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Polypyrimidine tract binding protein (PTB) participates in a variety of
functions in eukaryotic cells, including alternative splicing, mRNA
stabilization, and internal ribosomal entry site-mediated translation
initiation. Its mechanism of RNA recognition is determined in part by the
novel geometry of its two C-terminal RNA recognition motifs (RRM3 and
RRM4), which interact with each other to form a stable complex (PTB1:34).
This complex itself is unusual among RRMs, suggesting that it performs a
specific function for the protein. In order to understand the advantage it
provides to PTB, the fundamental properties of PTB1:34 are examined here
as a comparative study of the complex and its two constituent RRMs. Both
RRM3 and RRM4 adopt folded structures that NMR data show to be similar
to their structure in PRB1:34. The RNA binding properties of the domains
differ dramatically. The affinity of each separate RRM for polypyrimidine
tracts is far weaker than that of PTB1:34, and simply mixing the two RRMs
does not create an equivalent binding platform. "N NMR relaxation
experiments show that PTB1:34 has slow, microsecond motions throughout
both RRMs including the interdomain linker. This is in contrast to the
individual domains, RRM3 and RRM4, where only a few backbone amides
are flexible on this time scale. The slow backbone dynamics of PTB1:34,
induced by packing of RRM3 and RRM4, could be essential for high-affinity
binding to a flexible polypyrimidine tract RNA and also provide entropic
compensation for its own formation.

© 2009 Elsevier Ltd. All rights reserved.
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Introduction

and distal from a given interaction site. NMR
relaxation methods are able to probe residue-specific

In recent years, there have been a significant
number of studies that relate molecular motions to
the functions of biological molecules. Examples
include such processes as enzyme catalysis, protein—
ligand interactions, and both inter- and intramolecu-
lar interactions between proteins."® Motions on a
biologically relevant time scale can vary from
picoseconds to seconds and occur both proximal
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Abbreviations used: RRM, RNA recognition motif; PTB,
polypyrimidine tract binding protein; GABA 4,
y-aminobutyric acid type A; EMSA, electrophoretic
mobility shift assay; GndHCI, guanidine hydrochloride;
HSQC, heteronuclear single-quantum coherence; ps-ns,
picosecond to nanosecond; is—-ms, microsecond to
millisecond; CSA, chemical shift anisotropy.

motions across this wide range of time scales and thus
are ideal techniques for gleaning detailed information
about the importance of motions of biological
molecules. The continuing challenge is to understand
which molecular motions are functionally relevant,
and for that assessment, there must be a means to
compare and contrast motions with function.

RNA recognition motifs (RRMs, also known as
RNA binding domains or RBDs) provide examples
of how backbone dynamics and function might be
related. The RRM is the most common eukaryotic
RNA binding domain, with over 150 structures
deposited in the Protein Data Bank (PDB) to date. A
typical RRM has Boppap secondary structure
folded into the o/p sandwich tertiary fold, with a
four-stranded antiparallel p-sheet. Very little varia-
tion in three-dimensional (3D) structure is seen
across the family.” In addition, RRMs are character-
ized by conserved RNP1 and RNP2 sequences that
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Fig.1. Features of a canonical RRM. A typical RRM has
an ap-sandwich fold (a) that consists of a four-stranded
antiparallel p-sheet packed against two a-helices. Two
RNP consensus sequences are important for protein
function and reside in the center of the p-sheet, with the
hexamer RNP2 sequence on 1, and the octamer RNP1 on
B3. All four RRMs of PTB have RNP sequences that differ
significantly from the RRM consensus (b). Important
differences include a lack of aromatic side chains in both
RNPs, which generally stack with RNA bases upon
binding, as well as a lack of a glycine residue at the
beginning of RNP1, thought to be important for mobility
of the adjacent loop, a feature important for binding in
other RRMs.

contain several aromatic side chains displayed on
the surface of the R-sheet (Fig. 1). In general, these
amino acids stack with RNA bases during binding
and thus define the canonical RNA binding surface.
The conservation of sequence and 3D structure leads
to the obvious question of how an RRM selects a
specific RNA target.

