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Scribble (Scrib) is a highly conserved cell polarity regulator that harbours
potent tumour suppressor activity and plays an important role in cell
migration. Dysregulation of polarity is associated with poor prognosis dur-
ing viral infections. Human T-cell lymphotrophic virus-1 (HTLV-1)
encodes for the oncogenic Taxl protein, a modulator of the transcription
of viral and human proteins that can cause cell cycle dysregulation as well
as a loss of genomic integrity. Previous studies established that Scribble
interacts with Taxl1 via its C-terminal PDZ-binding motif (PBM), leading
to aggregation of polarity regulators and subsequent perturbation of host
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5?55 (P.OH) ' calorimetry, we now show that all four PDZ domains of Scribble bind to

Taxl PBM. We then determined crystal structures of Scribble PDZI,
PDZ2 and PDZ3 domains bound to Taxl PBM. Our findings establish a
structural basis for Taxl-mediated subversion of Scribble-mediated cell
polarity signalling and provide the platform for mechanistic studies to
examine Taxl induced mislocalization of Scribble and the associated
changes in cellular architecture and subsequent tumorigenesis.
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Introduction

Cell polarity refers to the differential distribution of
cellular macromolecules, which is essential for normal
development and function [1-3] and allows for the
appropriate orientation of a cell. Loss of cell polarity
leads to tissue disorganization and excessive cell prolif-
eration, both of which are associated with tumorigene-
sis or viral replication [4]. Cell polarity can be divided
into four general forms: apico-basal cell polarity, pla-
nar cell polarity, asymmetric cell division, and front-
rear cell polarity. In addition, a number of specialized
forms of cell polarity have been described for specific

Abbreviations

cell types including T-cell immunological synapse for-
mation, neuronal axon specification and myelin sheet
formation in oligodendrocytes [3,5-7]. Three major
evolutionary conserved protein modules are generally
involved in an antagonistic relationship to establish
cell polarity in many of these systems; the PAR com-
plex, Crumbs complex and the Scribble complex [2,8].
The Scribble module comprises three proteins, Scrib,
Dlg, and Lgl, which are all adaptor proteins featuring
multiple protein interaction domains that allow
engagement of a host of cellular interactors to regulate

ATL, adult T-cell leukaemia; AUC, analytical ultracentrifugation; ITC, isothermal titration calorimetry; LAPSD, LAP-specific domains; LRRs,
leucine-rich repeats; PBM, PDZ-binding motif; PLA, proximity ligation; Scrib, Scribble.
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X-ray structures of Scribble PDZ domains with HTLV-1 Tax1

cell signalling, however, their function is also depen-
dent on their cellular localization [2].

The human Scribble protein (SCRIB) is 1630 resi-
dues long and a member of the LAP (leucine-rich
repeats and PDZ domain) protein family, and com-
prises 16 LRRs (Leucine-rich repeats), two LAP-
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specific domains (LAPSDa and LAPSDb) and the four
PDZ domains (PDZ1, PDZ2, PDZ3, and PDZ4)
(Fig. 1A) [9]. In particular, the PDZ domains have
been shown to be the mediators for the vast majority
of Scribble interactions with ligands, with the LRR
domain playing less of a role for interactions and
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Fig. 1. (A) schematic outline of HTLV-1 Tax1 and Scribble interaction. Black line indicating the domains of interaction. (B) Interaction profiles
of SCRIB PDZ domains with the Tax1 PBM peptide. Thermograms showing heat of titrations from isothermal titration calorimetry. Kp values
(in pm) are the means of 3 experiments + SD. (C) Thermodynamic analysis of the interactions between SCRIB PDZ domains and Tax1 PBM
shown as the means of 3 experiments + SD. The contribution of —AH (kcal-mol~") and TAS (kcal-mol~"-K™") to the binding of Tax1 peptide
are shown.
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primarily impacting correct localization of the Scribble
module within the cytoplasm [2,10]. PDZ domains are
typically ~ 90 residues in size and consist of 5 to 6 B-
strands and 2 to 3 a-helices, which allow for the for-
mation of a conserved binding groove between the sec-
ond o-helix and the second P-strand [11]. This
structure allows PDZ domains to recognize short
amino acid sequences coined PDZ-binding motifs
(PBMs) at the extreme C-termini of interacting pro-
teins, however several PDZ domains have now
also been shown to recognize internal PBM
sequences [2,12].

