Chapter 2
Structural Insights into TCTP and Its
Interactions with Ligands and Proteins

Nadine Assrir, Florian Malard, and Ewen Lescop

Abstract The 19-24 kDa Translationally Controlled Tumor Protein (TCTP) is
involved in a wide range of molecular interactions with biological and nonbio-
logical partners of various chemical compositions such as proteins, peptides,
nucleic acids, carbohydrates, or small molecules. TCTP is therefore an important
and versatile binding platform. Many of these protein—protein interactions have
been validated, albeit only few received an in-depth structural characterization. In
this chapter, we will focus on the structural analysis of TCTP and we will review the
available literature regarding its interaction network from a structural perspective.

2.1 Introduction

This chapter will focus on the structural aspects of TCTP in the context of its wide
interaction network, with the aim of being as comprehensive as possible. First we
will describe the available structures of TCTP and compare them with other struc-
turally related proteins. Then in a second part, we will discuss the properties of
some amino acid regions of TCTP that are important due to their conservation
and/or specific functions. Then the last two parts will describe the large interactome
of TCTP involving non-proteic or proteic molecules. Two recent reviews
(Kawakami et al. 2012; Amson et al. 2013) also covered part of the topics of this
chapter. However, the last 4 years have witnessed astonishing progress in TCTP
field, and we felt that an updated description of TCTP interactome was necessary.
We believe this chapter will be useful not only for the general reader but also for
TCTP experts, to overcome the difficulties associated with the multiple names of
TCTP found in literature. Indeed, depending on its intra- or extracellular local-
ization, or on the species, TCTP is also called Histamine-Releasing factor (HRF),
p23, p21, Q23, fortilin, Mmilp (yeast), or Tptl. This confusing nomenclature
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undoubtedly hinders the diffusion of knowledge on this protein within the commu-
nity and hence slows down the progress of its characterization.

2.2 Sequence and Structure of TCTP

2.2.1 Description of the Structure of TCTP

The high-resolution structures of TCTP from different organisms have been deter-
mined by NMR or X-ray crystallography (see Fig. 2.1). These include the malaria
parasites Plasmodium falciparum (Eichhorn et al. 2013) and knowlesi (Vedadi et al.
2007), the yeast Schizosaccharomyces pombe (Thaw et al. 2001), the worm
Caenorhabditis elegans (Lange et al. 2012), and wild type (Feng et al. 2007; Susini
et al. 2008) or E12V mutant (Dong et al. 2009) human TCTP. The structures of
TCTP are highly conserved between different organisms. TCTP is a monomeric
protein, although covalent and non-covalent TCTP dimers have been observed, as
discussed in Sect. 2.4.3. The TCTP fold contains three a-helices (ay, o, o3) and
eleven f-strands arranged in two small pB-sheets p,—f;—P1; and ps—P¢ and a larger
B-sheet pr—Ps—Po—B1o—pa—Bs (Fig. 2.1a). The two p-sheets Bo—Pi—1; and pr—Ps—Po—
Bio—Ps—Ps are twisted and their relative arrangement forms a f-tent (Lupas et al.
2015). The helices a, and oy are connected by a short loop that creates a kink to
form a helical hairpin. This hairpin sits on one side of the large surface defined by
the six-stranded p-sheet. The different TCTP structures differ by the secondary
structure elements that slightly vary in length and relative positioning. For example,
the pB-sheet f,—f1—P; is severely distorted in C. elegans TCTP compared to the
other structures. One conserved feature of TCTP structures is the long ~30-33-
amino acid loop connecting strands 5 and P¢ (between residues T39 and V66 in
human TCTP sequence, see sequence alignment in Fig. 2.2). This loop is highly
flexible as judged from missing electron density in crystal structures (Eichhorn
et al. 2013; Vedadi et al. 2007; Susini et al. 2008; Dong et al. 2009) and from the
scarcity of long-range NOE restraints in this region leading to poor structural con-
vergence in NMR structures (Thaw et al. 2001; Lange et al. 2012; Feng et al. 2007).
The "°N relaxation NMR study revealed that, in human TCTP, the loop explores a
wide conformation range at the pico- to nano-second timescale (Feng et al. 2007).
The N- and C-extremities of the loop are more or less rigid and tend to form a short
B-sheet Bs—P¢ that projects the loop towards the bulk solution and away from the
core structure. This is clearly visible in the NMR structures of human and S. pombe
TCTP (Fig. 2.1b). The NMR structure ensemble of C. elegans TCTP (Fig. 2.1b) is
more compact and the loop explores a more restricted conformational space, sug-
gesting that a few long-range NOE-derived distances bring the loop in relative close
proximity to the core TCTP structure. It is therefore possible that this loop may
have distinct dynamic properties in the different species.
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P. falciparum (XRay, PDB Code 3P3K) P. knowlesi (XRay, PDB Code 1TXJ)

C. elegans (NMR, PDB Code 2LOY) C. elegans (NMR, PDB Code 2KWB)

Fig. 2.1 Ribbon representation of the structures of TCTP from different organisms. (a) Crystal
structure of the human TCTP [PDB Code 1YZ1 (Susini et al. 2008)]. The secondary structure
elements are shown using the nomenclature from Fig. 2.2 and the a-helical, p-strand, and coil
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TCTP is a highly charged acidic protein with an isoelectric point around 4.5.
Accordingly, the 172 amino acid human TCTP contains up to 31 Asp/Glu and
20 Lys/Arg amino acid residues. The vast majority of these charged residues are
solvent-exposed at the surface of the protein, making TCTP a highly water-soluble
molecule. TCTP is amongst the most abundant proteins in many eukaryotic cells,
and the high solubility of TCTP is therefore an important feature. Several charged
residues form salt bridges that are partially buried at the surface of the protein. In all
TCTP structures, one aspartate residue (D6 in human TCTP sequence) located at
the C-terminus of strand f; is significantly buried in a hydrophobic environment
where it makes hydrogen bond with the main chain amides of I8 and S9 forming an
Asx-turn motif on the loop pB;—fp,. D6 forms an additional H-bond with the amide
group of M145 at the N-terminus of strand Py and, hence, creates contact between
the Pr—P;—P11 and P—Ps—Po—P1o—Ps—Ps P-sheets that define the P-tent. Another
aspartate (D11), located at the beginning of strand f,, is also partially buried and
form H-bond with the backbone of N139 in the loop Bs—fo. Both D6 and D11 are
strictly conserved, thus revealing their potential roles in the stabilization of the
B-tent conformation and consequently of the TCTP fold.

2.2.2 Structural Homologues of TCTP

The long helical hairpin represents a hallmark of TCTP and shares strong structural
similarity with other proteins (Susini et al. 2008). These include transmembrane
domains of diphtheria toxin and bacterial colicins as well as the helices H5—H6
found in Bcl-2 family proteins, such as Bax (Susini et al. 2008). However, the sim-
ilarity is restricted to structural features since there is poor amino acid homology
between these proteins. The helical hairpin, and in particular residue K102, plays a
role in the anti-apoptotic function of TCTP (Susini et al. 2008). Bax has a strong
pro-apoptotic property, and remarkably, replacing the essential helices H5S—H6 of
Bax by helices oy and a3 from TCTP does not change much Bax pro-apoptotic
functions suggesting that TCTP helical hairpin can structurally and functionally
replace Bax helical hairpin (Susini et al. 2008).

