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a  b  s  t  r  a  c  t

We  analyzed  the  draft  genome  of  the cephalochordate  Branchiostoma  floridae  (B.  floridae)  for  genes  encod-
ing  intermediate  filament  (IF)  proteins.  From  26  identified  IF genes  13  were  not  reported  before.  Four  of
the new  IF  genes  belong  to  the previously  established  Branchiostoma  IF group A,  four  to  the  Branchio-
stoma  IF  group  B, one  is  homologous  to the type  II keratin  E2  while  the  remaining  four  new  IF  sequences
N1  to  N4 could  not  be readily  classified  in  any  of the  previously  established  Branchiostoma  IF  groups.
All  eleven  identified  A  and  B2-type  IF  genes  are  located  on  the same  genomic  scaffold  and  arose  due
to  multiple  cephalochordate-specific  duplications.  Another  IF gene  cluster,  identified  in  the  B. floridae
genome,  contains  three  keratins  (E1,  Y1, D1), two  keratin-like  IF  genes  (C2, X1),  one  new  IF gene (N1)
and  one  IF unrelated  gene,  but does  not  show  any  similarities  to  the  well  defined  vertebrate  type  I or
type  II keratin  gene  clusters.  In addition,  some  type  III sequence  features  were  documented  in the new
hylogeny IF  protein  N2, which,  however,  seems  to share  a  common  ancestry  with  the  Branchiostoma  keratins  D1
and  two  keratin-related  genes  C.  Thus,  a  few  type  I and  type  II keratin  genes  existed  in a  common  ances-
tor  of  cephalochordates  and  vertebrates,  which  after  separation  of  these  two  lineages  gave  rise  to  the
known  complexities  of the  vertebrate  cytoplasmic  type I–IV  IF  proteins,  as well  as  to  the  multiple  ker-
atin  and  related  IF genes  in cephalochordates,  due  to multiple  gene  duplications,  deletions  and  sequence
divergences.
ntroduction

The filamentous IF network in metazoan cells seems to be
esponsible for resistance against mechanical stress (i.e. Mclean and
ane, 1995; Hesse et al., 2000; Karabinos et al., 2001b; Vijayaraj
t al., 2009; Zhang et al., 2011). There are about 70 different mem-
ers of the IF protein family in man  (Hesse et al., 2000, 2004)
nd in vertebrates, which are subdivided into the five major types
for reviews see Fuchs and Weber, 1994; Parry and Steinert, 1995;
errmann et al., 2003, 2009). Keratin epithelial filaments are based
n obligatory heteropolymeric double-stranded coiled coils, each
imer containing one type I and one type II chain. The four mes-
nchymally expressed type III proteins – desmin, vimentin, GFAP
nd peripherin – generally form homopolymeric IFs. The Type IV
re three neurofilament proteins and �-internexin, while in the
ype V group are the nuclear lamins. The two eye lens IF proteins –
lensin and phakinin – fall outside these types.
All IF proteins possesses a central rod domain containing hep-
ad repeats which is flanked by variable head and tail domains.
he structure of the rod domain in IF molecules enables them to

∗ Tel.: +421 905 402 683.
E-mail address: sembid.pp@gmail.com

171-9335/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.ejcb.2013.10.004
© 2013 Elsevier GmbH. All rights reserved.

assemble both in vitro and in vivo into one of four closely related
10 nm-like filaments (Fuchs and Weber, 1994; Parry and Steinert,
1995; Herrmann et al., 2003, 2009). The central rod domain of all IF
proteins is subdivided into segments 1A, 1B, 2A and 2B, however,
the nuclear lamins and the protostomic cytoplasmic IFs contain
a longer rod segment 1B. In addition, the nuclear lamins have a
unique tail containing an Ig-like segment, a nuclear localization
signal and, in most cases, a CaaX box (Erber et al., 1999). It is
assumed that lamins represent an ancestor sequence of cytoplas-
mic  IFs (Fuchs and Weber, 1994; Parry and Steinert, 1995; Erber
et al., 1998; Herrmann et al., 2003).

In our previous studies on cephalochordate Branchiostoma we
characterized 13 cytoplasmic IF proteins. Five proteins were identi-
fied as bona fide keratins forming the obligatory heteropolymeric IF
from mixtures of any type I (k1, Y1, E1) and type II (D1, E2) recombi-
nant proteins. In addition, two  of the Branchiostoma type I keratins
polymerize also with the human type II keratin 8 (Karabinos et al.,
2000). Three keratins (k1, Y1, D1) and protein X1 are expressed in
the gastrula. The number of lancelet IF proteins increases at the
neurula and early larval stages to 7 and 11 respectively, and in the

adult 13 different proteins have been found. The keratins are the
major IF proteins in the Branchiostoma nerve cord. Proteins X1, C1
and C2 possess some keratin-like characters and were shown to
be integrated into the epidermal and neuronal keratin meshwork

dx.doi.org/10.1016/j.ejcb.2013.10.004
http://www.sciencedirect.com/science/journal/01719335
http://www.elsevier.com/locate/ejcb
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Karabinos et al., 2001a). Finally, the five remaining Branchiostoma
F proteins A1, A2, A3, B1 and B2 formed a separated A/B branch
n the evolutionary trees and were proposed to be lancelet-specific
Karabinos et al., 2002). The B1 protein is expressed in mesoder-

ally derived muscle tails and in coelomic epithelia and forms
omopolymeric IF in vitro. In contrast, its closest relative B2 is
o-expressed with the three homologous proteins A1–A3 in the
ntestinal epithelia and can form heteropolymeric IF with A3, driven
y a putative trigger-like sequence in segment 1B (Karabinos et al.,
002, 2012).

