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Abstract
The intraflagellar transport (IFT) machinery plays a crucial role in the bidirectional trafficking of components necessary 
for ciliary signaling, such as the Hedgehog, Wnt/PCR, and cAMP/PKA systems. Defects in some components of the IFT 
machinery cause dysfunction, leading to a wide range of human diseases and developmental disorders termed ciliopathies, 
such as nephronophthisis. The IFT machinery comprises three sub-complexes: BBsome, IFT-A, and IFT-B. The IFT pro-
tein 54 (IFT54) is an important component of the IFT-B sub-complex. In anterograde movement, IFT54 binds to active 
kinesin-II, walking along the cilia microtubule axoneme and carrying the dynein-2 complex in an inactive state, which 
works for retrograde movement. Several mutations in IFT54 are known to cause Senior-Loken syndrome, a ciliopathy. 
IFT54 possesses a divergent Calponin Homology (CH) domain termed as NN-CH domain at its N-terminus. However, 
several aspects of the function of the NN-CH domain of IFT54 are still obscure. Here, we report the 1H, 15N, and 13C 
resonance assignments of the NN-CH domain of human IFT54 and its solution structure. The NN-CH domain of human 
IFT54 adopts essentially the α1–α2–α3–α4–α5 topology as that of mouse IFT54, whose structure was determined by X-ray 
crystallographic study. The structural information and assignments obtained in this study shed light on the molecular func-
tion of the NN-CH domain in IFT54.
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Biological context

In almost all vertebrate cells, cilia are microtubule-based 
organelles that protrude from the cell membrane. They sense 
outside’s flow-changes and mediate several cell-signaling 
pathways essential for development and tissue homeosta-
sis, such as the Hedgehog, Wnt, and cAMP/PKA signaling 
systems (Huangfu et al. 2003; Ishikawa et al. 2011; Richey 
et al. 2012; Braun et al. 2017; Wheway et al. 2018). At the 
base of the cilia, the intraflagellar transport (IFT) machinery 
plays a crucial role in the selection of components necessary 
for cilia assembly and ciliary signaling. The IFT machinery 
transports these components to the ciliary tip and succes-
sively mediates their return to the cell body in the ciliary 
bedrock (Kozminski et al. 1995; Wingfield et al. 2017).

The IFT machinery comprises three protein complexes: 
BBsome, IFT-A, and IFT-B (Cole et al. 1998; Piperno et al. 
1998; Rosenbaum et al. 2002; Nachury et al. 2007; Taschner 
et al. 2016a, b; Ishikawa et al. 2017; Klena et al. 2022). 
BBsomes function as adaptors for the GPCR responsible for 
the above-mentioned signaling systems. During anterograde 
movement, the IFT-B complex binds to active kinesin-II, 
which walks on the cilia microtubule axoneme to the top 
of the cilia, carrying the inactive dynein-2 complex. During 
retrograde movement, dynein-2 complexes are bound to the 
IFT-A complex and are activated to walk on the cilia micro-
tubule axoneme back to the bottom of the cilia (Hiyamizu 
et al. 2023a, b; Jordan et al. 2018; Funabashi et al. 2018). 
The IFT-A and IFT-B complexes are composed of six and 16 
protein components, respectively. Furthermore, the IFT-B 
complex can be subdivided into the IFT-B1 (core 10 com-
ponents) and IFT-B2 (peripheral 6 components) sub-com-
plexes (Taschner et al. 2016a, b; Lacey et al. 2023; Petriman 
et al. 2022), which contain binding sites for ciliary cargo and 
inactive dynein-2 complexes, respectively (Hiyamizu et al. 
2023a, b; Zhu et al. 2021). Defects in the components of the 
IFT machinery are known to cause aberrant cilia structure, 
leading to a wide range of human diseases and developmen-
tal disorders termed ciliopathies, such as nephronophthisis 
(Salomon et al. 2009; Tobin et al. 2009; Wolf et al. 2015).

