The structure of TAX1BP1 UBZ1+2 provides insight into target specificity and
adaptability
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ABSTRACT

TAX1BPI1 is a novel ubiquitin-binding adaptor protein involved in the negative
regulation of the NF-kappaB transcription factor, which is a key player in
inflammatory responses, immunity and tumorigenesis. TAX1BP1 recruits A20 to the
ubiquitinated signalling proteins TRAF6 and RIPI1, leading to their A20-mediated
deubiquitination and the disruption of IL-1 and TNF-induced NF-kappaB signalling,
respectively. The two zinc fingers localized at its C-terminal, function as novel
ubiquitin binding domains (UBZ, ubiquitin binding zinc finger). Here we present for
the first time both the solution and crystal structures of two classical UBZ domains in
tandem within the human TAX1BP1. The relative orientation of the two domains is
slightly different in the X-ray structure with respect to the NMR structure, indicating
some degree of conformational flexibility, which is rationalized by NMR relaxation
data. The observed degree of flexibility and stability between the two UBZ domains

might have consequences on the recognition mechanism of interacting partners.
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INTRODUCTION

Nuclear Factor kappa B (NF-kappaB) acts as a regulator of genes encoding molecules
that control innate and adaptive immune responses' inflammation, cell proliferation,
apoptosis and oncogenesis'. NF-kappaB is transiently activated by bacterial
lipopolysaccharide (LPS) and cytokines such as tumor necrosis factor (TNF) and

interleukin (IL)-1. The uncontrolled activation of NF-kappaB leads to pathologic



states such as chronic inflammation, septic shock and autoimmunity®*>*’. The cell
controls NF-kappaB activity through a negative feedback loop where the A20-
ubiquitin editing complex, composed by A20, TAX1BP1 and the E3 ligases Itch and

RNF11, plays an essential role®’.

A20 is an enzyme with dual-function, working as deubiquitinating and E3 ligase'’.
A20 is a major regulator of NF-kappaB signalling''; indeed, A20-deficient mice
develop severe inflammation and die prematurely'® and the importance of A20 in
limiting inflammation is evidenced by the wide number of human autoimmune

diseases associated with polymorphisms in the A20 genomic region'>'*".

Tax1-binding proteinl (TAX1BP1; also known as TXBP151 or T6BP) functions as an
ubiquitin-binding adaptor protein for the enzyme A20'® being pivotal in the
termination of NF-kappaB signalling and the anti-apoptotic activity of A20*%!"!%,
Indeed, it has been recently reported that the kinase IKKa phophorylates TAX1BP1 at
two serine residues, which initiates the assembly of the A20-ubiquitin editing
complex'. Ttch and RNF11 (ring finger protein 11) E3 ligases interact with the A20-

TAXI1BP1 complex in a stimulus-dependent manner and are also required for the

termination of NF-kappaB signalling®’.

The human T cell leukemia virus type (HTLV-I) genome encodes an oncogenic

20,21
~“*. Tax works as an

protein, Tax that triggers persistent activation of NF-kappaB
antagonist of the A20 ubiquitin-editing complex, by interacting with TAX1BP1 and
inhibiting the function of A20%*%. It has recently been proposed that Tax can

suppress the IKKa-mediated TAX1BP1 phosphorylation, acting as a negative



regulator of TAX1BP1".

TAX1BPI1 is localized in the cytoplasm and trans-locates to nucleus or plasma
membrane in a stimulus dependent manner'”"*****_ The N-terminal part of TAX1BP1
(Fig.1) contains a SKIP carboxyl homology (SKICH) domain. SKICH domains have
been described as membrane targeting domains, however, this property has not been
reported for TAXIBP1?°. The central part contains three putative coiled-coil
sequences and an overlapping homo-dimerization region”’**. TAX1BP1 contains two
C-terminal ubiquitin-binding zinc finger domains in tandem, UBZ1 and UBZ2
(Fig.1). Both contain highly conserved “PPXY” motifs targeting WW domain
containing proteins®, like Ttch®. It is known that TAX1BP1 interacts with Itch, in a
stimulus-dependent manner®, being Itch an essential subunit of the A20 ubiquitin-

editing complex. Notably, removal of Itch impairs the function of A20°.

The UBZ domains of TAX1BP1 were shown to bind Lys63-ubiquitinated proteins
such as TRAF6 and RIPI leading to their A20-mediated deubiquitination and the
disruption of IL-1 and TNF-induced NF-kappaB signalling, respectively''*. Thus, it
is possible that TAX1BP1 mediates the recognition of substrates by the A20 ubiquitin-
editing complex™’. Moreover, the UBZ domains are also involved in the binding of
TAX1BP1 to the motor protein myosin VI*! implicated in many cellular processes as

endocytosis, secretion, membrane ruffling and cell motility.

Structural characterization of the tandem of UBZ domains (UBZ1+2) in TAX1BPI is
thus important for a deep understanding of the interaction network between TAX1BP1

and its different targets. We thus determined the high-resolution structures of UBZ1+2



of the human TAX1BP1 in crystal and solution environment by X-Ray and NMR,
respectively. The three-dimensional structures show all characteristics that are
typically found in classical zinc finger domains, including the tetrahedral Cys,His,
coordination with the Zinc atoms. The crystal is densely packed, resulting in a slightly
different relative orientation of the two UBZ domains compared to the structure in
solution. We show by the use of Small Angle X-ray Scattering (SAXS) that both

UBZ1 and UBZ2 remain structured when separated.

Up to date, there are no structures published of UBZ domains in tandem. Until now,
the structure of only two different UBZ domains have been reported, one NMR
structure of the UBZ domain of the human DNA Y-polymerase eta (DNA pol eta)*>
and one X-ray structure of the UBZ domain of the human Werner helicase interacting
protein 1 (WRNIP1)*. Based on the sequence alignment of the UBZ domains of
TAX1BP1, DNA pol eta and WRNIP1, we have observed phylogenetic differences
that might point to the existence of distinct binding mechanisms within these families

of UBZ domains to its common partner, ubiquitin.