The most detailed studies of RRM binding have
focused on the human U1A protein, which specif-
ically binds with high affinity to an unstructured 7-
nt RNA sequence. The U1A RRM has been shown to
undergo rapid correlated motions that organize its
RNA binding surface,'’ and mutations that perturb
its dynamics have been shown to weaken its affinity
for RNA."""" The role of backbone dynamics in the
RNA binding of other RRMs has not been investi-
gated, so its generality remains to be established.
However, for RRMs that recognize simple RNA

sequences such as poly(A) binding protein'* or

U2AF" that also rely on several tandem RRMs to
confer affinity and specificity, backbone dynamics
could have little functional contribution to RNA
binding.

The RNA sequences bound by polypyrimidine
tract binding (PTB) protein are simple: typically
uridine rich, with interspersed cytosines. The lengths
of these sequences can vary enormously, yet PTB is
able to bind to (U/C) tracts from tetramers to
hundreds of nucleotides. PTB contains four RRMs,
all of which differ significantly from canonical RRMs
in terms of their RNP sequences'®'” (Fig. 1).
Specifically, PTB RRMs have hydrophobic side
chains replacing the solvent-accessible aromatic
amino acids on the 3-sheet surface. At the junction
of 3 and loop 3, a highly conserved glycine, thought
to act as a hinge for the loop, is replaced with a much
larger amino acid.'® The tertiary structures of RRM2
and RRM3 differ from the canonical RRM as well, for
both have a fifth p-strand that packs against 32 via a
long loop that spans the p-sheet surface connecting
5 to P4. This additional strand extends the
canonical RNA binding surface'”* at the same
time as the connecting loop occludes it, presenting
rather a conundrum regarding the -sheet contribu-
tion to RNA binding. These noncanonical RRMs are
phylogenetically conserved in PTB proteins, suggest-
ing a novel mode of RNA recognition.

The four RRMs of PTB are not equivalent in their
contributions to RNA binding or in their relative
geometry in the protein. RRM1 and RRM2 are
separated by a 25-amino-acid linker and are each
able to bind RNA as independent domains.'*?'
RRM2 and RRM3 are separated by an 80- to 100-
amino-acid linker, effectively separating the two N-
terminal RRMs from the two C-terminal RRMs. The
variation in this middle linker results from alterna-
tive splicing that produces three PTB isoforms,
PTB1, PTB2, and PTB4, which have identical RRMs
but insertions in the RRM2-RRM3 linker. The C-
terminal RRM3 and RRM4 are separated by a 24-
amino-acid linker, but in this case, the two RRMs
interact extensively””** and their linker is an
intrinsic part of their structure. The interface
between RRM3 and RRM4 involves both helices of
RRM3, one helix and p4 of RRM4, and the linker.
The orientation of RRM3 and RRM4 places their {3-
sheet surfaces in opposing directions and therefore
imposes a length constraint on a single RNA strand
that would bind to both surfaces.

Among characterized proteins with multiple
RRMs, only hnRNPA1, Prp24, and PTB have been
shown to exhibit RRM-RRM interactions that lead
to stable intramolecular complexes.”***> PTB
RRM3 and RRM4 together form a stable domain
that constitutes the free and bound forms of the
protein. RNAs preferentially bound by the two C-
terminal RRMs (PTB1:34) contain unstructured (U/
C), tracts from n=11 [y-aminobutyric acid type A
(GABA,) 2 intron] to n=120 (HCV 3’ NTR).*®
Short (U/C) tracts separated by poly(rA), spacers of
variable length were found to bind with highest
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Fig. 2. Juxtaposition of RRMs in PTB1:34 increased RNA binding affinity. Juxtaposition of RRMs in PTB1:34 increased
RNA binding affinityEMSAs were used to compare the relative binding affinities of the GABA 5 y2 pre-mRNA intron (a)
to the PTB1:34 protein constructs. PTB1:34 binds at the lowest protein concentration tested, 10 nM, while RRM4 does not
bind at all, even at the highest concentration tested, 10 uM (b). A similar comparison in (c) shows that RRM3 does bind to
this RNA, but with around 50-fold lower affinity than PTB1:34, as the first significant band shift does not occur at protein
concentrations less than 500 nM. Mixing RRM3 and RRM4 does not rescue the RNA binding (d), since an equimolar
mixture of the two domains binds with affinity similar to that of RRM3 alone. All EMSAs were run at 4 °C and included a
lane with RNA only as a negative control and a lane with 800 nM full-length PTB, which is known to bind to this RNA
with high affinity (Kp ~1 nM for the first binding event in these solution conditions), as a positive control.

affinity to PTB1:34 with a spacer of n=15.* The
variation in RNA targets implies a plastic binding
surface of PB1:34 that may be necessary to accom-
modate their sequences, lengths, and structures,
although the details of its interaction with long
polypyrimidine tracts are not known.