Thus, the only homologs of the vertebrate cytoplasmic type I
o II IF proteins, identified so far in cephalochordates, contrast with
he situation in urochordates, a sister group of vertebrates (Putnam
t al., 2008 and references therein), where also a vertebrate type III
omologous IF protein was found (Wang et al., 2000; Karabinos
t al., 2004). It is therefore possible that additional Branchiostoma
F proteins might have escaped previous cDNA cloning and that
lso this early-diverging chordate contains some vertebrate type III
nd, eventually, also type IV homologs. Moreover, a comprehensive
nalysis of the cephalochordate IF complement can also be used to
est the recent conclusion that all type I and type II tetrapod keratins
volved from only two genes that were present in the ancestor of
xtant vertebrates (Vandebergh and Bossuyt, 2012).

In this study we identified 13 newly predicted IF sequences in
he B. floridae draft genome (Putnam et al., 2008). None of them
as defined as a vertebrate type III or type IV homolog. These
ata indicate the existence of a multigene family of IF proteins in
he cephalochordate Branchiostoma which evolved independently
rom the multiple type I–IV IF proteins in vertebrates.

esults and discussion

dentification of 26 IF genes in Branchiostoma genome

We  made BLAST searches of the B. floridae predicted proteome
Putnam et al., 2008) using the 13 previously cloned Branchiostoma
ytoplasmic IF sequences A1-A3, B1, B2, C1, C2, D1, E1, E2, k1, Y1,
1 (for references see Introduction) and the lamin (Riemer et al.,
000) as a query. In total, 26 predicted IF-like proteins or fragments
ere identified. Comparison of all these sequences with the corre-

ponding genes in the B. floridae genome (Putnam et al., 2008) found
ne prediction (BRAFLDRAFT 123713) which covered two  neigh-
oring genes and two other predictions (BRAFLDRAFT 132259 and
RAFLDRAFT 116897), representing allelic variants of one gene. We
sed manual corrections in several protein predictions based on
heir comparisons to previously reported Branchiostoma IF genes
nd protein sequences. However, identification of final amino
cid sequences of the terminal head and/or tail domains for four
enes (224304, 123713-E2, 123713-E3 and 235856; Table 1) awaits
loning of their corresponding full length cDNAs. 26 IF genes, iden-
ified in Branchiostoma, contrast with six such genes found in the
raft genome of the urochordate Ciona (Karabinos et al., 2004),
hich, however, is thought to have undergone a substantial gene

oss (Putnam et al., 2008). Table 1 summarizes our search and shows
hat all previously identified IF proteins (see Introduction), except
2, were identified in the B. floridae genome. Pairwise analyses of

he amino acid rod sequences of the newly identified IF sequences
nd the corresponding previously reported B. floridae IF proteins
denoted with an “Bf” prefix in Table 1) revealed divergence ranging
rom 1% (E2) to 4% (A1). Moreover, as mentioned above, no obvi-
us counterpart of the previously reported B. floridae A2 IF protein

ould be identified in the B. floridae draft genome (Fig. 1A and text
elow). These results support high allelic variations of the B. floridae
enome (Putnam et al., 2008) and might also indicate an existence
f different B. floridae sub-populations, as recently documented for
ell Biology 92 (2013) 295– 302

the related pacific lancelet B. belcheri (Li et al., 2013). However, due
to the current ambiguities regarding the B. floridae IF protein A2,
we did not apply its name for the nomenclature of the A-type IF
sequences, identified in the B. floridae draft genome. Finally, from
the remaining 13 predicted IF sequences not reported before, four
belong to the previously established Branchiostoma IF group A (A4-
A6 and A�), four to the Branchiostoma IF group B (B2b–B2e), one is
homologous to the type II keratin E2 (E3), while the analyses of the
last four new IF sequences N1 to N4, which could not be readily clas-
sified in any of the previously established Branchiostoma IF groups,
are described below (Table 1, Fig. 3). Notably, the EST analysis doc-
ument transcription activity for only five (A6, B2e, E3, N1, N2) of
the 13 new IF sequences (Table 1), which left open the question
whether the remaining eight proteins are also active genes. We  pro-
pose here, that at least the gene A� does not encode a functional IF
protein (see below), but a more precise picture about the function-
ality of this and other newly identified IF genes will be established
once various gaps of different lengths in these sequences are closed
(see Table 1 for details).

All keratin-like A and B2-type IF genes are clustered together

As documented in Table 1, 12 (A1, A3-A6, A�, B1, sB2a-B2e) of
26 IF sequences identified in the B. floridae draft genome, are related
to the two previously established Branchiostoma keratin-like A and
B-type IF groups. Pairwise amino acid and distance-based phylo-
genetic analyses, using either the unweighted pair-group method
with arithmetic mean (UPGMA; Fig. 1A) or the neighbor-joining
method (data not shown), of the rod domains of the new and previ-
ously reported A/B-type sequences (Riemer et al., 1998; Karabinos
et al., 2002) indicate that the predicted sequences 81360 (A1) and
265949 (A3) correspond to the previously reported B. flordae IF pro-
teins A1 and A3, respectively, and that the A4 (81363), A5 (81358)
and A6 (224304) sequences are their homologs. The latter is true
also for the predicted sequence 81362, which, however, is a partial
sequence due to an stop codon positioned in the region encod-
ing the rod segment 2B as well as due to deletion in a distal part
of the corresponding gene (Table 1). We  think, therefore, that the
81362 sequence represents a non-functional A-type gene (i.e. pseu-
dogene), which we  therefore named here A� (Table 1, Fig. 1A).
As mentioned above, none of the sequences analyzed in Fig. 1A is
an obvious counterpart of the previously reported B. floridae A2
(Fig. 1A). The phylogenetic tree in Fig. 1A further reveals that the
B2a (81357) sequence corresponds to the previously cloned B. flori-
dae IF protein B2 and that the sequences B2b (81363), B2c (224428),
B2d (224321) and B2e (281325) are its homologs. Finally, the pre-
dicted sequence 77526 corresponds to the previously reported IF
protein B1 (Table 1), which is currently the only Branchiostoma
IF proteins able to form homopolymeric IFs (see Introduction for
details). Interestingly, this and all the other identified A/B-type
sequences here possess a trigger-like motif in segment 1B which
has the potential to form multiple salt bridges (Fig. 1B) and probably
also to trigger formation of obligatory heterodimer as previously
demonstrated for the A3 and B2 polypeptides (Karabinos et al.,
2012).