RESULTS

Crystal structure of TAX1BP1 UBZ1+2

Figure 2 shows the arrangement of the 11 X-ray structures of UBZ1+2 present in the
asymmetric unit. Each molecule is tightly packed between two neighboring molecules
in an anti-parallel fashion resulting in two groups (ACEGIK and BDFHJ) with their

N- and C-terminus respectively, pointing in the same direction. Figure 3 shows an



overlay of the 11 UBZ1+2 molecules highlighting the tetrahedral coordination of the
zinc atoms with the Cys,His, of UBZ1 and UBZ2. The zinc atoms are coordinated by
Cysl0, Cys13, His29 and His33 in the UBZ1 domain and by Cys37, Cys40, His56
and His60 in UBZ2. Both domains, UBZ1 as well as UBZ2, show the classical
Cys,His, zinc finger domain fold***’, consisting of two short B strands (residues 8-9
and 16-17 in UBZ1 but not observed in all structures, and 35-36 and 43-44 in UBZ2)
followed by an a-helix (residues 23-31 in UBZ1 and 50-61 in UBZ2) forming a left-
handed BPa-unit, in agreement with the 3D structures of the two other UBZ domains

3233 The tetrahedral coordination of each zinc atom

published till the moment
stabilizes the 3D structure of both zinc finger domains by holding together the B-sheet

with the o-helix.

Table 1 summarizes the crystallographic data collection and refinement statistics. The
11 structures are very similar with a backbone RMSD of 0.16 A and show good
Ramachandran statistics with only 0.46 % of the residues (3 residues located at the
extreme of the chains) in energetically unfavorable areas. The structural coordinates

have been deposited in the Protein Data Bank (PDB) with accession number 4BMJ.

Solution structure of TAX1BP1 UBZ1+2

The semi-automatic NMR assignment protocol resulted in a full backbone assignment
and a 'H side-chain assignment of 98%. Figure 4 shows the assigned 'H-""N-HSQC
spectrum of UBZ1+2 that resulted from the procedure. The 'H, "N and "C assigned
resonances have been deposited in the BioMagResBank (http://www.bmrb.wisc.edu/)

under accession number 19201.



Figure 5 shows a cartoon representation of the ensemble of 20 lowest-energy water-
refined structures derived from the automatic NOE assignment protocol in CYANA
and the subsequent refinement using RECOORD. The ensemble fulfills the
experimental data very well and shows excellent Ramachandran statistics (Table 2)
reflecting the high quality of the 3D structures. UBZ1 as well as UBZ2 show the same
Cys;His; zinc finger domain fold as in the X-ray structure. The structural disorder
observed for the N- and C-terminus is consistent with the higher flexibility in this
region of the protein as indicated by the smaller heteronuclear NOE values (see
below). The structural coordinates and experimentally derived restraints have been

deposited in the PDB with accession number 2M7Q.

Backbone dynamics of TAX1BP1 UBZ1+2

Backbone "N R1, R2 and hetNOE were measured for the 50 non-overlapping cross
peaks of UBZ1+2 (Fig. 6). The hetNOE values (Fig. 6A) are almost all lower than the
theoretical upper limit value of 0.84 at 600 MHz®. The low (negative) NOE values of
the residues at the N-terminus (UBZ1 domain) and at the C-terminus (UBZ2 domain),
indicate that the terminal regions are much more flexible than the other regions of the
protein. Elevated R2 values (Fig. 6C) are observed especially for the residues located
in the UBZ1 domain (residues 16-33), whereas the R1 values are at about the same in
the whole UBZ1+2 molecule (Fig. 6B). Elevated R2 values are indicative of

. . [ . 37
conformational exchange on the microsecond-millisecond time scale’".

Analysis of the relaxation data of UBZ1+2 using TENSOR2* indicates an average
>N R2/R1 ratio (Fig. 6D) in the most ordered regions of 6.84, corresponding to an

apparent rotational correlation time 1. of 7.73 ns. This correlation time is higher than



the expected 5.15 ns for a globular protein of the same molecular weight (8.3 kDa)
using the empirical formula based on a best fit of data from the NESG website,
(www.nmr2.buffalo.edu/nesg.wiki/NMR _determined Rotational correlation time.),
most likely due to the anisotropy of the system but also because the flexible termini of
the tandem can significantly enhance the t.”’. TENSOR2®® analysis shows that
UBZ1+2 presents a rotational anisotropy of Dpa/Dpery=1.37 + 0.1. This means that the
rotational diffusion tensor is significantly asymmetric and exhibits a prolate axial
symmetry with Dy =Dy =Dyy= (1.93 £ 0.09)-10” s and Dper=D,= (2.65 + 0.12)-10’
s, where the o-helix of the UBZ1 domain is parallel to the unique axis of the
diffusion tensor. Having this into account, the higher R2 values measured for the
residues in the a-helix of UBZ1 than those in UBZ2 (Fig. 6C) can be explained by its
parallel alignment to the longitudinal axis of the prolate diffusion tensor’’.

4041 of the local

Incorporation of this tensorial description into the model-free analysis
internal mobility affecting the backbone amides, has allowed us to describe the
dynamics of the molecule. The measured relaxation data can be adequately described
for most residues by a single parameter, the order parameter S* (Fig. 6E), which is
related to the local mobility of the N-H vector on the subnanosecond timescale. The
profile of the S* (Fig. 6E) confirms the increase in internal mobility at the N- and C-
terminal part of the protein, as can be seen from a large decrease in S°. The residues
located at the loop connecting the B-sheet and the a-helix of UBZ2 present a small
decrease of the S* values in comparison with the values of the rest of secondary
structure elements, which point to an increase in flexibility in this region of UBZ1+2.

The local internal mobility of the residues showing conformational exchange (Fig. 6F)

can only be described with the TENSOR2®® model using an additional term for



exchange contributions (Key).

