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Abstract: Tankyrase 1 (TNKS1; a.k.a. ARTD5) and tankyrase 2 (TNKS2; a.k.a ARTD6) are highly
homologous poly(ADP-ribose) polymerases (PARPs) that function in a wide variety of cellular pro-
cesses including Wnt signaling, Src signaling, Akt signaling, Glut4 vesicle translocation, telomere
length regulation, and centriole and spindle pole maturation. Tankyrase proteins include a sterile
alpha motif (SAM) domain that undergoes oligomerization in vitro and in vivo. However, the SAM
domains of TNKS1 and TNKS2 have not been structurally characterized and the mode of oligomeri-
zation is not yet defined. Here we model the SAM domain-mediated oligomerization of tankyrase.
The structural model, supported by mutagenesis and NMR analysis, demonstrates a helical, homo-
typic head-to-tail polymer that facilitates TNKS self-association. Furthermore, we show that TNKS1
and TNKS2 can form (TNKS1 SAM-TNKS2 SAM) hetero-oligomeric structures mediated by their
SAM domains. Though wild-type tankyrase proteins have very low solubility, model-based muta-
tions of the SAM oligomerization interface residues allowed us to obtain soluble TNKS proteins.
These structural insights will be invaluable for the functional and biophysical characterization of
TNKS1/2, including the role of TNKS oligomerization in protein poly(ADP-ribosyl)ation (PARylation)
and PARylation-dependent ubiquitylation.
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Introduction

Tankyrase-1 (TNKS1) and tankyrase-2 (TNKS2) con-
stitute two of the six members of the bona fide human
poly(ADP-ribose) polymerase (PARP) enzymes.
TNKS1/2 poly(ADP-ribosyl)ate (PARylate) proteins in
a myriad of cellular functions including Wnt signal-
ing,! Src signaling,? Hippo signaling,? telomere length
regulation,* Glut-4 vesicle translocation,®® and mito-
sis.” 1% Not only is the PARylation of substrate
required for all observed functions of TNKS, but PAR-
dependent ubiquitylation mediated by RNF146 is also
necessary for many TNKS1/2-mediated regulatory
events, including Axin,™'® Angiomotin,® 3BP2,% and
PTEN turnover.'* These diverse regulatory functions
have led to an intense focus on the development of
TNKS1/2 PARP inhibitors for cancer therapies.!®~17
Characterization of the many protein-protein interac-
tions required for TNKS1/2 function, such as sub-
strate and RNF146 binding,'® could facilitate more
targeted small molecule or mutagenic pathway
manipulation. Though the mechanism is currently
unclear, TNKS1/2 oligomer formation has been sug-
gested to affect the PARylation of substrates,’'®
implying a potential regulatory function.

Of the six PARPs, the tankyrase proteins (TNKS)
have unique domain compositions and TNKS1 and
TNKS2 share ~83% identity [Fig. 1(A)l. The sterile
alpha motif (SAM) domain in TNKS1/2 is of particular
interest because it is adjacent to the PARP domain—a
position held by the PARP regulatory domain in other
human poly-ADP-ribosylating enzymes.'® SAM domains
are composed of a ~70 amino acid helical structure in
which three or four helices cradle a c-terminal helix and
act as interaction motifs with diverse functions in signal
transduction and transcriptional regulation.?*?* SAM
domains have been shown to mediate protein—protein,>!
protein—RNA, 2224 and protein-lipid interactions.?® Fur-
thermore, SAM domains can bind themselves symmetri-
cally, as in the example of Eph4A which forms a
homodimer,?® can bind other SAM domains (e.g., odin
binding to EphA2, and Ste11 binding to Ste50),2"2° and
can form long-range homo-oligomeric/polymeric struc-
tures.3*%7 While it is generally accepted that the SAM
domain is largely responsible for the oligomerization of
TNKS1/2,2%3% the domain has not yet been structurally
or biochemically characterized. It is still unknown
whether the domain forms oligomers using multiple
interfaces as observed for the SAM domain structure of
EphB2 receptor,’® homotypic oligomers with a single,
distinct head-to-tail interface observed for other SAM
polymers,*! or utilizes some heretofore unobserved oligo-
meric topology. Furthermore, it is unclear whether the
reported co-localization of TNKS1 and TNKS2*2 is due
to association through SAM domain hetero-binding or
mediated through the large ankyrin repeat cluster
region [Fig. 1(A)].1843

Here we model the tankyrase SAM oligomer
structure revealing a head-to-tail oligomerization