IFT54, which is also termed MIP-T3 (microtubule-inter-
acting protein associated with TRAF3) or TRAF3IP1 (TNF 
Receptor-Associated Factor 3 Interacting Protein 1), is a 
component of the IFT-B2 sub-complex (Ling et al. 2000). 
It is also known that several mutations in IFT54 cause 
Senior-Loken syndrome, which is a ciliopathy (Berbari et 
al. 2011). IFT54 is composed of 625 amino acid residues 
and possesses two well-established protein domains: the 
divergent calponin homology (NN-CH domain), spanning 
residues 1–135 at its N-terminus (deduced from the primary 
sequence alignment comparison to the NN-CH domain 
of Chlamydomonas (Zhu et al. 2021) and the coiled-coil 

domain spanning residues 525–625 at its C-terminus (Ling 
et al. 2000). The coiled-coil domain of IFT54 mediates its 
interaction with the other components of IFT-B2 and IFT20 
(Katoh et al. 2016; Zhu et al. 2017). The region between 
the two established domains contains peptide segments 
that interact with the driving molecules, kinesin-II and the 
dynein-2 complex, during anterograde movement (Zhu et 
al. 2021). The regions spanning residues 261–275 and that 
spanning residues 342–356 of Chlamydomonas IFT54 
directly interact with D1bLIC of the inactive dynein-2 
complex and active kinesin-II, respectively (Hiyamizu et 
al. 2023a, b). These above-mentioned regions of IFT54 are 
critical for ciliary function.

However, some aspects of the function of the NN-CH 
domain of IFT54 remain to be elucidated. The calponin 
homology (CH) domain, which was first identified in cal-
ponin, is a common peptide module of approximately 100 
residues, with a common tryptophan (W) residue and the 
consensus motif DGXXLXXL (Yin et al. 2020) (Supple-
mentary Fig. 1). The protein fold was identified as the actin-
binding module. Successively, it has been revealed that the 
CH domain can bind to another cytoskeletal protein, or 
tubulin, exemplified by the CH domain of the end-binding 
protein 1 (EB1) (Maurer et al. 2012). The tubulin-binding 
modes of the canonical CH domains of yeast Mal3 and 
EB3 (a paralog of EB1) proteins were elucidated by cryo-
EM studies (Maurer et al. 2012; Zhang et al. 2015). Thus, 
the CH domain is considered to be a protein module that 
interacts with actin and/or tubulin to regulate cytoskeletal 
dynamics and signaling.

Among the subcomponents of the IFT machinery, a dis-
tinct CH domain was not identified, which was character-
ized by the above-mentioned conserved Trp residue and 
a common amino acid sequence (Supplementary Fig. 1). 
However, profile-to-profile sequence analysis revealed that 
four protein components in the IFT-B complexes, IFT38, 
IFT54, IFT57 (IFT-B2), and IFT81 (IFT-B1), contain diver-
gent CH-like domains at their N-termini, which have been 
termed NN-CH domains (Schou et al. 2014). To stabilize the 
cilia microtubule axoneme, a supply of tubulin molecules 
to the interior region of the cilia is necessary. Among the 
NN-CH domains of the IFT components, those of IFT81 and 
IFT54 could bind to tubulin or tubulin dimers in vitro and 
only the NN-CH domain of IFT81 plays an important role 
in the supply of αβ-tubulin dimers to the cilia microtubule 
structure, working together with the N-terminal positively 
charged region of IFT74 (Bhogaraju et al. 2013; Kubo et al. 
2016; Van De Weghe et al. 2021). On the other hand, it has 
been revealed that the tubulin-binding activity of the IFT54 
NN-CH domain is not necessary for the supply of tubulin-
molecules (Zhu et al. 2017), but is important when IFT54 
functions for the regulation of cytoplasmic microtubule 
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dynamics. Namely, IFT54 competes with microtubule-asso-
ciated protein 4 (MAP4) for binding to cytoplasmic micro-
tubules in the cytosol and functions as a negative regulator 
of the stabilization of tubulin filaments (Bizet et al. 2015).

Furthermore, functions other than tubulin binding have 
been reported for the NN-CH domains in IFT complexes. 
Intriguingly, for the formation of IFT-B2 sub-complex of 
Chlamydomonas reinhardtii, the NN-CH domains of IFT38 
and 57 with no tubulin-binding activity could interact with 
the WD40 repeat domains of IFT80 and IFT172, respec-
tively (Lacey et al. 2023 PDBID:8BD7). This implied that 
the NN-CH domain could bind to protein targets other than 
actin/tubulin molecules. The NN-CH domain of IFT54 
interacts with DYNC2I1 of the dynein-2 complex during 
anterograde movement, although this interaction is dispens-
able for ciliary dynamics (Hiyamizu et al. 2023b).

As described above, several points regarding the func-
tion of the IFT54 NN-CH domain remain obscure. Thus, 
structural information on the NN-CH domain of IFT54 is 
important for clarifying the in vivo function of the IFT54 
NN-CH domain. The X-ray structure of the mouse IFT54 
NN-CH domain has been elucidated, and several cryo-
EM studies have been performed on the IFT machinery 
(Taschner et al. 2016a, b; Lacey et al. 2023; Petriman et 
al. 2020). In addition to such structural data, information 
obtained by solution NMR can be used to investigate molec-
ular interactions.

