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The RNA-binding protein TIAR is an mRNA-binding protein that acts as a translational repressor, particularly important
under conditions of cellular stress. It binds to target mRNA and DNA via its RNA recognition motif (RRM) domains and is
involved in both splicing regulation and translational repression via the formation of “stress granules.” TIAR has also been
shown to bind ssDNA and play arole in the regulation of transcription. Here we show, using surface plasmon resonance and
nuclear magnetic resonance spectroscopy, specific roles of individual TIAR domains for high-affinity binding to RNA and
DNA targets. We confirm that RRM2 of TIAR is the major RNA- and DNA-binding domain. However, the strong nanomolar
affinity binding to U-rich RNA and T-rich DNA depends on the presence of the six amino acid residues found in the linker
region C-terminal to RRM2. On its own, RRM1 shows preferred binding to DNA over RNA. We further characterize the
interaction between RRM2 with the C-terminal extension and an AU-rich target RNA sequence using NMR spectroscopy
to identify the amino acid residues involved in binding. We demonstrate that TIAR RRM2, together with its C-terminal
extension, is the major contributor for the high-affinity (hM) interactions of TIAR with target RNA sequences.

Introduction

TIA-1 (T cell restricted intracellular antigen-1) and TIAR
(TTA-1 related protein) are nucleo-cytoplasmic shuttling, multi-
functional RNA-binding proteins (RBPs) that play important
roles in the regulation of gene expression.? In the nucleus, they
have been shown to be involved in both the regulation of tran-
scription by binding to single-stranded T-rich DNA (ssDNA)
targets and alternative pre-mRNA splicing by binding to U-rich
RNA targets and promoting the recognition of atypical 5' splice
sites.">!% In the cytoplasm, they are involved in translational
repression when cells are under stress by binding to specific RNA
elements (sometimes rich in specific residues, such as U, CU, AU,
etc.) of target mRNAs and sequestering the bound mRNA into
stress granules, where mRNAs are generally stable and transla-
tion is suppressed.'> RNA regulatory elements are commonly
found in the 3" and 5' untranslated regions (UTRs) of mRNAs
subject to rapid changes in stability and translation, including
those that encode cytokines, pro-inflammatory mediators, stress-
response proteins, extracellular matrix remodeling enzymes and
oncoproteins.'®" Most recently, TTA-1 and TTIAR have also been
found to arrest translation at the initiation step, through the
binding of 5"-oligopyrimidine (TOP) elements under periods of
stress. TOP elements occur predominantly in mRNA encoding

ribosomal proteins and translation factors that are not required
during stress.?’

There has thus been much interest in characterizing the
molecular basis for substrate recognition by TIA-1 and TIAR.
Investigations of its ability to bind to DNA suggest that TIA-1
and TIAR are recruited to transcriptionally active T-rich DNA
from where they would be positioned to form complexes with
target mRNA.! This could assist their binding to mRNA target
sequences preferentially over other RBPs with similar affinities,
such as AU-binding factor 1 (AUF1), Tristetraprolin (TTP) and
Human antigen R (HuR) to dictate the final outcome for the
mRNA. While TIA protein binding to target mRNAs can lead
to translational repression, AUF1 or TTP binding leads to rapid
decay of the target mRNA.!>1>25 Alternatively, HuR-mRNA
interactions can lead to stabilization of the mRNA targets*®?
or, in some cases, to reduced translation.?® This interplay is par-
ticularly important in fine-tuning the innate immune response
where slightly prolonged expression of inflammatory genes
leads to chronic inflammation.? It is proposed that TIAR plays
a role in preventing the pathological overexpression of inflam-
matory mediators such as TNF-a, IL-1B and COX2 as occurs
in rheumatoid arthritis.?” Previously, we have reported on the
ability of TIAR to bind to C-rich sequences®® and on the simi-
larities and fundamental differences between TIAR-mRNA and
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HuR-mRNA interactions in terms of their binding affinities,
kinetics and mode of interactions.’® Here we further character-
ize the roles of different regions of TIAR in binding to substrate
RNAs to better understand how exactly it exerts its strong bind-
ing to mRNAs that bear these sequences.

TIAR is a 375-amino acid protein belonging to the RNA-
recognition motif (RRM) containing a family of RNA-binding
proteins [also known as the RNA-binding domain (RBD) or
ribonucleoprotein domain (RNP)]. It possesses three RRMs,
which share high-sequence homology with TIA-1 (RRM1: 79%,
RRM2: 92%, RRM3: 91%) and a glutamine-rich carboxyl ter-
minal region, which shares 51% homology with TIA-1 (Fig. 1A).
Longer isoforms (TIARa and TIA-la) created by alternative
splicing also exist for both TIAR and TIA-1%* and it has been
shown that the relative expression of TIAR and TTA-1 isoforms
varies in different tissues and cell lines suggesting distinct func-
tional properties and regulatory mechanisms underlying the
isoform expression.?* SELEX studies by Dember and colleagues
reported that TIAR preferentially binds to U-rich sequences.*
They showed that the three RRMs of TIAR confer high affin-
ity binding to U-rich RNA sequences with each contribut-
ing variously to the interaction (overall K ~20 nM), while the
C-terminal 90-amino acid residue glutamine-rich sequence is
essential for stress-granule formation.'>"3%% Since then, it has
been recognized that TIAR also forms stable interactions with
AU-rich sequences.?!