DaRosa et al.

mode, with conserved interfaces for TNKS1 and
TNKS2. Model-based mutations of residues in the
interface generate monomeric TNKS1 and TNKS2
mutants, providing confirmation of the model. Because
of their head-to-tail association, mixtures of two differ-
ent interface mutants readily form homo- and hetero-
meric dimers with high affinity, consistent with the
notion that TNKS1 and TNKS2 can form homo- and
hetero-oligomer structures through their SAM
domains. We have identified the residues involved in
the SAM—SAM interaction using NMR spectroscopy as
further experimental confirmation of the model. The
data and the ability to generate well-defined, well-
behaved tractable TNKS species will aid in future bio-
physical and functional characterization of TNKS.

Results

It is known that the tankyrase proteins are very insol-
uble and likely oligomerize through their SAM
domains.?®3%4* We therefore sought to determine the
mode of SAM-domain mediated tankyrase oligomeri-
zation with the hope that controlling oligomerization
might yield more soluble and therefore structurally
and biochemically tractable proteins. We performed a
fold prediction of the isolated TNKS1 SAM domain
(residues 1,026-1,088) using Rosetta ab initio,*
which generated models that match a canonical SAM
domain fold [Fig. 1(B)]. The top 10 models produced
by Rosetta were very similar, with an average pair-
wise root mean square deviation (RMSD) of 1.99 A.

A TNKSI1 oligomer model was generated from the
top-scoring model, using clues from known SAM-SAM
interfaces. Using TM-align,*® the top-scoring Rosetta
ab initio model was used to search the PDB for struc-
turally similar domains, independent of sequence
homology. From the top hits, all with TM-align score-
>0.6, we screened for entries containing multiple
SAM-like folds. The TM-align search returned five
SAM domains with significant structural similarity to
TNKS1 (PDB codes: 3BQ7,2* 3SEL*" 3TAD, 3TAC,*®
1PK1%?%; 20-31% sequence identity) that contained
SAM-SAM interfaces. Though the angles between
SAM domains differ substantially in these structures,
all contained asymmetric SAM-SAM interfaces cen-
tered on helix 5 (H5; termed the end-helix or EH sur-
face) and a patch composed of helices 2, 3, and 4
(termed mid-loop or ML surface). By performing
structural alignments between our TNKS1 SAM
domain model and these SAM-SAM complex struc-
tures, we obtained initial docking positions. The
RosettaCM*® protocol was used to refine and generate
homotypic TNKS1 SAM oligomer models. Despite dif-
ferent initial SAM-SAM orientations, the models con-
verged on a single relative SAM-SAM angle with a
maximum pairwise RMSD for the (dimeric) models of
1.16 A. The resulting model shows a head-to-tail heli-
cal oligomer [Fig. 1(B)], similar to the oligomeric

structures of several other SAM domains®*®" in
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Figure 1. Modeling tankyrase SAM domain oligomerization. (A) The TNKS1 domain architecture and constructs used in this
manuscript. TNKS2 is homologous to TNKS1, but lacks a ~170 amino acid N-terminal histidine serine proline rich region in
Tankyrase 1. FL; full-length. (B) Schematic of the TNKS1 SAM domain structure and oligomeric structure prediction workflow.
First, the amino acid sequence was used for structure prediction using Rosetta, followed by a TM-align search for similar folds
participating in SAM-SAM interactions used as initial docking positions for a RosettaCM TNKS1 oligomer modeling protocol
with helical symmetry. H1-5; Helix 1, 2, 3, 4, and 5. Protomers are colored either green or cyan to clarify oligomeric structure.
(C) Surface charges experienced by opposing faces of the oligomer protomers. Between the two interacting surfaces, the mid-
loop (ML) surface (left) is negatively charged (red), whereas the end-helix (EH) surface is enriched in positively (blue) charged
residues (right). (D) Conservation of residues between TNKS1 and TNKS2 plotted on the surface of the TNKS1 model showing
sequence identity (red) at the interface of the two protomers. White; non-identical. See also Supporting Information Figure S1.

which oligomers of SAM domains form a right-handed
helix that contains ~6 protomers per turn. While
these structures differ in their helical pitch (primarily
determined by the angle between promoters), this
helical form is likely adopted by many SAM oligom-
ers.*! Importantly, in our model the N and C-termini
of the SAM domains are directed away from the core
of the oligomer [Fig. 1(B)], consistent with the multi-
domain architecture of TNKS1/2. It is unclear how
the close proximity of the PARP domain might affect
long-range polymer structure.

