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Abstract

Intraflagellar transport (IFT) is essential for cilium and flagellar assembly. This movement is ac-
complished by two IFT complexes: A and B. IFT88, intraflagellar protein 88, is a core element of
IFT complex B. This protein has been linked to migration, to olfactory function, spindle formation
and to mitosis. Recently, IFT88 was identified as a TCTEX1D4 interacting protein in human testis,
suggesting a role in male reproduction. To broaden the knowledge on IFT88 function, particularly
in testis and spermatozoa, an in silico analysis of IFT88 and IFT88 interactome was undertaken.
IFT88 appears to be prone to protein-protein interactions, involved in spermatogenesis and since
it interacts with key proteins related to male fertility, it may have a role in reproduction.
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1. Introduction

Intraflagellar transport (IFT) was described for the first time, in Chlamydomonas reinhardtii flagella, twenty
years ago [1]. It is characterized by the bi-directional movement of cargo along the flagellum or cilium and is
independent from the flagellar betting and essential for cilium and flagellar assembly [2] [3]. There are three es-
sential components for the intraflagellar transport: 1) the microtubules provides the physical support for the
movement; 2) the molecular motors, kinesin and dynein power the movement and 3) the IFT complexes mediate
interactions between molecular motors and cellular cargos [4].
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The IFT complexes (A and B) are composed of combinations of at least 20 different IFT proteins [2]. Each
IFT protein is essential for cilium assembly and function. The importance of these proteins in cellular functions
is highlighted by ciliopathies, such as retinal degeneration and defective determination of the left-right axis [5].
The IFT-A complex appears to be essential for the retrograde transport [6] while IFT-B complex is the core of
the IFT transport [2]. Besides the role in IFT transport, IFT proteins are crucial in ciliogenesis [7] and mitosis [8].

Intraflagellar protein 88 (IFT88 or Tg737) is a core protein of the IFT-B complex [2]. It was first described
associated with an autosomal recessive form of polycystic kidney disease [9]. The presence of some IFT88 po-
lymorphisms enhances the probability of cystic renal diseases [10]. Recently, IFT88 has also been linked to mi-
gration and invasion of hepatoma cells [11], to olfactory function [12], spindle formation [8], and to mitosis (a
non-cilium function) [13]. Recently a yeast two hybrid screen performed in our laboratory revealed that, in testis,
IFT88 interacts with TCTEX1D4 (t-complex testis expressed 1 domain containing 4), a dynein light chain from
the DYNTL/TCTEX1 family [14]. TCTEX1D4 was first described as an interactor of several components of the
TGFbeta pathway [15]. Yet Fardilha et al. identified TCTEX1D4 as a phosphoprotein phosphatase 1 interactor
in human testis and Korrodi-Gregério showed that TCTEX1D4 is involved in microtubule organization. Thus,
the data points to a role of IFT88 in spermatozoa, particularly in the flagellum.

Here propose an in silico approach to unravel putative functions for IFT88, particularly in testis and sperma-
tozoa, and therefore understand its role in cell physiology.

2. Material and Methods
2.1.IFT88 in Silico Analysis

IFT 88 aminoacid sequence was retrieve from UniProt database and used for further protein sequence analysis.
For secondary structure Eukaryotic Linear Motif (ELM) [16] and Psipredv3.3 (http://bioinf.cs.ucl.ac.uk/psipred/)
were used. INTERPRO, ScanProsite [17] and SMART [18] (26. 2. 2014) analyzed the IFT88 sequence and de-
termine possible structural domains (only scores with e-value smaller than 0.01, high confidence score and list
in two of the three databases were considered). TPRpred was used to profile the representation of tetratrico pep-
tide repeats (only scores with p-values lower that 0.01 were considered) [19].

