multiple and/or alternative pathways
for maintaining Fe–S cluster biogenesis under different
nutrient conditions.
The extremophilic bacterium Fervidobacterium islandi-

cum AW-1, belonging to the order Thermotogales, can
completely degrade insoluble feathers composed of b-
keratins at 70°C under anaerobic conditions (Nam et al.,
2002). This impressive capability is of special interest for
agricultural, environmental and biomedical applications
(Tsiroulnikov et al., 2004; Fosgerau and Hoffmann,
2015; Lange et al., 2016). Moreover, keratin degradation
is of direct relevance for converting insoluble agro-waste
into high-value products (Kang et al., 2020) and for pro-
viding insight into the pathogenesis of superficial infec-
tions by dermatophytes (Grumbt et al., 2013). However,
the degradation mechanism of insoluble fibrous proteins

rich in cysteine remains unclear. To gain mechanistic
insight into feather degradation associated with Fe–S
cluster biogenesis, the Suf system of F. islandicum AW-
1 was phylogenetically and physicochemically character-
ized in detail. This comprehensive study led us to
hypothesize the plausible role of the Suf system for ker-
atin degradation. Indeed, together with growth profiles of
F. islandicum AW-1 in the presence and absence of S0,
differential expression profiles of the genes involved in
sulfur metabolism indicated that poor S0 availability
might necessitate the use of the Suf system responsible
for extracellular reducing environments as well as intra-
cellular redox homeostasis via a cysteine-cystine recy-
cling. Therefore, these results suggest that the Suf-like
machinery-mediated redox chemistry may promote
cleavage of disulfide bonds in keratin (sulfitolysis) as
well as the subsequent removal of sulfur from cysteine
for Fe–S cluster biogenesis, resulting in accelerated
decomposition of recalcitrant keratin polymers under
starvation conditions.

Results

The suf gene cluster is potentially associated with
keratin degradation in Fervidobacteriaceae

The 16S rRNA gene-based phylogenetic analysis of 20
representative bacterial strains of the order Thermoto-
gales known to be related to Fervidobacterium islandi-
cum AW-1 demonstrated that they formed a
monophyletic group in this order that thrives mainly in
volcanic or geothermal environments (Huber and Han-
nig, 2006) (Fig. 1A). Among these members consisting
of two families Fervidobacteriaceae and Thermoto-
gaceae, F. islandicum AW-1 together with few strains
such as F. pennivorans DSM 9078 and F. thailandense
FC 2004 is distinct in terms of keratin degradation, pre-
sumably due to the presence of its protease-rich gen-
ome (Lee et al., 2015). However, closely related strains
of F. islandicum AW-1 such as F. islandicum H21 and F.
gondwanense DSM 13020 have been reported to be
lacking feather decomposition capability (Nam et al.,
2002). Although many functional genes are highly con-
served in similar strains belonging to this order
(Fig. S1A), recent studies on digestion of insoluble
feather keratins rich in cysteine suggest that, in addition
to proteases (Kang et al., 2020), various redox enzymes
may play a key role in keratin degradation (Nam et al.,
2002; Lange et al., 2016).
To further investigate the genomic features for these

keratin-degrading strains, we performed pan-genomic
analysis for these 20 bacterial strains above, revealing
that although strains in Thermotogales possess similar
levels of genome size, they exhibit a differential gene
composition (Fig. S2). Pan-genome analysis provided
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the core and variable gene pool among the order Ther-
motogales (Table S1, sheet 1). The core pan-plot
reveals that sequential addition of 20 genomes resulted
in the addition of approximately 7833 nonredundant
gene families with a plateau (Fig. S1B). This analysis
showed that 365 genes constitute the core gene pool of
the Thermotogales and that the total variable gene pool

comprised more than half of the whole gene pool, or the
pan-genome (Fig. 1B). The clustered genes identified for
each genome are listed (Table S1, sheet 2). To study
the endophenotypic differences, we carried out detailed
gene-content analysis, particularly considering the vari-
able or accessory part of the genomes, which was not
present in all the strains under study (Table S1, sheet