The RRM is a very commonly used motif in the cell (with
0.5-1% of all human genes utilizing an RRM) and its general
structure is well described.?**” The RRM is 70—90 amino acids
long and consists of a four-stranded B-sheet packed against two
a-helices with BaBBaf topology (Fig. 1B). It has been observed
that most RR Ms specifically recognize between two and eight sin-
gle-stranded nucleotides against the surface of the four-stranded
B-sheet. In particular, RRMs contain two ribonucleoprotein
(RNP) consensus domains (known as RNP1 and RNP2) that
contain three conserved aromatic residues. The RNPs accommo-
date two bound nucleotides via ring-stacking interactions and a
network of specific hydrogen bonds that dictate molecular speci-
ficity.*>¥ The RNA-binding is not always limited to the RNPs,
however. Recent studies reveal deviations from the classic mode
of interaction where the linker region between RRMs, the loops
between secondary structure components or the C-terminal
extension of the RRM also contribute significantly toward RNA-
binding specificity and affinicy.**4!

TIAR and TTA-1 RRMs have been subject to both structural
and biophysical studies to better understand their interactions
with oligonucleotide. No structure of a TIA protein RRM in
complex with RNA is yet reported, though structures of the indi-
vidual TTAR RRMs have been elucidated using NMR (PDB IDs:
1X4G, 2DH7, 2CQI). The three RRMs all share the canonical
RRM fold with the three conserved aromatics in the RNPs. The
structure of the TTA-1 RRM2 has also been solved, by both NMR
and X-ray crystallography, and its RNA interaction surface has
been investigated using NMR.“**> Chemical shift perturbation
analyses with pentamer U-rich RNA (5-UUUUU-3') revealed
that most of the RRM2 B-sheet surface, including residues
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within or adjacent to conserved RNP consensus motifs and the
B4 C-terminal extension, is involved in the RNA binding.

Despite their seeming similarity in structural features for the
accommodation of oligonucleotide, the three RRMs of TIA pro-
teins do not contribute equally to oligonucleotide binding. The
early work by Dember et al.,** using nitrocellulose filter binding
assays, showed that RRM2 is both sufficient and necessary for
binding to U-rich elements and that RRM3 can bind to RNA
but may have other specificities besides U-rich elements. This is in
agreement with our work using surface plasmon resonance (SPR)
to examine TIAR binding to U-rich and AU-rich sequences.’!
There was no increased affinity of a TIAR construct comprising
all three RRMs (RRM123) compared with TIAR comprising
only the first two RRMs (RRM12) to a U-rich sequence, and just a
small enhancement in binding to an AU-rich sequence—in agree-
ment with there being only a minor role for RRM3 binding to
such sequences. The early Dember study also detected no binding
to U-rich RNA by RRM1 alone, though a slightly higher affinity
by RRM12 (K = 40 nM) than RRM2 (K, = 50 nM) suggested
that RRM1 does contribute a little toward binding to U-rich
sequences.** Later studies reporting affinity measurements using a
UV-cross-linking method by Suswam et al.'” revealed that while
TIAR RRMI interactions with U-rich RNA were not detectible,
interactions with T-rich ssDNA occurred with significant affinity
(K, = 43 nM), suggesting that the primary role of RRM1 is to
interact with DNA. In a slightly different approach, Bauer et al.*
tested U-rich RNA binding by TIA-1 RRM mutants using ITC.
Their work was consistent with all three RRMs being involved in
binding to U-rich RNA, but with unequal contributions.

Having established that TIAR RRM3 contributes negligibly
to the overall binding affinity to U-rich sequences as detected by
SPR, we turned our attention to the first two RRM domains of
TIAR. Here, we investigate both the affinity and kinetics of differ-
ent TIAR RRM domains binding to a 17-nt U-rich RNA sequence
to fully explore the roles of separate TIAR domains in achieving
the high affinity (nanomolar) interactions observed. Kinetics stud-
ies provide additional insight into the basis for complex affinity
and specificity. Since it has been shown that TIAR RRM123
interacts strongly with ssDNA as well as with RNA,'*3! we further
characterized the roles of the first two RRMs of TIAR in T-rich
DNA binding compared with U-rich RNA binding, showing
the involvement of both domains in DNA interactions. We also
report the unexpected enhancement by the C-terminal extension
of TIAR RRM2 toward binding to substrate U-rich RNA and
T-rich DNA. The unstructured region outside or between the clas-
sic RRM motifs has previously been noted for its ability to inter-
act with target oligonucleotide. 444 Thus, it was of interest to
discover how it affects RNA and DNA binding by TIAR. Finally,
NMR spectroscopy was employed to obtain further insight into
the involvement of the specific TIAR RRM2 residues as well as
those in the C-terminal extension in binding RNA in solution.