Scribble is vital for T-cell maturation and division
and is localized with Dlg in T-cell antigen presentation
and the uropod, a single protrusion formed during
cell-cell interactions and migration [8,13,14]. Several
viruses have been shown to encode interactors of
Scribble, including Influenza A NS1, TBEV NS5, and
HPV-18 E6 as well as HTVL-1 encoded TaxI [15-20].
HTLV-1 is single-stranded RNA T-lymphotropic
tumour virus and the etiological pathogen of several
human diseases, including adult T-cell leukaemia
(ATL), HTLV-I1-associated myelopathy/tropical spastic
paraparesis, and inflammatory disorders such as uveitis
and dermatitis [21,22]. The virus spreads primarily via
cell-to-cell transmission, induces clonal proliferation of
infected T cells in vivo, and after a long latency period,
a subset of HTLV-1 carriers develop ATL [23].
HTLV-1 is a direct cause of ATL and is dependent on
the expression of the oncogenic protein Taxl for the
maintenance of the malignancy [24]. Tax exists in two
forms, Taxl and Tax2 which correlate to their parent
viruses HTLV-1 and HTLV-2, respectively [25]. They
share high sequence homology but differ at the struc-
tural and functional level [25]. Both Taxl and 2 har-
bour multiple activities including the ability to
transcriptionally activate cellular genes through NF-
kB, CREB/ATF, SRF, and AP-1 and the inactivation
of tumour suppressor proteins pS53 and pl6INK4a
[26-29]. However Tax1 and Tax2 differ significantly in
their transforming activities in vitro [30]. For instance,
Tax1 transforms a mouse T-cell line CTLL-2 from
interleukin (IL)-2-dependent growth into independent
growth with substantially greater efficiency compared
with Tax2 [25,30,31]. Subsequently it was shown that
this difference is due to the presence of a C-terminal
PBM in Taxl, and Taxl-mediated activation of the
transcription factor NF-kB [32].

Tax1l PBM binds to numerous polarity proteins and
leads to the aggregation or mislocalization of Dlg,
Scribble, MAGI-1 and MAGI-3 [33-36], impacting
host cell control of cell adhesion, proliferation, and
signalling. In humanized CD34+ mice, Tax] PBM
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enhances HTLV-1-induced T-cell proliferation [33].
Immunofluorescence (IF) and in situ proximity ligation
(PLA) assays revealed that Taxl and Scribble co-
localized as large granules near the cell membrane. In
contrast, such aggregates were not detected in a Taxl
mutant lacking the PBM motif, suggesting that the
ability of Taxl to sequester Scribble is PBM dependent
[33].

We now report the systematic examination of the
Tax1 C-terminal PBM interactions with human Scrib-
ble PDZ domains using isothermal titration calorime-
try, which revealed that all four Scribble PDZ
domains are Taxl interactors. Furthermore, we deter-
mined crystal structures of Scribble PDZ1, 2, and 3
domains bound to the Taxl PBM. Our findings pro-
vide a structural basis for Taxl-mediated subversion
of Scribble polarity signalling.

Results

Interactions of SCRIB PDZ domains with Tax1
PBM

To understand the impact of Taxl binding to Scribble
on polarity signalling, we examined the affinity of
recombinant human Scribble (SCRIB) PDZ1, 2, 3, and
4 domains for an 8-mer peptide encoding for the Tax1
PBM (Fig. 1B,C). Unexpectedly, our isothermal titra-
tion calorimetry (ITC) measurements revealed that
Taxl bound to all Scribble PDZ domains with an
affinity of 7.8 um for PDZI1, 15.4 um for PDZ2, 9.1
with PDZ3, and 40.2 with PDZ4 (Table 1). Examina-
tion of the thermodynamic-binding parameters of
Tax1 binding to Scribble PDZ domains revealed that
binding is largely entropy-driven by a more favourable
—TAS contribution (Table 1, Fig. 1C).

To understand the structural basis of the Scribble:
Tax1 interaction, we determined the crystal structures
of PDZ1, PDZ2, and PDZ3 bound to the Taxl PBM
(K7-H *-F°-R*“E 3T %E'-V, Fig. 2, Table 2).
As previously shown the Scribble PDZ domains adopt
a compact globular fold comprising five to six f-
strands and two a-helices that form a B-sandwich
structure when engaging with the C-terminal PBM
[37]. Examination of the SCRIB PDZI1:Tax]l and
PDZ3:Tax1 complex showed that the Tax1 peptide is
bound in the canonical ligand-binding groove formed
by the B2 strand and helix o2 (Fig. 3). A superimposi-
tion with the SCRIB PDZI1: B-PIX (PDB ID: 5SVWK)
yielded an overall root-mean-square deviation
(RMSD) between SCRIB PDZI1:B-PIX and Taxl com-
plexes of 0.72 A (Fig. 3). SCRIB PDZ3:Taxl1 closely
resembles the previously determined structure of
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Table 1. Interactions of SCRIB PDZs with Tax1 PBM and superpeptide control. All affinities were measured using isothermal titration
calorimetry, with Kp values given in um and AG, AH, and —TAS given in kcal-mol~" as a mean of three independent experiments with SD.
(A) consists of wild-type SCRIB PDZ domains and SCRIB PDZ mutants against the Tax1 PBM. (B) shows wild-type SCRIB PDZ domains

against the superpeptide. N, stoichiometry; NB, no binding.