Here, we report the 1H, 13C, and 15N chemical shift 
assignments and solution structure of the divergent CH 
domain (NN-CH domain) of human IFT54, as determined 
by heteronuclear NMR methods. The structural information 
and assignments obtained in this study provide insights into 
the role of IFT54 in cytoskeletal dynamics and signaling.

Methods and experiments

Sample preparation

The DNA encoding the NN-CH domain (Met1–Lys133) of 
human IFT54 (UniProt accession no. Q8TDR0) was sub-
cloned using PCR from a full-length human cDNA clone. 
This DNA fragment was cloned into the expression vector 
pCR2.1 (Invitrogen) as a fusion protein with an N-terminal 
native His affinity tag and tobacco etch virus (TEV) protease 
cleavage site. The 13C/15N-labeled fusion protein was syn-
thesized using a cell-free protein expression system (Kigawa 
et al. 2004; Matsuda et al. 2007). The lysate was clarified by 
centrifugation at 16,000 ×g for 20 min and filtered through a 
0.45-mm membrane (Merck Millipore). The clarified lysate 
was applied to a His-Trap column (Cytiva), eluted with a 
12–500 mM imidazole gradient, and the tag was removed 

by incubation with TEV protease for 1 h at 30 °C. The tag-
free samples were further purified by Superdex-75 gel fil-
tration chromatography (Cytiva). For NMR measurements, 
the resultant samples were concentrated to approximately 
1.0 mM in 20 mM d-Tris-HCl buffer (pH 7.0), containing 
100 mM NaCl, 1 mM 1,4-dl-dithiothreitol-d10 (d-DTT), 
and 0.02% NaN3 (in 90% H2O/10% D2O), using an Amicon 
Ultra-15 filter (3000 MWCO, Merck Millipore).

Consequently, the fusion protein contained an artifi-
cial tag-derived sequence (GSSGSSG) at the N-terminus 
derived from the expression vector. The folding state of the 
13C/15N-labeled protein, composed of 140 residues, was 
checked by 2D 1H–15N HSQC experiments (Kigawa et al. 
2004), exhibiting well-dispersed resonances (Fig. 1).

NMR spectroscopy and structure calculations

All NMR data were acquired at 298 K on Bruker 600 MHz 
and Bruker 800 MHz spectrometers and processed using 
NMRPipe software (Delaglio et al. 1995). Two-dimensional 
1H–13C and 1H–15N HSQC spectra, three-dimensional 
HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, 
CBCA(CO)NH, HBHA(CO)NH, H(CCCO)NH, (H)
CC(CO)NH, HCCH-TOCSY, HCCH-COSY, CCH-TOCSY, 
and NOESY spectra (Cavanagh et al. 2018; Clore and 
Gronenborn 1998) were used to assign all carbon, nitrogen, 
and hydrogen atoms of the 13C/15N-labeled sample.

Nuclear Overhauser effect (NOE) peaks from the 15N- 
and 13C-edited 3D NOE spectroscopy (NOESY) spectra 
with an 80 ms mixing time were converted to distance 
restraints for the structure calculation of the IFT54 NN-CH 
domain. The three-dimensional structure of the labeled 
protein was determined by combining automated NOESY 
cross-peak assignment and structural calculations with tor-
sion angle dynamics (Herrmann et al. 2002) implemented in 
the program CYANA 2.1 (Güntert et al. 1997). The dihedral 
angle restraints for φ and ψ were obtained from the main 
chain and 13Cβ chemical shift values using the TALOS 
program (Cornilescu et al. 1999) and by analyzing the 
NOESY spectra. Stereospecific assignments for the isopro-
pyl methyl and methylene groups were determined based 
on the patterns of inter- and intra-residual NOE intensities 
(Powers et al. 1993). The structure calculation started with 
200 randomized conformers using the standard CYANA-
simulated annealing schedule with 40,000 torsion angle 
dynamics steps per conformer (Güntert and Buchner 2015). 
The atomic coordinates of the 20 structures with the low-
est CYANA target function values were deposited in Protein 
Data Bank under the PDB accession code 2EQO.