Results
Different TIAR domains have distinctive roles in RNA bind-

ing. Proteins representing one and two RRM domains of TIAR
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Figure 1. TIA protein sequence alignment and domain structure. (A) Sequence alignment of TIA protein isoforms highlighting secondary structural el-
ements within the RRMs as derived from structural information (in white font) and positions of RNP motifs (boxed). (B) Cartoon representations of TIAR

led secondary structural elements. (C) Schematic showing the bounds of

isoform b (RRM1, RRM2 and RRM12) were prepared in order
to characterize their binding to U-rich RNA and T-rich DNA
sequences using SPR. It was noted that the original RRMI12
and RRM2 constructs (from Dember and colleagues)* extend
36 amino acids C-terminal to RRM2 (to amino acid residue
208). Shorter constructs were therefore cloned that extend only
three residues C-terminal to RRM2 domain as defined by the
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end of the determined secondary structure (to amino acid resi-
due 175; PDB ID: 2DHY7). These are referred to as “RRM12
short” (RRM12%) and “RRM2 short” (RRM25) (Fig. 1C). It
became apparent, however, in the course of our studies, that the
original RRM12 and RRM2 are susceptible to specific proteo-
lytic cleavage at residue 181 (as determined by the mass spec-
determined molecular weight of the cleaved RRM12 and RRM2
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Figure 2. Kinetic analysis of the interactions of different TIAR constructs with U-rich RNA using SPR. The binding of (A) TIAR1, (B) TIAR2S, (C) TIAR12®
and (D) TIAR2" to a U-rich RNA is shown. Biotinylated RNA was captured on SA-coated sensor chip and increasing concentrations of protein were
injected over the surface. Injections were performed for 120 sec (association phase), followed by a 300 sec flow of running buffer to assess dissocia-
tion. The experiments were conducted in duplicate and showed good overlap. The red line represents the binding responses for injections of protein
analyte at specified concentration over the RNA surface. The kinetic data were fit by a 1:1 Langmuir binding model. Mass transport effects were not
evident. The black curves superimposed on top of the sensor grams represent the model fitted curves. The rate constants k, and k, were determined
simultaneously as global fitting parameters from which the K, was determined. The resulting parameter values are given in Table 1.

and subsequently confirmed by the full sequential assignments
of backbone resonances for RRM2 by NMR). For the purpose
of this study, these constructs are referred to as “RRM12 long”
(RRM12%) and “RRM2 long” (RRM2Y), respectively, for ease of
comparison with the shorter constructs. The four sensorgrams
(Fig. 2) show the binding of a range of concentrations of RRM1,
RRM2%, RRM2" and RRM12° when injected across the U-rich
RNA-coated chip. The association rate constants (£), disso-
ciation rate constants (k,) and overall equilibrium dissociation
constants (K) for each protein, as approximated by a simple 1:1
Langmuir binding model, are shown in Table 1 and the residual
plots and statistics (x?) for the fitting are supplied in Figure S1.
Our previous studies showed that RRMI12' and RRM123
both bind U-rich RNA with nM affinities (K, -1 nM) and
bind with similar association and dissociation rate constants,
demonstrating that RRM3 does not contribute detectably to,
or impact on, the overall binding affinity to a U-rich RNA
sequence.’” RRM1 showed no detectable binding to the
U-rich RNA (Fig. 2A). Since strong binding was observed for
the TTAR RRM12* construct, this confirms RRM2 as the major
U-rich RNA-binding domain as consistent with the report by
Dember et al.** We therefore examined the binding of RRM2
alone (RRM2%) with U-rich RNA anticipating strong nanomolar
binding. But unexpectedly, we observed a much lower binding
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affinity of K of -5 WM with a fast off-rate evident in the rapid
return of the sensorgams to zero at the end of the injection period
(Fig. 2B). From this observation, we concluded that either there
is a contribution to binding from RRM1 N-terminal to RRM2,
and/or that the six extra residues at the C terminus of TIAR
RRMI2" were also contributing to binding. Thus, we examined
the binding of RRM12% and RRM2" to U-rich RNA to be able to
distinguish between the role of RRM1 and the C-terminal exten-
sion in contributing to RRM2 binding respectively (Fig. 2C and
D). Interestingly, RRM12% bound with a 5-fold higher affin-
ity (K, -1 wM) than RRM2, though a fast off-rate was still
observed, and RRM2" bound with > 25-fold higher affinity than
RRM2® (K, = 195 nM), reflecting the dramatically slower off-
rate kinetics. This suggests that not only is the RRM2 domain
responsible for U-rich RNA binding, but that some or all of TIAR
N-terminal to RRM2, and especially the C-terminal extension
beyond the classically structured RRM2 motif, contribute sig-
nificantly toward U-rich RNA binding.

The detailed kinetic analyses of separate TITAR RRMs bind-
ing U-rich RNA is shown in Table 1, and it reveals some very
interesting “hidden” information about their binding. The pres-
ence of six extension residues (KPPAPK) at the C terminus of
RRM2 has a remarkable effect on the dissociation rate constant,
but not so much on the association rate constants of binding.
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Table 1. Kinetic and affinity constants for the interactions of different TIAR RRMs with U-rich RNA

Protein RNA k, (1/Ms) k, (1/s) K, (k /k,, nM)
TIAR RRM1 U-rich N/A N/A no binding
TIAR RRM2° U-rich (3.49 £ 0.09) x 10* (1.84 £ 0.03) x 107 5,300 £ 200

TIAR RRM12° U-rich (2.30 £ 0.02) x 10° (2.77 £0.02) x 10 1,200 £ 20
TIAR RRM2" U-rich (1.84 £ 0.01) x 10° (3.60£0.1) x 10* 200+ 6

The association and dissociation rate constants (k. and k) were determined as global fitting parameters for a 1:1 binding model. The error shown is
derived from the fit of the calculated curves to the data. The equilibrium dissociation constant K was determined as k /k_.