Characterization of TAX1BP1 UBZ1+2 and the individual domains by SAXS

The structural parameters of UBZ1+2 calculated from the experimental SAXS curves
(Fig. 7A) are shown in Table 3. The estimated molecular weight agrees well with the
one predicted from the sequence and observed by gel filtration (approximately 8.3
kDa). Both the crystallographic and NMR determined structures explain very well the
SAXS experimental data with the best fit obtained using the models from NMR. Ab
initio shape of UBZ1+2, reconstructed from the experimental SAXS data using the
program DAMMIF* reproduces very well the flat and elongated shape of the tandem
and is consistent with the crystallographic and NMR structural data (Fig. 7B). The
scattering curves from the individual domains are also very consistent with the
CRYSOL* calculated theoretical curves, derived directly from experimentally
determined structures (Fig. 7C and E, Table 3). In both cases the calculated curves can
be fitted to the data with y* values below 1.5. Figure 7D and F show the ab initio
reconstructed shapes of both individual domains superimposed onto the atomic
coordinates. As in the case of the tandem, the comparison shows a clear agreement
with the atomic coordinates. These observations confirm that both domains are folded

when bound to Zn*", in the conformation compatible for target binding.

DISCUSSION

NMR spectroscopy and X-ray crystallography are complementary techniques widely

4445
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used for the determination of protein structures at atomic leve . In general,



independent structure determination by NMR and X-ray is useful to validate protein

: : 46,4748
structures, and they can also be combined to obtain a more accurate model*®*"**,

The 3D structures of the tandem UBZ1+2 in the ubiquitin-adaptor protein TAX1BP1
obtained by the independent use of X-ray diffraction (Fig. 2 and 3) and NMR
spectroscopy (Fig. 5) described in this paper, show that both UBZ domains present a
compact structure comprised of two left-handed BBa-units, common in the family of
classical zinc fingers, with two Cys,His, motifs coordinating the Zn®" atoms, crucial
to maintain the 3D structure of the zinc finger domains. The packing between the [3-
sheet and the a-helix, forms a hydrophobic core (Fig. 8) that places the conserved Cys
and His residues toward the interior of the domain in a position to coordinate the Zn*"
atom. Several residues (Leul2, Leul5, Phel7, Tyr21, Phe26, and Val30 for UBZI;
and Met39, Phe44, Tyr48, Phe53 and Val57 for the UBZ2 domain) serve to shield the
zinc ions from solvent and stabilize the metal-interaction. It is worth to notice that the
hydrophobic core is further stabilized by an interaction between the aromatic side
chains of the Phel7 and Phe44 with His29 and His56 in the UBZ1 and UBZ2
domains, respectively. The formation of such aromatic anchor is very common in
classical zinc fingers®. In most zinc finger domains this aromatic residue is located
three residues after the second Cys that coordinates the zinc ion (C-X;-C-X;3-F-Xs-®-
X5-H). This position is called “consensus”, like for example in the classical zinc
fingers from Friend Of GATA, F OG-F3°°. However, in some unusual cases the
aromatic residue appears two residues after the second Cys (C-X,-C-X,-Y-), and is
known as “aromatic swap”, like for the NEMO zinc finger®. In both UBZ domains of

TAX1BPI1 the aromatic residues Phel7 and Phe44 are in the “consensus” position

(Fig. 8).



Previous studies have shown that mutation of these Phe residues severely diminished
the binding of the UBZ1+2 tandem to ubiquitin'®. These phenylalanines act like an
anchors of the tetrahedral coordination of the Zn-atoms, which helps to stabilize the
structure of the tandem (Fig. 8). In the same way, mutations of the conserved Cys
residues of the UBZ domains of TAX1BP1 impair the ability of TAX1BP1 to mediate
the inhibition of NF-kB signaling®. Based on the structure of UBZI+2 we can
rationalize that effect due to the crucial role of these cysteines in the coordination of
the Zn-atoms, necessary to maintain the 3D structure of both UBZ domains. In this
sense, the lack of the aromatic anchor and/or of a Cys directly involved in Zn-
coordination give rise to a loss of the correct native fold of the tandem, resulting in
incompetent recognition of natural targets, which explains the defect in TAX1BP1

. 8,18
function™ °.

Closer inspection of the ensemble of 11 X-ray structures (Fig. 3) shows diversity in
the B-sheet region within the UBZ1 domain. Indeed, variations of the PHI angle in the
X-ray ensemble in this region of the protein are substantial (Fig. 9A), and also deviate
from those in the NMR ensemble. Interestingly, we observe lower intensity of several
signals of UBZI residues in the 'H-">’N HSQC spectrum corresponding to the residues
that show high variety in PHI angles in the X-ray structures (Fig. 9B). Such lowering
of intensity is indicative of extensive exchange between different conformers in
agreement with the conformational heterogeneity observed in the ensemble of X-ray
and NMR structures. Moreover, conformational exchange within this region of the
UBZ1 domain is confirmed by the elevated R2 values (Fig. 6C) and the increased Kex

values resulting from the model free analysis (Fig. 6F) for residues comprising the



region.

Both X-ray and NMR structures of TAX1BP1 UBZI1+2 are of high quality (Table 1
and Table 2, respectively) and the structures of the individual domains within the
tandem are closely similar with backbone RMSD of 1.14 A for UBZI (residues 8-34)
and only 0.91 A for UBZ2 (residues 35-62). However, superposition of the full
UBZ1+2 (residues 8-62) results in a 2.30 A backbone RMSD between the NMR and
X-ray structures. The substantial increase in difference is related to the altered relative
orientation of the two UBZ domains towards each other as shown in Figure 10. The
hinge region involves the loop connecting the -strand with the helix in UBZ2. Also
the helix in UBZ2 is longer in the X-ray structure and its C-terminal end is bent likely
as result of the tight packing. The quantitative analysis of the relaxation parameters
confirms the flexibility of the loop region in the UBZ1+2 tandem where smaller
hetNOE and S? values are found in comparison with the secondary elements in
UBZ1+2 (Fig. 6). Moreover, the N R2/R1 ratio provides a good measure of the
global tumbling rate of the N-H vector, and the values of the calculated order
parameters are pointing to flexibility of the C-terminal end of the helix in the UBZ2
domain, in agreement with the NMR structures. Despite the 11 independent molecules
present in the crystallographic asymmetric unit, the flexibility between the two UBZ
domains only became apparent when comparing the X-Ray and NMR structures
indicating that both techniques are complementary to fully understand the molecular

dynamic interactions involving these domains.