With the determination of the structure of TCTP, it was also realized that TCTP
shares strong structural similarities with the MsrB and Mss4/Dss4 families (Thaw

Fig. 2.1 (continued) regions are colored cyan, magenta, and rose, respectively. The 30-33 amino
acid long loop between strands 5 and Py is not visible in the crystal structure and is indicated as a
dotted line. Of note, the length of the dotted line does not represent the effective length of the loop.
(b) TCTP structures from human (Feng et al. 2007), fission yeast Schizosaccharomyces pombe
(Thaw et al. 2001), the parasites Plasmodium falciparum (Eichhorn et al. 2013) and knowlesi
(Vedadi et al. 2007), and the worm Caenorhabditis elegans (Lange et al. 2012). For NMR
structures, the ensemble of conformations is shown to illustrate the flexibility of the long loop
due to the absence or scarcity of experimentally determined long-range distance constraints in this
region
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et al. 2001; Lowther et al. 2002) (see Fig. 2.3f,g). The methionine-R-sulfoxide
reductase B (MsrB) is an enzyme involved in the protection of cell against oxi-
dation damages by reducing methionine sulfoxide back to methionine. The Mss4/
Dss4 proteins bind the GDP/GTP free form of Rab GTPase proteins and act as a
poorly efficient guanine nucleotide exchange factor or guanine nucleotide-free
chaperon (Itzen et al. 2006). Despite their different functions, the three protein
families share a similar topology. Although the length of the p-strands differs in the
different families, they all have in common the two p-sheets forming the f-tent.
Nevertheless, some clear variations occur. Firstly, the long flexible loop is absent in
MsrB and Mss4/Dss4 proteins and is specific to TCTP. Secondly, the MsrB and
Mss4/Dss4 families do not possess the long helical hairpin present in TCTP. In the
case of Mss4/Dss4 proteins, an additional two-stranded p-sheet occupies roughly
the position where the helical hairpin is located in TCTP structure (see Fig. 2.3d.f,
g). In MsrB, a short helical hairpin is present roughly at the same spatial position as
the long helical hairpin of TCTP with respect to the B-tent; however, in MsrB the
two helices represent insertions at the N-terminus instead of being inserted between
strands B;—Pg as in TCTP. The size and the position of the helical hairpin in MsrB
allows the positioning of the substrate on the solvent accessible surface of the larger
B-sheet as seen in Fig. 2.3g. The similarity of TCTP and Mss4 folds has prompted
studies to explore the role of TCTP in guanine nucleotide exchange. TCTP was
found to be a GDP exchange inhibitor in the elongation step of protein synthesis
(Cans et al. 2003). In contrast, it has been proposed to stimulate the GTP/GDP
exchange on the Rheb GTP-binding protein to control mTORC1-dependent cell
growth and proliferation (Dong et al. 2009; Hsu et al. 2007), although this function
has been challenged (Rehmann et al. 2008; Wang et al. 2008).

The Protein DataBank was recently interrogated for structural similarities
(Amson et al. 2013; Lupas et al. 2015) and several new TCTP structural homo-
logues were identified, although the proteins shared very little sequence homology:
Cereblon, Mis18, RIG-I, and DUF427 (Fig. 2.3). Because structural similarities
could reveal hints about yet unknown TCTP function, we will describe those
proteins from a structural but also interactome perspective.

Cereblon (CRBN) is a multidomain protein that interacts with the damaged
DNA-binding protein 1 (DDB1) and forms one component of the CUL4-RBX1—
DDB1-CRBN E3 ubiquitin ligase complex to regulate the selective proteolysis of
key proteins in DNA repair, replication, and transcription (Iovine et al. 2011). The
N-terminal extremity of Cereblon contains the LON protease domain and the
DDBI1-binding region whereas the C-terminal extremity contains the CULT
domain [Cereblon domain of Unknown activity, binding cellular Ligands and
Thalidomide (Lupas et al. 2015)] that shows structural homology to TCTP.
Cereblon has been identified as the primary teratogenic target of the well-known
thalidomide drug (Ito et al. 2010), and the thalidomide-binding region is located in
the CULT domain (Fischer et al. 2014) (see Fig. 2.3a). The binding of the immuno-
modulatory (IMiD) agents such as thalidomide to Cereblon inhibits ubiquitination
of the CUL4-RBX1-DDB1-CRBN E3 ubiquitin ligase substrates and redirects the
enzyme towards new protein targets such as the ikaros family of transcription
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C-terminal domain of RIG-I in complex with dsRNA
(PDB Code 3LRR)

S/

TCTP (PDB Code 1YZ1)

|
—/
Mss4 in complex with Rab8 (PDB Code 2FUS) MstB in complex with Ac-Met-R-O-NHMe (PDB Code 3HCI)

Fig. 2.3 Comparison of structures showing homology to TCTP: TCTP [PDB code 1YZ1 (Susini
et al. 2008)], Cereblon in complex with thalidomide [PDB Code 4CI1 (Fischer et al. 2014)],
C-terminal domain of RIG-I in complex with dsRNA [PDB 3LRR (Lu et al. 2010)], DUF427 (PDB
Code 3DJM, unpublished), the dimer of Mis18 [PDB Code SHJO (Subramanian et al. 2016)], Mss4
in complex with Rab8 [PDB Code 2FUS, Rab8 protein is shown as a light blue surface (Itzen et al.
2006)], and MsrB in complex with the substrate Ac-Met-R-O-NHMe [PDB Code 3HCI
(Ranaivoson et al. 2009)]. The structures were superimposed on their common f-tent fold. The
protein ribbons are colored according to the secondary structure elements with the o-helical,
B-strand, and coil regions colored cyan, magenta, and rose, respectively. For the dimeric Mis18,
the two monomers are colored with different schemes. When available, zinc ions are represented
as green spheres, and ligands are shown in red

factors IKZF1 and IKZF3 (Fischer et al. 2014) or casein kinase 1o (CK1a) (Kronke
et al. 2015). This IMiD-induced reprogramming of CUL4-RBX1-DDB1-CRBN
E3 ubiquitin ligase relies on novel interactions at the surface of the IMiD-CULT
domain complex (Petzold et al. 2016) that allows new substrate recognition such as
CKla. Cereblon is involved in several protein—protein interactions including
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BKCa, CIC-2, AMPK, PSMB4, ikaros and aiolos (IKZF3), and MEIS2 as well as
with Ago2 (Xu et al. 2016).

The protein Mis18 is a component of the kinetochore, an essential actor in centro-
mere localization. In S. pombe, Mis18 acts as an obligatory homodimeric form
mediated by the N-terminal Yippee-like domain that adopts a -tent conformation
(Subramanian et al. 2016) (see Fig. 2.3e). The interface of the dimer is stabilized by
strong interactions between the three-stranded f-sheets of the two protomers. An
additional a-helix at the C-terminus is involved in tetramerization (not visible in fig
2.3e). In human Mis18, oligomerization is conserved but involves an heterodimer
formed between two Mis18 isoforms, Mis18a and Mis18f that share 29% identity
(Subramanian et al. 2016). Within the Mis18 complex, the Mis18x and Mis18f have
evolved to different functions. Mis18x interacts with the Mis18-Binding Protein
1 (Mis18BP1) through its Yippee-like domain whereas Mis18f interacts with the C
terminus of CENP-C also through its Yippee-like domain (Stellfox et al. 2016). The
conserved substrate-binding pocket in Mis18 is required for its function although the
partners are not known exactly (Subramanian et al. 2016).

The retinoic acid-inducible gene I (RIG-I) and its homologs MDAS and LGP2 of
the RIG-I like receptors (RLR) family recognize replicating viral RNA for the
innate antiviral immune response. They possess a helicase domain followed by a
C-terminal conserved Yippee-like domain responsible for the binding specificity to
double stranded and 5'-triphosphated single stranded RNA. RNA binding induces a
major conformational change that releases RLR autoinhibition and results in the
activation of type I interferon for the control of viral infection (Leung and
Amarasinghe 2012, 2016). The C-terminal region that shows homology to TCTP
contributes to RNA recognition through a positively charged groove formed by the
large pB-sheet and involves interactions essentially with strands f;—Pg—Bo—P10—Ps—P3
(Lu et al. 2010; Cui et al. 2008) (see Fig. 2.3b).