RRM2" as well as RRM12" from our previous studies® both
have much slower dissociation rate constants of ~10? to 10 s
compared with ~10" s for those without the extension (RRM2°
and RRM12%) (Table 1). However, the association rate constants
are closer in value for both RRM25 and RRM2" (-10% to 10°
M's) as well as for RRM12% and RRM12% (-10° to 10° M''s
") (Table 1; ref. 31). This suggests that the C-terminal exten-
sion residues are more likely to be involved in the stability of the
TIAR-RNA interactions, but not so much in the initial forma-
tion of interactions.

In contrast, the effect of the presence of RRM1 is on the asso-
ciation rate constant. A comparison of RRM12' and RRM2*
reveals that they both have dissociation rate constants that are
close in value (~10? to 10" s) but a very much increased associa-
tion rate constant when RRM1 is present (-10° for RRM2" com-
pared with 10° M"'s” for RRM12") (Table 1; ref. 31). Comparing
RRM125 vs. RRM2* also shows that they have similar dissocia-
tion rate constants (107 s) but that the association rate constant
increases when RRM1 is present (-10* for RRM2° compared with
~10° Ms? for RRM12%). These results suggest that the RRM1
and/or the linker region between RRM1 and 2 could potentially
be involved in the initial interaction with the U-rich RNA, giving
rise to the faster association rate constants, but not likely to be
involved in the stability of the TTAR-RNA complex.

Different TIAR domains also have distinctive roles in DNA
binding. Since TIAR has also been identified by ourselves and
others as interacting with T-rich DNA via its first two RRM
domains,'®" it was of interest to also perform a detailed bind-
ing study with the same TIAR constructs (RRMI1, RRM25,
RRM2"and RRM125). Their binding to a T-rich DNA sequence
was therefore characterized using SPR (Fig. 3). The four sensor-
grams show the binding of a range of concentrations of RRM1,
RRM2%, RRM2" and RRM12% when injected across the T-rich
DNA-coated chip. The association and dissociation rate con-
stants (£ and 4,) and overall equilibrium dissociation constants
(K,) for each binding were estimated by a 1:1 Langmuir binding
model (Table 2) and the residual plots and statistics (x?) for the
fitting are supplied in Figure S1.

Figure 3A shows that RRMI1 binds DNA with micromolar
affinity (21 wM) indicating a dramatic preference for binding
DNA over RNA. RRMI2" from our previous study however
showed strong binding to the T-rich DNA with low nanomolar
affinity (200-fold stronger binding), confirming RRM2 as the
major DNA-binding domain.?' We therefore examined the bind-
ing of RRM2 alone (RRM25) to DNA again anticipating strong
nanomolar affinity binding. But just as we observed with the
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RNA binding, we measured a relatively low affinity of K ~15 uM
(Fig. 3B). This suggested that again, there is a contribution to
binding from RRMI1 N-terminal to RRM2, and/or that the six
extra residues at the C terminus of TTAR RRM12! also contrib-
ute to binding. Thus, we examined the binding of RRM125 and
RRM2" to T-rich DNA to be able to distinguish between the role
of RRMI and the C-terminal extension residues in contributing
to RRM2 binding to DNA, respectively. Interestingly, RRM12°
bound with ~50-fold higher affinity (-300 nM) than RRM?25
and RRM2" binds with > 100-fold higher affinity than RRM?25
(Fig. 3C and D). These results demonstrate that the first two
RRM domains of TIAR both participate in T-rich DNA bind-
ing. TIAR RRM2 is still the major binding domain and the six
C-terminal extension residues of RRM2 is heavily involved in
binding again. RRM1, however, shows pM binding to T-rich
DNA whereas it did not show any binding to U-rich RNA on
its own.

The detailed kinetic analysis of separate TTAR RRM:s binding
T-rich DNA is shown in Table 2, and again it provides us with
insight into TTAR binding. As was observed for RNA binding,
the presence of the C-terminal extension mainly impacts on the
dissociation rate constant. RRM2! has a much slower dissocia-
tion rate constant (10 s) compared with RRM2% (-1 sec™),
whereas the association rate constants are relatively similar (-10*
to 10° M's?). This suggests that the C-terminal extension of
RRM2 plays an important role stabilizing complex formation
with DNA, but does not contribute to the initial formation of
the complex.

The presence of RRM1, however, impacts on both the associa-
tion and dissociation rate constants in a way that promotes TTAR
binding to DNA. RRM125 has a slower dissociation rate constant
(102 s) than RRM2° (-1 sec”) and a slightly faster association
rate constant (-10° M's") compared with that of RRM2° (-104
M-s™) (Table 2). RRM1 then appears to contribute to the initial
interaction with DNA and also to the stability of the TTAR-DNA
complex.