Fig. 1C documents that all predicted A and B2-type IF genes
described above, are grouped together on the B. floridae scaffold 101
while only B1 is localized on the separated scaffold 71 (Table 1). The
A/B gene cluster on the scaffold 101 still shows a variety of gaps but
it can be clearly seen that the three B2-type IF genes B2e, B2c and
B2a are individually paired with the three A-type IF genes A3, A6
and A5, respectively. Moreover, the five genes B2e, A3, B2c, A6 and

A5 from the latter six have their evolutionary most closely related
counterparts (see tree in Fig. 1A) B2d, A1, B2b, A� and A4, respec-
tively, on the opposite side of the scaffold (indicated in Fig. 2C by
brackets under sequences), while only the B2a gene lacks such a
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ounterpart on the opposite side of the scaffold (marked by “?” in
ig. 1C).

Based on the data described above and the same gene struc-
ure of all A/B-type IF proteins presented here (Fig. 3B; Karabinos
t al., 2000), we have constructed a hypothetical scheme showing
heir origin due to repeated duplications in the B. floridae genome.
he single archetypal ancestor of B and A genes was  duplicated
nto B1/B2 and A genes. The former gene was subsequently dupli-
ated to the B1 and B2 genes which was followed by a B1 genomic
ransposition from the original place in the genome (Table 1). The
wo ancestral genes B2 and A, which were left (on the scaffold 101),
ere subjected to two rounds of tandem gene duplications, leading

o three ancestral B2/A gene pairs. This was followed by a duplica-
ion of the whole six-gene cluster, deletion of a hypothetical B2a
ene counterpart with an attached part of the neighboring A� gene
Table 1) and by a sequence divergence leading to the origin of 11
/B-type IF genes in the B. floridae genome (Fig. 1D).

lustering of keratins and related IF genes in Branchiostoma
enome

As mentioned in the Introduction, the vertebrate type I to II ker-

tin homologs were previously identified in the cephalochordate
ranchiostoma (Karabinos et al., 1998, 2000). Here we found that
enes for the two type I keratins E1 and Y1, the type II keratin D1,
he two keratin-like proteins X1 and C2, as well as the new IF N1, are

able 1
he complement of IF proteins of the cephalochordate B. floridae.

JGI hypothetical protein
BRAFLDRAFT

Scaffold GenBank acc.
no. EEN

Branchio-stoma
IF protein

Lamin
121709 71 42741.1 Lamin 

A-type IF sequences
81360 101 57330.1 A1 

265949 101 57324.1 A3 

81363  101 57333.1 A4 (new) 

81358  101 57328.1 A5 (new) 

224304 101 57326.1 A6 (new) 

81362 101 57332.1 A� (new) 

B-type IF sequences
77526 71 50569.1 B1 

81357  101 57327.1 B2a 

81361  101 57331.1 B2b (new) 

224428 101 57325.1 B2c (new) 

224321 101 57329.1 B2d (new) 

281325 101 57323.1 B2e (new) 

Keratin and related IF sequences
129989 403 43152.1 C1 

235821 328 45673.1 C2 

61222  328 45675.1 D1 

160578 328 45671.1 E1 

123713 126 62249.1 E2 

123713 126 62249.1 E3 (new) 

132259 664 42329.1 k1 

235856 328 45672.1 Y1 

117261 3 45676.1 X1 

Other  IF sequences
128770 328 45670.1 N1 (new) 

124339 145 57617.1 N2 (new) 

88547  175 49529.1 N3 (new) 

74516  51 54819.1 N4 (new) 

enes were identified by our screen of the B. floridae draft genome (Putnam et al., 2008).
* Previously reported B. floridae and B. lanceolatum IF proteins, denoted with the prefi

1998,  2000), and Karabinos et al. (2000, 2001a).
** This most divergent B. floridae IF sequence displays 28% sequence identity in the coi
equences is below 14%; EXT, extended; TRM, trimmed; AA, amino acid; N-term, N-termi
ll Biology 92 (2013) 295– 302 297

clustered together on the genomic scaffold 328 (Table 1, Fig. 2A).
This Branchiostoma keratin-like cluster is interrupted by one pre-
dicted IF unrelated gene (98782) and does not show any similarities
to the well-defined vertebrate type I or type II keratin gene clus-
ters (Zimek et al., 2003; Zimek and Weber, 2005; Hesse et al., 2004;
Vandebergh and Bossuyt, 2012). Thus, the typical organization of
keratins and keratin-flanking genes of vertebrates originated after
divergence of Branchiostoma and vertebrates. The remaining pre-
viously reported Branchiostoma type I keratin k1 is located on the
scaffold 664 (Table 1), while the Branchiostoma type II keratin E2 is
attached on the scaffold 126 in tail-to-head orientation to the new
IF gene which we  named here E3 (Table 1). Both latter genes are only
about 5,5 kb apart from each other, have identical gene structure
(Fig. 3B) and the 73% sequence identity (Table 1), which collectively
suggest their origin by a relatively recent gene duplication. Thus,
these data and the phylogenetic (Fig. 4) and EST analyses (Table 1),
suggest that the E3 IF protein represents, beside D1 and E2, the third
type II keratin expressed in the cephalochordate Branchiostoma.