The DUF427 protein also belongs to the same structural family as judged from its
3D structure (see Fig. 2.3c). The function of this protein is currently unknown. As
proposed before (Lupas et al. 2015), the glutathione-dependent formaldehyde-acti-
vating enzyme (GFA) that catalyzes the formation of S-hydroxymethylglutathione
from formaldehyde and glutathione also shares some structural similarities with the
abovementioned proteins. We did not include this enzyme in the analysis because the
similarities are restricted to a structural subdomain.

One common feature of a subset of proteins from the f-tent family is to bind a
zinc (Zn>*) ion at the apex of the p-tent. This zinc ion is present in Mis18, Cereblon,
RIG-I, and MSS4 and is coordinated by two conserved CXXC motifs. It has been
demonstrated that zinc binding is essential for RIG-I in vivo (Cui et al. 2008), and
the zinc-binding site may contribute to stabilize the two p-sheets forming the p-tent.
In contrast, the cysteines required for zinc binding are largely absent in TCTP and
DUF427 and most often are lacking in MsrB. Accordingly, zinc binding has not
been reported for these proteins. Consequently, zinc likely does not play any sub-
stantial role for these proteins. Alternative processes therefore stabilize the p-tent
fold in proteins lacking the zinc-binding site. We proposed that the conserved
aspartates D6/D11 could contribute to the TCTP fold (vide supra).
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Proteins from the p-tent fold family share no detectable sequence homology and
have very distinct biological activities and functions. They bind a wide spectrum of
compounds ranging from small molecules to nucleic acids and proteins. As noted in
arecent survey (Lupas et al. 2015), Cereblon, RIG-1, and MsrB bind partners (small
molecules or RNA) through the solvent-exposed large C-terminal p-sheet. This is
clearly illustrated in Fig. 2.3 that shows the similar positioning of the ligands
(shown in red) sitting on the same face of the large p-sheet. It is likely that the
B-tent conformation has converged to expose this binding surface. In TCTP, the
binding position is occupied by the helix hairpin, which reinforces the versatility of
the C-terminal p-sheet to bind various molecular types, including internal peptide
resulting from gene evolution. The presence of the helical hairpin in TCTP clearly
hampers binding of TCTP ligands on the C-terminal -sheet but, at the same time,
provides a novel surface formed by the helix hairpin. As shown in Fig. 2.3, other
proteins adopting the p-tent fold expose other interfaces for interaction. In Misl18,
homo- or heterodimerization occur through the smaller -sheet. Another example of
the versatility of the B-tent to expose binding surface is provided by the structure of
the Mss4/Rab8 complex. In this structure, the stretch encompassing helix o; and the
following strand p; from Mss4 is largely involved in the interaction with Rab8.
Taken together, these proteins most likely result from a convergent process to adopt
the pB-tent fold that can accommodate various binding modes and binding partners.
Not surprisingly, structural elements that represent extensions when compared to
the minimal fold also occupy known binding interface. This is for example illus-
trated by the helical hairpin of TCTP and the long insertion between strands 3 and
B4 in Mss4 that both interact with the C-terminal f-sheet. Taken together, TCTP
belongs to a large structural family that exposes different binding surfaces and has
the ability to interact with molecules of various types. Due to this diversity, it is
difficult to predict the interactome and the function for members from this family on
the sole basis of the fold.

2.2.3 Functional Elements Within TCTP Sequence
2.2.3.1 Conserved Signatures

TCTP amino acid sequences are highly conserved across eukaryotic cells, including
in animal and plant kingdom, as well as in yeast (Hinojosa-Moya et al. 2008)
(Fig. 2.2). TCTP homologues have also been detected in spider venom, C. elegans
or various parasites. Two primary regions of high sequence homology were identi-
fied and termed TCTP1 and TCTP2 signatures (Thaw et al. 2001). TCTP1 is an
eight amino acid sequence (consensus sequence IG[A-G]N[A-P]SAE) located
between residues 48 and 55 in the flexible loop (we use here by default human
TCTP numbering, see Fig. 2.2) and is largely hydrophilic. Because this region is not
involved in the stabilization of the overall fold of the protein, its conservation is
most likely related to functional constraints, such as protein—protein interaction or
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posttranslational modifications. The residue S53 is a predicted phosphorylation site
for PI3K kinase and its phosphorylation was observed in human cell line during
mitosis (Dephoure et al. 2008), but not confirmed in two other studies (Maeng et al.
2015; Zhang et al. 2012). The conservation of S53 in TCTP1 signature might
therefore be related to TCTP regulation. The TCTP2 signature is located between
residues 133 and 151 and largely conserved residues are: F134-F135 in strand fg,
G137-E138-M140-D143 in the following B;—pg loop, and Y151 at the C-terminal
extremity of strand Py. Many of these residues are solvent-exposed and do not
contribute significantly to the 3D TCTP fold, suggesting that their conservation
reveals nonstructural evolutionary pressure. Beyond TCTP1 and TCTP2, other resi-
dues are extremely well conserved in TCTP, including D6, D11, E12, D16, L78,
K93, F114, V156, and K171. D6 and D11 have already been discussed. E12 has
been shown to be essential for protein—protein interaction (Dong et al. 2009; Hsu
et al. 2007; Hong and Choi 2016) and for TCTP guanine nucleotide exchange
(GEF) activity (Dong et al. 2009; Hsu et al. 2007). The conserved solvent exposed
residue K93 in helix a5 is involved in protein—protein interaction (Wu et al. 2015).

2.2.3.2 Functional Motifs in TCTP
TCTP Contains a Noncanonical Cell-Penetrating Peptide

TCTP is able to spontaneously penetrate cells of various types but also multiple
organs (Kim et al. 2011a). This property is associated to a protein transduction
domain (PTD) corresponding to the first ten residues of human TCTP
(MITYRDLISH) (Kim et al. 2011a). The internalization seems to involve lipid
raft-mediated endocytosis and macropinocytosis (Kim et al. 2011a, 2015). The
mechanism is not yet understood and seemingly differs from other known protein
transduction domain, in the sense that it does not involve recognition by the cell
surface heparin sulfate (Kim et al. 2011a). TCTP-PTD has been advantageously
used as a cargo for the internalization of fused peptides or proteins with potential in
drug delivery (Bae and Lee 2013; Kim et al. 2011b; Lee et al. 2011). Nevertheless,
the biological meaning of the cell-penetrating property of TCTP is not yet clarified.
A recent study pointed out that extracellular TCTP is sufficient to reprogram
intracellular signaling pathways to promote migration and invasiveness in colorec-
tal cancer cells (Xiao et al. 2016), which strongly supports the idea that TCTP cell
penetration may play (patho)physiological roles. In these processes, TCTP import
may mirror the exosome-mediated TCTP export process for cell-to-cell communi-
cation (Amzallag et al. 2004). From a structural perspective, the PTD domain
encompasses the first strand p; and the following loop p;—f, that form the central
part of the smaller p-sheet. In TCTP structure, most of the side chains of the PTD
are accessible for interaction at the surface. However, the 3D conformation of the
peptide seems not to be required for cell penetration since the 10-mer TCTP-PTD
peptide can efficiently transport various molecules, although it probably lacks
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stable 3D conformation. Hence, it is not clear whether TCTP remains folded or
undergoes severe unfolding during cell internalization.