Further refinements by restrained molecular dynamics 
simulation followed by restrained energy minimization, 
were performed for the 40 conformers with the lowest final 
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Solution structure of the NN-CH domain of human 
IFT54

The quality of the NOESY spectra of the NN-CH domain 
was appropriate for straightforward structural calculations. 
In the 15N- and 13C-edited 3D NOESY spectra, 3378 non-
redundant distance restraints, including 1026 long-range 
distance restraints, were identified. The backbone tor-
sion angle restraints calculated using the TALOS program 
(Cornilescu et al. 1999) were also used for structural calcu-
lations with CYANA 2.1 (Güntert 2004; Güntert et al. 1997; 
Herrmann et al. 2002) and Amber12 programs (Case et al. 
2005) (Supplementary Table 1). A bundle of 20 conformers 
representing the solution structures of the NN-CH domain 
of human IFT54 spanning residues 1–133 is shown in Fig. 2 
(a). Five long helical structural elements (α1:3–13, α2:32–
45, α3:66–84, α4:101–116, and α5:122–131) were identi-
fied. These helices are connected by the linker regions L1 
(between α1 and α2), L2 (between α2 and α3), L3 (between 
α3 and α4), and L4 (between α4 and α5). These linker 
regions also contain short helical structures (h1:24–28 in 
L1, h2:55–58 and h2ʹ:61–63 in L2, and h3:92–97 in L3). 
The main chains of the calculated structures were fitted to 
optimize the superposition of secondary structural elements 
α1, h1, α2, α3, α4, and α5. Their precision is characterized 
by RMSD values to the mean coordinates of 0.31 ± 0.05 
Å for the backbone atoms and 1.10 ± 0.09 Å for all heavy 
atoms in the well-defined regions of the NN-CH domain of 
IFT54. For native residues 1–133, the structural quality of 

CYANA target function values using the Amber12 program 
with the Amber 2012 force field and a generalized Born 
model (Case et al. 2005), as described previously (Tsuda 
et al. 2011). Finally, 20 conformers with the lowest Amber 
energy values were selected as the final structures and 
deposited in the Protein Data Bank under the PDB acces-
sion code 8KCQ.

The PROCHECK-NMR (Laskowski et al. 1996) and 
MOLMOL (Koradi et al. 1996) programs were used to vali-
date and visualize deposited structures, respectively.

Extent of assignments and data deposition

The protein used in NMR analysis was a truncated and 
tagged version of the human IFT54 NN-CH domain. It is 
comprised of 140 residues, including seven tag residues 
at the N-terminus. The assigned 1H–15N HSQC spectrum 
of the human IFT54 NN-CH domain is shown in Fig. 1. 
All backbone amide hydrogen and nitrogen atoms were 
assigned except for Phe39 and Lys73. In total, 100%, 100%, 
and 97.7% of the Cα, Cβ, and C’ chemical shifts were deter-
mined, respectively. Furthermore, chemical shifts of all 
non-exchangeable side-chain proton resonances and their 
related carbons, except for the Hγ proton of Leu59, were 
observed. All X-Pro peptide bonds were confirmed to be in 
the trans conformation. The chemical shift assignments for 
the NN-CH domain of human IFT54 were deposited in the 
BMRB database under accession number 36589.

Fig. 1 Backbone resonance 
assignment of the NN-CH 
domain of human IFT54. 
Assigned 2D 1H–15N HSQC 
spectrum of the NN-CH domain 
of human IFT54. Data were 
acquired on a Bruker 800 MHz 
spectrometer by the States-TPPI 
method with the water-flip back 
pulse sequence
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in the α3 helix are located near the carbonyl oxygen atoms 
protruding from the bottom of helical structures of α-tubulin 
(Supplementary Fig. 2 (a–c)). These positively charged 
amino-acid residues constituted a positively charged patch 
on the surface and played an important role in recognizing 
tubulin filaments (Supplementary Fig. 2 (d)). Although the 
NN-CH domain of IFT54 reportedly interacts with tubulin 
filaments, positively charged amino-acid residues are not 
conserved in the NN-CH domain of IFT54 at the positions 
corresponding to K60, K62, K83, and K100 of EB3 (Sup-
plementary Fig. 1). Instead the positively charged patches 
were identified at different positions on the molecular sur-
face of the EB3 CH domain and the IFT54 NN-CH domain 
(Fig. 2 (c) and (e), Supplementary Fig. 1, and Supplemen-
tary Fig. 2 (c-f)).