Fig. 1. The sulfur formation (Suf) system of the order Thermotogales. A. Phylogenetic analysis based on comparison of 16S rRNA gene
sequences of 20 bacterial anaerobes in the order Thermotogales. Phylogeny was inferred using maximum likelihood method and Tamura-Nei
model with 1000 bootstrap in MEGA ver. 7.0 program. The scale bar represents the number of changes per nucleotide position. This analysis
involved 21 nucleotide sequences including Aquifex aeolicus VF5 is used as the out-group and there were a total of 1611 positions in the final
data set. Organization of the suf operon and putative functional orthologs in the order Thermotogales. Orthologous genes are denoted by the
same colour, with the direction of transcription and relative scale indicated by arrows. B. Flower plots showing the core gene number and
strain-specific gene number in 20 Thermotogales strains. The number of strain-specific genes per genome is shown in the flower petals. Anno-
tated core and accessory genes are provided in the Table S1, sheet 2. Unrooted phylogenies of (C) cysteine desulfurase (SufS) with its homo-
logues and (D) U-type scaffold protein (SufU) with its functional related homologues of different species. C. Coloured clades contain members
of the SufS/CsdA (orange), IscS (green), and NifS (cyan) protein sequences obtained by searching the NCBI Identical Protein Groups database
and near-duplicate sequences were removed by UCLUST (Edgar, 2010) clustering to 60% sequence identity. Each tree composed on 2846
representatives of SufS homologues. D. Coloured clades contain members of the SufE/CsdE (orange), IscU (green) and SufU/NifU (purple) pro-
tein sequences. Multiple sequence alignments were produced using MAFFT (using its FFT-NS-2) version 7.407 (Katoh and Standley, 2013).
Large-scale phylogenetic trees were constructed using raxmlGUI Fast tree search with GAMMA + GTR substitution model. Each tree composed
on 3352 representatives of SufU homologues.
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2). Overall, the number of unique genes ranged from as
low as below 30 in Pseudothermotoga lettingae TMO,
Thermotoga petrophila RKU-1 and Thermotoga naph-
thophila RKU-10 to 401 in Pseudothermotoga thermarum
DSM 5069 (Fig. 1B). Since their distribution among the
phenovars is not uniform, these genes were further
annotated and functionally classified using Clusters of
Orthologous Groups (COG) classification (Fig. S1C).
About two-thirds of total unique genes (66.7%) in the
Thermotogales were not assigned to any COG class,
suggesting their unveiled roles in the functional diversifi-
cation of this order. Nevertheless, of 20 COGs, 11 cate-
gories including ‘Defence mechanisms [V]’, ‘Inorganic
ion transport and metabolism [P]’, ‘Amino acid transport
and metabolism [E]’ and ‘Function unknown [S]’ are
dominant among 20 strains in the order Thermotogales
with respect to the COG content of unique and acces-
sory genes, which are consistent with KEGG functional
categories at a moderate level (Fig. S1D).
The family Fervidobacteriaceae has a relatively lower

number of genes belonging to COG class [E], and a
higher number of genes belonging to ‘post-translational
modification, protein turnover and chaperones [O]’ than
the Thermotogaceae (Fig. S2). On the other hand, the
number of genes belonging to [P] is variable. To explore
this further, we compared the whole-genome sequence
of F. islandicum AW-1 with those of its phylogenetically
closest relatives in Thermotogales to identify unique
genetic features responsible for keratin degradation. We
performed pairwise comparisons of functional genes
using the Bacterial Pan Genome Analysis tool (BPGA),
revealing that strains in the Fervidobacteriaceae possess
more functional genes involved in Fe–S cluster assem-
bly, redox-regulated chaperone and the amino acid
transporter than the Thermotogaceae (Table S1, sheets
2 to 4). Notably, several genes annotated as cysteine
desulfurase (SufS) and SUF system NifU family Fe–S
cluster assembly protein (SufU) in the Suf system are
absent in the suf operon of F. nodosum Rt17-B1 (Patel
et al., 1985) and several Thermotogaceae strains inca-
pable of keratin degradation (Fig. 1A). This distinct fea-
ture suggests that the keratinolytic capability of F.
islandicum AW-1 may be ascribed to the presence of a
complete Suf system for Fe–S cluster biogenesis.

SufS and SufU from F. islandicum AW-1 exhibit
cooperative sulfur transfer activity

The genome of F. islandicum AW-1 (NZ_CP014334)
contains the 1266 bp gene NA23_RS08335 and 408 bp
gene NA23_RS08330, annotated as SufS family cys-
teine desulfurase and Suf system NifU family Fe–S clus-
ter assembly protein, respectively. Phylogenetic and
sequence similarity analyses revealed that the predicted

amino acid sequence of NA23_RS08335 is grouped with
SufS/CsdA, sharing high sequence identity with its
homologues in Bacillus subtilis (BsSufS, 48%) and
E. coli (EcSufS, 40%) (Figs. 1C and S3A). Analogous
studies revealed that NA23_RS08330 belongs to the Nif
family protein, sharing high sequence identity with B.
subtilis SufU (BsSufU, 41%), Streptococcus pyogenes
NifU (SpNifU, 39%) and Thermus thermophiles IscU
(TtIscU, 37%), indicating that the NA23_RS08330 is
grouped with SufU (Figs. 1D and S3). In addition, their
genomic neighbourhood with SufB, C and D indicates
clearly that they are part of the Suf-like system. There-
fore, we tentatively concluded that these gene products
might be F. islandicum AW-1 enzymes SufS (FiSufS)
and SufU (FiSufU), respectively.
To functionally characterize these proteins, their corre-

sponding genes were expressed in E. coli BL21 (DE3).
Recombinant FiSufS was yellow in colour, presumably
due to the presence of PLP as a cofactor. The apparent
molecular masses (Mrs) of intact monomeric FiSufS and
FiSufU were 47 kDa and 15.5 kDa, respectively
(Fig. 2A). The apparent temperature and pH optima of
FiSufS were 90°C and pH 8, respectively (Fig. S4A and
B). To obtain kinetic parameters for FiSufS, we deter-
mined its desulfurase activity by measuring the amount
of released sulfide at 90°C and pH 8.0 with cysteine as
substrate in the absence of FiSufU, yielding Vmax, Km,
and kcat values of 1135.0 � 11.0 U/mg, 75.0 � 1.7 µM,
and 892.7 � 8.6 s-1, respectively (Fig. 2B). Next, we
investigated the effect of FiSufU on FiSufS activity by
determining kinetic parameters for FiSufS in the pres-
ence and absence of FiSufU. The addition of FiSufU sig-
nificantly decreased the Km values for FiSufS by two- to
three-fold, resulting in enhancement of SufS activity
under reducing conditions (Fig. 2C). This result is con-
sistent with those of previous studies in which SufU
interaction with SufS-stimulated desulfurase activity (Out-
ten et al., 2003; Selbach et al., 2013).
To investigate whether FiSufS and FiSufU can form a