TCTP Contains a Noncanonical BH3-like Domain

The anti-apoptotic Bcl-xL protein is a partner of TCTP, and the N-terminal fifty
residues of TCTP were identified to contribute to TCTP/Bcl-xL interaction (Yang
et al. 2005). An in-depth sequence comparison with classical BH3 domains, that are
known as Bcl-xL ligands, revealed that TCTP contains a BH3-like domain between
residues 16 and 27 (Thebault et al. 2016). BH3 domains usually fold as an a-helix in
protein—protein complexes and are characterized by highly conserved residues at
positions h1, h2, h3, and h4 that line on one face of the a-helix and that contribute to
stabilize the helix in the BH3-binding groove of the partners, such as Bcl-xL.
Compared to classical BH3 domains, the TCTP BH3-like domain contains the
conserved residues 120, 123, and L.27 at h2, h3, and h4 positions, respectively, but
lacks the hydrophobic residue commonly found at hl position in canonical BH3
domains (see Fig. 2.2). In TCTP, the hl position is occupied by the strictly
conserved D16. Accordingly, the structure of Bcl-xL in complex with a peptide
derived from TCTP;;_3; sequence showed that residues 1627 of TCTP folds into a
a-helix that occupies the classical BH3-binding groove of Bcl-xL (Thebault et al.
2016). Surprisingly, instead of decreasing the anti-apoptotic activity of Bcl-xL, as
would be expected from competition of TCTP BH3-like domains with canonical
BH3 domains at the same binding groove on Bcl-xL, TCTP appears to potentiate
the anti-apoptotic activity of Bcl-xL through a yet unknown mechanism (Thebault
et al. 2016). Whether TCTP BH3-like domain acts also on other BH3-binding
proteins, such as Mcl-1, remains to be investigated.

TCTP Contains an ADP/Cofilin Motif

TCTP interacts with the actin cytoskeleton (Bazile et al. 2009). The comparison of
the primary sequences of TCTP and of ADF/cofilin, a family of actin-binding
proteins that destabilize actin filaments, unveiled a region of high sequence homo-
logy (Tsarova et al. 2010). Indeed, the stretch of residues G69 to E105 that encom-
passes the helices o; and a, and the intervening strand B, shows significant
conservation with the G-actin-binding site of cofilin (Tsarova et al. 2010). Accord-
ingly, TCTP preferentially binds to the globular actin (G-actin) than to filamentous
actin (F-actin), but TCTP binding does not alter actin dynamics (Tsarova et al.
2010).
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2.2.3.3 Posttranslational Modifications of TCTP

Several posttranslational modifications are predicted on mammalian TCTP. The
ELM server (Dinkel et al. 2016) (http://elm.eu.org) predicts for TCTP solvent-
exposed regions the following modifications: cleavage sites for caspases 3 and
7, glycosaminoglycan or N-glycosylation attachment site (S53), CK2 phosphory-
lation sites (residues S9, S37), or Polo-like kinase-1 (Plk1) phosphorylation sites
(S46, S64, T65 and S82). Experimentally, only a few posttranslational modifi-
cations have been observed.

Biologically important phosphorylations occur at residues S46 and S64. In vivo,
the polo-like kinase Plk1 phosphorylates these two serines to detach TCTP from the
mitotic spindle for proper mitosis (Yarm 2002). The Plk1-dependent phosphoryla-
tion of TCTP contributes to the subcellular localization of TCTP (Yarm 2002;
Cucchi et al. 2010; Lucibello et al. 2015). S46 phosphorylation has been proposed
to be a biomarker of Plkl level and kinase activity, with potential interest in
antitumor drug design strategy targeting Plk1 (Cucchi et al. 2010) and is observed
in mitotic cells (Dephoure et al. 2008). In vitro, the activated Plk1 can phosphory-
late TCTP at position S46 but not at position S64 (Johnson et al. 2008). A
hierarchical mechanism by which S64 phosphorylation occurs only when S46 is
already phosphorylated has also been proposed (Yarm 2002). The serine S46 is
conserved in higher eukaryotes whereas S64 is only partially conserved (conserved
in mammalian but not in chicken sequences for example, see Fig. 2.2a). Therefore,
the impact of S46/S64 phosphorylations is limited to higher eukaryotes (Johnson
et al. 2008). Mutations of serines 46 or 64 to glutamate residues abrogate TCTP
binding to MDM2 and to the drugs sertraline and thioridazine (Amson et al. 2012).
Considering that these mutations mimic phosphoserines, it might indicate that
TCTP phosphorylation could also perturb TCTP interactome. Furthermore, it has
been proposed that phosphorylated TCTP could be a target of dihydroartemisinin in
cancer cells (Lucibello et al. 2015). More recently, the insulin-dependent phos-
phorylation of S9 and S15 has been reported (Maeng et al. 2015), albeit with yet
unknown functional consequences. T39 and S53 phosphorylation have also been
observed in mitotic human cell (Dephoure et al. 2008). Phosphorylation of TCTP at
definite sites is therefore prone to play important roles in TCTP function.

Beyond phosphorylation, the N-glycosylation of TCTP has been reported
(Teshima et al. 1998). The attachment site is not known but S53 is a serious candi-
date, as judged from ELM predictions. The BioGrid server (http://thebiogrid.org)
reports several proteomics studies indicating that TCTP can be ubiquitinated or
sumoylated. The Ubc9-mediated sumoylation of TCTP controls its subcellular local-
ization, and the residue K164 was identified as a SUMO-1 substrate (Munirathinam
and Ramaswamy 2012). The ubiquitination sites are not precisely known, although
K19 and K112 could be potentially ubiquitinated (Kim et al. 2011c).

TCTP is known as IgE-dependent histamine-releasing factor (HRF) when it acts
in the extracellular space during the human allergic response. The cytokine-like
activity of TCTP seems to correlate with extensive posttranslational modifications
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that may include proteolytic cleavage, dimerization, or oxidation (Kim et al. 2013).
According to the group of Lee (Kim et al. 2013), dimerization is the dominant
process that activates TCTP for its extracellular cytokine-like function. TCTP
contains two cysteine residues C28/C172, of which C172 seems more important
for dimerization (Kim et al. 2009). This can be rationalized by the fact that residue
C28 is located at the beginning of strand 4 and its side chain is completely buried,
and in contrast the C-terminal C172 is largely solvent accessible and available for
self-association (Kim et al. 2009). Dimers were also observed in the C172S mutant
suggesting that intermolecular C28-mediated disulfide bridge also exists (Kim et al.
2009). Dimerization as a posttranslational modification might be required for TCTP
recognition by its receptor during allergy (Kim et al. 2009). To date, there is no
report of the intracellular existence of such covalent dimer, suggesting that the
formation of covalent dimer would be specific of the extracellular function of
TCTP. Obviously, the different redox potentials in the intra- and extracellular envi-
ronments might control the formation of such dimers.

2.3 Binding Properties and Structural Aspects of TCTP
in Complex with Ions, Small Molecules,
Carbohydrates, Peptides, and Nucleic Acids

Since its discovery, the number of TCTP ligands has continuously increased. TCTP
has the ability to interact with ions, small molecules, carbohydrates, nucleic acids,
and proteins for its biological functions, and several small molecules or peptides
have been designed to interfere with TCTP-based cellular processes. In this part, we
will introduce the different TCTP non-proteic ligands (see Table 2.1).

2.3.1 Calcium Binding

Calcium (Ca2+) is one of the first molecules shown to interact with TCTP. The first
evidence of calcium binding came in 1992 on the TCTP from Trypanosoma brucei
parasite (Haghighat and Ruben 1992) and was further extended to other species such
as in Wuchereria bancrofti (Gnanasekar et al. 2002), Brugia malayi (Gnanasekar
et al. 2002), Schistosoma mansoni (Rao et al. 2002), rat (Kim et al. 2000), and human
(Sanchez et al. 1997; Arcuri et al. 2004). Nevertheless, Ca2+—binding is not conserved
across the phyla since TCTP from ixodid ticks (Mulenga and Azad 2005) and shrimp
(Bangrak et al. 2004) does not bind calcium. The functional relevance of calcium
binding to TCTP is not well understood. It has been proposed that TCTP may act as a
calcium scavenger in the cytosol to protect cells against Ca**-dependent apoptosis
(Graidist et al. 2007). Accordingly, cells expressing TCTP mutant lacking the ability
to bind calcium become more sensitive to thapsigargin-triggered apoptosis (Graidist
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Table 2.1 The list of non-proteic molecules interacting with TCTP is shown in this table. The
species in which the interactions have been observed and some functional insights into the
interaction are also reported