Several bioinformatics tools inferred the putative phosphorylation sites (02.02.2014): Diphos 1.3
(http://www.dabi.temple.edu/disphos/ ), NetPhosK [20], NetPhos 2.0 [21] and ELM. Other putative post-modifi-
cation, such glycosylation were searched through Prosite [22]; ELM; NetNGlyc 1.0
(http://www.cbs.dtu.dk/services/NetNGlyc/), SignalP 1.4 [23]; Myristoylator [24] and NMT
(http://mendel.imp.ac.at/myristate/SUPL predictor.html). Only results with scores above 0.7 and/or with high
conservations scores were considered. Aminoacid absolute surface accessibility was analyzed by NetSurfP 1
[25]. PPP1 binding motifs were search using ScanProsite (3.2.2014).

2.2.IFT88 Interactome Analysis

IFT88 interactome was retrieved from several databases using the Psiquic View tool (30.1.2014) [26]. Thirty-
eight interactors were obtained. IFT88 network was designed using Cytoscape 3.0.2. The interactions of each
IFT88 interactor was retrieved using PSICQUICU niversal Client plugin (28.02.2014-IntAct, MINT and
STRING databases) and only interactions between IFT88 interactors were considered. Expression of all IFT88
interactors plus protamine 2, a testis specific protein, was obtained from UNIGENE. Testis expression level of
all TCTEX1D4 interacting proteins was converted to % of transcripts in testis. TissueNet database was used to
recover testis expression of IFT88 interactors (both RNA and proteins levels) and putative identify testis specific
interactions of IFT88 (25.2.2014). Phenotypes associated with IFT88 interactors were retrieved from Mouse
Genome Informatics (MGI) (http://www.informatics.jax.org/) using the Uniprot ID and from Phenopedia using
the keyword “male infertility” (4.2.2014). Biologic Process, Molecular Function and Cellular Component classi-
fication was obtained using the ClueGo v1.7.1. Only results with statistic significance were considered (p value
corrected with Bonferroni < 0.01) and only experimental inferred data.

3. Results
3.1. In Silico Characterization of IFT88

A bioinformatic analysis of IFT88 was performed for the first time. The goal was to identify physiological rele-
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vant motifs and post-translational modifications for testis and spermatozoa function. Figure 1 shows that IFT88
is mainly a globular protein, according to ELM and Psipred. However the N-terminus and C-terminus are disor-
dered (1 - 138 and 738 - 833). Curiously, the globular domain is formed only by alfa helixes. Regarding putative
motifs in IFT88, two tetratricopeptide repeat-containing (TRP) domains were identified. The first domain is
composed of three TRP repeats of TRP motifs while the second domain consists 0 9 TPR motifs. ITF88 may be
phosphorylated at the S612 and T497. Although S612 and T497 are localized in the globular domain-which
makes them theoretically less accessible to phosphorylation-serine 612 presents an absolute surface accessibility
of 0.72, which indicates a strong possibility of phosphorylation. According to NetPhosK, Ataxia telangiectasia
mutated kinase is the proposed kinase to phosphorylate S612 and Protein kinase C is putatively responsible for
T497 phosphorylation. No potential tyrosines phosphorylation sites were found. No other post-translational
modifications were identified in IFT88. Two Phospho Protein Phosphatase 1 binding motifs were identified cor-
responding to a SILK (242 - 245) and a RVxF (260 - 264) motif [27].

3.2. IFT88 Interactome Analysis

The IFT88 interactome was retrieve from several databases, using the Psiquic View tool. Table 1 lists the thirty
eight identified interactors for IFT88, the protein-protein interaction (PPI) identification method and the Uniprot
ID of each interactor. 76% of interactions were identified using indirect approaches (such as text mining and in-
terlog mapping) while 24% were detected by direct methods (yeast two hybrid system and biochemical me-
thods). It is noteworthy to mention that 21% of IFT88 interactors are members of the IFT family.