To understand the intrinsic properties of PTB1:34,
we compare it to its two RRM constituents using
NMR and "N NMR relaxation experiments. We
find that PTB1:34 has a uniquely configured pattern
of microsecond motions, unlike that of either RRM
alone. RNA binding properties of PTB RRM3 and
RRM4 and PTB1:34 are compared using one of the
known pre-mRNA targets of PTB. The physical
juxtaposition of RRMs in the PTB1:34 construct
produces a high-affinity RNA binding platform. We
suggest that part of its RNA binding affinity is due
to its motions that unify its two RRMs.

Results

Although the two C-terminal RRMs of human
PTB interact with each other through a stable
interface, they can be studied as separate RRMs.
Constructs of each RRM including a section of the
intervening linker were prepared such that when the
RRMs were mixed, all but two residues of the entire
linker sequence were present.

RNA binding

The relative RNA binding affinities of PTB1:34
and the individual RRMs were compared using a
120 nucleotide RNA from the rat GABA, y2 pre-
mRNA (Fig. 2), a natural target of PTB,*” which has
previous}’y been shown to bind PTB1:34 with high
affinity.”® This RNA is predicted to be single-
stranded with no stable secondary structure, so
that its two polypyrimidine tracts are accessible to
the protein. Footprinting experiments showed that
PTB1:34 protects both the 34-nt tract and the 11-nt
tract of the RNA, even at 10 nM protein.*®

The stoichiometry of PTB binding to this RNA is
not 1:1, so electrophoretic mobility shift assay
(EMSA) was used to assess the relative binding
affinities. As shown in Fig. 2, PTB1:34 binds with
high affinity to the RNA (binding is observed here at
10 nM protein), while RRM3 binding is approxi-
mately 50-fold weaker. The stoichiometry of RRM3
binding has not been determined, but as the gels
show, several complexes are observed with higher
concentrations of protein. Whether these higher-
order complexes result from protein-RNA or pro-
tein—protein interactions is not known. In contrast to
RRM3, RRM4 does not bind to this RNA in 50 to
200 mM NaCl at concentrations up to 10 pM. In an
attempt to restore affinity of RRM3, equimolar
RRM3 and RRM4 constructs were mixed and
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Fig. 3. Electrostatic potentials of PTB1:34 and the individual domains may contribute to their functional differences.
Electrostatic potential mapped onto the solvent-accessible surface area of PTB1:34 (a), RRM3 (b), and RRM4 (c), with
positive patches shown in blue and negative patches in red, shows that the interaction between RRM3 and RRM4
organizes the charge distribution of the protein and may be important to protein function.

bound to the RNA. Those data (Fig. 2) show that the
presence of RRM4 neither restores nor reduces the
affinity of RRMS3 for this RNA. The apparent affinity
of PTB1:34 for RNA could come from the physical
juxtaposition of the two RRMs. Estimating the Kp
of RRM4 at 10> M and that of RRM3 at 5x10~" M,
the afflruty of PTB1:34 might be simply Kpsx
Kpz=10""" M. Our calculated affinity for the f1rst
complex of PTB1:34 formed on this RNA is ~ 1 nM,*®
which is certainly within error of the estimated
affinity.

The properties of PTB1:34 that allow it to bind to
this RNA could include a unique electrostatic
potential surface that attracts the RNA strand.
Certainly, one feature of a polypyrimidine tract

with a high proportion of uridines is its flexibility,
and it could wrap around PTB1:34 to make contacts
between its phosphate backbone and positively
charged amino acid side chains. Indeed, RNA
binding is salt dependent over the range of 50 to
500 mM NaCl (although affinities have not been
quantified), indicating that some electrostatic com-
ponent does contribute to complex formation.