Binding partner Species Function and distribution | References
Calcium (Ca2+) Trypanosoma | Regulation of Ca** Feng et al. (2007),
brucei, homeostasis and Ca>*- Haghighat and Ruben
Schistosoma induced apoptosis (1992), Rao et al.
mansoni, rat, (2002), Kim et al.
human (2000), Sanchez et al.
(1997), Arcuri et al.
(2004), Mulenga and
Azad (2005), Bangrak
et al. (2004), Graidist
etal. (2007), Lucas et al.
(2014), Xu et al. (1999)
Sertraline/thioridazine/ | Human Antihistaminic and Amson et al. (2012),
levomepromazine/ antihistaminic-related Tuynder et al. (2004),
buclizine small molecules. Zhang (2014), Seo and
Efferth (2016)
Peptides Human WGQWPYHC with spe- | Kadioglu and Efferth
cific cytotoxicity against | (2016)
tumor cells.
Human WYVYPSM and Kim et al. (2011d)
WEFPGWM against the
covalent dimeric TCTP.
Artemisinin and Plasmodium TCTP is targeted and Eichhorn et al. (2013),
analogues falciparum, covalently modified by Krishna et al. (2004),
human artemisinin and ana- Bhisutthibhan and
logues, possibly at mul- | Meshnick (2001),
tiple sites from F12 to Bhisutthibhan et al.
Y22 in PfTCTP. (1999), Bhisutthibhan
et al. (1998), Zhou et al.
(2016), Li et al. (2016a)
Heme Human Heme binds TCTP and Lucas et al. (2014)
promotes its
dimerization.
DNA (Sf1 promoter of | Xenopus Activates transcription of | Koziol et al. (2007). See
octd)* oocyte, human | oct4 and nanog. also Cheng et al. (2012)
mRNA? HeLa cells TCTP belongs to mRNA | Castello et al. (2012)

interactome

Chitin, lipopolysaccha-
ride, peptidoglycans,
Bb (Bacillus
bombyseptieus), Sm
(Serratia marcescens)

Bombyx mori

TCTP as a novel opsonic
molecule. Induces the
production of antimicro-
bial peptide.

Wang et al. (2013)

“The interactions of TCTP with DNA and RNA were observed in oocyte extracts and in HeLa
cells, respectively, and have not been confirmed yet in vitro
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et al. 2007). Following this idea, the anti-apoptotic role of TCTP could be due to
multiple mechanisms including the direct interaction with anti-apoptoptic proteins
(including Bel-xL and Mcl-1) to control their activity but also by preventing the Ca**-
induced permeabilization of the mitochondrial membrane and the resulting release of
pro-apoptotic molecules. The sequestering effect for calcium led recently to the
hypothesis of a “buffer-like” role for TCTP to regulate cellular homeostasis by
avoiding the unwanted excess of soluble ligands (Lucas et al. 2014). The interplay
between TCTP and calcium is reinforced by the observation that calcium regulates
TCTP at the transcriptional and posttranscriptional levels (Xu et al. 1999).

The binding of calcium was studied by different techniques that gave somehow
inconsistent conclusions. In one study (Graidist et al. 2007), two rather high-affinity
(~10 pM range) and one lower-affinity binding modes were detected. In contrast,
recent NMR (Feng et al. 2007) and fluorescence (Lucas et al. 2014) studies detected
low-affinity binding modes (mM range) but not the high-affinity binding modes,
although both techniques are sensitive over an extreme wide range of affinity. The
apparent discrepancy could be due to different purification protocols or binding
conditions. From a structural perspective, the double mutant (ES8A/E60A) looses
the ability to bind calcium with high affinity (Graidist et al. 2007), indicating that
these residues that are located in the long loop are crucial for the interaction. The
same study revealed that calcium binding was accompanied by a change in the
secondary structure of the protein, as judged from circular dichroism (CD) (Graidist
et al. 2007). In the NMR study (Feng et al. 2007), the calcium-binding site was
mapped to a region of the protein involving the C-terminal extremities of helix o3
and of strand Py and the loop between strand 3o and helix o,. The oxygens from the
side chains of residues N131, Q133, and D150 were proposed to coordinate Ca**.
The chemical shift and intensity changes upon calcium binding were rather limited
in amplitude and localized to a few amino acid residues. This suggests that TCTP
conformation and oligomeric state is well conserved upon Ca®* interaction, thus
corroborating another CD study (Lucas et al. 2014) in which no secondary structure
nor oligomeric change was observed up to 50 mM calcium concentration. Calcium
triggers monomerization of hemin-induced dimerization (Lucas et al. 2014), pos-
sibly through direct competition against hemin binding. Indeed, hemin and calcium
seem to share a similar binding area on TCTP (Lucas et al. 2014). In their study,
Lucas et al. also observed that the presence of calcium contributes to destabilize
TCTP by reducing the urea concentration required for denaturation (Lucas et al.
2014).

2.3.2 Antihistaminic Drugs and the Related Sertraline/
Thioridazine

Any compound leading to reduced TCTP levels in vivo may have potential anti-
tumor activity. Accordingly, because TCTP is a histamine-releasing factor, the
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group of R. Amson and A. Telerman hypothesized that antihistaminic drugs inhi-
biting the histaminic pathway were interesting candidates in anticancer strategies
(Tuynder et al. 2004). This approach was successful, and a few antihistaminic
compounds such as hydroxyzine and promethazine (see Fig. 2.4) proved efficient
to kill tumor cells and to decrease the level of TCTP either directly or indirectly
(Tuynder et al. 2004). Even greater antitumor activity was reported for the struc-
turally related thioridazine and sertraline (see Fig. 2.4), although they do not display
antihistaminic properties (Amson et al. 2012; Tuynder et al. 2004). The drugs
thioridazine and sertraline are used for their antipsychotic and antidepressive
activities, respectively. The direct interactions of sertraline and thioridazine with
TCTP have been confirmed by surface plasmon resonance (SPR) (Amson et al.
2012), and dissociation constant (K4) of 47 pM and 34 uM was estimated for sertra-
line and thioridazine, respectively. The interaction was later confirmed for sertra-
line by thermal shift assays (Zhang 2014). Surprisingly, whereas ligand binding
usually stabilizes proteins, sertraline has a destabilizing effect on TCTP by reducing
its melting temperature. Both thioridazine and sertraline disrupt the TCTP/MDM?2
interaction in vitro which provides a rationale for the restored levels of p53 in cells
treated with these pharmacological compounds (Amson et al. 2012).

To date, the structural information on TCTP/ligands complexes is very limited.
Two TCTP mutants (S46E and S64E) loose their ability to bind sertraline and
thioridazine (Amson et al. 2012), suggesting that the residues S46 and S64 are
involved in the interaction with the drugs. Accordingly, the drugs do not interfere
with the interactions between MDM2 and TCTP mutants (Amson et al. 2012). As
already discussed, residues S46 and S64 are located in the long inserted flexible
loop. However whether these residues are directly or indirectly involved in the
interaction surface with ligands remains an open question. Additional high-
resolution structural information is still awaited to better characterize TCTP/ligand
complexes. Interestingly, because these S->E mutants can be seen as phosphoserine
mimics, it is possible that Plk1-mediated phosphorylation perturbs TCTP/ligands
interaction. Drug design programs targeting TCTP should therefore take into
account the potential distinct binding properties of the molecules to phosphorylated
and unphosphorylated TCTP in order to inhibit the proper TCTP forms in vivo.