Key residuesin TTAR RRM2 and its C-terminal linker region
involved in binding U-rich RNA. Having confirmed TIAR
RRM2 with its short C-terminal extension of six amino acid resi-
dues (KPPAPK) as the key RNA (and DNA) binding domain, it
was of interest to identify the specific regions (residues) involved
in binding U-rich RNA, especially in the extension region. Thus,
NMR spectroscopy was employed to examine their interactions
in solution. The involvement of linker regions in binding to
U-rich RNA has been reported previously in other RRM proteins
such as TIA-1 and HuR/D,*"44% but identification of specific
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Figure 3. Kinetic analysis of the interactions of different TIAR constructs with T-rich DNA using SPR. The binding of (A) TIAR1, (B) TIAR2S, (C) TIAR12® and
(D) TIAR2" to a T-rich DNA is shown. Biotinylated DNA was captured on SA-coated sensor chip and increasing concentrations of protein were injected
over the surface. Injections were performed for 120 sec (association phase), followed by a 300 sec flow of running buffer to assess dissociation. The
experiments were conducted in duplicate and showed good overlap. The red line represents the binding responses for injections of protein analyte at
specified concentration over the DNA surface. The kinetic data were fit by a 1:1 Langmuir binding model. Mass transport effects were not evident. The
black curves superimposed on top of the sensor grams represent the model fitted curves. The rate constants k and k, were determined simultane-
ously as global fitting parameters from which the K was determined. The resulting parameter values are given in Table 2.

residues within the region and their direct impact on binding
affinity and kinetics to U-rich targets has not been fully explored.
Double-labeled (®N,”C)-RRM2" was prepared from which the
sequence-specific resonance assignments of H, HN, C’, Cat and
CP were generated for RRM2" (94-181), both in the apo state
and in complex with AU-rich RNA (5-UUAUUU-3"). The
assignments of the complex were essentially complete with the
exception of the resonances for P177. Figure 4A shows (°N,'H)-
HSQC spectra of RRM2" alone and in complex with different
concentrations (protein:RNA molar ratio of 1:0, 1:0.4, 1:0.8 and
1:1.2) of AU-rich RNA (5-UUAUUU-3"). The chemical shift
perturbation values of backbone amide, Cae and CP resonances
upon binding of RNA were quantified from the HNCACB spec-
tra acquired in the apo state and at a protein:RNA ratio of 1:1.2.
The length of the 6-nt AU-rich RNA was chosen to maximize
the interaction with the protein while minimizing the possibil-
ity of observing multiple modes of binding, and its sequence
was designed to provide a more stable complex with TIAR than
U-rich sequence based on our previous findings from the kinetic
studies of TIAR binding U- vs. AU-rich RNA.*!

Upon addition of the RNA, progressive chemical shift pertur-
bations of specific RRM2" amide resonances were observed with
increasing RNA concentrations, indicating that these RRM2*
resonances are in fast chemical exchange between their apo- and
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RNA-bound states compared with the NMR time-scale. Overall,
the cross-peaks strongly affected by the binding to AU-rich RNA
are located on the B-sheet side of RRM2" and include B1 (F97-
D103), B2 (A126-V129), B3 (K138, G139, G141, F142 and
S144), B4 (T170-A173) and the C-terminal extension residues
T174, R175 and K176 (Fig. 4). Interestingly, the C-terminal
extension residues, T174, R175 and K176, were among the most
strongly affected by RNA binding. These results strongly support
our SPR binding data as they are consistent with both RRM2
and the C-terminal extension region interacting with the RNA
target underlying the observed nanomolar affinity. Moreover,
residues P178, A179, P180 and K181 show only small chemical
shift perturbation on RNA binding suggesting that these resi-
dues are not involved.

Discussion

The roles of TIAR domains in the formation of stable com-
plexes with RNA and DNA. TIA proteins play critical roles in
mRNA splicing, translational repression and sequestration of
mRNA into stress granules. Previous studies have shown that
TIA-1 and TIAR strongly interact with both RNA and DNA tar-
gets with nanomolar affinities.'***3"34 They do so via direct inter-
actions with U-rich RNA and with T-rich DNA, respectively,
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Table 2. Kinetic and affinity constants for the interactions of different TIAR RRMs with T-rich DNA

Protein DNA k, (1Ms)
TIAR RRM1 T-rich (1.12 £ 0.02) x 10?
TIAR RRM2° T-rich (713 £0.1) x 10*

TIAR RRM12° T-rich (2.54 £0.01) x 10°
TIAR RRM2* T-rich (3.36 £ 0.06) x 10°

k, (1/s) K, (k/k,, nM)

(.34 £0.02) x 10* 20,900 + 550

1.09 £ 0.01 15,200 + 350
(7.98 £ 0.02) x 102 31442
(2.23 £0.05) x 10* 66+3

The association and dissociation rate constants (k. and k) were determined as global fitting parameters for a 1:1 binding model. The error shown is
derived from the fit of the calculated curves to the data. The equilibrium dissociation constant K was determined as k /k_.

primarily through RRM domains 1 and 2. In the current study,
we further explore and compare the unique roles of the first two
RRM domains of TIAR binding by studying the kinetics and
affinity of their interactions with U-rich RNA and T-rich DNA
using SPR. Four constructs were prepared that encompassed
either TTAR RRM1 alone (RRM1) or in tandem with a “short”
version of RRM2 (RRM12%), a “short” version of RRM2 alone
(RRM25) and a “longer” form of RRM2 with six extra residues
at the C-terminal end of the construct (RRM2%). Between these
four constructs we could tease out the contributions of the vari-
ous domains to RNA and DNA binding affinity and kinetics.