complex, we performed size-exclusion chromatography,
analytical ultracentrifugation and pull-down assay. Gel fil-
tration data suggested that purified FiSufS and FiSufU
were homodimeric and monomeric, respectively
(Fig. 2D). Subsequently, both enzymes were mixed and
incubated in the presence of 10 mM cysteine and
10 mM DTT at 37°C for 1 h, and reaction mixtures were
then subjected to size-exclusion chromatography. The
results revealed three major peaks, indicating that the
reaction mixtures contained the FiSufS–SufU complex
(fractions 14 to 16), as well as dimeric FiSufS (fractions
14 to 16) and monomeric FiSufU (fractions 17 to 19) as
judged by SDS-PAGE analysis. Additionally, each frac-
tion was analysed using blue-native (BN)-PAGE, and the
observed peak shift to ~ 115.1 kDa further supported the
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formation of the FiSufS–SufU complex (Fig. 2D). Analyti-
cal ultracentrifugation (AUC) with the same reaction mix-
tures above confirmed that the stoichiometric ratio of
FiSufS and FiSufU was 2:2 [(FiSufS)2-(FiSufU)2]
(Fig. 2E). Lastly, we performed co-purification by loading
an excess of tag-free FiSufS onto a Ni2+-NTA column
pre-loaded with his-tagged FiSufU (Fig. 2F). After remov-
ing unbound FiSufS by washing, an equimolar complex
of FiSufS and FiSufU was eluted, confirming direct
FiSufS–FiSufU interactions.

The crystal structure of the FiSufS–SufU complex
reveals a specific protein–protein interaction

The crystal structures of FiSufS, FiSufU and the FiSufS–
SufU complex were determined at 2.1 �A, 2.1 �A, and
2.5 �A, respectively (Figs. 3A and S5), and structural

details are described in the supplementary information
(Table S2, sheet 1). Upon complex formation, FiSufU
undergoes several structural changes following binding
to FiSufS and sulfur transfer (Fig. 3B and C). Firstly, the
two b-sheets (b1 and b2) containing Cys34–S–SH
(FiSufU) are decreased significantly in length and trans-
formed into a loop, whereas the length of the Cys34-con-
taining loop between b1 and b2 increases (from
31NLSCG35 to 29GKNLSCGDEV38). This transformation
likely renders FiSufU more flexible and therefore better
able to receive sulfur from FiSufS. As shown in Fig. 3A
and B, the movement of the Cys34-containing loop in
FiSufU into the groove of FiSufS by at least 11 �A results
in an interatomic distance of 5.5 �A between Cys372–S–
SH (FiSufS) and Cys34–S–SH (FiSufU), suggesting that
this dynamic Cys34 loop might move even closer to form
a disulfide bridge with Cys372–S–SH during sulfur

Fig. 2. The SufS–SufU complex of F. islandicum AW-1. A. SDS-PAGE (top panel) and Western blotting (bottom) analyses of purified FiSufS
and FiSufU. Lane 1, molecular weight markers (M); lane 2, whole cell extracts (W); lane 3, heat treatment at 70°C (H); lane 4, Ni2+-affinity chro-
matography (A); lane 5, Superdex 200 chromatography (S). B. Kinetics of recombinant FiSufS. Kinetic parameters could be obtained by fitting
experimental data to the Michaelis–Menten (M-M) equation. C. Kinetic analysis of a bisubstrate reaction catalysed by SufS. The lines represent
best fits to the M-M equation using Origin 8.0 software. D. Size-exclusion chromatography and electrophoretic analyses of SufS–SufU complex
formation. E. Sedimentation velocity analytical ultracentrifugation analysis of FiSufS, FiSufU and the FiSufS–SufU complex. The sedimentation
coefficient distribution c(s) shows peaks corresponding to molecular masses. F. Protein–protein interactions between FiSufS and FiSufU
assessed by pull-down assays.
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transfer (Kato et al., 2002). Therefore, our structure may
reveal a snapshot of sulfur transfer from persulfurated
SufS (SufSper) to SufU. Secondly, the Zn2+ in the active
site of FiSufU appears to be perturbed by the incoming
350HPH352 residues of FiSufS upon binding, resulting in
the replacement of Cys34 (FiSufU) with His352 (FiSufS)
(Fig. 3A and B). This might facilitate the movement of
Cys34 towards Cys372–S–SH (FiSufS), allowing it to
receive the sulfur, suggesting that the conserved His352
plays an important role in FiSufU binding and sulfur
transfer, as was the case for BsSufS–SufU (Blauenburg
et al., 2016; Fujishiro et al., 2017).
The direct transpersulfuration reaction between SufS