To characterize the surface electrostatics of
PTB1:34, RRM3, and RRM4, each construct was
analyzed using the adaptive Poisson-Boltzmann
solver (APBS) to calculate the electrostatic potential
surface.”” The results were mapped onto the
solvent-accessible surface area of each protein (Fig.
3) and show that the interaction between RRM3 and
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RRM4 creates a distribution of positive potential on
PTB1:34 that could be a path for the RNA backbone
and may contribute to RNA binding. This path
includes amino acids in the linker, and although
direct interactions between RNA and linker residues
have not been reported, they cannot be excluded
especially when the RNA strand is long enough to
wrap around the domain. Charge polarization of the
PTB1:34 domain localizes a negative potential on
one side of RRM4 and positive surfaces on RRM3
and RRM4 that could be important for organizing
and arranging protein—protein interactions in multi-
meric complexes.

Protein structure

Structure and stability

The structure of PTB1:34 has been solved by
NMR, 212 but there are no structures of the
individual RRMs. To compare the secondary struc-
tures of the proteins, CD spectra were measured
(Fig. S1). Each RRM has a stable secondary structure,
suggesting that each has adopted the predicted
tertiary fold. Two features of the constructs are
worth noting, however. The first is that the spectrum
of mixed RRM3+RRM4 does not reproduce the
spectrum of PTB1:34. In particular, the molar
ellipticity per residue of PTB1:34 is lower than that
of either RRM alone. The tertiary structure of PTB1:34
is rather notable for its low fraction of folded protein;
only 35% of the residues are part of p-strand or a-
helix.”* A large fraction of PTB1:34 residues is found
in the interdomain linker and loops.

The thermodynamic stability of the proteins was
compared using chemical denaturation and thermal
melting. Guanidine hydrochloride (GndHCI) dena-
turation profiles of all protein constructs were
measured by monitoring the CD signal at 222 nm
(Fig. 51). RRM3 denaturation can be fit by a two-
state model, with an unfolding free energy of
—6.3£0.6 kcal/mol. However, RRM4 and PTB1:34
denaturation curves are more complex. In particu-
lar, the denaturation profile of RRM4 did not show a
clear transition, but was noncooperative from 0 to
7 M GndHCL This type of denaturation profile has
been reported for proteins that are “downhill
folders.”” Such proteins are characterized by a
broad landscape of incremental free-energy wells
that could allow the structure to be adaptable over a
range of environments. The denaturation curve of
PTB1:34 likewise cannot be fit by a two-state
transition. We speculate that the initial increase in
negative ellipticity could arise from separation of the
two RRMs within PTB1:34, which then denature
with their characteristic profiles. Thermal denatur-
ation of the proteins did not provide additional
thermodynamic characterization, since RRM3 and
PTB1:34 thermal melts are not reversible at micro-
molar concentrations. RRM4 is not thermally dena-
tured at 90 °C at pH 6.8, indicating again that RRM4
has distinctive properties that could be critical for
formation of PTB1:34.

Tertiary structure and dynamics

The structure of PTB1:34 has been solved by
NMR,"** but under sufficiently different solution
conditions that the NMR backbone assignments had
to be repeated here. In experimental conditions used
for RNA binding [20 mM potassium phosphate
(pH 6.8) and 100 mM KCl], many backbone amide
protons in the interdomain linker, the loop between
B2 and B3 of both RRMs, and the loop between RRM3
B4 and p5 were not observable on the chemical shift
time scale. A comparison of the published chemical
shifts'” and our assignments for PTB1:34 indicates
that the resonances are sensitive to solution condi-
tions, but for subsequent experiments, the structure
was assumed to be as reported.

For our experiments, the backbone "H-""N reso-
nances of RRM3 and RRM4 were assigned using
standard NMR methods, but full structure determi-
nations have not been done. However, the assigned
portions of the constructs indicate that the two RRMs
adopt similar structures alone and in PTB1:34, so the
NMR structure” of PTB1:34 is used as a template for
further comparisons. The structure of the interdo-
main linker obviously differs in the two RRMs and in
the PTB1:34 domain; in the two RRMs it is disordered
but becomes more ordered in PTB1:34.