Interactions with U-rich RNA are driven by RRM2, with no
binding to RNA observed for RRMI alone. In the case of T-rich
DNA binding, both RRM1 and RRM?25 individually bind with
low micromolar affinity, thus making equivalent and synergis-
tic contributions to binding. The presence of RRMI, in both
cases enhances the rate of association with oligonucleotide. Even
though binding by RRM1 alone to U-rich RNA could not be
observed, its presence could enhance the probability of an initial
interaction between the protein and RNA. Only in the case of
T-rich DNA binding did RRM1 also contribute to the stabil-
ity of the complex, as reflected in the slower disassociation con-
stant. Binding of RRM1 to DNA has previously been reported
and suggested to facilitate a shuttling between DNA and RNA
molecules at the site of active transcription.'” The current data
support this model, as RRM1 and RRM2 together confer good
affinity and stability to T-rich DNA. Upon the close proximity of
U-rich RNA, however, RRM2 could preferentially bind to RNA,
weakening the overall affinity to DNA and facilitating a transfer
to the RNA upon active transcription of the DNA strand.

The important roles of RRM1 and RRM2 have bearing on the
potential differences between TIA protein isoform activities. The
TIA protein isoforms (Fig. 1A) are expressed to different extents
in different tissues, consistent with their possessing slightly differ-
ent activities. TTA-1b, the variant more similar to TIAR, exhibits
enhanced splicing regulatory activity compared with TTA-la.%
TIA-1a has an extra 11 residues inserted between RRMI1 and
RRM2. This suggests that the cooperative behavior of RRMs 1
and 2 may be compromised by this insert. Whether the two TIAR
isoforms have different activities is not yet known. Here, we have
investigated the shorter of the two isoforms, TIARDb. The longer
TIARa isoform contains an extra 17 residues in the loop between
B2- and B3-strands of RRMI. This extended loop may impact on
oligonucleotide binding and awaits further investigation.

An unexpected feature of TIAR’s interactions with oligonucle-
otide was discovered due to our use of two different length RRM2
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constructs. The shorter constructs (RRM2°% and RRM12%) were
cloned to facilitate structural studies, but upon testing their bind-
ing to RNA and DNA, we determined that their binding to oli-
gonucleotide was greatly compromised. In a direct comparison of
RRM25 and RRM2! we found that the extra 6 C-terminal resi-
dues in the longer construct contributed 25-fold and 100-fold to
binding affinities of U-rich RNA and T-rich DNA respectively.
This was not due to a big change in the association rate constant
of the interactions but, rather, to a dramatic reduction in the dis-
sociation rate constant. Thus, it is this C-terminal extension to
RRM2 that is required for the nanomolar affinities reported for
TIAR binding to RNA and DNA.!*3!

The importance of linker regions in RBP interactions
with target RNA has also been shown in studies involving
Hu-proteins.**** It was shown that the linker region between
RRM2 and RRM3 of HuD protein affects the stability of its
interaction with substrate RNAs, as the dissociation rate constant
increased significantly in its absence whereas the association rate
constant remained relatively similar.* In the case of HuR, the
linker region between RRM2 and RRM3 again contributed sig-
nificantly to binding AU-rich RNA in a length-dependent man-
ner by increasing the RNA-binding affinity (> 30-fold).* The
specific residue(s) within the hinge region of HuR/D proteins
responsible for affecting the kinetics and affinity of their AU-rich
sequences are yet to be identified.

TIAR RRM2 as well as its C-terminal extension residues
are significantly involved in ARE-binding. The above findings
clearly indicate that RRM2 and its C-terminal extension resi-
dues are the key contributors to the nanomolar affinity interac-
tions observed between TIAR and its substrate RNAs. Thus,
we employed NMR spectroscopy to obtain further insight into
the involvement of specific residues of TIAR RRM2 and its
C-terminal extension in binding target RNA sequences in solu-
tion. Chemical shift perturbation mapping revealed involvement
of specific residues of RRM2" in forming complex with the 6-nt
AU-rich RNA target (5-UUAUUU-3"). These include residues
in RNPI and 2, as well as the residues on B-sheets and -a loop.
These are classic RNA target-binding sites on the RRM as shown
in many previous studies involving the RRM family of proteins
and their RNA targets.>*%

However, chemical shift mapping also implicates three resi-
dues C-terminal to RRM2: T174, R175 and K176. This find-
ing supports our SPR data and provides direct evidence for the
involvement of these residues in the stable TTAR-RNA complex
formation. The proline C-terminal to these residues, P177 might
also be involved in the interaction but since it precedes another
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Figure 4. Perturbations of TIAR2" chemical shifts upon RNA binding. (A) An overlay of the assigned (°N,'H)-HSQC spectra of TIAR2" alone and in
complex with different concentrations of 6-nt AU-rich RNA (5'-UUAUUU-3'). The molar ratio of TIAR2" to RNA is 1:0 (black), 1:0.4 (red), 1:0.8 (pink) and
1:1.2 (blue). (B) Chemical shift perturbation values for each residue were calculated at the TIAR2" to RNA 1:1.2 ratio as Ad = {[0.154 (8"°N)? + 0.25 (3"*Ca)?
+0.25 (3"*CB)? + (8'H)?1/4}"2 and plotted against the amino acid sequence of TIAR2". The 20 residues showing the largest perturbations upon RNA-bind-
ing are colored (red > 0.20 ppm; orange > 0.14 ppm; yellow > 0.08 ppm). (C) Cartoon representation of the TIAR RRM2 structure (PDB ID: 2DH7) with
residues affected by RNA-binding colored as in (B) with residues that showed lesser chemical shift perturbations upon RNA binding colored gray.