and SufU is so instantaneous that the exact snapshot of
sulfur transfer still remains unclear. The structure of
BsSufS–SufU enables postulation of the mechanism of
transpersulfuration between these two proteins (Fujishiro
et al., 2017). Structural alignments of FiSufS–SufU with
BsSufS–SufU revealed that BsSufU in the complex is
tilted by 15° away from the binding site of FiSufU with
RMSD of 0.836 �A (Fig. S6A and B). Upon closer obser-
vation of the side-chain orientations in Cys34–S–SH
residues of both SufUs, it might reveal the movement of
Cys372–S–SH (FiSufS) and the dissociation of FiSufU

from the SufS–SufU complex (Figs. 3B and S6). The
Cys34–S–SH side-chains (FiSufU) on both C and D
chains in FiSufS–SufU indicate the movement towards
FiCys372–S–SH in SufS for sulfur transfer, and the side-
chain of BsCys41–S–SH leaving towards the hydropho-
bic pocket in the active site of BsSufU for dissociation
(Fujishiro et al., 2017). Taken together, we suggest that
the structure of FiSufS–SufU complex may reveal a
mechanistic snapshot of the sulfur transfer between
SufS and SufU, whereas BsSufS-SufU likely provides a
snapshot of the dissociation of SufU from the complex.
Furthermore, the absence of additional conformational
changes in BsSufU upon binding with BsSufS reaffirms
our interpretation.
Next, to explore the molecular interactions between

FiSufS and FiSufU, we generated FiSufS-Cys372Ala
and FiSufU-Cys34Ala mutants to analyse the catalytic
role of these residues in sulfur transfer. The addition of a
20-fold molar excess of FiSufU to reaction mixtures
resulted in a nearly 2-fold increase in SufS activity in the
absence of FiSufU (Fig. 2C). However, equimolar addi-
tion of FiSufU-Cys34Ala yielded a significant decrease in
enzyme activity compared with addition of FiSufU,
clearly indicating that the FiSufS–SufU interactions

Fig. 3. Crystal structure of the FiSufS–SufU complex. A. The FiSufS–SufU complex depicted in ribbon and transparent surface representation.
Black dotted box shows the active site. (top panel) Close-up view of the location of the residues of FiSufS and FiSufU in the active site of the
complex. Residues of FiSufS alone (green), FiSufU (salmon) and the FiSufS (gray)-SufU (magenta, yellow) complex are represented as sticks.
Note the different positions of Cys34–S–SH of FiSufU in chains C (magenta) and D (yellow). Alignment of FiSufU chains C and D reveals a
possible movement of FiSufU Cys34–S–SH towards FiSufS Cys372–S–SH during sulfur transfer. A shift in the side-chain of His352 (marked by
an arrow) shows that His352 of FiSufS displaces Cys34 in coordination with Zn2+ at the FiSufU active site. (bottom panel) Close-up view of the
active site, where transpersulfuration reaction is bound to happen between FiSufS and FiSufU. B. Conformational changes in FiSufS and
FiSufU upon complex formation. Superimposition of the structures of FiSufS alone (green) and FiSufU alone (salmon) with FiSufS (pale green)
bound to FiSufU (magenta). (bottom panel) Close-up view of the active site, depicting the changes in the side-chains of the interface residues
upon complex formation. C. Close-up view of the superimposed structures of free FiSufU (salmon) aligned with FiSufU (magenta) in the com-
plex. The major conformational change occurs in the b-sheets, with strands b1 and b2 converted into a loop upon binding to FiSufS.
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involve a sulfane sulfur linkage between the conserved
Cys372 (FiSufS) and Cys34 (FiSufU) residues
(Fig. S4C). However, complex formation between these
two proteins was not affected by these mutations
(Fig. S4D).

The Suf-like system facilitates decomposition of
cysteine-containing keratins

Unlike other extracellular keratinases from Bacillus
strains (Lin et al., 1995), F. islandicum AW-1 has several
membrane-bound and cytosolic proteases for keratinoly-
sis (Kang et al., 2020). Together with the results above,
we presumed that complex keratin degradation exhibits
subcellular partitioning of a keratinosome-like protein
complex comprising membrane-bound proteases for ker-
atinolysis and unidentified proteins (e.g. the Suf-like sys-
tem) for sulfitolysis. Thus, we hypothesized that the
FiSufS–SufU complex might contribute to generation of
the reducing equivalents for cleavage of disulfide bonds
during keratin degradation. Since the Suf-like system
was minimally expressed in cells grown on glucose com-
pared with cells grown on feathers, we used whole cell
extracts from glucose-grown cells (GWCE) as kerati-
nases and investigated whether addition of either FiSufS
or FiSufU to GWCE enhanced the rate of feather degra-
dation (Fig. 4A). Thermal incubation at 70°C resulted in
minimal degradation of native feathers, regardless of the
presence or absence of 10 mM DTT (Fig. 4A), and
WCE did not indicate any significant degradation in the
absence of DTT (Strasser et al., 2015). WCE derived
from feather-grown cells (FWCE) exhibited a faster
decomposition than GWCE, consistent with previous
observations (Jin et al., 2017; Kang et al., 2020). Fur-
thermore, the decomposition rate was highest when five-
fold FiSufU was added, indicating that addition of the
FiSufS–SufU complex to GWCE accelerated the feather
decomposition rate probably due to the synthesis of H2S
in the presence of DTT, thereby contributing to sulfitoly-
sis (Fig. 4B). This plausible scenario is further supported
by recent results that SufS produces H2S via the persul-
fide intermediate under anaerobic conditions (Wang
et al., 2019).
To investigate whether expression of the Suf-like sys-