(A)

PBM peptide

Tax1 (KHFRETEV)
SCRIB PDZ constructs N Ko (m) AG (kcal-mol™) AH (kcal-mol™) —TAS (kcal-mol™")
PDZ1 1.1 £ 0.02 7.8+ 0.8 —6.95 + 0.06 —4.21 £ 0.61 2.75 + 0.67
PDZ2 1.1 £ 0.01 154 £ 1.2 —6.59 + 0.03 —4.08 £+ 0.06 2.51 + 0.09
PDZ3 0.9 + 0.07 9.1 +0.7 —6.87 £ 0.04 —13.3 £ 0.08 —6.41 £ 0.13
PDz4 1.0 £ 0.13 40.2 + 3.1 —6.82 + 0.46 —2.17 £ 0.90 413 £ 0.44
PDZ1 H793A NB NB NB NB NB
PDZ2 H928A NB NB NB NB NB
PDZ3 H1071A NB NB NB NB NB
PDZ4 R1110D NB NB NB NB NB
PDZ4 R1116D NB NB NB NB NB
PDZ4 H1170A NB NB NB NB NB
(B)

PBM Peptide

Super-peptide (RSWFETWV)
SCRIB PDZ constructs N Ko (um) AG (kcal-mol™") AH (kcal-mol ™) —TAS (kcal-mol~")
PDZ1 0.9 £ 0.01 0.6 £ 0.04 —8.46 + 0.02 -3.72 £ 0.07 —4.74 £+ 0.08
PDZ2 1.0 £ 0.03 22+ 0.7 —7.74 £ 0.19 —7.04 £ 0.60 —0.005 + 0.80
PDZ3 0.9 + 0.02 1.6 +£0.2 —7.90 + 0.05 -11.31 £ 0.10 3.41 + 0.15
PDz4 1.1 £0.07 126 + 4.3 —6.70 £ 0.21 —2.90 + 0.86 —3.69 + 0.65

SCRIB PDZ3:3-PIX complex (PDB ID 5VWI1), with
the overall RMSD of 0.28 A when superimposed
(Fig. 3).

Unexpectedly, the SCRIB PDZ2:Taxl complex
revealed an unusual binding mode where the pB-
stranded shaped Taxl peptide is located antiparallel
between the B2 strand of one PDZ2 molecule (Chain
A) and the B3 of another PDZ2 molecule (Chain B) in
the same asymmetric unit, foring a beta-sheet between
Chain A B2-Tax1-Chain B B3. In this complex, Chain
A formed hydrogen bonds between Val353 (carboxyl
terminus) "™*!-Leu872 (backbone)"P#? Val353
(carboxyl-terminus)"**'-Gly873°P%? Val353 (carboxyl-
terminus) "' -Phe874 (backbone)?P%?, Thr351
(backbone)™!-11e876 (backbone)*P%?, Glu350 (car-
boxyl side chain)"™!-Gly878"P%?, and His347
(backbone)™!-Thr883"P%> (Fig. 3). Chain B only
contributed 2 residues that bound to the peptide:
backbone-mediated contacts involving Glu3527**!-
11e897°P%% and Thr3517*'-Glu899*P%? (Fig. 3). Inter-
estingly, there is a hydrogen bond between Chain B

Arg867 and Chain A Tyr885 side chains (Fig. 3)
located in loop regions that contributes to the PDZ2
dimer. Despite this unusual 2 : 1 stoichiometry, no sig-
nificant differences are observed in the overall PDZ
domain fold when each of the two PDZ2 molecules
are superimposed against the previously determined
SCRIB PDZ2:VANGL2 complex (Fig. 3). Chain A
showed an overall RMSD of 0.920 and 0.847 A while
Chain B showed an overall RMSD of 0.955 and
0.823 A (Fig. 3).

Since we observed this dimerization of PDZ2, we
subjected PDZ2 on its own as well as in complex with
the Tax1 PBM peptide to analytical ultracentrifugation
(AUC) (Fig. 4). For PDZ2 alone, the presence of a
single, broad peak spanning molecular weights corre-
sponding to both monomeric and dimeric forms of
PDZ2 suggests that PDZ2 exists in a rapid monomer-
dimer equilibrium. Moreover, the shifting of this peak
towards lower molecular weights upon the addition of
Tax1 suggests that the dimeric form is less favoured
when PDZ2 is in the ligand bound form.
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Fig. 2. The crystal structures and detailed interactions of PDZ1, PDZ2, and PDZ3 bound to Tax1 peptide (purple). (A) SCRIB PDZ1 (green) is
shown as a cartoon with Tax1 PBM peptide (magenta) shown as sticks. Hydrogen bonds are shown as black dotted lines. (B) PDZ2 Chain A
(light sea green) and Chain B (cornflower blue) shown as a cartoon with Tax1 peptide (magenta) as sticks. Front view of PDZ2 interactions
via with Chain A (light sea green) and Chain B (cornflower blue) with the Tax1 peptide shown as trace and sticks. Hydrogen bonds are
shown as black dotted lines. (C) PDZ3 (gold) shown as a cartoon with Tax1 peptide (magenta) as sticks. Hydrogen bonds are shown as
black dotted lines. (D) Sequence alignment of human Scribble PDZ domains (Uniprot Q14160). Conserved residues are shaded in lilac, key
residues that are involved in Tax1 PBM interaction are boxed in yellow. Alignment generated using ESPript (http://espript.ibcp.fr/ESPript/cgi-
bin/ESPript.cgi) using the sequences of individual Scribble PDZ domains (Uniprot Q14160). Residues coloured in red are conserved and non-
coloured have different residues. Secondary structures are shown above the alignment based on PDZ1 (PDB ID: 5VWC); B stands for beta
strands, o are the alpha helix, and TT represents turns within the structure. All images of structures were generated using Chimera [70].
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Table 2. X-ray data collection and refinement statistics.
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PDZ1:Tax1 PDZ2:Tax1 PDZ3:Tax1
Data collection
Space group P 6, P6,22 P2,
No. of molecules in AU 2 2+1 2

Cell dimensions

a b c(A)

a, B,y (°)
Wavelength (A)
Resolution (A)?
Rsym or Rmerge?®
I/cl?