Branchiostoma IF proteins C, D1 and N2 have a common ancestry

Previously we reported that the protein C2 from B. lanceola-

tum forms with keratins the epidermal and neuronal IF meshwork
(Karabinos et al., 2001a) and also possesses some keratin-like
sequence features (Karabinos et al., 2002). Moreover, both C2 and
its closely related B. floridae IF protein C1, contain a long unique

Corrections of JGI hypothetical
protein prediction and (note)

Best rod AA sequence
identity of*

cDNA or
EST data*

EXT Exon 7 (22 AA) 95% to BlLam cDNA

None 96% to BfA1 cDNA
None 98% to BfA3 cDNA
EXT Exon 2 (14 AA) 91% to A1 –
None 88% to A4 –
None (Gaps between Exons 3
and 4)

Exons 1–3
96% to A�, Exons 4–6
96% to A1

–

None (only Exons 1–5) 96% to A6 –

TRM Exon 1 (45 AA)
TRM Exon 6 (46 AA)

100% to BfB1 cDNA

TRM Exon 4 (7 AA) (partial:
Exons 1–4; Gaps past Exon 4)

97% to BfB2 cDNA

None 94% to BfB2 –
EXT Head (28 AA) 94% to BfB2 –
EXT Head (26 AA) 94% to BfB2 –
None 94% to BfB2 EST

None 100% to BfC1 cDNA
EXT Head (117 AA)
EXT Tail (47 AA)

98% to BfC2 cDNA

None 89% to BfD1 cDNA
Added Exons 1–4,7 98% to BfE1 cDNA
TRM C-term (544 AA) 99% to BfE2 cDNA
TRM N-term (510 AA) 73% to BfE2 EST
None 98% to Bfk1 cDNA
EXT Head (67 AA) 90% to BlY1 cDNA
None 86% to BlX1 cDNA

None 28% to BlY1 EST
None 38% to BfB1 EST
None 22% to BfB1 –
None (gaps between Exons
5–6)

28% to BFD1** –

x “Bf” and “Bl”, respectively, and the corresponding cDNAs are from Riemer et al.

l 2 segment while in the coil 1 sequence the identity value to various B. floridae IF
nus; C-term, C-terminus.
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A B
coil 1B 

A1       A1  YEGMLSALRAQVDGLSQQKAQLEVERNSW 
BfA1        A3  YEGMLRALRAQVDGLSQQKAQVEAERNSW 
BfA2         A4  YEGMLRALRAQVDGLSQ QKAQVE AERNSW  
A3        A5  YEGMLSELRAQVDELSK QKAQVE VERNSW  
BfA3         A6  YEKETRDLRTLVDELSEEKAKMVLERNQW 
A4 *   *  *   *  *   *  *   *  *   
A5
A6         B2b YETELTELRALVDQLT QETTQQE AERASW  
B2b       B2a YETELTELRALVDQLTQETAQQEAERASW
B2a         B2c YETELTELRVLVDQLT QETTQQE AERASW  

                            BfB2              B2d YETELTELRALVDQLT QETAQQE AERASW  
                            B2c               B2e YETELTELRALVDQLT QETAQQE TERASW  

B2d      B1  YEKELRDLRALVDELS NDKAQLE IERNNW  
B2e A YEKETRDLRTLVDELSE EKAKMV LERNQ W
B1 trigger-like motif -+xxxxx-+ 
BfB1 
A

C 
0 20 40           60         80          100          120         140 kb          

Scaffold 101 

Genes 
     81351  B2e  A3  B2c  A6      B2a  A5                B2d  A1 B2b A    A4 81364

                                                                                ? 

Closest phylogenetic relationships 

D 

duplication

duplication

B1 translocation

duplication

duplication 

duplication 

deletion 

B/A 

B1/B2  A 

B1 B2 

B2 A 

B2 A A 

B2e A1 

B2 

B2a 

B2d 

A4 

A1 B2b  A A4 

A 

B2e A3 B2c 

A 

A6 

B2c 

B2a A5 

B2d A1 B2b Aψ

B2 

A4 B2e A3 B2c A6 B2a A5 

Fig. 1. (A) An evolutionary tree generated by the analysis of the conserved rod domains of various B. floridae A and B-type IF sequences. Sequences denoted by a “Bf” prefix
were  reported previously (Riemer et al., 1998), other sequences were identified here in the B. floridae draft genome. This unrooted tree is constructed by UPGMA analysis
(see  “Materials and methods” for details). Note that the sequence corresponding to the previously reported protein A2 (BfA2) has not been identified in the B. floridae draft
genome (see text for details). (B) Sequence alignment of the first 29 residues of segment 1B of various B. floridae A and B-type IF proteins identified in this study. Arrows
pointing down mark the start of segment 1B and asterisks mark the a and d positions of the heptad repeat pattern. The four arrows above the sequences mark the putative
trigger-like motif “−+xxxxx−+” identified previously in the heteromeric IF proteins B2 and A3 (see Karabinos et al., 2012 for details). Residues of the aligned sequences that fit
the  charged positions of the “consensus trigger-like motif” are indicated in bold. (C) Schematic representation of the A- and B2-type gene cluster in the B. floridae genome. The
genes  are referred according to their location on the scaffold 101. The presented IF cluster is flanked by the IF unrelated genes 81351 and 81364. The gene pairs revealing the
c  figure
o voluti
f

t
t
1
h
a
t
I

losest sequence relationships in the phylogenetic tree, presented in panel C of this
f  B2a is lacking is indicate by? (See text for details). (D) Proposed scheme for the e
or  details).