tem is activated for feather degradation, we performed
qRT-PCR with RNAs extracted from F. islandicum AW-1
cells (Fig. 4 and Table S3). Intriguingly, genes encoding
peptide/cysteine ATP-binding cassette (ABC) trans-
porters, sulfur formation proteins, together with stress
response-related genes encoding DnaK, DnaJ, chaper-
one Hsp33, and 2-oxoacid:ferredoxin oxidoreductase
(OFOR), sulfite exporter TauE/SafE family protein (SafE)
were upregulated in cells grown on feathers compared
with cells grown on glucose in the absence of elemental

sulfur (S0). These results suggest that the Suf system
including FiSufS and FiSufU and stress response proteins
together with keratinolytic proteases might be required for
feather degradation, which was also observed under star-
vation conditions (Kang et al., 2020). Therefore, this result
demonstrates that the dissociation of sulfide and sulfane
sulfur from cysteine-containing peptides hydrolysed by
membrane proteases in WCE may facilitate the disassem-
bly of fibrous keratins through sulfitolysis, indicating a syn-
ergistic effect between the FiSufS–SufU complex and
membrane and cytosolic proteases.

The Suf-like system is coupled to the cystine/cysteine
recycling for keratin degradation

The increased rate of keratinolysis with the FiSufS–SufU
complex indicated that cellular sulfur availability might be
tightly coordinated with keratin decomposition. To vali-
date the effect of the sulfur source on keratin degrada-
tion by F. islandicum AW-1, we examined whether
keratin digestion is accelerated or retarded when cells
are grown in the mTF medium supplemented with feath-
ers in the presence and absence of S0 (Fig. 4). Remark-
ably, cells grown on feathers with S0 exhibited a higher
cellular growth than those without S0 (Fig. 4D). However,
feather degradation by F. islandicum AW-1 was signifi-
cantly delayed and their keratin degradation activity was
also decreased in the presence of S0 (Fig. 4E–G), indi-
cating that a limitation to cellular sulfur availability is a
prerequisite for keratin decomposition. Furthermore, dif-
ferential expression gene (DEG) analysis of sulfur utiliza-
tion genes using qRT-PCR supports the notion that the
expression of the suf operon and sulfur-related genes
were significantly upregulated in the absence of S0

(Fig. 4H). Indeed, the genes encoding Suf system, SafE,
sulfur relay proteins (i.e. YedE, DsrE and TusA), and
stress response-related proteins (e.g. DnaK, Hsp33, and
OFOR) were upregulated in cells grown on feathers with-
out S0, whereas genes encoding peptide/cysteine ABC
transporters were downregulated in the presence of S0.
Taken together, these results suggest that the Suf sys-
tem including FiSufS and FiSufU and stress response
proteins might be required for feather degradation under
sulfur starvation conditions.
Although F. islandicum AW-1 exhibited a strong kerati-