CC(1/2)
Completeness (%)?
Redundancy®
Wilson B-factor
Refinement
Resolution (A)

50.26, 50.26, 184.40
90.00, 90.00, 120.00
0.95

46.10-1.77 (1.80-1.77)
0.056 (0.76)

16.48 (1.569)

0.99 (0.43)

99.3 (97.9)

2.7(2.7)

31.33

28.14-1.77 (1.83-1.77)

100.77, 100.77, 68.53
90.00, 90.00, 120.00

37.74, 44.22, 60.64
90.00, 93.44, 90.00

0.95 0.95

53.89-1.9 (1.94-1.90) 44.22-1.87 (1.91-1.87)
0.086 (1.89) 0.064 (1.32)

8.50 (0.80) 11.3(0.8)

0.99 (0.44) 0.99 (0.58)

98.9 (97.8) 99.2 (88.6)

5.4 (5.7) 6.8 (6.6)

38.14 33.29

53.89-1.9 (1.97-1.90)

31.14-1.85 (1.91-1.85)

No. of reflections 25 395 (2557)

Ruwork! Rtree 0.22/0.26
No. of non-hydrogen atoms

Protein 1636

Ligand/ion 42

Water 156
B-Factors

Protein 45.59

Ligand/ion 68.62

Water 49.42
R.m.s. deviations

Bond lengths (A) 0.011

Bond angle (°) 0.95
Ramachandran plot (%)

Favoured 99.52

Allowed 0.48

Disallowed 0

16 417 (1586) 16 498 (1313)
0.21/0.25 0.22/0.28
1395 1339

26 53

121 178
44.56 37.49
102.22 0

52.41 38.11
0.008 0.014
1.16 1.41
98.92 98.12
1.08 1.88

0 0

#Values in parentheses are for the highest resolution shell.

In the PDZ1:Taxl complex, Val353™*! is docked in
the conserved hydrophobic pocket formed by PDZI1
Leu738, 11e740 and Ile742. In addition, four hydrogen
bonds are formed by Glu352 (backbone) **'-Ile740
(backbone)®™#! Thr3517*!'-His793"P%! His347(back-
bone) "™'-Thr749(backbone)"P*!, and Arg349
(backbone)™!-Gly744(backbone) PP%! (Fig. 3). A salt
bridge is also formed between Glu350™!-Arg762
PDZ1 "in which the Arg762 FPP?! side chain extends
from the 3™ beta sheet of PDZI to make contact with
the Glu350™*! side chain (Fig. 3). The structure of
PDZ3:Tax1 revealed Taxl Val353 forming several
hydrogen bonds via its C-terminal carboxyl group with
PDZ3 at the carboxyl loop-binding region including
Leul014, Gly1015, and Leul016, which all contribute
via the peptide backbone. Furthermore, Thr351T**!
formed a backbone-mediated hydrogen bond with
Ile10187P%3 of the B2 as well as Thr351™! side chain-

mediated hydrogen bond with 1071His"®%* located on
the o2 helix (Fig. 3).

To validate our crystal structures, we performed
mutagenesis to probe Scribble PDZ domain interac-
tions with Taxl PBM in ITC (Table 1, Figs 5 and 6).
The equivalent structure guided mutants PDZI
H793A, PDZ2 H928A, and PDZ3 H1071A, all showed
no binding, suggesting that the common His within
the active-binding site of the PDZ:Taxl complexes
may play a pivotal role in complex formation
(Table 1, Figs 4-6).

In the absence of a crystal structure of SCRIB
PDZ4 bound to Taxl PBM, we modelled a putative
PDZ4:Tax] PBM complex by superimposing the
SCRIB PDZ1:Taxl complex on SCRIB PDZ4. This
suggested PDZ4 R1110, R1111, and H1170 as poten-
tial interactors with Taxl PBM. SCRIB PDZ4
mutants bearing one of each mutation (PDZ4
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(A) PDZ1:Tax1 (green:magenta) agains! (B) PDZ2:Tax1 (blue:magenta) against
PDZ2:vangl2 (grey)

PDZ1:B-pix (light blue) 5VWK

Chain B

Overall RMSD: 0.726

KD (uM)
B-pix: 3.3 +0.3
Tax1: 7.8 +0.8

Vangl2: 45.1 + 4.9
Tax1:
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(C) PDZ3:Tax1 (gold:magenta) against
PDZ3:B-pix (white) 5VWI

Overall RMSD: 0.282

KD (uM)
B-pix: 14.5+2.1
Tax1: 9.1 0.7

KD (uM)
Overall RMSD: 0.955
159+1.2

Fig. 3. Superimposition of SCRIB PDZ:Tax1 complexes with SCRIB PDZ complex structures bound to host PBM peptides. (A) PDZ1:Tax1
(green:magenta) with PDZ1:8-PIX (light blue, PDB ID 5VWK). (B) PDZ2:Tax1 Chain A (light sea green:magenta) and Chain B against PDZ2:
VANGL2 (sandy brown). (C) PDZ3:Tax1 (gold:magenta) against PDZ3:8-PIX (yellow, PDB ID 5VWK). All protein chains are shown as cartoon.