Inspection of the interface between protomers in
our oligomer model revealed that the interaction is a
combination of charge—charge and hydrophobic con-
tacts. Notably, amino acids on opposing faces of the
TNKS1/2 SAM domain are highly biased to generate
electrostatic interactions [Fig. 1(C)]. Furthermore,
the residues that are predicted to participate in the
interaction are mnearly 100 percent conserved
between TNKS1 and TNKS2 [Fig. 1(D)] and tankyr-
ase orthologs (Supporting Information Fig. S1).
Hence, this model predicts that the TNKS1 and
TNKS2 may form homo and hetero-oligomers
through their conserved SAM-SAM interface in a
head-to-tail manner.

We attempted to express and purify proteins
from Escherichia coli for biochemical characteriza-
tion, but were unable to purify detectable amounts
of wild-type TNKS1 or TNKS2 or fragments contain-
ing the SAM domain by conventional means. This is

1746 PROTEINSCIENCE.ORG

consistent with the reported insolubility of the pro-
tein.?® We therefore used our model to design mis-
sense mutations in TNKS1 and TNKS2 that are
predicted to disrupt oligomerization. Because of the
head-to-tail polymerization mode, we were able to
identify potential positions at the interface of proto-
mers in the oligomer, for example Y1073, D1055,
and V1056 [Fig. 2(A)]l. The head-to-tail oligomeriza-
tion model predicts that mutations on one surface
should generate monomeric SAM domains [see Fig.
3(A)l. Two mutants were generated in the SAM
domains of both TNKS1 and TNKS2: Y1073E and
D1055A/V1056K (referred to as YE, and DAVK,
respectively; tankyrase 1 numbering). The resulting
mutant proteins are highly soluble and NMR 'H'°N-
HSQC analysis reveals that both mutant SAM-
Linker [Fig. 1(A)] fragments of TNKS are folded as
indicated by well-dispersed peaks in the 'H dimen-
sion [Fig. 2(B)]. The HSQC spectrum for TNKS1
SAM-Linker(DAVK) was assigned using convention-
al three-dimensional heteronuclear protocols, and
the ®*Ca/*3CB chemical shifts were analyzed for sec-
ondary structure relative to predicted random coiled
values [Fig. 2(C)]. The NMR chemical shifts strongly
predict five a—helices in locations consistent with
our model, though the length of Helix-1 (H1) may be
~1 turn shorter than the Rosetta-predicted struc-
ture. The three N-terminal residues of H5 likely
experience conformational heterogeneity as indicat-
ed by a drop in the chemical shift differences for

Structural Insights into Tankyrase SAM Oligomerization
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Figure 2. SAM mutants retain a folded structure. (A) Residues at the interface of two protomers in the predicted oligomer inter-
face of TNKS1. Residues that were mutated to disrupt oligomerization are highlighted. (B) 'H'>N-HSQC NMR analysis of the
TNKS1 SAM-Linker(DAVK) mutant (left), and the TNKS1 SAM-Linker(YE) mutant (right). DAVK, D1055A/V1056K; YE, Y1073E.
Both spectra are well dispersed and highly similar, consistent with folded, monomeric domains. (C) Chemical shift differences
between random coil and experimentally determined Ca and CB atoms (A8'3Ca-A3'3Cp [ppm]). Positions of Rosetta-predicted
helices are shown above histogram. High values are predictive of helical structure.

residue H1075, which neighbors a glycine near the
end of H5 (G1074), and by the apparent lack of an
NH resonance from Y1073 in the 'H N-HSQC
spectrum. Notably, conformational flexibility appears
to be reduced in the oligomer (see below). Altogether,
the NMR spectra are consistent with the predicted
SAM fold for the protomers.