One of the main functions of TAX1BP1 is to act as a negative regulator of NF-

kappaB. Indeed, previous studies shows that TAX1BP1 knockout mice develop age-



dependent inflammatory cardiac valvulitis, dermatitis and hypersensitivity to TNF and
IL-1'®. Shembade and co-workers proposed a model in which the phosphorylation of
TAX1BP1 induces the exposition of its UBZ domains and PPXY motifs allowing the
inducible recruitment of Itch, RNF11 and A20, giving rise to the formation of the
A20-ubiquitin editing complex and the recruitment of polyubiquitin substrates'.
Indeed, it is known that TAX1BP1 requires the UBZ domains and associated PPXY
motifs to terminate cytokine-meditated NF-kappaB signalling®'®. The UBZ domains
are involved in binding of polyubiquitinated RIP1 and TRAF6 while the PPXY motifs
are needed for the binding to the E3 ligase Itch®'®. However, till now the mechanisms

involved in the interaction of TAX1BP1 with its different targets remains unknown.

The flexibility shown between the two UBZ domains might provide some degree of
adaptation to accommodate the recognition of cellular partners in tandem such as
polyubiquitins or tandem WW domains. Taking into account that other UBZ domains
interact with ubiquitin through an o-helix** and that the PPXY motifs are located in
the loop connecting the B-strand with the a-helix in UBZ1 and UBZ2, it would be
possible that the tandem of UBZ1+2 could interact with ubiquitin and the WW
domains of Itch simultaneously. Thus, identification and characterization of the
ubiquitin- and WW-binding interface on the UBZ domains of TAX1BP1 will be
necessary to determine possible competition between WW domains and ubiquitin.
Moreover, it would also be important to determine how many molecules of ubiquitin
or which and how many of the four WW domains present in Itch can bind UBZ1+2 at
the same time. Additionally it is of interest to know if the tandem would selectively
bind different types of polyubiquitin chains besides the identified Lys63-polyubiquitin
substrates'"'*. These results would be crucial to understand what are the mechanisms

that control the assembly of the A20 ubiquitin-editing complex and the binding of



polyubiquitin substrates.

Small linear peptides containing the PPXY motif of other PPXY-containing proteins
have been used for studying interactions with WW domains (PDB entries 2JO9,
2KQO and 1JMQ), probably because these motifs seem to appear in very flexible
and/or unstructured regions. However, our UBZ1+2 structure shows that the PPXY
motifs of UBZ1 and UBZ2 of TAX1BP1 are structured and flanked between other
structural regions, diminishing the flexibility of the motifs. These structural and
dynamical differences might have important consequences for the recognition of WW
domains, especially in tandem, implying an additional level of specificity in the

formation of complexes involving the UBZ1+2 tandem of TAX1BP1.

Till present, only two structures of UBZ domains can be found in the PDB, apart from
the UBZ1+2 domains of the human TAX1BP1 that we report in this work. The first
one corresponds to the UBZ domain of the human DNA pol eta’” (PDB entry 2150) a
classical Cys,His, UBZ domain, like the UBZ domains of TAX1BP1; the second one
is a UBZ domain of the human WRNIP1 (Werner helicase-interacting protein 1)
(PDB entry 3VHS)™ that is involved in DNA replication’', and presents a variation of
the classical Cys;His, motif, characterized by a Cys,HisCys motif. Other UBZ
domains like the ones in ubiquitin ligase RAD18 and polymerase kappa are also
Cys,;HisCys domains’'. DNA pol eta, DNA pol kappa, RAD18 and WRNIP1 share a
common biochemical function, besides that they are able to interact with ubiquitin, all
of them bind DNA and participate in post-replication DNA repair’>. This is one of the

main differences with TAX1BP1, for which no DNA binding has been reported™.



Given the degree of structural similarity between the three reported structures and
knowing their functional differences, it is interesting to identify if these members of
the UBZ family of proteins are evolutionary related. In order to answer this question,
the program jPRED3>* was used to search sequences similar to the ones of UBZ1 and
UBZ2 domains of TAX1BP1, UBZ domain of pol eta and UBZ domain of WRNIP1,
where all the alignments were filtered out for redundancy at 75% sequence identity”.
The output was used to perform a multiple sequence alignment with the program
Geneious 6.1.4>. Figure 11 shows the alignment of all the sequences corresponding to

different organisms.

As we can see, UBZ1 and UBZ2 domains of TAX1BP1 are four residues longer than
the other two types of UBZ domains (DNA pol eta and WRNIP1) in the region
corresponding to the loop that links the second B-sheet with the a-helix (Fig.11). We
have shown by comparison of the X-ray and NMR structures that this loop in the
UBZ2 domain acts like a hinge in the tandem UBZ1+2, determining the relative
orientation of one domain with respect to the other, likely contributing to enhance the
tandem elasticity necessary for target recognition. In this sense, the existence of
longer loops in UBZ domains of TAX1BP1 could be related not only with the fact that
they are forming a tandem while DNA pol eta and WRNIP1 only contain a single
UBZ domain, but also with their function, since the UBZ domains of TAX1BP1 are
able to interact with the WW domains of Itch through the PPXY motifs that are
located in these loops. In general Cys and His residues are very well conserved in the
three different proteins among the different species, which highlight their essential
role in maintaining the 3D structure of the domains by Zn*" coordination. It is worth

to notice, that the Ala656 (at the C-terminal part of the a-helix of DNA pol eta) crucial



for the binding of UBZ domain of DNA pol eta with ubiquitin®, is always conserved
across the organisms within the family DNA pol eta but not for the rest of UBZ
domains. For TAX1BP1, the UBZ2 domain contains an Asp in the equivalent
position, whereas the shorter a-helix present in the UBZ1 does not even contain the
consensus sequence centered around the Ala***°. The UBZ domain of WRNIPI
presents an a-helix whose length is comparable to TAX1BP1 UBZ1 and, similarly,
does not contain this consensus region. However, it contains a conserved Asp residue
at position 37 in the middle of the helix that is crucial for binding to ubiquitin, as a
single point mutation of Asp37 into an Ala completely abolished ubiquitin-binding’*.
Despite that the conserved Ala of DNA pol eta is not present in any of the other UBZ
domains, they are still able to bind ubiquitin, showing that the consensus sequence
proposed by the sequence alignment of DNA pol eta and other zinc finger domains
like NEMO and TUM*** is not a general feature to explain the binding of ubiquitin to

UBD domains containing an o-helix.