All images of structures were generated using the Chimera [70].
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Fig. 4. Sedimentation velocity analyses by analytical
ultracentrifugation of apo SCRIB PDZ2 (black line) and SCRIB
PDZ2 + Tax1 (blue line).

R1110D, PDZ4 RI1116D, and PDZ4 H1170A) were
folded (Fig. 6) but did not show detectable binding to
Tax1 (Table 1; Fig. 4).

Discussion

Scribble is a crucial cell polarity regulator that medi-
ates signalling pathways via its PDZ domains [2,11].
As a result, Scribble and other PDZ domain-
containing proteins play a pivotal role in disease and
consequently are targeted by viruses to allow them to
establish a cellular environment that supports viral
replication [15,38-40]. HTLV-1 encodes for the onco-
genic protein Taxl, which features a PBM at its C-
terminus that substantially impacts the oncogenic
activity of Tax1 [41].

Human Scribble has previously been shown to
directly interact with the Taxl C-terminal PBM via
PDZ2 and PDZ4 using a PB-galactosidase assay, how-
ever another study using synthetic fluorescein-labelled
peptide assays demonstrated interactions with PDZ2
and PDZ3 [41,42]. In our hands, the Taxl PBM binds
to all four Scribble PDZ domains when examined
using isothermal titration calorimetry. The affinities of
Tax1l to Scribble PDZ domains display a distinct
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Fig. 5. Location of Scribble PDZ domain mutations. Mutated residues are coloured on a surface representation of the relevant Scribble PDZ
domain constructs. Binding profiles of isolated mutant Scribble PDZ domain interactions with Tax1 peptide. Each profile is represented by a
raw thermogram and a binding isotherm fitted with a one-site binding model (bottom panels). Each of the values was calculated from at least
three independent experiments. (A) PDZ1 H793A (purple) (B) PDZ2 H928A (orange). (C) PDZ3 H1071A (green). (D) PDZ4 R1110D (cyan), PDZ4
R1116D (red), and PDZ4 H1170D (spring green). SCRIB PDZ4:Tax1 homology model complex was generated with Chimera 1.14.
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Fig. 6. Circular dichroism spectroscopy of wild type and mutant SCRIB PDZ1, 2, 3, and 4 mutants. (A-E) Circular dichroism spectra
recorded for wild type and mutant SCRIB PDZ1, 2, 3, and 4 domains indicated that there were no major spectral differences between the
proteins, suggesting that they were similarly folded, with mutations not leading to unfolding of the PDZ domains.

hierarchy, with PDZ3 being the tightest binder Interestingly, we also observed loss of binding with a
(Kp = 9.1 um), whereas Taxl binding to PDZI PDZ4 H1170A mutant. However, mutation of all resi-
(Kp =7.8 um), PDZ2 (Kp =154 pum), and PDZ4 dues identified as putative interactors in the PDZ4-

(Kp = 40.2 um) is weaker. Mutagenesis of key interact-
ing residues of Scrib PDZ domains with Tax1 revealed
that a conserved His found in PDZ1 H793, PDZ2
H928, and PDZ3 H1071 on the a2 of each domain is
a major determinant of the interaction, since mutation
to an Ala abolished binding as measured by ITC.

binding groove resulted in loss of binding, suggesting
that PDZ4 may inherently be more susceptible to dis-
ruption.

A comparison of the crystal structures of PDZI,
PDZ2, and PDZ3 bound to Taxl revealed multiple
conserved interactions consistent with previous
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observations for canonical class I PBM interactions
with PDZ domains. All the complexes featured an
Me’P%-Thr351™! and Leu®P%-Val353"™! hydrogen
bond located on the second beta-strand of the PDZ
domain (Figs 1 and 3). Furthermore, a conserved Thr
at the C-terminal end of B2 of PDZ1 (Thr749) and
PDZ2 (Thre883) forms a hydrogen bond with
His347"!" (Fig. 3). Lastly, the conserved His in each
domain found on o2, PDZ1 H793, PDZ2 H928, and
PDZ3 HI1071, shared a hydrogen bond with
Thr351™*! and mutation to Ala ablates Tax1 binding
to SCRIB PDZ domains as seen in our ITC analysis
(Table 1, Figs 1B and 3). This particular conserved
His residue is also involved in interactions with other
cellular and viral interactors of Scribble as observed in
crystal structures of SCRIB PDZI1:B-PIX, PDZ3:B-
PIX, PDZ1:MCC, PDZ1:APC, PDZ1:Vangl2, PDZ2:
Vangl2, PDZ3:Vangl2, PDZI1: NSI1, and PDZ3:NSI1
[20,37,43-45], thus making this residue vital for
SCRIB:ligand interactions.