proline, P178 its resonances cannot be assigned using HNCACB/
HN(CO)CACB spectra acquired in the current study. However,
P178, A179, P180 and K181 were not significantly perturbed,
suggesting that the interaction does not extend to this part of
the linker region. More interestingly, of the three residues at the
C terminus of RRM2 involved in binding, two (T174 and R175)
are included in all our TIAR constructs containing RRM2.
K176 however is only included in the longer RRM2 constructs
used in our SPR experiments (RRM2" as well as RRM12" from
our previous studies),’* which showed higher affinity interac-
tions with U-rich RNA as a result of their slower dissociation
rate constants relative to the shorter constructs. Thus, K176 is
likely to be a key contact residue and play an important role in
stabilizing the TTAR-RNA complex. This finding highlights the
involvement of not only the residues within the classically struc-
tured TTAR RRM2, but also the residues outside the structured
motif in strong binding to U-rich RNA elements.
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The involvement of the unstructured region outside the
RRM in RNA-binding has also been documented in previous
studies involving other RBPs.” TIA-1 RRM2, which shares
92% sequence homology and an identical C-terminal exten-
sion with TIAR RRM2, has been investigated for its mode of
interaction with a target RNA.** Chemical shift perturbation
analyses of TIA-1 RRM2 with 5-nt U-rich RNA revealed that
amino acids perturbed by RNA-binding include residues across
the expected -sheet RNA-binding site as well as the C-terminal
extension (A173, R175 and K176).%° Their data are in agree-
ment with our results for TIAR RRM2 interactions with 6-nt
AU-rich RNA suggesting that they have similar modes of interac-
tion. Some differences were observed, however. V101 (RNP2),
Y140 and (RNP1), and Y146 and N147 (B3-a2 loop) in RRM2"
were significantly affected by the AU-rich RNA binding, but not
by the U-rich RNA binding in TIA-1 RRM2, possibly due to
their sequence specificity (6-nt AU- vs. 5-nt U-rich RNA). More
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importantly, however, K176 at C-terminal extension of RRM2
was strongly affected by both U- and AU-rich RNA binding in
TIA-1 and TIAR proteins, respectively. Therefore, this positively
charged residue at the conserved C-terminal extension of TTA-
proteins is likely to make a significant contribution toward high
affinity interactions between TTA-proteins and their target RNA
sequences.

The structural basis for the C-terminal interaction will not be
known until a TIA RRM2 domain is characterized in complex
with target RNA or DNA. There are several instances, however,
where the C-terminal extension region of an RRM has been seen
to adopt a defined structure upon oligonucleotide binding and to
form additional contacts with the oligonucleotide.**" In the
current study, analysis of the NMR data using TALOS + (Fig. S2)
suggest that the C-terminal extension in the RRM2" construct is
extended in both the apo and RNA-bound states. Furthermore,
there is no evidence for a major change in the secondary structure
in this region of the protein upon RNA binding. Thus, it appears
likely that additional electrostatic or hydrogen bond interactions
from sidechains of T174, R175 and K176 to the oligonucleotide
may underlie the remarkable extra stability and, thus, high affin-
ity that is demonstrated in the current study.

Materials and Methods

Plasmid construction and protein purification. Constructs for
TIAR isoform b (NCBI Refseq: NP_003243) RRM1 (residues
1-94), RRM25 (residues 96—175), RRM2" (residues 94-181)
and RRM125 (residues 8-175) (Fig. 1) were expressed in E. coli
strain BL21 (DE3). The culture was grown tillan OD_ of -0.8
was reached, induced with IPTG (0.5 mM) for 2.5 -3 h and
the cells were harvested by centrifugation. The cell pellets were
stored at -80°C overnight, thawed on ice and resuspended in
lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 5% Glycerol, 1 mM DTT, 0.1 mM PMSF).
Cells were lysed by gentle sonication and debris was removed
by centrifugation at 15,000 x g for 1 h. Supernatant was then
incubated with washed glutathione (GSH)-Sepharose beads (GE
Healthcare) with gentle mixing at 4°C for 4-16 h. After the beads
were washed with wash buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 1% Triton X-100, 5% Glycerol) for four times or more, the
TIAR proteins were cleaved from the GSH beads by incubating
them with thrombin at 4°C for 16-20 h and cleavage confirmed
by SDS-PAGE analysis. The proteins were further purified by
size-exclusion and cation-exchange chromatography. The con-
centration of each protein was determined using the Bradford
assay (BioRad) and by A280 measurements using theoretical
molar extinction coefficients (ProtParam). The extinction coef-
ficients were validated for folded protein; A280 measurements
were within 10% of measurements made in 6.0 M guanidinium
hydrochloride. The purity of each protein was confirmed by
SDS-PAGE.