nolytic activity under starvation conditions, it remains
unclear what substances are mainly responsible for gen-
erating an extracellular reducing equivalents under star-
vation conditions, and how insoluble keratins enriched
with cysteine disulfide bonds can be utilized as a sulfur
source by cells. We assumed that either metabolites
and/or cytosolic products by the Suf-like system might
be linked to generation of potential redox mediators for
sulfitolysis across cellular membranes. To examine this,
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Fig. 4. Effects of sulfur availability on the FiSufS–SufU complex-aided keratin degradation. A. The effect of Fe–S assembly proteins on decom-
position of native feathers and (B) time-course of free amino acid production by whole cell extracts (WCE) derived from glucose- and feather-
grown cells, in the presence and absence of the FiSufS–SufU complex at 80°C. C. Differential expression of genes affecting Fe–S cluster bio-
genesis in F. islandicum AW-1 following growth on glucose and feathers during the mid-exponential growth phase by qRT-PCR analysis. Data
were normalized to RpoD expression and fold-change in expression was calculated by the 2�DDCT method (Livak and Schmittgen, 2001).
Mean � SD values are plotted and significance was calculated by paired sample t-test (*P < 0.05, **P < 0.01). The heat map shows log2
expression values. D. Growth curves of F. islandicum AW-1 in mTF medium only and mTF medium supplemented with 0.8% feathers in the
presence and absence of S0 during anaerobic cultivation at 70°C. E. Time-course of relative residual feathers during anaerobic cultivation with
F. islandicum AW-1 grown in mTF medium supplemented with 0.8% feathers in the presence and absence of S0. F. Time-course of feather
degradation activity (per g cells) during anaerobic cultivation with F. islandicum AW-1 grown in mTF medium supplemented with 0.8% feathers
in the presence and absence of S0. G. Time-course of feather degradation by F. islandicum AW-1 in the presence and absence of S0. H. Differ-
ential expression of genes affecting Fe–S cluster biogenesis in F. islandicum AW-1 following growth on 0.8% feathers in the presence and
absence of S0 during the mid-exponential growth phase by qRT-PCR analysis. Data were normalized to RpoD expression and fold-change in
expression was calculated by the 2�DDCT method. Mean � S.D. values are plotted, and significance was calculated by paired sample t-test
(*P < 0.05, **P < 0.01).
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we investigated the relative abundance of extracellular
and intracellular metabolites using mass spectrometry-
based metabolite profiling of cells grown on defined mTF
medium containing 0.1% yeast extract supplemented
with and without feathers (Fig. 5A). Principal component
analysis (PCA) revealed the time-resolved profiles that
clearly differed by culture conditions (Fig. S7A). Partial
least squares-discriminant analysis (PLS-DA) with ran-
dom permutation (999 times) demonstrated an appropri-
ate level of statistical significance for the estimated
predictability of the model (Figs. 5B and C). Separation
between the two groups was mainly explained by t[1],
which accounts for the largest degree of variation in the
data set, whereas the cultural time-course was largely
explained by t[2], the second largest variation. Composi-
tional characteristics were further interrogated with a
focus on amino acids. Feather keratin is enriched with
hydrophobic amino acids as well as cysteine/cystine
(Yeo et al., 2018). Indeed, most hydrophobic amino
acids including valine and isoleucine were more abun-
dant in the culture supernatants of cells grown in mTF
medium supplemented with feathers than in those of
cells in mTF medium containing yeast extracts only
(Fig. 5D). Particularly, the extracellular levels of cysteine
and cystine as potential redox pairs increased gradually
over time during feather degradation for cells grown on
feathers, whereas their intracellular concentrations were
at equivalent or lower levels in cells grown in mTF med-
ium without feathers (Fig. 5D). Most hydrophilic amino
acids displayed similar patterns between intracellular
and extracellular matrices, with lower levels in mTF med-
ium containing feathers than in mTF medium alone
(Fig. S7B). Although several redox pairs of metabolites,
including methionine and methionine sulfoxide, were also
detected in the mTF media (Fig. S7C), their production
profiles did not correspond to the keratin degradation
patterns. Collectively, these results suggest that high
levels of extracellular cystine/cysteine coupled to the
Suf-like system might contribute to sulfitolysis for keratin
degradation. Remarkably, mass spectrometric analysis
of extracellular and intracellular levels of amino acids
suggested that redox homeostasis within cells coupled
to extracellular cysteine and cystine recycling might be a
prerequisite for keratinolysis.

Discussion

Over the last decades, numerous studies on microbial
keratin decomposition have been attempted to unveil the
molecular mechanism of keratin degradation and eluci-
date physiological relevance to unusual microbial capa-
bility. Nevertheless, it still remains unclear concerning
how sulfitolysis can be achieved. In the present study,
we performed comparative genomics integrated with

comprehensive biochemical and biophysical characteri-
zation using an extremely thermophilic F. islandicum
AW-1 as an excellent model system to investigate the
association of the Suf-like system with keratin degrada-
tion. Fe–S cluster-containing proteins are primordial,
ubiquitous, functionally diverse metalloproteins that are
found in all forms of life (Lill, 2009; Netz et al., 2014)
(Fig. 1). Since F. islandicum AW-1 expresses high levels
of sufCBD genes on feathers in the absence of S0, we
predicted a correlation between sulfur availability and
keratin degradation (Figs. 1 and 4), and it is intriguing
how SufS and SufU may be involved in the degradation
process. Notably, suf genes encoding an intact scaffold
system for Fe–S cluster biogenesis (i.e. sufCBDSU)
were upregulated in cells grown on feathers, including
sulfite exporter TauE/SafE family protein and peptide
ABC transporter were significantly upregulated in the
absence of S0 compared to in cells grown on glucose
(Fig. 4). This result indicates that these bacterial cells
grown on feathers need the uptake and transport of S0

(or S2-) directly from cysteine-containing keratins as the
sole sulfur source for the biogenesis of Fe–S cluster
(Fig. 4A). Indeed, F. islandicum AW-1 expresses signifi-
cantly high levels of the suf genes on feathers in the
absence of S0. Sulfur relay proteins such as DsrEred/ox,
YedE, TusA and SafE were also upregulated, which is
beneficial for reducing the extracellular environment. In
addition, high levels of DnaK and Hsp33 expression in
cells grown on feathers appear to be a hallmark of pre-
disposition of sulfur starvation conditions (Fig. 4H).
Intriguingly, the expression levels of the suf genes corre-
lated with their proximity to the promoter in the suf
operon. Indeed, the expression levels of the sufS and
sufU genes were relatively marginal than those of the
sufB, sufC, and sufD genes, which might be ascribed to
either mRNA instability or additional transcriptional regu-
lation due to a putative binding site of transcriptional
repressor Fur in the 3’-end region of the sufD gene.
Although the sufS and sufU genes were minimally regu-
lated by the presence and absence of feathers or S0,
marginal responses of these essential genes are critical
for adapting cells to environmental changes (Outten
et al., 2004; Albrecht et al., 2010; Roberts et al., 2017).
In this regard, a sulfur transfer activity of SufS enhanced
by SufU explains how the SufS–SufU complex promotes
cellular growth and Fe–S cluster biogenesis despite low
levels of expression (Fig. 2C). Specifically, a transient
SufS–SufU complex delivers the ‘sulfur source’ from
some cysteines to the SufBCD scaffold for the Fe–S
cluster biogenesis. In addition, SufS can release S2-,
which can be further oxidized to sulfite and released
extracellularly, thereby accelerating feather degradation
(Fig. 6). Furthermore, the Suf system-related genes,
which play an important role in controlling the Fe–S
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homeostasis under stress conditions such as iron starva-
tion and oxidative stress, are of importance during the
infection cycle of pathogens such as Dickeya dadantii
(Rincon-Enriquez et al., 2008), Shigella flexneri (Run-
yen-Janecky et al., 2008) and Acinetobacter baumannii
(Zimbler et al., 2012). Notably, our transcriptomic analy-
sis indicates that expression patterns of F. islandicum
AW-1 genes related to cellular adhesion to feathers are
quite similar to those of these infectious pathogens (J-Y.
Kim and J-Y. Sung, unpublished data).
Collectively, the regulation of suf genes expression in