Other conserved residues are the prolines positioned after the first conserved Cys and
in the fifth position after the second conserved Cys; this last Pro corresponds to the
first Pro of the PPXY sequence exclusively conserved in the UBZ1 and UBZ2 of
TAX1BP1 but not in the UBZ domains of the DNA pol eta or WRNIP1. This Pro is
always located at the beginning of the loop that connects the B-sheet with the a-helix,
and its conservation is another characteristic structural feature of this family of
domains. In UBZ1+2 domains of TAX1BP1 and the UBZ domain of DNA pol eta, a
Val or a Met after the first consensus His is also conserved, and an aromatic residue
after the second conserved His (a Trp in the UBZ1 domains and a Phe in the UBZ2 of

TAX1BP1 and the UBZ of DNA pol eta) which is missing in UBZ of WRNIP1 that



contains a conserved Leu in that position. These aromatic residues in UBZ domains of
TAX1BP1 and DNA pol eta are not oriented to the hydrophobic core of the zinc
fingers but on the exposed surface of the a-helix. For the UBZ domain of DNA pol

eta, this Phe has been reported to be involved in direct binding to ubiquitin32.

Based on the sequence alignment and using the program Geneious 6.1.4>> we can
create an unrooted phylogenetic tree (see Fig.12). This diagram represents the
relationship among organisms, where the length of the branches is based on genetic
distances, which correspond with the number of mutations between species since their
divergence. As we can see in Figure 12, despite their structural and sequence
similarity, UBZ domains of TAX1BP1, DNA pol eta and WRNIP1 cluster in three

different branches.

The divergent pattern followed by the UBZ domains of these three proteins can be
related with their distinct functions within the cell: DNA pol eta is implicated in DNA
repair by translesion synthesis, WRNIP1 is implicated in DNA replication and repair,
and TAXI1BP1 is implicated in the regulation of transcription factor as NF-kappaB
and JNK, not directly involved in DNA binding™. The phylogenetic differences based
on sequence alignment might point to the existence of distinct binding mechanisms
within these UBZ domains to its common partner, ubiquitin, opening the door for new
studies oriented to deeply characterize this versatile and quite unknown family of

domains.

In conclusion, the work described in this paper is presenting for the first time a

structure of a tandem of two UBZ domains. This structural work is the basis for future



studies to understand how these zinc finger domains recognize different targets such
as ubiquitin and the WW domain of Itch, providing insight in the signaling pathways
in which TAX1BP1 is involved. This may ultimately lead to the design of specific

drugs that might be used in treatments of inflammatory diseases.

MATERIALS AND METHODS

Protein expression and purification

UBZ1+2 encompassing residues 725 to 789 from human TAXI1BP1 was PCR
amplified using specific primers (5'-GCG CATATG GAT GTT CAC AAG AAG
TGT CCC-3" (Forward) and 5'-GC CTCGAG CTA GTC AAA ATT TAG AAC ATT
C-3" (Reverse) and a previously reported construct as template'®. Amplicon was
cleaved (Ndel/Xhol, shown in bold in the primer sequence) and inserted into a
modified version of pET28a containing a specific PreScission Protease cleavage site
to facilitate tag removal. Construct was sequence verified. The plasmid pET28a
containing the human UBZ1+27,5.739 gene covalently linked to a N-terminal 6xHis tag
was overexpressed in Escherichia coli Rosetta (DE3)/pLysS strain (Novagen). Cells
were grown in 2xTY media and induced by 1mM IPTG. Cells were harvested after 4
hours at 37 °C and resuspended in lysis buffer (50 mM TRIS-HCI pH 7.5, 0.5 M
NaCl, 0.5 % Tween-20 and 0.2 mM AEBSF (4-(2-Aminoethyl) benzenesulfonyl
fluoride hydrochloride; Sigma) as protease inhibitor. After cell lysis by sonication and
removal of cell debris by centrifugation (30 minutes at 20000xg). Supernatant was
loaded on a 5 mL Nickel Chelating column, washed with 50 mM TRIS-HCI pH 7.5,

0.2 M NaCl and 10 mM Imidazole and eluted with 13 column volumes on a linear



gradient of imidazole from 0 to 500 mM. Samples were collected and digested with
PreScission (GE Healthacare) protease (at 1:1000 (w/w) protease:protein
concentration) in 50 mM Tris pH 7.5 and 0.2 M NaCl, at room temperature during 90
minutes. The sample was concentrated and loaded on a Superdex 75 16/60
equilibrated with 20 mM Tris pH 7.5 and 0.2 M NaCl. Fractions containing TAX1BP1

UBZ1+2 were pooled, concentrated and flash frozen in liquid nitrogen until use.

To produce N- and 13C,ISN-labeled TAX1BP1-UBZ1+27;5.789 His-tags, the plasmid
pET28a was overxpressed in E. coli BL21 (DE3) strain (Novagen). Cells were grown
in 2xTY medium four times the volume of the M9 minimal medium at 37 °C till an
ODggo of 0.7. After two washing steps, cell-pellets were resuspended and incubated
for 1h in M9 medium at 22 °C. Protein expression was induced with 0.2 mM IPTG at
20 °C during 24h. Cells were resuspended after centrifugation at 4600xg for 20 min in
50 mM TRIS-HCI pH7.5, 0.2M NaCl, 10 mM Imidazole, 50 uM ZnCl,, 1 mM TCEP
and 0.5 % Tween-20 (v/v), and broken in a French press. After ultracentrifugation at
48000xg during 30 min, the supernatant was treated following the same protocol as
for unlabeled UBZ1+2. N and "°C,"’N-labelled proteins were purified from cells
grown in M9 minimal medium containing "NH,Cl and (’C®)D-glucose (Spectra
Stable Isotopes and Cortecnet) as the sole sources of nitrogen and carbon,
respectively. Sample concentrations were determined spectrophotometrically using an

extinction coefficient of 8480 M'cm™ determined using the ProtParam tool (Expasy).