ail with two degenerate repeats exhibiting a heptad repeat pat-
ern compatible with a coiled coil formation ability (Riemer et al.,
998). Interestingly, we found that the C2 counterpart, identified

ere in the B. floridae draft genome, lacks a long tail domain (Fig. 2B)
nd resides on the B. floridae genomic scaffold 328 with genes for
he keratins E1, Y1, D2, the keratin-like IF protein X1, the new
F N1 as well as the IF unrelated gene 98782 (Fig. 2A). However,
, are connected by brackets below. The region on the scaffold where a counterpart
on of the six A-type and the five B-type IF genes in the B. floridae genome (see text

analysis of the latter gene 98782, located on the scaffold 328 down-
stream to C2 (Fig. 2A), reveals a strong sequence similarity to the
tail sequences of the B. lanceolatum C2 and the B. floridae C1, D1

and N2 IF proteins (Fig. 2B). Moreover, all latter sequences, except
C2, end with the “ricin-type” carbohydrate-binding domain which
is found in a variety of molecules serving diverse functions such
as enzymatic activity, inhibitory toxicity and signal transduction
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A 
0 20 40           60          80          100          120   130 kb           

Scaffold 328

Genes 
235852     N1    E1  Y1        C2        98782    D1       X1   64030 

B tai l
BlC2          MAGGDFSSTSMS---------MSQTTSSSAGGGGFGAGGAGGRGGAGGRAGGAGGGAGGGAGGGGGASSKELDDLRAKLKAMEAEKSKM                 
BfC2(25821)   IAGGDFSSSSMS---------MSQTTQSSSGFGAGGGAGGGARGGAGGAGK 
BfC1(129989)  SAI-EFAAQE-----------ASQTKTVS--------------------------------------I-EEVEE-RHKAELAR(93aa) 
BfD1(61222)   HHSFDFASISSSSFSAGGGGMMSQTKSIS-GGGGG------------------------------------------------------ 
BfN2(124339)  ------DTSRMS---------YSRSRQSM--------------------------------------IVDDLEDSKEDLKIEE------ 

repeat 1   *  *   *  *   *  * 
BlC2          AGELKSAQQQSAAAASSSQQTTKLEGELRGKDKEIGDLRAELDKLRAQLQNASKQQSAQMEAQVGKLEGELGSLRGELSAKAKEYQDLL
BfC1(129989)  RGE IHSVQSSVQSSAVFEK QVSGLESRIGSLQGEI -DSKLAIIRE RDTMIADL (29aa) KTKIISRLE SEMAALR LELSGKAKEYQ NLL 
BfD1(61222)   ----------------------------------------------------------------------------------------- 
BfN2(124339)  -----------------------------------------------------------------------------------------

                *  *   *  *   *  *   repeat 2    *   *  *   *  *   *  *   *  *   *  *   *  *   *  *   * 
BlC2          NAK LMLEKTLREAEDRHRMELQARD DALR DLEREKNEQIARLELD LRELRAEMDAKLANYNDLMN AKLALEKT LRETEDRYQNELRDSK 
BfC1(129989)  EAKMMLEKTLRESEERHKKELRGKEDFIHDLERQKNEQIVKLEIALKELRGQIDGKSSGYDDLNRAKLALERQLQEMESRYQRELSEKT 
98782                                                                              ...IRECPNCKTYQNELRDSK 
BfD1(61222)   ----------------------------------------------------------------------------------------- 
BfN2(124339)  ----------------------------------------------------------------------------------------- 

               *   *  * 
BlC2 AMISQLEVQASGASRA------------- AALEA ELARLRAEF AAC QSERDQCFMDRDSCGP---------------------------    
BfC1(129989)  R MISSLETRV STT SVSQTTELEGRFKGQISTLEAQLVSLR GDLAA MTRERDMYLRERNELR V----ALE GVTSERD LCFRERAELRANA 
98782          AMISQLEVQASGASAA------------- ADLEAQLARLRAEF DAC KSERDQCFMDRDSLRAQVDAAAA GAAEGEK LHFEFHSEELDLS 
BfD1(61222)   ----------------------------------------------------------------------------------------- 
BfN2(124339)  ----------------------------------------------------------------------------------------- 

BlC2          -----RLMLPQVLVVPVV--PGC AVPRC-------------------------------------------------------------     
BfC1(129989)  --SASMTTVVEEVKQTVV-EEVK AVETPAP---------------RR SGGFIRMNFSKKDLMSILVQ YKFFMTYMLS GVSLTERSG--- 
98782         VYGPPVSPIPPDSPAGLVLS SSG AFGAGGASGAASSSMSGASEESRRKS GFIRMTF KADDIRTILMR YAFHMTFRLSNMALTERGG --- 
BfD1(61222)   -------------------------------------------DMSHA GSEVTLTIE SQDIMGILAGKS FYLIYRKDDLVL QAAGGK-G 
BfN2(124339) ------------------------------------------------TGVIRMTVQ SEN IAGLLKGRTFFLSFR DSEDVL EMQNGPDG 

BlC2          -------------------------------------------------------------------------------------WRSR 
BfC1(129989)  -TLYLE QKAAVV SQN QLWNL EDKV IISSSSGLALEV KGG RNEVGT EVVLARR TGSKAQKWDIDS DEI ITTALGDLILDLV DGKLVLNKR 
98782 -KLYLE EKKA DITDDQLWNL KDD TIISKSSSMALEV TGG SARKNAEIKLAKTSGS AAQKWG# 
BfD1(61222)   SEINVAKRSY PEKKEQLWSFSR DRIINEANNLALEVK GDKVVVA D--QAG--KGNKNQEWDIKGDGFIGSKS GNKVLDVKSKSKVV LNN 
BfN2(124339) PQAVLAGKK SPRSD SQLWSYT DGLLVNRQN GQV LHLPEATAGG AV--KVAK KTG KQDQKWIIRGDGYILSDPDELAMDV ADGK-VV VQH 