SEC-MALS analysis was performed on mutant
constructs that include both the SAM and PARP
domains [SAM-PARP; Fig. 1(A)]. Each of the con-
structs migrate at the expected retention volume on
a Superdex 200 column and exhibit monomeric
molecular weights: TNKS1-YE 33.0 kDa *+ 1.73%,
TNKS1-DAVK 33.7 kDa = 0.986%, TNKS2-YE 33.5
kDa *+ 0.461%, and TNKS2-DAVK 33.9 kDa =+ 0.469%
[Fig. 3(A) and Fig. 3(B) top]. When YE and DAVK
mutants are mixed, the resulting species co-migrate
on a SEC column [Fig. 3(A,B) topl], forming a com-
plex near the expected molecular weight of a SAM-
PARP dimer (57.8 kDa = 1.69% for TNKS1 and 63.0
kDa + 1.16% for TNKS2). Consistent with the long-
lived interaction detected by SEC, the binding
affinity (K4q) between TNKS1 SAM-Linker DAVK
and YE mutants measured by isothermal titration
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calorimetry (ITC) is 469(+38) nM [Fig. 3(C) left]. As
the dimers formed between the two mutants likely
do so through their unmutated (i.e., native) inter-
face, the data imply a strong propensity of TNKS to
form homo-oligomers. As predicted by the strong
conservation in the oligomeric interface between
TNKS1 and TNKS2, mixtures of TNKS1-YE and
TNKS2-DAVK co-elute as a heterodimer, with a
molecular weight of 64.1 kDa * 0.549% [Fig. 3(B)
bottom]. The strength of this interaction was deter-
mined to be 427(+20) nM by ITC [Fig. 3(C) right].
Thus, our data reveal a roughly equal preference for
TNKS hetero-oligomer formation and TNKS1 homo-
oligomerization, confirming that the two proteins
can form hetero-oligomers through their SAM
domains?? and are likely to do so in vivo. Further-
more, placing SAM mutations in the context of full-
length TNKS2 can generate soluble protein (Sup-
porting Information Fig. S2), suggesting that the
SAM domain makes a large contribution to the over-
all oligomeric assembly of TNKS.

To investigate the residues involved in the inter-
action interface, we performed NMR chemical shift
perturbation analysis. Titration of TNKS1 SAM-
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Figure 3. Tankyrase 1/2 SAM form strong homo and hetero-oligomers. (A) Conceptual schematic of experiments in Figure 3. Resi-
dues are mutated on one face of the oligomeric interface to generate monomers (center). Complementary monomers can be mixed
to generate dimers (right). Red indicates mutated surface. Prohibition signs indicate “no binding”. YE, TNKS1 Y1073E or TNKS2
Y920E; DAVK, TNKS1 D1055A/V1056K, or TNKS2 D902A/VI03K. (B) Size exclusion chromatography (SEC) chromatograms of tank-
yrase 1 (top left) and tankyrase 2 (top right) SAM-PARP YE and DAVK mutants. (Bottom) SEC trace of a 1:1 mixture of SAM-PARP
TNKS1 YE and TNKS2 DAVK, with TNKS2 DAVK elution profile shown as a reference. The maximum absorbance at 280 nm (y-axis)
is normalized to 1 for each trace. (C) Isothermal titration calorimetry (ITC) of TNKS1 SAM-Linker YE with DAVK mutants (left; Kq of
469 = 38 nM), and TNKS1 SAM-Linker(YE) with TNKS2 SAM-Linker(DAVK) (right; K4 of 427 = 20 nM). K, dissociation constants.
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recapitulates the predicted interface between protomers.

Linker(YE) into '°N-labeled TNKS1 SAM-Linker(-
DAVK) produced profound shifts in residues at the
beginning of and throughout H5 [Fig. 4(A,B)]. Fur-
thermore, while a peak is not observed for Y1073 in
the initial spectrum of '°N-labeled TNKS1 SAM-
Linker (DAVK), backbone assignments of the bound
domain in a fully saturated sample confirmed the
appearance of an amide peak for Y1073 [Fig. 4(A)].
This suggests that Y1073 undergoes a conformation-
al exchange process in the monomeric SAM domain
and is stabilized upon dimer formation. Mapping of
the most perturbed residues [Fig. 4(B)] on the sur-
face of the dimer model confirms the predicted sur-
face to be directly involved [Fig. 4(C)]. Importantly,
the NMR data indicate that binding only occurs at
one interface, and does not appear to involve multi-
ple surfaces between TNKS1 SAM domains in solu-
tion. These results not only provide key support for
our model but also indicate that it can be used to
identify other candidate residues for monomerizing
mutations in the future.

Discussion

We have shown that TNKS polymerizes through its
SAM domain in a head-to-tail fashion to form a pre-
dicted helical oligomer. Mutations in the SAM
domain can generate folded, monomeric proteins
that can subsequently dimerize when mixed with
complementary surface mutations. Furthermore, we
have shown that the native SAM-SAM interactions
are relatively strong, with K4 values below 500 nM
for TNKS1 homodimerization and for TNKS1/
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TNKS2 heterodimerization. These values suggest
that oligomers formed in vivo may contain both
homomeric and heteromeric interfaces. Though this
work indicates a major role for the SAM domain in
TNKS oligomerization, the estimates of TNKS solu-
bility (<40 nM)®® may imply that other regions, such
as the third ankyrin-repeat cluster,*® may also con-
tribute to oligomeric assembly.