A recent in silico docking study (Seo and Efferth 2016) provided new insights
into the molecular interaction of TCTP with 12 antihistaminic compounds. The
binding of levomepromazine or buclizine (see Fig. 2.4) was confirmed in vitro by
microscale thermophoresis giving dissociation constants of 57 pM and 430 pM,
respectively (Seo and Efferth 2016). All tested ligands (except cetirizine) were
found to dock onto TCTP at the same position, in an area of the loop encompassing
the stretches T39-148 and E60-T65 that contains both S46 and S64, thus confirming
that these two serines could be binding hotspots in TCTP (Seo and Efferth 2016).
However, the simulation was carried out on a single conformation of TCTP, and
loop flexibility and the potential conformation change of the loop upon binding
were not taken into account. Therefore, the binding site derived from this study
remains to be confirmed.
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2.3.3 Peptides

TCTP is now an established pharmacological target in cancer- or allergy-related
diseases and hence different groups are making efforts to develop peptide-based
TCTP inhibitors to interfere with the protein—protein interactions network of TCTP
(Kim et al. 2011d; Kadioglu and Efferth 2016).

In their study (Kadioglu and Efferth 2016), Kadioglu and Efferth carried out an
in silico screening of peptide libraries and selected octamer peptides with predicted
high affinity. The peptide sequences were rather similar with a consensus sequence
WGQWPYHX, where the last residue X is the only difference between the different
peptides. In spite of the small sequence difference, the docking poses of the
different peptides segregated into two families differing by the binding groove.
One groove is defined by the bottom of the long flexible loop and strands f3;, Bg, and
o on one side of the larger 3-sheet whereas the other groove is located on the other
side of large P-sheet and includes the C-terminus of helix a;. Although the binding
with TCTP was not confirmed in vitro, one peptide WGQWPYHC induced specific
cytotoxicity against tumor cells in a TCTP-dependent manner without affecting
normal cells (Kadioglu and Efferth 2016).

In another study (Kim et al. 2011d), the dimeric TCTP was targeted. The
covalent dimer is thought to be the active TCTP state in inflammatory processes.
With the aim to inhibit TCTP in chronic allergic diseases, three peptides dTBP1/
dTBP2/dTBP3 were isolated by screening a phage-displayed 7-mer peptide library.
Peptides dTBP2 (WYVYPSM) and dTBP3 (WEFPGWM) were shown to interact
with TCTP and with the TCTPg4_;0g peptide corresponding to the helix o, in TCTP.
The interaction with dTBP2 was demonstrated to be specific to the dimeric versus
the monomeric TCTP, and dTBP2 inhibited the cytokine-like effect of TCTP (Kim
et al. 2011d). Although they have been designed for different applications and
obtained by unrelated approaches, the peptides dTBP1/dTBP2 (Kim et al. 2011d)
and WGQWPYHC (Kadioglu and Efferth 2016) show striking similarities: they
start by a tryptophan residue and tend to contain an aromatic residue at positions
3 or 4 and a proline residue at positions 4 or 5. However, whether all these peptides
share the same binding modes remain to be investigated.

2.3.4 Heme, Artemisinine, and Analogs

P. falciparum TCTP (PfTCTP) is found to be one target of the antimalarial drug
artemisinin (Krishna et al. 2004; Bhisutthibhan and Meshnick 2001) and forms
complexes with artemisinin and its metabolites. Covalent but also non-covalent and
reversible complexes have been reported (Eichhorn et al. 2013; Bhisutthibhan et al.
1998, 1999). The artemisinin-mediated alkylation of TCTP is facilitated by the
presence of hemin in particular in a reducing environment (Bhisutthibhan et al.
1998, 1999; Zhou et al. 2016). To date, the exact residues of Pf/TCTP involved in
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alkylation are not identified but could be mapped within three peptidic fragments of
PfTCTP (Eichhorn et al. 2013). A more recent study showed that multiple amino
acid at the N-terminus can be modified by a reactive artemisinin analog and that
F12 and C19 are key residues for the interaction (Li et al. 2016a). The reaction is
thought to occur through the naturally rare endoperoxide bridge (1,2,4-trioxane
structure) that becomes activated by ferrous iron, such as heme, to generate free
radicals. The direct binding of heme with human TCTP has been also demonstrated
(Lucas et al. 2014) and involves the dyad H76-H77. It was proposed that hemin and
calcium shares a common binding pattern on TCTP (Lucas et al. 2014) and,
accordingly, competes with each other. Upon complex formation with heme,
TCTP forms dimers, which can be easily disrupted by calcium (Lucas et al.
2014). Therefore, ligand binding is prone to conduct to oligomers of TCTP. In
P. falciparum, heme/TCTP interaction could be important for the fate of arte-
misinin in the parasite. Indeed, TCTP is associated with the parasite food vacuoles
that are rich in hemin, as a product of degradation of hemoglobin by the intra-
erythrocytic parasite (Slomianny 1990; Abu Bakar et al. 2010; Klonis et al. 2011).
However, it is yet not fully demonstrated if such mechanism can explain the anti-
malarial mode of action of artemisinin.

The heme-assisted artemisinin-alkylation of TCTP could potentially affect the
various TCTP-related functions. Artemisinin can be effective in cancer (Crespo-
Ortiz and Wei 2012; Krishna et al. 2008), and it has been proposed that artemisinin
could adopt a similar mode of action in human cells as in parasites. Interestingly,
dihydroartemisinin, a metabolite of artemisinin, binds human TCTP in vitro (K4 of
38 uM) and reduces TCTP half-like in a proteasome-dependent manner by increas-
ing its ubiquitination (Fujita et al. 2008). Furthermore, an artemisinin analog targets
human TCTP in HeLa cancer cells (Zhou et al. 2016), suggesting that artemisinin
might covalently interact with TCTP from different organisms. Pf/TCTP shares 35%
sequence identity with human TCTP, and the structures of the two proteins are very
similar (Eichhorn et al. 2013). Therefore, a deeper characterization of the interac-
tion of artemisinin with TCTP and its derivatives would be helpful for a better
understanding of its antimalarial activity, which is still largely unknown (O’Neill
et al. 2010), but also of the role of TCTP in cancer biology.

2.3.5 Nucleic Acids

TCTP has been isolated from a search for proteins binding to the mouse oct4
promoter region using radioactively labeled DNA incubated in Xenopus oocyte
extract. The direct interaction between TCTP and the steroidogenic factor-1 (Sf1)
site of oct4 promoter was demonstrated in vivo from two independent studies
carried out in Xenopus (Koziol et al. 2007) and in mouse pluripotent cells (Cheng
et al. 2012). The first 60 amino acids of TCTP appear to be sufficient for Sf1 binding
(Cheng et al. 2012). Three studies assessed the function of TCTP as a transcription
factor with diverse outputs (Koziol et al. 2007; Cheng et al. 2012; Johansson and
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Simonsson 2010). In one study carried out in Xenopus (Koziol et al. 2007), the
transcription of a subset of genes including oct4 was activated by TCTP. In their
study, Johansson et al. (Johansson and Simonsson 2010) did not observe a change in
oct4 transcription upon shRNA knockdown of TCTP but observed that TCTP
interacts with Oct4 protein in vivo. They proposed a mechanism in which TCTP
controls oct4 transcription by perturbing the self-regulatory transcriptional prop-
erties of the Oct4 transcription factor. The third study (Cheng et al. 2012) confirmed
the binding of TCTP to the Sf1 site of oct4 promoter in vivo, but demonstrated that
DNA binding of TCTP negatively regulated the expression of Oct4 in mouse pluri-
potent cells. They proposed that different epigenetic modifications in amphibian
oocytes and mammalian cells could explain the conflicting results. We retain from
these works that TCTP has also the ability to act as a transcription factor, although
the direct interaction between TCTP and DNA has to be confirmed in vitro.

TCTP has been captured in a systematic approach targeting RNA-binding pro-
teins in HeLa cells (Castello et al. 2012). In this study, a “zero-distance” strategy
was used to select direct contacts between proteins and RNA and to avoid protein—
protein crosslinks. This work therefore suggests that TCTP has also the ability to
directly bind RNA in cellulo (Castello et al. 2012).