We previously observed SCRIB binding to interac-
tors such as B-PIX only with a distinct pattern, where
tight binding was observed for PDZ1 and PDZ3
domains, and only weaker binding to PDZ2 and no
binding to PDZ4 [37], whereas Tax1 is able to bind to
all SCRIB PDZ domains. Superimposition of PDZ3:
Tax1 and PDZ3:B-PIX yielded an RMSD of 0.282 A,
suggesting that binding to these interactors does not
require changes in secondary structure elements, and
that the differences in affinities and interaction pattern
between B-PIX and Taxl are due to differential con-
tact formation with each PBM. B-PIX and Taxl form
different hydrogen bond networks with PDZ3. In
PDZ3:p-PIX, Asn645P X interacts with Ser1017°P%3,
whereas in PDZ3:Taxl, Val353T! interacts with
Leul014°P%3, Gly1015°P%, and Leul016°P% [37),
and these differential interactions ultimately provide a
basis for ligand discrimination.

Since we were unable to determine a crystal struc-
ture of a PDZ4:Tax1 complex, we predicted based on
the structures we obtained several putative interacting
residues in PDZ4 that were targeted for mutagenesis.
Interestingly, PDZ4 RI1110D, PDZ4 RI1116D, and
PDZ4 H1170A mutants did not bind to Taxl, suggest-
ing that all may play a significant role in PDZ4:Tax1
binding. PDZ4 displayed the weakest affinity
(40.2 £+ 3.1 pm) compared with all other Scrib PDZ
domains; however, Tax1 is one of the the first biologi-
cal interactors (i.e. not synthetic) we have been able to
verify using purified protein and peptides. Although
others have reported SCRIB PDZ4 binding to multiple
interactors, we have not been able to confirm these
interactions with the TBEV NS5, HPV-16 E6, and pB-
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PIX [37] (our unpublished data). None of the reported
interactions are solely PDZ4 specific, with ZO-2,
DLC3, GIluN2A, GIluN2B, and NOSIAP binding to
other SCRIB PDZ domains as well as PDZ4 [46-49].

Strikingly, we observed that two PDZ2 molecules
bound to one Taxl peptide at the interface between
the two PDZ2 chains, revealing a potential novel site
for SCRIB PDZ domain engagement. Canonical bind-
ing of a C-terminal PBM to a PDZ domain utilizes the
carboxyl loop sandwiched between the B2 and o2 that
forms a hydrophobic pocket for the C-terminal residue
in the PBM peptide to bind into [37,43,44]. Unexpect-
edly, a neighbouring PDZ2 molecule also engaged
Tax1 PBM via the B3-strand, leading to the formation
of a contiguous B-sheet between Chain A B2-Taxl-
Chain B B3. However, ITC analysis revealed that
SCRIB PDZ2 binds the Tax] PBM with a stoichiome-
try of 1 : 1, suggesting that in the presence of Taxl
PBM PDZ2 is monomeric in solution and only forms
a heterodimer and not a heterotrimer. This was further
supported with our AUC data (Fig. 4) showing that
PDZ2 exists in a rapid monomer—dimer equilibrium,
with Taxl-bound protein favouring the monomeric
form. Although the crystal structure shows a dimer
with the Taxl peptide, this alternative binding site is
unlikely to be used in solution and likely a crystalliza-
tion artefact.

Our data focuses on the interactions of Taxl PBM
with individual Scribble PDZ domains. Although pro-
viding mechanistic insight into these interactions, our
findings do not shed light onto the architecture of a
Scribble:Tax1 complex featuring longer fragments or
indeed full-length proteins. No full-length structures of
Taxl or Scribble are currently available. However,
with Scribble features four PDZ domains with the
capacity to interact with partners, differential regula-
tion of interactions may occur via ligand competition
and/or PDZ-binding groove accessibility. Furthermore,
there is evidence that Scribble PDZ3 and PDZ4
domains work together as a unit featuring a single
binding site, with interacting peptides primarily bind-
ing to the aB/BB pocket of PDZ3, whereas PDZ4 was
effectively used to expand the PDZ3-binding grove to
create an elongated site within the supramodule, thus
providing another level of structural regulation within
the PDZ domains [50].

An additional level of complexity to cell polarity
regulation is provided by posttranslational modifica-
tions such as via phosphorylation of PBMs [39,51-53].
In particular, Scribble has been shown to be subject to
modulation of interactions by phosphorylation, includ-
ing virus encoded interactors such as HPV-16 E6
and HTLV-1 Taxl which were shown to be
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phosphorylated at the —2 position of their PBM with
phosphorylation inhibiting PDZ recognition [51,52]. In
our structures, Tax Thr351 which occupies the —2
position in the PBM forms a side chain-mediated
hydrogen bond with a His from interacting SCRIB
PDZ domains, thus providing a structural rationale
for this observation. We note that phosphorylation
does not always affect the affinity of an interaction,
with the SCRIB:MCC (Mutated in Colorectal Cancer)
interaction largely unaffected, without a significant dif-
ference in SCRIB PDZ1 and PDZ3 affinities for phos-
phorylated vs native MCC PBM [43]. Consequently
the detailed role of phosphorylation on the Scribble:
Taxl interaction requires further investigation.