Isolated UBZ1 and UBZ2 domains were purchased from ChinaPeptides (Shanghai,
China). Both of them were N-terminal acetylated and C-terminal amidated. Before the

experiments, the proper amount of lyophilized UBZ1 or UBZ2 was weighted on an



analytical balance (precision: £ 0.1 mg) and dissolved in the appropriate buffer. In
order to ensure the proper folding of the proteins, 1 molar equivalent of TCEP and 1.3
molar equivalents of ZnCl, were added to the sample to provide a reducing
environment and induce the folding of the domains, respectively. The proper folding
of the isolated UBZ1 and UBZ2 domains was checked by circular dichroism (CD)
spectroscopy. When necessary, UBZ1 and UBZ2 domains were dialyzed using mini

dialysis membranes with a 500 Da cut-off (GE Healthcare).

Crystallization, Crystallographic Data Collection, Structure Determination, and
Refinement of UBZ1+2

The protein was concentrated at 60 mg/mL and crystallized by the hanging drop
method in 1 M LiSO4 and 0.1 M Tris pH 8.5 at 22 °C. Crystals were cryo-cooled in
Paratone-N for data collection at the ESRF (Grenoble), beamline ID14-1. Data
reduction was performed with MOSFLM and SCALA as implemented in CCP4°° up

to a resolution of 2.59 A.

The structure was solved by Single-wavelength anomalous diffraction (SAD).
Experimental phases were obtained using SHARP/AutoSHARP”’. Initial phases using
22 sites (over 78% occupancy) for Zn®" were used to calculate maps and to build
initial models using SOLVE/RESOLVE as implemented in PHENIX****’. Eleven
molecules were built in the asymmetric unit. Restrained NCS and TLS were used for
refinement in Refmac5. Structures were validated using the tool Validate of the

61,62

program Coot and Molprobity®. Table 1 summarizes the crystallographic data

collection and refinement analysis of UBZ1+2.



Nuclear Magnetic Resonance (NMR) spectroscopy

NMR experiments were run on a 0.7 mM "°C,"*N-labelled UBZ1+2 sample in 50 mM
sodium phosphate buffer at pH 6.0, 1 mM TCEP, 9 % D,0. All NMR spectra were
acquired at 25 °C on a Varian NMR Direct-Drive Systems 600 or 800 MHz

spectrometer, the latter one equipped with a salt-tolerance cold probe.

2D heteronuclear single quantum correlation (‘H,"’N-HSQC and 'H,"’C-HSQC), 3D
N- and C-NOESY-HSQC (mixing times of 125 ms) and triple resonance spectra
CBCA(CO)NH, HNCACB, HNCO, HBHA(CO)NH and CCH-TOCSY®** and
aromatic (HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE® were recorded on the

double labelled sample.

All NMR data were processed using NMRPipe® and analyzed using CcpNmr®.
Semi-automatic assignment of N, NH, Ha, HB, CO, Ca, and Cp were obtained from
the identification of intra- and inter-residue connectivities in HNCACB,
CBCA(CO)NH, HBHA(CO)HN and HNCO spectra at the 'H,'°N frequencies of
every peak in the 'H,”’N-HSQC spectrum. Assignments were extended to the side
chain signals using correlations within CCH-TOCSY, (HB)CB(CGCD)HD and
(HB)CB(CGCDCE)HE spectra. Remaining aromatic 'H and "C frequencies were
assigned from the 'H,”C-HSQC and "C-NOESY-HSQC spectra. Side-chain NH,
frequencies of glutamines and asparagines were assigned from HNCACB,
CBCA(CO)NH and 3D N-NOESY-HSQC spectra. All 'H, *C and "N resonances

were verified from 3D '°N- and ?C-NOESY-HSQC spectra.

Determination of the solution structure of UBZ1+2 by NMR



NOE cross peaks were obtained by manual peak picking in each strip of the 800 MHz
3D N- and *C-NOESY-HSQC spectra taken at the assigned 'H,"’N and 'H,"C
frequencies, respectively, and by automatic peak picking of the 800 MHz 2D NOESY
in H,O followed by removal of diagonal peaks and peaks arising from artifacts (e.g.
residual water). NOEs were assigned using the automated NOE assignment procedure
of CYANA version 2.1,

Phi and psi torsion angle restraints were included based on analysis of 'HN, '°N, 'Ha,

BCa, >CO and "*Cb chemical shifts using the program Talos+ .

The standard protocol was used with seven cycles of combined automated NOE
assignment and structure calculation of 100 conformers in each cycle. Restraints that
were unambiguously assigned were used for a final structure calculation run using
CNS™ in explicit solvent using the RECOORD protocol”. The twenty lowest energy
structures were used for the final analysis. Input data and structure calculation
statistics are summarized in Table 2. PROCHECK-NMR ' and WHATIF"® were used
to analyze the quality of the structures. MOLMOL’® and PYMOL

(http://www.pymol.org/) were used for further analysis and visualization.

Backbone dynamics from *°N relaxation data

We have measured the relaxation parameters '°N R1, R2 and 'H-""N steady-state NOE
of UBZ1+2 at 600 MHz and 25 °C. Relaxation values were obtained from series of
2D experiments with coherence selection achieved by pulse field gradients at 600
MHz using the experiments described previously”’ on the °N,"*C-labelled UBZ1+2
sample. The 'H-""N heteronuclear NOEs were determined from the ratio of peak

intensities (Ion/logr) With and without the saturation of the amide protons for 3 s. 5N



R1 and N R2 relaxation rates were measured from spectra with different relaxation
delays: 100, 200, 300, 400, 500, 700, 900, 1200 and 1500 ms for R1 and 10, 30, 50,
70, 90, 110, 150, 190 and 230 ms for R2. Relaxation parameters and their
corresponding errors were extracted with the program NMRview'®. For data analysis
and interpretation, the residues that show spectral overlap were not considered (Asp5,

Val6, His7, Lys8, Lys9, Cys13, Leul5, Arg55, His56, Thr59 and Val65).

TENSOR2* was used to analyze the experimental relaxation data using the model

free approach**!.