The "H-'"°N heteronuclear single-quantum coher-
ence (HSQC) spectra of the protein constructs reveal
several important features of their structure and
stability (Fig. S2). The "H-"N HSQC spectrum of
RRM4 is consistent with that of a folded protein.
Most resonances are assigned, with the exception of
the p2-R3 loop. Notably, most resonances in the
'"H-"N HSQC spectrum of RRM4 are readily
identified in the spectrum of PTB1:34, many of
them being superimposable. The structure of RRM4
has clearly not been significantly perturbed in the
context of PTB1:34.

The "H-""N HSQC spectrum of RRM3 is complex,
and while the proton chemical shift dispersion is
consistent with that of a folded protein, several
residues have more than one resonance. These
backbone amides are in slow exchange on the NMR
chemical shift time scale, which indicates conforma-
tional heterogeneity of this RRM. The structural
heterogeneity persists from 300 pM to 1 mM protein
and from 4 to 37 °C in 100 mM KCI and 20 mM
sodium phosphate (pH 6.8). It is worth noting that the
conformational sampling is not apparent in its two-
state unfolding curve (Fig. S1). Approximately 70% of
RRM3 amides are assigned; most missing residues
are those in and around loop3 between B2 and p3,
and the loop that connects 34 with 35, where amides
are in exchange with solvent and absent from the
spectrum. In the context of PTB1:34, RRM3 loses its
conformational heterogeneity and shows single
amide resonances. It is not surprising that most of
its backbone amide resonances are not superimpos-
able with their PTB1:34 counterparts.

A comparison of the assigned resonances of
RRM3 and RRM4 with those of PTB1:34 shows
that the major chemical shift changes are within
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Fig. 4. Changes in chemical shifts between the individual and interacting domains indicate only minor changes when
the domains are separated. The change in chemical shift, A, in terms of proton ppm, show that the majority of differences
are concentrated at the RRM3-RRM4 interface. Ad is shown as bars with the protein secondary structure indicated by bars
(a-helix) and arrows (B-strand) along the top of the plot. For visual clarity, these changes are mapped onto the structure of
PTB1:34 (inset), where white shows the areas of the protein where no data were available, gray indicates no significant A
(<0.25 ppm), blue indicates Ad between 0.25 and 0.50 ppm, violet, Ad between 0.50 and 0.75 ppm, purple between 0.75
and 1.00 ppm, and magenta shows the most significant Ad of greater than 1.00 ppm. Many residues in the interdomain
linker are expected to have significant chemical shift changes due to altered environment but could not be calculated since
the linker region was largely unassignable for the individual domains.

the extensive interface (Fig. 4). Since the interface
involves both helices of RRM3, those amide
chemical shifts are expected to change due to
their new environment, and as Fig. 4 illustrates,
there are also chemical shift changes in the amides
of the one helix and 4 of RRM4. For RRM4 most
chemical shift changes are minor, but for RRM3,
more changes are significant, undoubtedly arising
from stabilization of the RRMS3 structure. We
conclude that the RRMs free and in the PTB1:34
protein have the same global folds.

The PTB1:34 interface is composed of both RRMs
and the linker. The contribution of the linker to the
physical connection of RRMs is clear from NMR
experiments that mix the two RRMs. At concentra-
tions up to 0.5 mM of each RRM, PTB1:34 was not
spontaneously formed when the individual domains
were mixed. In these solution conditions of 100 mM
KCl, 20 mM sodium phosphate (pH 6.8), there was no
evidence of complex formation at temperatures from
10 to 40 °C and after 8 months of incubation at room
temperature. Conversely, heating PTB1:34 to 45 °C
does not separate the two RRMs. The role of the 24-
amino-acid linker in stabilizing and orienting the two
RRMs is clearly significant.

Protein backbone dynamics

Formation of the intricate interface between the
two RRMs obviously led to the elimination of the

conformational heterogeneity of RRM3 observed
in the "H-""N HSQC, but could also have resulted
in less apparent changes in the dynamics of the
two RRMs. Since the dynamics of UlA RRMs
have been implicated in their RNA binding
mechanism, 719223132 the PTB constructs were
compared to determine if their backbone dynamics
differed.