BlC2          RFEE --EEWIHPDDLQG 
BfC1(129989)  GATGKR QDWNLQIYQ 
BfD1(61222) RHDD--AVWDLEIHGLASAETLRCKYSRRHVIASL 
BfN2(124339)  KKK EG- QDWDVEIYETV 
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Fig. 2. (A) Schematic representation of the gene cluster in the genome of B. floridae which contains genes for various keratins, keratin-like IF proteins and one IF unrelated
gene  (98782). The genes are referred according to their location on the scaffold 328. The presented IF cluster is flanked by the IF unrelated genes 235852 and 64030. Note
that  the third IF unrelated gene 98782 of this cluster reveals strong sequence similarities to the tail domains of the B. floridae D1, C1, N2 and of the B. lanceolatum C2 IF
proteins  (see panel B and text for details). (B) Alignment of the amino acid sequences of the entire tail domains of the B. floridae (C1, C2, D1, N2) and B. lanceolatum (C2) IF
proteins and the carboxyterminal portion of the predicted IF unrelated B. floridae protein 98782. Identical amino acids are marked in bold, while dashes are used to optimize
the  sequence alignment. Asterisks indicate the primarily hydrophobic residues present in the a and d positions of consecutive heptads of the C1 and C2 tail domains (Riemer
et  al., 1998). The “QxW” motifs of the “ricin-type” carbohydrate-binding domain of the B. floridae proteins C1, D1, N2 and 98782 are boxed, while positions of the 14 putative
sugar  binding sites presented in the canonical “ricin-type” carbohydrate-binding domain are marked by arrowheads pointing down (see text for details). Note that in the B.
lanceolatum C2 sequence only a few last residues reveal some similarities to the “ricin-type” domain. Note also that we corrected here an open reading frame of the original
C2  tail sequence (Riemer et al., 1998) by exchanging the 22 residues “ACVPSLLPASPSATSASWTATR” for the 22 residues long sequence “RLRAEFAACQSERDQCFMDRDS” which
we  previously overlooked due to the frame-shift error (our unpublished data). This new sequence part of the B. lanceolatum C2 is underlined. (C) Schematic representation
of  the three unique B. floridae IF proteins C1, D1 and N2. The structural organization of an IF protein consists of a head, a rod and a tail domain, as indicated. The helical rod
covers  segments 1A, 1B and 2. The tail “heptad repeats” domain of C1 as well as the “ricin-type” carbohydrate-binding domain of all three presented proteins have not been
observed in a large collection of the currently known IF proteins (see text for details).
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A
head 
N2                                                                                 MSRSGTQSTTTLSHTVPVQRPGPRPSATS  
N3  ...YGLKRSPDREFKVFKREAYGSYYRSLQAGYSGRQDDTDSQASVESWKGMRIGPPKKPRVSSTSSERGFDMRRDRESYRGHDTS FGGYSRERRPSGDSVQSVTEGM  

N1                                                                 MSFM TGGFGGGGGGGGGGGGGG GAGLSLTK SGGGGGG GMNSRQEL  
N2  TPTKTRLSGSPRSMTDSIYAARFSTSPAMSNYNSATKTLTTTYRLGGG GTNNRTSFSGSRPSPVTTMRRTTIAASRPSTTTISGAIATSNALQIAENHALRVQEKEEM  
N3  LERRRFDRDRGPKSPLDEAWDRDRAQGYRDRRFSEDRGYRDRDRGTGTYRDRGYSESDRKDLGRGLDLSSDRHRDLEPERDRDHYRDREHDRDRDRDYKRSSRDLSRL 
N4                                                                                 MGTDHLSLWVENVVCYCDQNISIALQSLP 

rod   coil 1A                           L1        coil 1B 
N1  NTLNTRLSGYINKVRSLEARNAELEMLIAEASKAHAAAGVSTAPISIDTSELMAMKKEIQATANEVSYLESQKSTLLIEIENLRRQLEDLLRRRAEMESDISGAKGEL 
N2  QTLNQRLAGYIDKVRFLETRNEELEIEVRALQAGHQNFHQMKE---MFEQEIRELRRAIDSLSNEKAIVEVDRDTLGEELDHTRHQLGEEKRVRQDLETELNSSRKEL 
N3  EEGGEEAK RYIEKIQ ELEDRQD YLEDKIRALGGRP EPLSRA EE---DL QQE VEEAH TELDAITV LKAKLETEVN NLRKD VEEHRRRVD GERQARYA AEETFR KVQAEY 
N4  YKEIRQGDLYFPGHLDTPSITFDTRRTCARATTVNVPPDLWPR---IRPTDVNGTRICGRVYEEGAPVLGGERLLPPPREQAPAHVFALRQTALFWSARKDEHVVMSS 
      *   *  *   *  *   *  *   *  *                *   *  *   *  *   *  *   *  *   *  *   *  *   *  *   *  *   * 

             L12                coil 2A     L2 coil 2 B 
N1  DSA LGALDGLQDEVA QAEDEMSSAAQGP AQATTIEE------------ -QIDVV QVE---RLRA DLND SLNA LRGE FEQLASQGI ADVEGDWE ARLR ELQAEIERLKA  
N2  NKVD LARQDME TRLK TALQ DLDF SKEIHQQEIE ALQKQL E------- -EQKAVV QIDSGRSIYDEMAMAM ANMKKQYEALAKK TKDESEQW YQS KLRDITEKC DRAED  
N3  SEL RGIIDDINGQIDA SRERLRA IKYEHNEEKR HLQSRL----------G DDTGSD RSGGS-YTHYSR DLYNYRRRDTHSREHHD YDSSA-NK RRLFEM MASVEMEVN  
N4  IAWAVSGPGWQARTPSARALFPTPPTLRPALPSIKDKQAEAALKKKMEELSSCVQ-----KYHVELTETLQRMSVQQEDSARMSKQELEQWYRTQLEEAKAAAAKDAE 