2.3.6 Bombyx mori TCTP as a Binding Platform
Jor Saccharides

In the silkworm Bombyx mori, BmTCTP is produced in intestinal epithelial cells
and is released into the hemolymph and gut lumen in response to oral microbial
infection (Wang et al. 2013). A study exploring the interaction of BmTCTP with a
range of pathogen-associated molecular patterns (PAMP) revealed the broad bind-
ing spectrum of BmTCTP (Wang et al. 2013). BmTCTP interacts with chitin, a
polymer formed of N-acetylglucosamine, and mixtures of E. coli lipopolysaccha-
rides (LPS) or of B. subtilis peptidoglycans (PG). The binding of TCTP with highly
negatively charged bacterial wall molecules was proposed to involve the lysine
residues at the surface of TCTP (Wang et al. 2013). BmTCTP also tends to bind
bacteria such as Bacillus bombyseptieus or Serratia marcescens. In response to
PAMP, BmTCTP induces the production of antimicrobial peptides through the
ERK pathway (Wang et al. 2013). Therefore, BmTCTP contributes to the insect
intestinal immunity by acting as opsonin to enhance phagocytosis. To the best of
our knowledge, no mammalian TCTP has been reported to date to bind saccharides
(other than nucleic acids). Considering that peptide cell-penetration often involves
recognition of cell-surface carbohydrates, this study on BmTCTP could inspire
future research for a better characterization of the mechanism of TCTP cell
penetration.
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2.4 Structural Aspects of TCTP in Complex with Proteins

2.4.1 TCTP Directly Interacts with Dozens of Proteins

Over the years, the number of proteins that interact in vivo with TCTP has progres-
sively increased and several dozens of TCTP partners have been identified and
further confirmed in vitro, by pull-down assays for example. One review by
Amson et al. (2013) reported the extensive list of partners known in 2013. These
partners were classified according to their functions as anti-apoptotic, GTPases, pS3
axis, cytoskeleton/mitotic machinery, DNA processing and repair, and
RNA/ribosome/protein biogenesis. This protein repertoire has continuously
expanded to include, for example, proteins such as 14-3-3 (Le et al. 2016), Apaf-1
(Jung et al. 2014), HSPA9 (Li et al. 2016b), YBX1 (Li et al. 2016b), HSP27
(Katsogiannou et al. 2014), peroxiredoxin-1 (Chattopadhyay et al. 2016), ATG16
complex (Chen et al. 2014), nucleolin (Johansson et al. 2010a), or IgE/IgG
(Kashiwakura et al. 2012).

Despite the ever-accumulating evidence of the functional importance of TCTP
and of its interaction with partners, the amount of structural information regarding
protein—protein interaction (PPI) is yet rather limited. Each discovery of novel
TCTP-related PPI is often associated to attempts to decipher the molecular basis
of the PPI through peptide fragments approaches. In such strategies, peptides
derived from the native proteins are designed, and the analysis of the preservation
of peptide—peptide contacts leads to the identification of the protein region(s)
important for the interaction under scrutiny. The TCTP-related PPI analyzed
using peptide fragments were summed up in a review in 2012 (Kawakami et al.
2012). Because several novel interactions have been identified and characterized
meanwhile, we propose an updated table of interactions in Table 2.2. Partners
identified by coimmunoprecipitation or two-hybrid techniques may be indirect by
the implication of a third partner. It is, therefore, crucial to confirm the direct
interaction in vitro between recombinant proteins. In this table, two types of
interaction were selected amongst the long list of known TCTP partners. On the
one hand, we listed interactions confirmed in vitro, whether the biological impact is
known or not. On the other hand, we chose interactions with clear biological
impacts although the involvement of a third partner is not ruled out yet. The second
type was included to foster future in vitro study to confirm biologically relevant
interactions.

Table 2.2 clearly illustrates the versatility of TCTP to bind proteins of distinct
cellular functions but also biochemical functions (enzymes, DNA/RNA/protein-
binding proteins, scaffold proteins, . ..). The consequences of TCTP binding range
from direct enzyme activation or inhibition, protein stabilization by promoting or
preventing ubiquitination, protein stabilization in response to heat shock, facilitat-
ing or hindering the recruitment of other partners, and the control of phosphory-
lation of the partner. To play all these functions, TCTP evolved to interact with a
large interactome and despite its relatively small size, it proposes different binding
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modes. Table 2.2 suggests that almost all TCTP regions are potentially involved in
the direct interaction with partners. For example, when mutated, residues Y4, E12,
120, R21, E22, D25, E138, or E168 abrogate binding to a range of partners. All
these residues cover a wide surface on TCTP, reinforcing the idea that TCTP does
not expose a unique interface for interaction. This parallels the many binding modes
observed for the proteins from the B-tent family (see Fig. 2.3).

2.4.2 Structural Information on Native Complexes

The strategy consisting in deleting large portions of protein is extremely efficient
when it comes to isolate interacting domains from multidomain proteins. This
approach is also useful to identify short peptide fragments from independent
folding units such as protein globular domains, in particular when these fragments
folds as helices at the interface of protein—protein complex. Nevertheless, short
fragments might not properly fold or keep the same 3D conformation as in the
native protein. In such situation, the peptide fragment approach is prone to give
false negative results. Oppositely, the disruption of the 3D native fold in short frag-
ments is prone to facilitate nonnative interaction, leading to potential false positive
results. These limitations may explain some discrepancies observed in the dissec-
tion of TCTP interactions as reported in Table 2.2, such as with the p53 or MDM2
partners. For these reasons, proper interaction analysis are better carried out with
native proteins, preferentially with full length proteins or at least by preserving
folding units, followed by point mutations. To date, our understanding of TCTP
interactions using native proteins is limited to the TCTP/eEF1B& complex, for
which a high-resolution structure have been obtained from a mixed approach based
on classical NMR-based structure determination followed by molecular docking
driven by experimental NMR data (Wu et al. 2015) (see Fig. 2.5a). This structure
was validated by extensive site-directed mutagenesis and highlighted the role of the
helical hairpin (Site I) and of a surface patch (Site II) formed by the stretch con-
necting helices a; and o, and including strand 7 (around F83) and the loop Pg—po
(containing M 140 and P142) in the interaction with the CAR domain from eEF1B&
(Fig. 2.5a). In the complex, the negatively charged N-terminus of CAR adopts an
extended conformation that wraps around the positively charged helical hairpin,
including residues K90, 192, K93, M96, K97, K100, M115, T116, A118, A119, and
1122. At its C-terminus, CAR adopts an a-helical conformation that docks on a
surface overlapping sites I and II through hydrophobic contacts with F83, M140,
P142 and electrostatic contacts with D143 and D94. Electrostatic and hydrophobic
interactions both contribute to stabilize the complex.

This work provides the most convincing study of the key role of the helical
hairpin in TCTP PPL. It is most likely that this structure element is also involved in
other PPIs as suggested from other studies (Amson et al. 2012; Kashiwakura et al.
2012; Rid et al. 2010; Gachet et al. 1999; Rho et al. 201 1; Funston et al. 2012), with
strong functional impacts such as in apoptosis (Susini et al. 2008). Another hint
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about the key role of the helical hairpin is provided by a structural model of the
complex formed by TCTP and the N-terminal domain of MDM2 (Fig. 2.5b). The
molecular interface of this complex has been well characterized on MDM2 side by
competition with with a well-known MDM?2 binder (nutlin-3) or by using MDM2
mutants (M62A). However, the interface on TCTP still awaits validation with high
resolution structural data from native protein and/or from point mutations. This
could also resolve the somehow inconsistent results obtained from independent
studies on TCTP/MDM?2 interaction (Amson et al. 2012; Funston et al. 2012).