Figure 2 is a graphical representation of IFT88 network. It shows the direct interactions between all IFT88

IFT88 T497 5612 (ASA 0.72)
PKC ATM

1 206 314 424 696 833
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Figure 1. Schematic representation of human IFT88. IFT88 presents three globular domains
as well two TPR doamins. Putative phosphorylation sites and PPP1BM are also represented.
ASA, absolute surface acessibility; ATM, ataxia telangiectasia mutated; PKB, protein kinase
B; TPR, tetratricopeptide repeat; PPP1BM, PPP1 binding motif.
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Figure 2. IFT88 network. The network was constructed using
the software Cytoscape 3.0.2.
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Table 1. Partial human IFT88 interactome. Interactors were retrieved from Psiquic View using the plugin PSICQUIC Uni-
versal Client from Cytoscape 3.0.2.

Interactors Synonyms PPI detection method UNIPROT ID
Actin-related protein 6 ACTR6 interologs mapping Q9GZN1
Carbonic anhydrase-related protein CA8 predictive text mining Q32MY2
Chromosome 5 open reading frame 4, isoform CRA_a C5orf4 predictive text mining Q961V6
Cystin-1 CYs1 predictive text mining Q717R9
DNA-binding protein RFX2 RFX2 predictive text mining Q8SNA2
Fibroblast growth factor 8 FGF8 predictive text mining P55075
Fibroblast growth factor receptor 1 FGFR1 predictive text mining P11362
Forkhead box protein J1 FOXJ1 predictive text mining Q92949
KIAA1549L or C1lorf4l two hybrid Q62ZVL6
Hepatocyte nuclear factor 1-alpha HNF1A predictive text mining P20823
Inositol-pentakisphosphate 2-kinase IPPK predictive text mining Q9H8X2
Intraflagellar transport protein 172 homology IFT172 predictive text mining interologs mapping Q9ULP1
Intraflagellar transport protein 20 homolog IFT20 predictive text mining Q8lY31
Intraflagellar transport protein 46 homolog IFT46 biochemical QINQCS8
Intraflagellar transport protein 52 homolog IFT52 interologs mapping Q9Y366
Intraflagellar transport protein 57 homolog IFT57 predictive text mining QINWB7
Intraflagellar transport protein 80 homolog IFT80 interologs mapping Q9P2H3
Intraflagellar transport protein 81 homolog IFT81 biochemical Q8WYAQ
Intraflagellar transport portein 88 homolog IFT88 affinity chromatography technology Q8N719
Kinesin-like protein KIF3A KIF3A predictive text mining interologs mapping Q9Y496
Lambda-crystallin homolog CRYL1 predictive text mining Q9Y2S2
Lymphoid enhancer-binding factor 1 LEF1 predictive text mining Q9uUJU2
PAB-dependent poly(A)-specific ribonuclease subunit 3 PAN3 interologs mapping Q58A45
Polycystin-1 PDK1 predictive text mining interologs mapping P98161
Proline-rich and coiled-coil-containing protein 2 PRRC2A coimmunoprecipitation two hybrid P48634
Prostaglandin E2 receptor EP2 subtype PTGER2 predictive text mining P43116
Reticulon-4-interacting protein 1, mitochondrial RTN41P1 interologs mapping Q8WWV3
Serine/threonine-protein kinase LATS2 LATS2 predictive text mining Q9P2X1
Sodium/hydrogen exchanger 8 SLC9A8 interologs mapping Q9Y2E8
Survival of motor neuron-related-splicing factor 30 SMNDC1 anti bait coimmunoprecipitation two hybrid 075940
TBCC domain-containing protein 1 TBCCD1 expe?ilrjr?err?fgle innCter:cifi:)Or?fjcggction QINVR7
Hepatocyte nuclear factor 1-beta HNF1B predictive text mining P35680
Transcription factor 7 TCF7 predictive text mining QIUKI4
Transcriptional activator GLI3 GLI3) experimental knowledge based P10071
Transforming acidic coiled-coil-containing protein 1 TACC1 predictive text mining Q9UPP9
t-complex testis expressed 1 domain containing 4 TCTEX1D4 Two hybrid Q5JR98
X-linked retinitis pigmentosa GTPase regulator RPGR experimental interaction detection two hybrid Q92834
Zinc finger MYM-type protein 2 ZMYM2 predictive text mining QouBW7
Zinc finger protein GLI2 GLI2 experimental knowledge based P10070
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interactors. As it is possible to observe there are two groups in the network. The first is characterized by the in-
terconnectivity between all IFT proteins, creating a subnetwork (triangle shape nodes). Also, in this group, kine-
sin-like protein 3A (KIF3A) interacts with four IFT protein. LATS2, HNF1B, C5orf4, CRYL1, TACC1, TCF7,
PTGER2 and CYS1 compose the second group (circle shape nodes). Between these proteins there is high con-
nectivity (one protein interacts with at least two other).