Small Angle X-ray Scattering (SAXS)

SAXS data were collected at the SWING, beamline, Synchrotron Soleil, France, using
the standard beamline setup in SEC (size exclusion) mode. Samples of the UBZ1+2
tandem and the isolated domains UBZ1 and UBZ2 were prepared at 1 mM
concentration in 50 mM HEPES, 100 mM NaCl, 1 mM TCEP, pH 7.4. The data were
analyzed with the ATSAS suite”. For the SEC we used a Shodex KW402.5-4F
column coupled to an HPLC system, in front of the SAXS data collection capillary, to
separate the excess non-complexed material and thus remove this source of
background. The samples was passed at a flow rate of 0.2 mL/min and the data
collected at 10 °C. Rg values were obtained from the Guinier approximation and the
I, by extrapolation to q = 0, as implemented in the ATSAS suite”. All the ab initio
envelopes were reconstructed from the experimental SAXS data using the program

DAMMIF* from the ATSAS suite’’.

ACCESION NUMBERS



The X-ray structural coordinates have been deposited in the Protein Data Bank (PDB)
with accession number 4BMJ.

The 'H, "N and "*C assigned resonances have been deposited in the BioMagResBank
(http://www.bmrb.wisc.edu/) under accession number 19201.

The NMR structural coordinates and experimentally derived restraints have been

deposited in the PDB with accession number 2M7Q.
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small angle X-ray scattering data of the UBZ1+2 tandem and the individual domains.

FIGURES

Figure 1. Schematic domain structure of TAX1BP1l. The numbers indicate the
amino acids that delimit the structural domains. The N-terminus contains a SKICH
domain, SKIP (skeletal muscle and kidney enriched inositol phosphatase) carboxyl
homology domain, the central part contains three coil-coil (CC1, CC2 and CC3)
structures and a region (O) which is responsible for homodimerization, and the C-

terminal extreme contains the two zinc fingers domains UBZ1 (red) and UBZ2



(green). The sequence of the UBZ1+2 tandem is indicated below, including the four
residues (GPHM) that remain after removal of the His-tag. Numbers in blue indicate
the residue numbering used in this work, and numbers in black correspond to the
numbering of the equivalent residues within the complete TAX1BP1 protein. The
conserved PPXY motif, and the cysteine and histidine residues that coordinate the

zinc atoms are highlighted in bold.

Figure 2. Cartoon representation of the tight packing of the 11 molecules (A to K)
of UBZ1+2 in the asymmetric unit. Two different orientations are used. A. Using
the C-axis of the unit cell to show the parallel disposition of every molecule, and B.
Using the A-axis of the unit cell, showing the clockwise sense of rotation of every
molecule with respect to the other molecules. The letters A to K are placed at the N-

terminal extreme of every molecule.

Figure 3. Cartoon representation of the crystal structure of UBZ1+2 of
TAX1BP1. The eleven structures in the unit cell were superimposed on the backbone
of residues 8-62. UBZ1 domain is colored light grey, UBZ2 in dark grey. The side-
chains of the two Cys,His; motifs coordinating the two zinc ions (spheres) are shown
in sticks. Inset: Tetrahedral coordination of the zinc atom that corresponds to the
UBZ1 domain of chain C. The electronic density map localized around the area at a
level of 1.5 o is shown. The approximate distance between the zinc atoms and the

Cys-Sy and His-Ng2 atoms is 2.3 A and 1.97 A, respectively.

Figure 4. Assigned 800 MHz *H-">N-HSQC spectra of UBZ1+2 of TAX1BP1 at

pH6.0, 25°C. All backbone 'H-'""N pairs are indicated by their corresponding number



in the amino acid sequence. The Hel proton of the Trp34 is indicated. Side-chain NH,

resonances of Asn and Gln residues are connected by a solid line.

Figure 5. Cartoon representation of the ensemble of 20 water-refined NMR
structures superimposed on the backbone of residues 8-62. The UBZ1 and UBZ2
domains are colored in green and red, respectively. The side-chains of the two
Cys;His, motifs coordinating the two zinc ions (grey spheres) are shown in sticks.

Orientation as in Figure 3.

Figure 6. Backbone dynamics of UBZ1+2 of TAX1BP1 measured at 600 MHz
and 25 °C. Values for residues in UBZ1 and UBZ2 are colored in red and green,
respectively. A. 'H-"N steady-state NOEs (hetNOE), B. '’N R1, C. "N R2, D. R2
over R1 ratios (R2/R1), E. Order parameter (S%), and F. Chemical exchange term
(Kex)- S% and Kex obtained from the TENSOR?2 analysis using the model-free approach
to describe the rotational diffusion tumbling of UBZ1+2 by an axially symmetric
tensor with an anisotropy of Dpar /Dperp = 1.36 £ 0.1. Secondary structure elements are

drawn above A and D.

Figure 7. Shape reconstruction of the UBZ1+2 tandem and the individual
domains by SAXS. A. Experimental scattering curve of UBZ1+2 (grey circles) and
theoretical curve (solid line) calculated from the atomic coordinates of the NMR
structure. B. DAMMIF ab-initio reconstructed envelope of the tandem superimposed
onto the atomic coordinates. The UBZ1 domain is colored in blue and the UBZ2
domain in red. C. Experimental scattering curve of UBZI (grey circles) and

theoretical curve (solid line) calculated from the rigid body model of UBZI. D.



DAMMIF ab-initio reconstructed envelope of UBZ1 superimposed onto the pseudo-
atomic coordinates. E. Experimental scattering curve of UBZ2 (grey circles) and
theoretical curve (solid line) calculated from the rigid body model of UBZ2. F.
DAMMIF ab-initio reconstructed envelope of UBZ2 superimposed onto the pseudo-
atomic coordinates. In panels D and F, -strands are colored in yellow and a-helices

in red.