response to sulfur availability indicates that keratinolysis

and Fe–S cluster biogenesis might be tightly coordi-
nated. Therefore, we suggest a plausible mechanism in
which cysteine/cystine and peptides, including amino
acids released from keratin, are transported into cells,
concomitant with the release of sulfur from these cys-
teines by the FiSufS–SufU complex to support intracellu-
lar Fe–S biogenesis. Consequently, the sulfur from SufS
can be transferred to the SufBCD system via the SufU
as an intermediate cysteine-containing sulfur acceptor
between active cysteines in the presence of ferredoxin
and Fe–S oxidoreductase for Fe–S assembly (Fig. 6).
The sulfur of the intermediate acceptors can be further

Fig. 5. Metabolite profiles of F. islandicum AW-1 grown on different nutrients. A. Growth curves of F. islandicum AW-1 in mTF medium with
and without 0.8% feathers during anaerobic cultivation at 70°C. Dotted lines indicate the sampling time for metabolite analysis. B. Multivariate
statistical analysis of extracellular metabolite profiles based on partial least squares-discriminant analysis (PLS-DA). T1 indicates discriminating
vector 1 that explains the largest degree of variation in the dataset. Likewise, T2 indicates principal component 2. C. Random permutation plot
(999 times) for datasets from the four groups. The vertical axis represents R2Y (green points) and Q2 (blue points) values of the model. The
horizontal axis represents the correlation coefficient between original and permuted Y-variables. D. Temporal changes in extracellular and intra-
cellular amino acids in control media (blue line) and media containing feathers (red line). Units are normalized peak height of unique quant
mass. Error bars indicate standard error of the mean (SEM).
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supplied to Fe–S scaffolds, as well as proteins of sulfur-
utilizing pathways such as those involved in the synthe-
sis of sulfur-containing cofactors or thiol modification of
tRNA (Takahashi and Tokumoto, 2002; Fontecave and
Ollagnier-de-Choudens, 2008). Fe–S cluster-containing
proteins are involved in electron transfer, redox catalysis,
structure stabilization and sensing functions (Roche
et al., 2013; Golinelli-Cohen and Bouton, 2017). More-
over, maintenance of intracellular redox homeostasis

results in the release of extra cysteine and cystine from
cells, which contributes to the generation of an extracel-
lular reducing environment (Park and Imlay, 2003; Ezraty
et al., 2017), thereby facilitating the disassembly of
fibrous keratins through the reduction of disulfide bonds
heavily cross-linked in feather keratins (Fig. 6). Simulta-
neously, intracellular cysteine and cystine play a crucial
role in cellular redox homeostasis within cells (Ohtsu
et al., 2010). Indeed, our metabolomic readout results