*   *  *   *  *   *  *   *  *   *                              *   *  *   *  *           *   *  *   *  *  
                                            stutter                                                          
N1  LLEELRMQISQLRAELSAI LSEAEQ IKATNISLERDIS TLKDTIRKRLE DYRIQIA DLNGEGQRLDGEIQA VVAQ--- -YNDLL NKKLA LEKEVI DYEQI VGG ENQRL 
N2  ALRL ARQEALENKR QVHVLTSEVDTAKSKNALLE KSAREL ESRSTG DVDQLQS MVRSLEDELKQ IKNEMA KQVQD--- -YNELMNVKLAL DVEIQ AYRKLLEGE ETRM 
N3  ELQR VRREIVRQQ ELVRTLHIDI HTLQFRED ELRKVANDT DKRHGR EVDIRDN VVTKLQQEVASAT QELL QQKYQ----NQ QLLDDAM LLDAQLK TYRRLWDL SEGRG 
N4  TLTETRDA LLQSE TLVGHLSDEIDMLRSQNSSLSKQL QEAEKAVDENTV KYEEN IRVLETEL QALKEDTA TQIMEIVHHVM SLTNAR VAL DLQMD SYFD ILGKRKSDT  

*  *   *  *   *  *   *  *   *  *   *  *   *   *  *   *  *   *  *   *  *   *   *  *   *  *   *  *   *  *   *  
tail 
N1  KV QGG GYAIQQISIGSGSS SGGLGG GMG FGGGGG GFGGGG GFGGGG GFG AGGGG GFGGGGGG GFS KGGGGGG GFS RGGG GSRGG GFS KGG GIKFNL  
N2  DTSRMSYSRSRQSMIVDDLEDSKEDLKIEETGVIRMTVQSENIAGLLKGRTFFLSFRDSEDVLEMQNGPDGPQAVLAGKKSPRSDSQLWSYTDGLLVNRQNGQVL...  
N3  PGDPSSAVGDEEETT  
N4  TEADTVKKQKSLVLPALPIAEDNRVPMDTSDACAQDCLSDENANTSPIMADEVAAGSGH  

B 
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Fig. 3. (A) Alignment of the amino acid sequences of the new B. floridae IF proteins N1, N2, N3 and N4 identified in this study. The head, coil 1 and the linker L12 are indicated.
Arrows  pointing downwards and upwards mark the beginning and the end of the rod segments 1A, 1B, 2A and 2B which are connected by linkers L1, L12 and L2. Asterisks
below  the rod segments mark the a and d positions of the heptad repeat pattern. Dashes are used to optimize the sequence alignment. Bold letters indicate identical residues
in  at least two  aligned rod sequences. Note that the N4 rod coil 1 lack the usual number of apolar residues in the a and d positions of heptads and contains also a number of
prolines. Moreover, the coil 2 segment of N4 contains a unique 4 residue long insertion. Also note that both the terminal head and tail domains of N1 contain, like those of
several  cephalochordate and mammalian keratins, several glycine loops flanked by hydrophobic residues (indicated in bold letters). The beginning of the unique “ricin-type”
carbohydrate-binding domain in the N2 tail segment is underlined. (B) Comparison of intron positions of the rod domain in 25 cytoplasmic IF genes of B. floridae and of
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ertebrate IF type I to IV genes. The tripartite structural organization of the rod dom
2a  genes not yet analyzed. Small and large filled arrowheads specify common and u

F  genes were referred elsewhere (Karabinos et al., 2000).

nd which contains three “QxW” motifs (boxed in Fig. 2B) and
4 putative sugar binding sites (marked by arrowheads point-

ng down in Fig. 2B; for review see Hazes, 1996). Based on this
efinition is the latter domain complete in the C1 and N2 pro-

eins but partial in the protein D1 and the IF unrelated protein
8782. A described sequence conservation pattern in tails, which
e previously did not observe (Riemer et al., 1998; Karabinos et al.,

000), indicates a common ancestry of all these IF proteins C1,
 the cytoplasmic IF proteins is indicated at the top. Dots indicate part of the A� and
 intron positions, respectively. Gene structures of the corresponding B. lanceolatum

C2, D1 and N2 from a keratin-like ancestor containing a “ricin-
type” carbohydrate-binding domain. This ancestor, then, due to
gene duplications and a subsequent domain deletion and sequence
divergence, gave rise to the type II keratin D1, the two  keratin-like

proteins C1 and C2, the new Branchiostoma IF protein N2, as well as
to the IF unrelated protein 98782, identified now in the B. floridae
draft genome. Thus, a unique globular structure of the latter four IF
proteins (Fig. 2C) was not observed in a large collection of currently
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Fig. 4. Phylogenetic analysis of Branchiostoma and other IF rod sequences from
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alues (100 replications) are shown above the internal nodes. The four subfamilies
–IV of vertebrate IF proteins as well as the position of the Branchiostoma A/B, N1/X1,
2,  N3 and the protostomic IF sequences are indicated.

nown protostomic and vertebrate cytoplasmic IFs. Moreover, the
ata regarding the B. lanceolatum long tail C2 protein versus its
hort-tail counterpart in B. floridae also document that a diversi-
cation of the multigene family of IF proteins continues in both
ranchiostoma lineages.

nalysis of four new Branchiostoma IF protein sequences N1 to N4

All four yet unclassified IF proteins N1 to N4, found in the B. flori-
ae draft genome (Table 1, Fig. 2 and text above), contain a typical
F-like central rod domain with segments 1A, 1B, 2A and 2B char-
cterized by �-helices with heptad repeats which favor coiled-coil
ormation (Fig. 3A). An exception is the N3 rod starting and ending
ith the poorly conserved helix initiation and termination motif