Figure 8. Cartoon representation of the lowest energy NMR structure of
UBZ1+2. Side chains of residues that form the hydrophobic core are shown as sticks
(Leul2, Leul5, Phel7, Tyr21, Phe26, and Val30 for UBZ1 in red; and Met39, Phe44,
Tyr48, Phe53 and Val57 for the UBZ2 domain in green). The conserved Cys and His
coordinating the Zn®" atoms (spheres) are highlighted in yellow sticks. The
representation shows how residues Phel7 and Phe44 (in cyan) act like aromatic
anchors at the zinc coordination sites, both in the consensus position. Orientation as in

Figure 5.

Figure 9. Comparison between the solution and crystal structures of UBZ1+2 of
TAX1BP1. A. Variation of the PHI torsion angles of residue 9-62 of UBZ1+2
calculated from the X-ray (black) and NMR (red) ensembles; the error bars
correspond to the standard deviation for every angle. B. Representation of the
intensity of 'H-""N NMR signals of every amino acid of UBZ1+2 relative to that of C-
terminal residue 69 in the HSQC spectrum shown in figure 4. Secondary structure

elements are drawn above.

Figure 10. Structural differences between solution and crystal structures of



UBZ1+2 of TAX1BP1l. Cartoon representation of X-ray molecule E in the
asymmetric unit as shown in Figure 2. UBZ1 in light grey, UBZ2 in dark grey. The
representative NMR structure was superimposed on the UBZ1 domain of X-ray
molecule E. UBZ1 in red, UBZ2 in green. The different orientation of the UBZ2

domain relative to the UBZ1 domain in the two structures is indicated by an arrow.

Figure 11. Multiple sequence alignment of UBZ domains. Alignment was
performed with the program Geneious 6.1.4> for the UBZ domains of TAX1BP1
(Human UBZ1 highlighted by a red box and UBZ2 by a green one), DNA pol eta
(Human UBZ highlighted by a blue box) and WRNIP1 (Human UBZ highlighted by a

pink box) present in different organisms.

Figure 12. Unrooted phylogenetic tree based on the multiple sequence alignment
of the UBZ domains of TAX1BP1, WRNIP1 and DNA pol eta in different
organism. Color-coding of the tree as in Figure 11. For every group a cartoon
representation of the human UBZ domains is shown (UBZ domain of DNA pol eta,
PDB code 2150; UBZ domain of WRNIP1, PDB code 3VHS and UBZ1+2 tandem of
TAX1BP1, PDB code 2M7Q and 4BMJ). The four extra loop residues in the UBZ
domains of TAX1BP1 are represented as sticks. Zn*" atoms are represented as black

spheres.



Tables

TABLES

Table 1. Crystallographic data collection and refinement analysis of UBZI+2.
Numbers in parenthesis indicate the highest resolution shell statistics.

Space group P6522
Unit cell dimensions (A) a=118.88, b=118.88, ¢=327.35
[1="=90° ~=120°
Resolution range (A) (last shell) 51.50-2.59 (2.73-2.59)
Observations (unique) 527791 (43605)
Completeness (%) (last shell) 100 (99.9)
Multiplicity 12.1 (10.4)
Ryym' 0.095 (0.793)
Ry’ 0.030(0.264)
<l/c> 19.1 (3.1)
Non-hydrogen atoms 5887
Heteroatoms 11 Cl, 22 Zn
Water 92
| Rictor (Riree) 0.215 (0.255)

RMSD* bond length (A) 0.010
RMSD* angles (°) 1.346
RMSD from average for residues 8-62 (A)°

Backbone N, CA, C’ 0.16 £ 0.04

Heavy atoms 0.28 £0.06
Ramachandran plot’

Most favored regions (%) 90.69

Additional allowed regions (%) 8.85

Generously allowed regions (%) 0

Disallowed regions (%) 0.46

“Ryym 18 the unweighted R value on I between symmetry mates.

bRpim = {Zhkl [1/(N-1)]1/2 Zi |li(hkl) - <I(hkl)>|} / Zhkl Zi li(hkl), were I,(hkl) are the observed
intensities, </(hkl)> are the average intensities and N is the multiplicity of the reflection Akl
<l/c> 1is the average of the relation between the intensity of the diffraction and the
background

chactor = thl[/F obs(hkl)] _/F calc(hkl)]]/thl[F abs(hkl)]’ were F. obs(hkl) and F, calc( hkl) are the
structure factors observed and calculated, respectively.

Ry is the cross-validation R factor for 5% of reflections against which the model was not
refined.

‘Coordinate precision is given as the pair-wise Cartesian coordinate Root Mean Square
Deviations from the average structure over the ensemble

Values obtained from the Validate analysis of the program Coot over all residues.



Table 2. Structural statistics over the twenty lowest-energy water-refined NMR

structures of UBZ1+2.

Experimental restraints
Distance Restraints® 1141
Intra-residue (i-j = 0) 305
Sequential ([i-j| = 1) 370
Medium range (2<|i-j|<4) 295
Long range ([i-j|>5) 171
Dihedral restraints
Torsion angle (phi/psi) 40/40
Restraints statistics
NOE violations >0.5 A 0.2+0.4
Dihedral violations >5° 0
CNS energies (Kcal/mol)
Eotal -2393.8 £25.7
Eyaw -251.9+12.4
Eeec -2787.2 +£38.9
RMSD from average for residues 8-62 (A)"
Backbone N, CA, C’ 0.87+0.20
Heavy atoms 1.19+0.17
Ramachandran plot*
Most favoured regions (%) 92.3
Additional allowed regions (%) 7.4
Generously allowed regions (%) 0.3
Disallowed regions (%) 0

“Restraint statistics reported for all NOEs. °Coordinate precision is given as the pair-wise
Cartesian coordinate Root Mean Square Deviations from the average structure over the
ensemble. “Values obtained from the PROCHECK-NMR analysis over all residues including
the highly flexible residues.

Table 3. Experimental and model based parameters obtained from the analysis of the
small angle X-ray scattering data of the UBZ1+2 tandem and the individual domains.

Experimental Theoretical
Species Molecular Molecular Rg (A) Dmax(A) 1
Weight SAXS Weight (kDa) (exp/model)
(kDa) s
UBZ.» 8.1 8.3 19.16/19.14 66.0 0.76
UBZ, 2.8 3.7 11.78/12.2 40.3 1.12
UBZ, 2.6 43 11.54/11.04 40.9 1.29
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