Testis expression of all IFT88 interactors plus protamine 2 (PRM2) was obtained. Protamine 2 is a testis-spe-
cific protein responsible for highly packing the spermatozoa DNA [28]. Since the purpose of the expression pro-
file was to identify testis-specific proteins, PRM2 was used as a control. None of IFT88 interactors presents a
profile similar to PRM2 and therefore none of the interactors is a testis-specific protein. Except for RFX2, which
has a testis expression of 23%. All IFT88 interactors have less than 20% testis expression. To specify IFT88 in-
teractions that can occur in testis, Tissue Net was used. Two IFT88 interactors were identified as occurring in
human testis: PRRC2A and SMNDC1 (at RNA level), together with IFT88. With the purpose of further identify
IFT88 interactors that have a crucial role in male fertility, a search in Mouse Genome Informatics and Phenope-
dia databases was performed. FGF8, FOXJ1, HNF1A, PDK1, PTGER2, SLC9A8, GLI3 and GLI2 when knock
out in mouse present phenotypes that interfere with spermatogenesis, sperm cells physiology, histology and
morphology of male reproductive system and therefore can be associated with male infertility. IFT88 network
was characterized regarding Biological Process, Cellular Component and Molecular Function. Table 2 shows
that only six proteins were classified and none in the molecular function category. Regarding Biological process
urogenital system development is the most represented process. However, it is interesting that three proteins,
FGF8, HNF1B and PDK1 are associated with reproduction, more specifically in sex differentiation. Furthermore,
the only cellular component represented is the cilium, in which GLI13 and RPGR are putatively located.

Table 2. Biological process and cellular component of IFT88 interactors. The data was retrieved using the plugin ClueGo
v1.7.1 from Cytoscape 3.0.2.

Biological process

GO mother term GO ID GO term P-value Associated genes

Reproduction G0:0007548 sex differentiation 0.0013 [FGF8, HNF1B, PKD1]

positive regulation of transcription

RNA G0:2000144 initiation, DNA-dependent 5.42E-04 [HNF1A, HNF1B]
metabolic ] o
process . regulation of transcription
G0:2000142 initiation, DNA-dependent 0.00159 [HNF1A, HNF1B]
G0:0060993 kidney morphogenesis 4.61E-05 [HNF1A, HNF1B, PKD1]
G0:0001822 kidney development 6.45E-05 [FGF8, HNF1A, HNF1B, PKD1]
G0:0072001 renal system development 1.02E-04 [FGF8, HNF1A, HNF1B, PKD1]
G0:0001655 urogenital system development 1.17E-04 [FGF8, HNF1A, HNF1B, PKD1]
Urogenital
system G0:0035564 regulation of kidney size 1.78E-04 [HNF1A, HNF1B]
development
G0:0048806 genitalia development 0.00159 [HNF1B, PKD1]
G0:0061326 renal tubule development 0.00159 [HNF1B, PKD1]
G0:0072009 nephron epithelium development 0.00215 [HNF1B, PKD1]
G0:0072006 nephron development 0.00730 [HNF1B, PKD1]
Cellular component
Cell projection G0:0005929 cilium 0.00568 [GLI3, RPGR]
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4. Discussion

IFT88 was first identified in the Chlamydomonas reinhardtii flagella [1]. Since then, IFT88 has been implicated
in several processes, such as mitosis and migration. Nevertheless there is a lack of information regarding IFT88
function. To fill this gap, an in silico analysis of IFT88 structure and network was undertaken.