Our results and their structural implications pro-
vide a basis to investigate (1) the role of oligomerization
for substrate PARylation in vivo; and (2) the potential
effects of the SAM domain on inhibitor binding.'°%1
How TNKS oligomerization affects substrate binding to
the ankyrin repeat regions, PARylation activity, and
subsequent ubiquitination of key cellular proteins such
as Axin and Angiomotin remain to be investigated. It is
likely that the multivalent nature of both TNKS oligo-
merization and its substrate or RNF 146 binding will be
affected by mutations in the SAM domain. This study
provides a path forward towards a fine-grained
approach to studying the importance of TNKS oligo-
merization in vivo.

Materials and Methods

Generation of the SAM oligomer model

The TNKS1 oligomer model was generated using a
combination of structural homology and computa-
tional efforts. Rosetta ab initio*® design was per-
formed on TNKS1 SAM domain (residues 1,018-
1,092) producing 62,200 models. Models
trimmed to include only the core SAM domain

were

PROTEIN SCIENCE ‘ VOL 25:1744-1752 1748



(residues 1,026-1,088) for further modeling. The top
model was used to search the PDB using TM-align?®
for structurally similar SAM domains that appear in
deposited structures with multiple SAM folds. The
top structural homologs identified by TM-align with
SAM-SAM interfaces were used to generate starting
positions for the oligomer model; these deposited
structures were structurally aligned with our isolat-
ed SAM model, then used to model and refine the
TNKS1 SAM oligomer in helical symmetry with
RosettaCM.*® During sampling, the side-chains,
backbone, and symmetric definition were allowed to
change and fragment insertion was allowed at all
positions. No restraints were used, allowing for full
degrees of motion. The final oligomer models con-
verged on the same mode of interaction (SAM-SAM
angle) most resembling the interface present in the
PDB entry 1PK1. Therefore, while the SAM domain
fold was predicted, this initial model was compared
to homologous SAM structures to find clues about
potential oligomeric interfaces. Hence the final mod-
el is a combination of fold prediction and homology
assisted modeling.

Protein expression and purification

Mouse TNKS1 and human TNKS2 fragments or
full-length protein were cloned into a pET-28a
expression plasmid (Novagen, Madison, Wisconsin)
with an N-terminal Hisg tag and tobacco etch virus
(TEV) cleavage site and/or a pAL-SUMO plasmid
(Zheng Lab, University of Washington) with N-
terminal Hisg, SUMO tag, and TEV protease site
upstream of the TNKS sequences. Site directed
mutagenesis in the SAM domain was used to gener-
ate soluble TNKS fragments. All tags were removed
before protein use unless otherwise noted. All
regions in mouse TNKS1 used have 100 percent
sequence identity to the human sequence at the pro-
tein level.

All proteins were expressed in Escherichia coli
(BL-21) by induction with 0.10-0.20 mM isopropyl f-
D—1-thiogalactopyranoside (IPTG; Research Prod-
ucts International, Mt. Prospect, IL) at an attenu-
ance (D) of 0.6-1.2 at 600 nm in either LB media or
15N/13C minimal mops media and grown over night
at 16°C. TNKS1 SAM-PARP (residues 1,024-1,314)
and TNKS1 SAM-Linker (residues 1,024-1,102) con-
struct mutants (Y1073E and D1055A/V1056K) and
TNKS2 SAM-Linker (residues 871-952) mutants
(D902A/V903K and Y920E) were purified by Ni-NTA
resin (Qiagen, Hilden, Germany), followed by dialy-
sis in the presence of His-tagged TEV protease to
remove imidazole. TEV was captured on Ni-NTA col-
umn and the eluates containing TNKS proteins
were concentrated and further purified by SEC.
TNKS2 SAM-PARP (residues 871-1,166) mutants
(D902A/V903K and Y920E) were purified by Talon
resin (Clonetech, Mountain view, CA), followed by a
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TEV cleavage to remove tags, and dialyzed over-
night at 4°C. After capturing TEV on a Talon resin,
protein was then diluted in 30 mM MES pH 6.0
buffer to a salt concentration of <50 mM and puri-
fied using an SP column (GE Healthcare, Pitts-
burgh, PA). Protein eluted from the SP column near
350 mM NaCl, was concentrated, and further puri-
fied by SEC into appropriate buffers.