In addition, a comparison of the CH domain of EB3 with 
the NN-CH domain of IFT54 revealed structural differences 
in the N-terminal region preceding the α1 helix and the 
C-terminal region following the α4 helix. In the CH domain 
of EB3, the N-terminal 16 amino-acid residues, which have 
no canonical secondary structure, form an extended struc-
ture that surrounds the α4 helix in the free form. Interest-
ingly, the N-terminal region extensively contacts α-tubulin 
in the cryo-EM structure (Supplementary Fig. 2 (a)). In con-
trast, the NN-CH domain of IFT54 has no corresponding 
N-terminal region. Furthermore, the C-terminal extension 

the IFT54 NN-CH domain was reflected by 99.9% of the 
(φ, ψ) backbone torsion angle pairs in the most favored and 
additionally allowed regions of the Ramachandran plot, 
according to the PROCHECK-NMR program (Laskowski 
et al. 1996). Statistics regarding the quality and precision of 
the final 20 best conformers representing the solution struc-
ture of the IFT54 NN-CH domain are provided in Supple-
mentary Table 1.

The present NMR solution structure of the human IFT54 
NN-CH domain is almost the same as the crystallographic 
structure of the mouse IFT54 NN-CH domain (Taschner et 
al. 2016a). As described above, the canonical CH domain is 
thought to interact with actin and/or tubulin, and the tubu-
lin-binding mode of the canonical CH domains has been 
elucidated by cryo-EM studies (Maurer et al. 2012; Zhang 
et al. 2015). In the case of the CH domain of EB3 (Zhang et 
al. 2015), the surface formed by the linker region between 
the α2 and α3 helices (L2 linker), the α3 helix, the linker 
region between the α3 and α4 helices (L3 linker), and the 
N-terminus of the α4 helix, intimately contacts the tubu-
lin filaments (Supplementary Fig. 2 (a-c)). K62 and K100, 
which are positively charged amino-acid residues in the L2 
and L3 linkers respectively, interact with negatively charged 
amino-acid residues of β-tubulin, and K60 in the L2 linker 
interacts with those of α-tubulin (identified by the Ligplot 
program (Laskowski et al. 2011)). In addition, K76 and K83 

Fig. 2 Solution structures of the NN-CH domain of human IFT54. (a) 
Best-fit superposition of the backbone atoms from the 20 structures of 
the NN-CH domain of human IFT54 with the lowest energy, as cal-
culated by CYANA2.1 and Amber12. (b) Ribbon presentation of the 
lowest energy structure of the IFT54 NN-CH domain. The five main 
helices (α1–α5) are shown in coral with increasing densities. Two short 
helices in loop regions (h1 in L1 and h3 in L3) are colored in gold, and 

two in L2 (h2 and h2’) in pale green. (c) Electrostatic surface presenta-
tion of the IFT54 NN-CH domain in the same view as (b). Blue and red 
represent positive and negative electrostatic surface potentials, respec-
tively. The ribbon representation (d) and electrostatic surface presen-
tation (e) are rotated versions of (b) and (c), rotated by 90º around a 
horizontal axis to show a top view of (b) and (c)
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the F3-R4 sequence at the beginning of the IFT38 NN-CH 
domain, which was recognized by WD40 of IFT80, was 
replaced with Ala3-Ala4 in the IFT54 NN-CH domain. Fur-
thermore, in the NN-CH domain of IFT54, the position cor-
responding to K14 in the α1 helix of IFT38, which could 
interact with the acidic amino-acid residues of the WD40 
domain, was occupied by a Gly residue in the IFT54 NN-CH 
domain. These amino-acid residues were too small to fit into 
the binding pocket of WD40. In addition, in the case of the 
IFT38 NN-CH domain, the structure of the L1 region fits 
well into the pocket of the WD40 motif of IFT80, as shown 
by the interaction of the aromatic side chain of F27 in h1 
with V94 in the α4 helix and L6 in the α1 helix to sustain the 
extended L1 structure (Supplementary Fig. 3 (b)). In con-
trast, in the IFT54 NN-CH domain, a Leu residue (Leu27), 
which corresponds to F27 of IFT38, interacts with Thr9 and 
Leu13 in the C-terminal portion of the α1 helix (Supple-
mentary Fig. 3 (c)). These interactions around Leu27 led to 
the formation of a non-extended structure of the L1 linker 
that did not fit well into the pocket of the WD40 motif of 
IFT80 (Supplementary Fig. 3 (d)).

Currently, some obscure points remain regarding the 
function of the NN-CH domain in IFT-54. Thus, we expect 
that this structural study will provide a basis for functional 
studies of the NN-CH domain of IFT54, leading to a further 
understanding of its function.
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supplementary material available at https://doi.org/10.1007/s12104-
024-10170-w.
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