Two putative TP domains were identified in IFT88. TPR domains are composed of a degenerate 34-amino
acid repeat motif that usually appears arrayed [29]. These domains are conserved throughout evolution, being
identified in bacteria and humans. TPR are widespread in a high range of proteins and appear to be involved in
distinct processes such as cell-cycle control, transcription and protein kinase regulation. The presence of TPR
domains is correlated with protein-protein interactions (TPR-TPR interactions or TPR-nonTPR interactions) and
assembly of multiprotein complexes [30]. The fact that IFT88 presents two domains hints a role in protein- pro-
tein interactions, which is not surprising, since it is a central protein in the IFT complex B. However, only
IFT172 presents also TPR domains. This may indicate that TPR domains are not necessary for the IFT complex
B assembly but for binding of cargo to the IFT complex.

Two predicted phosphorylation sites may occur in IFT88, one is the S612 and the other in T497. However,
theoretically, S612 is more prone to phosphorylation since it is more accessible. Serine 612 is putatively phos-
phorylated by protein telangiectasia mutated kinase (ATM). The knockout of ATM produces an infertility phe-
notype, characterized by impaired spermatogenesis [31]. The fact that IFT88 is putatively phosphorylated by
ATM and has been described as crucial for mitosis [8] may hint a role in spermatogenesis.

An RVxF and SILK motifs, were identified in IFT88. RVxF motif is the best characterized PPP1BM. Most
PPP1 interacting proteins present a RVxF. Curiously, the binding of RVXF does not affect the conformation and
activity of PPP1 but promotes other interactions [32]. SILK motifs are normally N-terminal to RVxF motifs and
influence the binding of other motifs, namely RVxF. The fact that IFT 88 presents both PPP1BM is a good hint
for the possibility of being a PPP1 interactor protein.

IFT88 interactome was retrieve from several databases and TCTEX1D4 was added to the interactome since
IFT88 was identified as a TCTEX1D4 interactor [14]. Most interactors were identified by indirect methods;
therefore these interactions must be confirmed by direct methods. The fact that a quarter of IFT88 interactors are
other IFT proteins and the interconnectivity between these proteins supports that IFT88 is part of an IFT com-
plex. All IFT proteins identified are part of IFT complex B [2], which strongly suggests that IFT88 is also
present in IFT complex B (as described in the literature). Kinesin-like protein 3A (KIF3A) interacts with four
IFT proteins. KIF3A, together with KIF3B forms a complex which is capable of anterograde transport of orga-
nelles through microtubules [33]. The interaction between IFT proteins and KIF3A suggests that this kinesin can
transport the IFT complex through spermatozoa flagellum. A second subnetwork is identified in IFT88 interac-
tome. The proteins that compose this subnetwork are involved, according to the literature, in cancer, renal dis-
ease and diabetes [34]-[42]. The interconnectivity between this proteins and the fact that IFT88 interacts with all
of them may indicate the involvement of IFT88 in a common pathophysiological mechanism.

To give a biological meaning to IFT88 interactors in testis, testis expression, phenotypes associated, biologi-
cal process, cellular localization and molecular function were analysed with three IFT88 interactors interesting
results were obtained. FGF8 and PDK1 when knock out produce a infertility phenotype as well as appear to be
involved in sex differentiation. On the other hand, GLI3, when knockout, also produces a infertility phenotype
and appears to be localized in the flagellum. The fact that IFT88 interacts with these may indicate a role in male
fertility.

5. Conclusion

IFT88 sequence and interactome in silico analysis were performed with the goal of identifying biological mea-
ningful interactions in male reproductive functions. IFT88 is prone to protein-protein interactions since it
presents TPR domains and is a part of the IFT complex B. Also, it is putative phosphorylated by ATM and
presents two PPP1BM, being thus regulated by two proteins involved in spermatogenesis. The in silico analysis
of IFT88 interactome allowed to infer that IFT88 may have a crucial role to male reproduction (FGF8, PDK1,
GLI3). It is noteworthy to mention that many more interactors are still to identify, probably some with crucial
roles in male fertility.
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