In summary, we show that Scribble PDZ domains
display differential binding affinities for HTLV-1 Taxl
and that subtle differences in the detailed interactions
drive the differences in affinity observed for PDZI,
PDZ2, and PDZ3. Our findings provide a structural
basis for HTVL-1 Taxl subversion of Scribble-
mediated polarity signalling and will form the platform
for future structure-guided investigations to under-
stand how the differential ability of individual Scribble
PDZ domains to engage Tax1 impacts the control of
cell polarity during viral replication.

Materials and methods

Protein expression and purification

Human Scribble (SCRIB) PDZ1 (728-815), PDZ2 (860-
950), PDZ3 (1002-1094), and PDZ4 (1099-1203) domain
proteins (Uniprot accession number: Q14160) as well as
mutant SCRIB PDZ domain proteins were purified as pre-
viously described [37,45]. SCRIB PDZ mutants cDNA
PDZ3 H1071A (residues 1002-1094), PDZ4 R1110D (resi-
dues 1099-1203), PDZ4 R1116D (residues 1099-1203), and
PDZ4 HI1170A (residues 1099-1203) was cloned into the
pGex-6P3 vector (Bioneer). All other SCRIB PDZ mutant
constructs were described previously [37]. All other SCRIB
PDZ WT constructs were also described previously [37].
Target proteins were expressed using E. coli BL21 (DE3)
pLysS cells (BIOLINE) 2YT media (1.6% w/v Tryptone,
1.0% w/v Yeast Extract and 0.5% w/v sodium chloride
[NaCl]) supplemented with 100 pg-mL~' ampicillin at
37 °C and shaken at 160 rpm for approximately 20 h. Pro-
tein expression was induced using the auto-induction proto-
col [54]. His-MBP-tagged proteins were purified via
immobilized metal affinity chromatography, using HisTrap
HP columns (GE Healthcare, Chicago, IL, USA). GST-
tagged proteins were purified using glutathione Sepharose
4B resins (GE Healthcare). His-MBP constructs were
cleaved with His-MBP TEV protease and GST constructs
were cleaved with GST-3C protease overnight at 4 °C. All
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constructs were subjected to size exclusion chromatography
using a Superdex 75 10/300 column (GE Healthcare) equili-
brated within 20 mm HEPES, 150 NaCl, pH7.2 using the
AKTA Pure. All proteins were purified as previously
described [37]. The concentration of SCRIB PDZI1 was
determined at Abs280 nm using a NanoDrop 2000/2000c
Spectrophotometer (Thermo Fisher Scientific, Scoresby,
Victoria, Australia). All other proteins lacked a Trypto-
phan residue, and concentrations were quantified using
Abs205 nm via the Scopes method [55].

Peptides

Peptides used for ITC and crystallization were Taxl:
KHFRETEV (UniProt accession code P14079, residues
346-353) (Genscript) and superpeptide: RSWFETWYV [46]
(Mimotopes).

Analytical ultracentrifugation

Sedimentation velocity experiments were performed at
25°C in a Beckman Coulter XL-A analytical ultracen-
trifuge as described previously [56-59]. Briefly, double sec-
tor cells containing synthetic quartz windows were loaded
with 400 pL of reference buffer (25 mm HEPES pH 7.5,
150 mm NaCl) and 380 pL of apo protein at 92 um or
380 puL of protein:ligand in a 1 : 4 ratio at 92 pum : 367 um
(solubilized in buffer). The cells were loaded into an 8-hole
An50-Ti rotor before centrifugation at 145 000 g. Data
were collected continuously at 230 nm using a radial step
size of 0.003 cm without averaging. Solvent density
(1.006 gmL™"), solvent viscosity (0.0103091 cp) and esti-
mated protein partial specific volume (0.736344 mL-g~")
were calculated using SEDNTERP [60]. Absorbance was
fitted as a function of radial position to the Lamm equa-
tion using SEDFIT to determine the continuous mass (c
(M)) distributions [61-63].

Measurement of dissociation constants

Binding affinities were measures using PDZ domain con-
structs in 20 mm HEPES, 150 NaCl, pH7.2 at a final con-
centration of 75 pum. Peptide ligands were used at a
concentration of 900 pm, and all affinity measurements
were performed in triplicate. Peptide concentrations were
calculated based on the dry peptide weight after synthesis.
ITC experiments were conducted using a MicroCal iTC200
System (GE Healthcare) at 25 °C with a stirring speed of
750 rpm using 20 injections. Data were analysed using the
Origin 7.0 software (OriginLab Corporation, Northampton,
MA, USA) using “one-site binding. model”. Superpeptide
was used as a positive control and titrations of peptide
against buffer (20 mm HEPES, 150 NaCl, pH7.2) were per-
formed as a negative control.
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Crystallization and structure determination