The TCTP/Bcl-xL complex is the only TCTP complex for which a crystal struc-
ture has been obtained (Fig. 2.5c). The TCTP/Bcl-xL complex with full-length
proteins could be purified but only a complex of Bcl-xL with a peptide derived from
the TCTP BH3-like domain was crystallized. This structure illustrates how the
TCTP BH3-like peptide binds to the BH3-binding groove of Bcl-xL (Thebault et al.
2016). The crystal contained a swapped dimeric Bcl-xL, which appears to be an
hallmark of this protein. Six TCTP peptides were observed, although only two of
them were considered as significant. This work (Thebault et al. 2016) provided
sound basis to demonstrate the existence of a functional BH3-like element in TCTP,
but at the same time, raises novel questions. The BH3-like domain (residues 16 to
27) folds as strand f; in the native TCTP structure and undergoes a severe conform-
ational rearrangement in the complex with Bcl-xL. Because residues 16 to 27 play a
key role in stabilizing TCTP larger -sheet, it is difficult to predict the impact of the
global conformation change of TCTP in the complex: is strand 33 the only element
being affected? does TCTP completely unfold and remain unfolded at the exception
of the helical BH3 region? does TCTP remold into another stable conformation
unrelated to the fold of the unbound protein? does other region than the BH3 region
of TCTP interact with Bcl-xL? Because TCTP binds at the Bax-binding groove of
Bel-xL, one would expect that TCTP competes with Bax to inhibit the
Bax-mediated anti-apoptotic activity of Bcl-xL. Paradoxically, TCTP appears to
potentiate the anti-apoptotic activity of Bcl-xL (Thebault et al. 2016). The appar-
ently counter-intuitive structural mechanism by which TCTP activates Bcl-xL
remains largely unknown. Clearly, additional structural, thermodynamic, and
kinetic studies on full-length proteins are required to assess the plasticity of
TCTP and to understand its role to control apoptosis.

<
Y

Fig. 2.5 (continued) shown. Picture taken with permission from Wu et al. (2015). (b) Energy-
minimized structural model of the complex between TCTP and the N-terminal domain of human
MDM2 obtained from molecular docking based on peptide deletion analysis and MDM2 M62A
mutant (Funston et al. 2012). Picture taken with permission from Funston et al. (2012). (c¢)
Structure of the full-length Bcl-xL in complex with the BH3-like domain of TCTP (residues
16-27) [PDB code 4Z9V (Thebault et al. 2016)]. The proteins are shown as ribbons. Bcl-xL (cyan
and green) crystallized as a swap dimer and six BH3-like peptides were observed (magenta,
yellow, orange, grey, salmon, marine). Only the magenta and yellow peptides were considered
meaningful, while the others were considered as crystallization artifacts (Thebault et al. 2016). (d)
Potential TCTP dimer structure. The chains A and D from the 1YZ1 crystal structure of TCTP are
represented as ribbons. The two monomers have different color codes for their secondary struc-
tures. The amino acid residues at the dimer interface are labeled
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2.4.3 TCTP Tends to Self-associate

TCTP tends to self-associate. For example, non-covalent dimers/oligomers of rat
TCTP have been detected from yeast two-hybrid system (Yoon et al. 2000). The
deletion of the region 126—172 resulted in loss of self-interaction of TCTP in vivo
(Yoon et al. 2000). The authors concluded that this region was involved in oligomer
formation. The amino acids 126—172 encompass the last four f-strands of TCTP
that largely contribute to create the large fB-sheet at the core of TCTP structure.
Hence, its deletion is prone to severely impact the proper folding of TCTP and its
oligomerization properties. It is therefore highly possible that the peptide missing
residues 126—172 is not able to oligomerize because of the global unfolding of the
protein, which questions the involvement of these residues in oligomerization of the
native TCTP. As noted before, heme tends to favor TCTP dimer in vitro with
potential role in cellular homeostasis (Lucas et al. 2014). The details of the dimer
interface have not been investigated yet. In the analysis of TCTP structures so far
available, we have noticed that human wild-type and E12V mutant TCTP crystal-
lize with four molecules in the unit cell although they were obtained in different
space groups. Interestingly, in the two crystals, an intermolecular interface and a
relative protein orientation were clearly conserved within a pair of molecules. This
is illustrated by the contacts between chains A and D from the human wild-type
structure (Fig. 2.5d). Because this self-association mode is observed in different
crystal packings, it is possible that the interactions at this interface of these two
molecules are strong enough to exist in solution. We propose that the complex
observed between chains A and D could represent the structure of TCTP dimer in
solution. The proposed interface is formed by the hydrophilic and charged residues
such as E80, S82, T84, Q130, and K133 as highlighted in Fig. 2.5d.

2.5 Conclusions

In this chapter, we have presented the structural features of TCTP with a focus on its
posttranslational modifications and interaction network. Despite its relative small
size and globular nature, the TCTP structure is extremely versatile and is able to
interact with ions, small molecules, carbohydrates, nucleic acids, and proteins.
Although high-resolution structures and more precise delineation of complex inter-
faces are still required, it seems that most TCTP surface patches are potential
binding hotspots, which might be the hallmark of proteins from the p-tent family.

To date, our knowledge of the structural property of TCTP in interaction is still
very limited. Although the structure of TCTP is apparently highly stable, there are
some lines of evidence that TCTP is prone to major rearrangement upon interaction.
On the one hand, TCTP interacts with Bcl-xL by the BH3-like domain that is
partially buried in the unbound TCTP, suggesting that TCTP undergoes a severe
conformational change in the complex. This could explain the difficulty to form the
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TCTP/Bcl-xL complex (Thebault et al. 2016). In this regard, TCTP also interacts
with the Bcl-xL-related Mcl-1, although it is not clear yet if the interaction is also
mediated by the BH3-like domain. The formation of TCTP/Mcl-1 complex is also
rather difficult and is greatly facilitated by the truncation of the first ten residues
(Liu et al. 2005). It is likely that the removal of the N-terminal residues prevents the
proper folding of TCTP. Thus, by alleviating the kinetically unfavorable unfolding
barrier, this truncated TCTP form probably already exposes interacting residues,
possibly in the BH3-like region, thus making the formation of the complex easier.
Such a truncated form was also proved to be more active to trigger the IgE response
(Kim et al. 2009). Shortened TCTP has not yet been observed in vivo but a TCTP
isoform lacking the first 34 amino acids is reported by UniProt (P13693-2), which
could have variable binding properties compared to the canonical TCTP isoform.
On the other hand, TCTP penetrates cells by using a protein transduction domain
that folds as a B-strand. It is possible that TCTP also undergoes a significant fold
rearrangement during cell entry to facilitate recognition and internalization. Future
researches are necessary to confirm these hypotheses. Importantly, it will be crucial
to identify the molecular triggers, to assess the extent of the conformational change,
and to assess the functional consequences of the rearrangement on the partners. We
speculate that TCTP plasticity greatly contributes to the versatility of its effects on
partners and to its multifunctional nature.

One intriguing feature of TCTP is the 30-33 amino acid long flexible loop. This
region is very well conserved throughout the phylum, both in length and amino acid
composition and contains the TCTP1 signature at its center. Compared to structured
regions, flexible regions are in general less under evolution constraints of keeping
structurally important amino acids and are therefore prone to vary in length and
composition. The conservation of the loop in TCTP therefore suggests that other
forces drive its conservation during evolution. In particular, one may wonder if the
loop directly interacts with partners, if it controls the access to other binding
hotspots on TCTP, or if it contributes to the proposed conformational rearrange-
ment. For this, it is crucial to characterize complexes between native proteins, with
a focus on the dynamics of this loop. The loop might be involved in other regulatory
events such as the phosphorylation of serines S46, S53, or S64. Being part of
TCTP1 signature, S53 is strictly conserved and its phosphorylation could regulate
biological functions shared throughout the phylum. In contrast, S46 and S64 are
found only in mammalian TCTP and most likely regulate mammalian-specific
functions. The impact of phosphorylation on the dynamics of the loop and, beyond,
on the structure of the protein will also provide insights into the role of the loop.

Although our knowledge of TCTP functions has greatly expanded over the
last years, much remains to be done to characterize the biochemical and structural
features of TCTP. No doubt that such gain in knowledge will contribute to decipher
the multiple functions of TCTP in physiological and pathophysiological processes.
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