Fig. 6. Proposed mechanism of the FiSufS–SufU complex mediating extracellular cysteine and cystine recycling in keratin degradation by F.
islandicum AW-1. The schematic view shows the proposed role of the Suf system in Fe–S cluster biogenesis and the decomposition of keratin.
The cysteine disulfide bonds in recalcitrant keratin structures can be cleaved by extracellular sulfite and/or cysteine as a reducing agent, which
makes keratinolysis more feasible by membrane-bound proteases. SufS forms a transient FiSufS–SufU complex to incorporate sulfur sources
from cysteines into the Fe–S clusters, and it also releases sulfide to be further oxidized via sulfur redox proteins to sulfite as an extracellular
reducing agent. To maintain intracellular levels of L-cysteine below the threshold of cytotoxicity, extra cysteines within cells are excreted to an
extracellular environment for maintaining intracellular redox homeostasis based on the ratio of L-cysteine and L-cystine. Consequently, excreted
sulfite and cysteines might further facilitate sulfitolysis for keratin degradation. Dotted lines represent the delivery of sulfur sources (persulfurated
sulfur and Fe–S clusters), and solid lines indicate enzyme-catalysed reactions.
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indicate that to maintain intracellular levels of L-cysteine
below the threshold of cytotoxicity, surplus L-cysteines
are released outside the cell, and this might be involved
in chemical reduction of disulfide bonds in keratin
(Figs. 5 and 6). Furthermore, the FiSufS–SufU complex
mediated the conversion of sulfide derived from L-cys-
teine and incorporation of iron into Fe–S clusters, which
is needed to prevent cellular L-cysteine levels from get-
ting too high during/following keratin degradation. Fe–S
cluster-containing proteins can act as rapid and efficient
stress response systems, which may help cells to retain
crucial activities in response to changes in nutrient
including So availability, cellular redox potential or other
environmental perturbations (Golinelli-Cohen and Bou-
ton, 2017). This explanation is more supported by the
growth profiles of F. islandicum AW-1 in the presence
and absence of S0. As shown in Fig. 4, cellular repro-
duction was increased in cells grown on feathers in the
presence of S0, whereas the capability of keratin degra-
dation (per g cell) was rather decreased, indicating that
non-availability of sulfur sources necessitates the stress
response, thereby promoting keratin degradation to pro-
vide the formation of extracellular free cysteine and cys-
teine-containing peptides as a sulfur source for the Fe–S
biogenesis as well as a nitrogen source for survival.
Accordingly, we suggest that SufS and SufU can play an
important role in redox homeostasis by modulating the
flux of L-cysteine within cells. Primarily, L-cysteine can be
desulfurized by SufS, and the resulting sulfane sulfur
can be transferred via the SufS–SufU complex to the
SufBCD complex for the Fe–S cluster biogenesis
(Fig. 6). On the other hand, the excess amounts of intra-
cellular L-cysteine, which can cause intracellular oxida-
tive stress, should be pumped out to extracellular
environments by cysteine transporters for maintaining
intracellular redox homeostasis. Hence, in the presence
of a high concentration of cysteine, the FiSufS–SufU
complex in F. islandicum AW-1 may be activated not
only to incorporate cysteines into Fe–S clusters, but also
to release extra cysteines as an extracellular reducing
agent for extracellular sulfitolysis. This suggests that the
FiSufS–SufU complex enhances keratinolysis by readily
utilizing keratin hydrolysates, thereby shifting the equilib-
rium in the hydrolysis direction (Fig. 6). In this regard,
fundamental and multifunctional roles of the Fe–S cluster
system could be highlighted beyond its well-known func-
tion for Fe–S biogenesis responsible for cellular metabo-
lism. Superficial infections in human skin caused by
dermatophytes (Grumbt et al., 2013) support this plausi-
ble hypothesis since released cysteine can in turn be
used as a substrate for sulfite formation, thereby promot-
ing keratin degradation. Moreover, previous investigation
of thiol content in thermophilic organisms suggests that

they utilize a more oxidizing intracellular environment to
take advantage of protein thermostability imparted by
disulfide bonds (Heinemann et al., 2014). Intriguingly,
the Fervidobacteriaceae possess the complete Suf sys-
tem for Fe–S cluster biogenesis, which is rarely found in
the family Thermotogaceae (Fig. 1A). It is noted that
extremophiles in the order Thermogales mainly utilized
insoluble S0 (transformed into soluble S2- as reducing
agent) to produce energy transduction (Huber and Han-
nig, 2006). Our comparative genomic and DEG data
indicated that SufBCD as a major Fe–S cluster assembly
system including the SufS–SufU complex together with
highly expressed sulfur transport systems including
TauE/SafE family proteins as sulfite exporters are
responsible for producing a reducing power as well as
Fe–S cofactor biogenesis in place of sulfur sources (S0

or S2-) (Fig. 4). In the light of this, only when insoluble
feather keratins rich in cysteine as the potential sulfur
source, strains having SufS and SufU in Fervidobacteri-
aceae would be advantageous over those in Thermoto-
gaceae for their survival under sulfur starvation
conditions.
Overall, we propose that microbial keratin degradation

might underlie a strategy for survival under sulfur starva-
tion conditions, implying that strains capable of anaero-
bic sulfurur metabolism may have evolved the ability to
use the Fe–S cluster biogenesis machinery for the uti-
lization of sulfur-containing nutrients as well as a survival
strategy under stress conditions.

Experimental procedures

Detailed information can be found in Supporting informa-
tion. In addition, bacterial strains and culture conditions,
genome sequences, pan-genome analysis, qRT-PCR,
cloning, SufS assay, keratin degradation assay, purifica-
tion of recombinant SufS and SufU and the SufS–SufU
complex, AUC, protein crystallization, X-ray data collec-
tion and structure determination, refinement and metabo-
lite profiling are described in Supporting information
materials and methods.

Bioinformatics tools

The Bacterial Pan Genome Analysis (BPGA) pipeline
ver. 1.3 package was used for comparative genomic
analysis of twenty strains in the order Thermotogales
and clusters of orthologous groups (COG) analysis
(Chaudhari et al., 2016). For comparative genomics, sim-
ilarity analysis of genes from microbial genome
sequences was performed using the National Center for
Biotechnological Information (NCBI) BLAST server and
CLgenomics software (Chunlab, Seoul, Korea).
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Accession numbers

Structural data are available in the Protein Data Bank
(www.pdb.org) under the following accession numbers:
FiSufS (PDB 6A6E), FiSufU (PDB 6A6F), and FiSufS–
SufU (PDB 6A6G).
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