Fuchs and Weber, 1994; Parry and Steinert, 1995), respectively,
nd the same holds also for the N4 rod sequence. Moreover, the
hole coil 1 segment of N4 exhibits very poor heptads due to many
olar residues at the heptad positions a and d and 14 prolines, while

ts coil 2 segment reveals somehow unusual four-residue insertion
Fig. 3A). Interestingly, also the corresponding N4 gene exhibits a
nique exon-intron feature in contrast to the high conservation
f other Branchiostoma and vertebrate IF genes (Fig. 3B). However,
ne unique intron could also be seen in the gene N1 (Fig. 3B; see
lso Karabinos et al., 2000). The rod domain of the N1, N2, N3 and
4 proteins is N-terminally flanked by a variable head of 45, 137,
63 and 29 residues, respectively, and C-terminally by a tail of 97,
73, 15 and 59 residues, respectively (Fig. 2B and 3A). Interestingly,
oth terminal domains of the predicted N1 protein contain, like
hose of several cephalochordate and mammalian keratins, several
lycine loops flanked by hydrophobic residues (see Fig. 3B). On

he other hand, the predicted N2-tail, as mentioned above, shares
imilarities with those of the D1 and C1 proteins, including a
resence of the “ricin-type” carbohydrate-binding domain (see
igs. 2 and 3A). Finally, the head and tail domains of the predicted
ll Biology 92 (2013) 295– 302 301

N3 and N4 proteins have no significant similarity to any other
protein in the NCBI non-redundant protein database.

Fig. 4 shows an evolutionary tree generated from the sequences
of the rod domains of the four new Branchiostoma IF proteins N1 to
N4 (see above) and a variety of representatives of Branchiostoma,
protostomic and vertebrate type I-IV IF proteins (Table 1; Karabinos
et al., 2002). The N1 sequence relates in this tree to the keratin-
like Branchiostoma protein X1 (Karabinos et al., 2001a, 2002) and
to the group consisting of the Branchiostoma and vertebrate type
I keratins. N1 might therefore represent a new keratin-like IF in
Branchiostoma in line with its keratin-like sequence features of the
terminal domains (Fig. 3A and text above) and its genomic cluster-
ing with keratin genes (see Fig. 2A and text above). The N2 protein,
on the other hand, displays in the phylogenetic tree a sister group
relationship with the type II, type III and the Branchiostoma A/B
groups (Fig. 4). This evolutionary relationship and a sequence con-
servation pattern in an alignment of its tail domain with those of
D1 and C IF proteins (see Fig. 2 and text above) support a com-
mon  ancestry of N2 with these three keratin and keratin-like IF
sequences (Karabinos et al., 2002). However, N2 seems to have
gained, independently from the type III proteins in vertebrates,
also some vimentin-like characteristics as revealed by a BLAST
search of this sequence against the NCBI non-redundant protein
database, where it shows similarities exclusively to vimentins (data
not shown). Finally, the predicted protein N3 (Fig. 4) exhibits the
most remote IF sequence among the proteins used in constructing
the phylogenetic tree (Fig. 4) and the same holds also for the fourth
new IF protein N4 which, due to its aberrant sequence (Fig. 3A),
was not included in the present phylogenetic analyses. Neighbor-
joining distance analysis of the same sequences resulted in a tree
similar to that in Fig. 4, however, none of the N1 to N3 phylogenetic
position had bootstrap support in any of the phylogenetic analy-
ses. Thus, future experiments, including expression and assembly
studies are expected to improve the classification of the four new
IF proteins N1 to N4 and to provide clues to their functional signif-
icance in Branchiostoma.

Taken together, the above presented data collectively indicate
that a few type I and type II keratin genes existed in a common
ancestor of cephalochordates and vertebrates, which after separa-
tion of the two lineages gave rise, due to multiple gene duplications,
deletions and sequence divergences, to known complexities of the
cytoplasmic IF proteins in vertebrates (Hesse et al., 2004) as well as
to the multiple keratin and keratin-like IF genes in the cephalochor-
date Branchiostoma (Karabinos et al., 2000, 2002 and this study).
This finding supports and extends the recent conclusion that all
type I and type II tetrapod keratins evolved from only two genes
that were present in the ancestor of extant vertebrates (Vandebergh
and Bossuyt, 2012). Thus, the vertebrate type III proteins seems to
have appeared first in a common ancestor of urochordates and ver-
tebrates (Wang et al., 2000, 2002; Karabinos et al., 2004) while the
type IV proteins are most likely an acquisition of the vertebrate
lineages.

Methods

BLAST searches were performed on whole genome data
from the NCBI trace archive (http://www.ncbi.nlm.nih.gov) and
the draft genome database of the B. floridae (http://genome.
jgi-psf.org/Braf1). Searches of expressed sequence tags
(ESTs) were performed on the NCBI EST database
(http://ncbi.nlm.nih.gov/BLAST). Percent identities between

different IF sequences were calculated using the program LALIGN
at www.ch.embnet.org. The amino acid sequences of the conserved
rod domain of various Branchiostoma A and B-type IF proteins
were aligned using the multiple alignment program ClustalW

http://www.ncbi.nlm.nih.gov/
http://genome.jgi-psf.org/Braf1
http://genome.jgi-psf.org/Braf1
http://ncbi.nlm.nih.gov/BLAST
http://www.ch.embnet.org/


3 al of C

a
p
w
a
c
v
t
s
l
d
c
A
i
c
e

A

b
(

A

t

R

E

E

F

H

H

H

H

H

K

02 A. Karabinos / European Journ

nd the alignment was submitted to a distance-based unrooted
hylogenetic analysis using the unweighted pair-group method
ith arithmetic mean (UPGMA) or the neighbor-joining method

t www.genome.jp. Only 259 amino acid long sequences of the
onserved rod domain of various Branchiostoma,  protostomic and
ertebrate IF proteins (Karabinos et al., 2002) were aligned using
he multiple alignment program MUSCLE and the alignment was
ubmitted to the unrooted bootstrap (100 replications) maximum
ikelihood phylogenetic analysis and to the neighbor-joining
istance analysis at www.phylogeny.fr. The phylogenies were
alculated using the amino acid substitution model Dayhoff.
ccession numbers of the new Branchiostoma IF sequences, used

n the phylogenetic studies, are presented in Table 1; other Bran-
hiostoma, protostomic and vertebrate sequences were reported
lsewhere (Karabinos et al., 2002).
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