Biosensor experiments. The dynamics of RNA/DNA-protein
interactions were characterized by surface plasmon resonance
(SPR) using a BIACORE T100 instrument (GE Healthcare).
The oligonucleotides used in the analyses were: The U-rich RNA
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[containing poly (U) stretches; 5-GGGGGGUUUUUUUUU
UUUUUUUUGGGGG-3'] and T-rich DNA (5“TTTTTT
ITTTTTTTTTTTTT-3"). The oligonucleotides were chemi-
cally synthesized carrying a 5'-biotin tag and supplied (as PAGE

purified oligonucleotides; Dharmacon Research, now part of
Thermo Scientific) to allow immobilization of the RNA/DNA
onto streptavidin-coated sensor chips (Series S Sensor Chip SA,
GE Healthcare). The RNA was deprotected (according to the
manufacturer’s instructions for propriety 2'-ACE deprotection),
and both RNA and DNA diluted to a final concentration of 1 pM
in HBS buffer (10 mM HEPES, pH 7.4, 150 mM NaCl) followed
by heating at 80°C for 10 min and cooling to room temperature.
The sample was then diluted 500-fold in running buffer (10 mM
HEPES, pH 7.4, 150 mM NaCl, 1 mM DTT, 0.025% surfactant
P20; GE Healthcare) and injected over the sensor chip surface at
10 pl/min at 25°C to generate a ~50 response unit (RU) RNA/
DNA surface (for a low-density surface). Proteins were serially
diluted in running buffer ata range of concentrations and injected
at 25°C at a flow rate of 50 pl/min for 2-3 min. Surface regenera-
tion to remove any protein that remained bound after 3—6 min
of dissociation was achieved using a 1-min injection of 2 M NaCl
at 50 wl/min. Analyses of protein concentrations were done in
duplicates and any background signal from a streptavidin-only
reference flow cell was subtracted from every data set. Data were
analyzed using a simple 1:1 Langmuir interaction model using
the Biacore T100 evaluation software (Biacore Inc.) to determine
the kinetics (association/dissociation rate constants; £ /k,) as well
as the affinities (K,) of the protein-RNA/DNA interactions.

Preparation of RRM2" (N,*C). Uniformly labeled RRM 2"
("N,”C) for NMR experiments was expressed in E. coli BL21
(DE3) in M9 salt-based minimal media supplemented with "N
NH,CI (1 g/L) and "C glucose (3 g/L) (Cambridge Isotope
Laboratory). The culture was grown till the desired OD_ of
0.8-1.0 was reached, induced with IPTG (0.5 mM) for 3 h and
the cells were harvested by centrifugation. The cell pellets were
stored at -80°C overnight, thawed on ice and resuspended in lysis
buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 5% Glycerol, 1 mM DTT, 0.1 mM PMSF) and
purified as a GST-fusion protein in the same way as the unlabeled
TIAR RRM2". The purified protein was then dialyzed into the
phosphate buffer (50 mM phosphate buffer pH6, 100 mM NaCl)
and concentrated to a final concentration of 300 wM with 10%
D,O.

NMR spectroscopy. Experiments were performed on a Varian
Unity AS600 MHz spectrometer at 25°C equipped with a cryo-
genically cooled triple resonance gradient probe. Standard triple
resonance experiments as well as 2D (N,'H)-HSQC were run
to obtain the H, HN, C’ C_and C, assignments of RRM2".
These include HNCA, HNCACB, HNCACO, HNCO and
CBCA(CO)NH. (N,'H)-HSQC spectra were recorded to
monitor the chemical shifts of RRM2" alone and with the
increasing concentrations of RNA. For RNA-titration experi-
ments, 6-nt AU-rich RNA (5-UUAUUU-3") (Dharmacon) was
added to RRM2" at protein:RNA molar ratios of 1:0, 1:0.4,
1:0.8 and 1:1.2. Triple resonance HNCA, HNCACB, HNCO
and CBCA(CO)NH spectra were acquired for RRM2" at the
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final protein:RNA ratio of 1:1.2. Data were processed using
NMRPipe’ and analyzed with SPARKY (Goddard and Kneller,
UCSF). Assignments are deposited at the Biological Magnetic
Resonance Bank for apo- and RNA-bound TIAR RRM2*
(BMRB accession numbers 19063 and 19064).

Conclusion

TIAR is a multi-functional protein shuttling between nucleus
and cytoplasm and plays an important role in the regulation
of gene expression, interacting strongly with both RNA and
DNA targets. This study reports the unique roles of individual
domains of TIAR as well as the linker region between them in
binding RNA and DNA targets by examining detailed kinet-
ics and affinity of their interactions. TTAR RRM2 is the major
binding domain for both RNA and DNA targets but the strong
low nanomolar affinity observed between TIAR and its tar-
gets is only achieved in the presence of its C-terminal exten-
sion as well as RRM1. Kinetic analysis reveals that the RRM2
extension residues may play an important role in the stability

of the TTAR-RNA/DNA complexes. RRMI, in contrast, con-
tributes toward the stability of TIAR-DNA complexes. The
specific structural role of the residues in the linker region
C-terminal to RRM2 in RNA/DNA binding remains to be
determined.
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