Complexes of SCRIB PDZ domains with Tax1 peptide were
reconstituted as described previously [64]. Briefly, protein
and peptide were mixed at a molar ratio of 1 : 4 and then
concentrated to 10 mgmL~' using 3 kDa cut-off Ultra-0.5
centrifugal filter units (Millipore, Burlington, MA, USA) at
4 °C. Concentrated protein complex samples were subjected
to high-throughput crystallization screening using a Gry-
phon LCP (Art Robbins Instruments) with 0.2 pL of protein
sample and 0.2 pL reservoir solution per drop and the fol-
lowing sparse matrix screens; JCSG-plus: HT-96 sparse
matrix screen (Molecular Dimensions, Rotherham, UK),
PACT Premier HT-96 sparse matrix screen (Molecular
Dimensions), Structure Screen 1+ 2 sparse matrix screen
(Molecular Dimensions) and Salt Rx sparse matrix screen
(Hampton Research, Aliso Viejo, CA, USA). Identified crys-
tallization conditions were optimized using a grid screen
approach in 24-well sitting drop plates (Hampton Research)
at 20 °C with a drop size of 2 pL comprising 1 pL of pro-
tein sample and 1 pL of reservoir solution.

Crystals were mounted on nylon and copper loops (MiT-
Gen, Ithaca, NY, USA). All data were collected at the
Australian Synchrotron using the MX2 beamline equipped
with the Eiger 16M detector (Dectris) with an oscillation
range 0.1° per frame with a wavelength of 0.9537, inte-
grated using XDS [65] and scaled using AIMLESS [66].

SCRIB PDZI1:Taxl crystals were grown in 0.1 M zinc
chloride, 0.1 M sodium acetate pH 5.0, 20% w/v PEG
1500, and flash cooled at —173 °C in mother liquor supple-
mented with 30% glucose. The SCRIB PDZ1:Tax1l com-
plex formed single hexagonal rod-shaped crystal belonging
to space group P6s with a = 50.26 A, b=5026A, ¢c=
184.40 A, o = 90.00°, B =90.00°, and y=120° in the
hexagonal crystal system. Molecular replacement was car-
ried out using PHASER [67] with the previously solved
structure of SCRIB PDZ1: B-PIX (PDB ID: SVWK) [37]
as a search model. SCRIB PDZ1:Taxl crystals contained 2
molecules each of PDZ1 and Tax1 peptide in the asymmet-
ric unit, with 40.66% solvent content. The final TFZ and
LLG values after molecular replacement were 27.3 and 714,
respectively. The final model was built manually over sev-
eral cycles using Coot [68] and refined using PHENIX with
a final Ryori/Rivee Of 0.22/0.26, with 99.52% of residues in
the favoured region of the Ramachandran plot and 0% of
rotamer outliers.

SCRIB PDZ2:Tax1 crystals were grown in 2.0 M Ammo-
nium sulfate, 20% w/v PEG 3350 and were flash cooled at
—173 °C in mother liquor supplemented with 30% glucose.
The SCRIB PDZ2:Tax1 complex formed single ovoid disc
shaped crystals belong to space group P6,22 with
a=10077 A, b=100.77 A, c=6853 A, a="90.00°
B =90.00° and y = 120.00° in the hexagonal crystal sys-
tem. Molecular replacement was carried out using PHA-
SER [67] with the previously solved structure of SCRIB
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PDZ2 [45] as a search model. SCRIB PDZ2:Tax1 crystals
contained 2 molecules of PDZ2 and 1 molecule of Taxl
peptide in the asymmetric unit, with 42.82% solvent con-
tent and final TFZ and LLG values of 23.1 and 507.5,
respectively. Model building and refinement were per-
formed as above with final Ryp/Reee Of 0.22/0.26, with
99.44% of residues in the favoured region of the
Ramachandran plot and no rotamer outliers.

SCRIB PDZ3:Tax1 crystals were grown in 0.1 M HEPES
pH 7, 30% v/v Jeffamine and were flash cooled at —173 °C
in mother liquor supplemented with 30% glycerol. The
SCRIB PDZ3:Tax1 complex formed single trigonal prism-
shaped crystals belong to space group P2; with a=
3774 A, b=4322 A, ¢ = 60.64 A, o = 90.00°, B = 93.44°,
and v = 90.00° in the monoclinic crystal system. Molecular
replacement was carried out using PHASER [67] with the
previously solved structure of SCRIB PDZ3: B-PIX (PDB
ID: 5VWI) [37] as a search model. SCRIB PDZ3:Tax1
crystals contained 2 molecules each of PDZ3 and Taxl
peptide in the asymmetric unit, with 51.88% solvent con-
tent and final TFZ and LLG values of 21.7 and 569.38,
respectively. Model building and refinement were per-
formed as above with final Ryp/Reee Of 0.22/0.28, with
98.12% of residues in the favoured region of the
Ramachandran plot and no outliers.

SCRIB PDZ4 modelling

SCRIB PDZ4:Taxl model complex was generated with
Chimera 1.14 by superimposing the tax peptide from the
SCRIB PDZ1:Tax1 complex on a previously solved struc-
ture of SCRIB PDZ4 (PDB:4WYT) [50] (Fig. 5). SCRIB
PDZ1 (48.86%) has the highest sequence similarity to
SCRIB PDZ4 compare to SCRIB PDZ2 (37.08%) and
PDZ3 (44.44%) (crLustar2.l, https://www.ebi.ac.uk/Tools/
msa/clustalo/).
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