Size exclusion chromatography and SEC-MALS
Size exclusion chromatography (SEC) and SEC-
multi-angle light scattering (SEC-MALS) was per-
formed at room temperature on a Superdex 200 10/
300 GL (GE Healthcare) and a Superdex 200
Increase 3.2/300 (GE Healthcare), respectively, in
running buffer (20 mM Tris-HCI pH 7.5, 150 mM
NaCl). For SEC, ~80-100 pg of samples was protein
was injected in a 100 uL. volume and elution profiles
were monitored at 280 nm on an AtkaPurifier (GE
Healthcare). Fifteen microliters of SEC-MALS sam-
ples were injected at 2 mg mL ™! onto a AktaPure
purification system (GE Healthcare) equipped with a
MiniDawn TREOS and a Optilab T-rEX detectors
(Wyatt, Santa Barbara, CA). SEC-MALS data was
processed in the Astra (Wyatt) software. Reported
molecular weights are average values over the
length of the peak.

ITC

ITC was performed on a VP-ITC MicroCal colorime-
ter (Malvern Instruments, Worcestershire, United
Kingdom) at 20°C. Proteins were dialyzed into
25 mM sodium phosphate pH 7.0, 150 mM NaCl
buffer overnight before use. For TNKS1-TNKS1
SAM binding, TNKS1 SAM-Linker (D1055A/
V1056K) was concentrated to 400 uM (titrant) and
TNKS1 SAM-Linker (Y1073E) was used at 20 pM
(titrand). For TNKS1-TNKS2 binding, TNKS1 SAM-
Linker (Y1073E) protein was concentrated to 400
uM (titrant) and the TNKS2 SAM-Linker (D902A/
V903K) mutant (residues 871-952) was concentrated
to 20 pM (titrand). Proteins were degassed before
use. Titrant was added in 5 pL injections with a
delay between each addition of 300 s. A total of 40
injections were performed for each titration. Data
was analyzed with the Origin 7.0 software (Origin-
Lab Corp, Wellesley Hills, MA); curves were fit to a
1-site model.

NMR spectroscopy

NMR data was collected on a Bruker Avance 600
mHz spectrometer fitted with a TCI CryoProbe
(Bruker, Billerica, MA). All NMR data sets were
obtained at 25°C in 25 mM sodium phosphate pH
7.0, 150 mM NaCl. A standard set of triple reso-
nance NMR experiments (CBCACONH, HNCACB,
HNCOCA, HNCA)®%%3 were used for assignments of
the TNKS1 SAM-Linker(D1055A/V1056K) protein
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(assigned residues: 1,025-1,099) were acquired with
250 pM  '’N-13C-labeled TNKS1 SAM-Linker
(D1055A/V1056K), in the absence and presence of
322 uM unlabeled TNKS1 SAM-Linker (Y1073E)
(bound spectrum). For the bound spectrum, assign-
ments were guided by the unbound spectrum and
were confirmed by triple resonance experiments.
Assignments can be found in the Supporting Informa-
tion. "N-HSQC experiments were performed with
150 uM '°N-labeled TNKS1 SAM-Linker (D1055A/
V1056K) in the absence or presence of 38, 75, 94, and
165 pM unlabeled TNKS1 SAM-Linker (Y1073E). All
NMR data was processed with NMRPipe.>* Peak
intensity, chemical shift analysis, and NMR assign-
ments were determined using NMRViewd.?® Pre-
dicted chemical shifts for the disordered sequence of
TNKS1 SAM-Linker(D1055A/V1056K) were generat-
ed using a SBiNLab java script coded by Alex Maltsev
using published calculations.’®®® Deviations from
predicted intrinsically disordered chemical shifts
were calculated by the formula A3'3Ca-A3'3CB [ppml,
where A3'2Ca and A3'3CB are the difference between
the disordered values and experimental values for Ca
chemical shifts and CB chemical shifts, respectively.
Chemical shift perturbations were determined using
the formula A8j=[(*®NA%j/5)% + (*HASj)?*1Y2 where
15NASj and 'HASj are the difference in chemical shift
between the bound and unbound states of TNKS1
SAM-Linker(D1055A/V1056K), respectively. The top
15% most perturbed residues were mapped onto the
surface/cartoon of two SAM domain protomers within
the oligomeric model of TNKS1.
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