Fast motions. Standard R;, R,, and 'H-'°N
heteronuclear nuclear Overhauser enhancement
(NOE) experiments33 were used to measure fast
[picosecond to nanosecond (ps-ns)] backbone dy-
namics of RRM3, RRM4, and PTB1:34 at 25 °C (Fig.
S3). The measured R,/R; ratios were used to
calculate the rotational correlation times of each
molecule using ModelFree. Individual domains
were best fit by an isotropic diffusion tensor to
yield global tumbling times (7,,) of 5.12+0.05 ns for
300 pM RRM3 and 5.98+0.02 ns for 1 mM RRM4.
Each RRM retains a portion of the interdomain
linker, which probably increases their global tum-
bling times, but fitting to an axially symmetric
model did not converge. PTB1:34 was best fit with
an axially symmetric tensor (D /D, =1.6+0.2 ) to
give T\=9.6=0.1 ns.

Collecting relaxation data on these proteins was
complicated by their propensity to nonspecifically
associate. Inspection of NMR linewidths in 'H-"°N
HSQC experiments for protein concentrations from
100 uM to 1 mM shows that only RRM3 has a
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Fig. 5. Fastand slow dynamics of PTB1:34. Order parameters (s?, top) reflecting ps—ns motions and R, terms (bottom)
indicating slow (pus-ms) motions are similar for PTB1:34 at 300 uM (green triangles) and 1 mM (blue diamonds) at
700 MHz, and in a global fit of 1 mM PTB1:34 relaxation data at 500 and 600 MHz (red squares). ModelFree fits to Ty, T,
and 'H-""N NOE data do show some variation for order parameters and R., terms for the three parameter sets, but the
trends are consistent. The two data sets at 700 MHz differ primarily in the properties of the residues flanking the loops, but
most notably in the global tumbling times with Ty,=7.2+0.06 ns at 300 pM and 7y;=9.2+0.10 at 1 mM. While protein self-
association is likely to contribute to chemical exchange, we propose that it is not responsible for the extensive Ry terms
that pervade PTB1:34 in all conditions here. Data are plotted against residue number (PDB ID 2EVZ) with secondary-

structure elements indicated at the top.

concentration dependence. This construct appears to
self-associate at the lowest concentrations measur-
able, as demonstrated by the average R,/R; ratio for
RRM3, which at 1 mM is apg)roximately double that
of the ratio at 300 uM. RRM3 °N relaxation data were
collected at 300 uM and 1 mM protein, and while both
data sets could be fit by Fast ModelFree, they gave
strikingly different results. At 1 mM RRM3, best fits
to nearly all backbone amides required the order
parameter S?, local diffusion times T., and an
exchange term Rey. In contrast, most amides in the
300 pM sample were fit by S* and no exchange term.
We interpret this difference as evidence that RRM3
undergoes self-association, so subsequent experi-
ments with RRM3 were done at 300 uM.

A comparison of linewidths at 300 pM and
1 mM for RRM4 and PTB1:34 failed to show a
concentration dependence, suggesting that these
two proteins behave as monomers in solution.
However, using dynamic light scattering to assess
the homogeneity /heterogeneity of the proteins in
solution strongly indicates that PTB1:34 is poly-
disperse in solution at concentrations from 10 pM
to 1 mM. Its scattering profile cannot be fit to a
single species, and although the data cannot be
analyzed to describe populations of multiple
species, it is clear that this protein has a propensity
to self-associate. It is worth noting that PTB1:34
solution structure was solved in conditions of
20 mM phosphate buffer (pH 6.8), 100 mM KClI at
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Table 1. Comparison of global tumbling times for RRM3, RRM4 and PTB1:34

Concentration (mM) Tmse (NS) TMModelFree (NS) TmrrACT (NS) TMHYDRONMR (1S)
RRM3 0.3 5.2 5.13 1.5 7.5
RRM4 1.0 45 5.98 6.4 6.1
PTB1:34 0.3 9.7 7.2 7.0 32.3
PTB1:34 1.0 9.7 9.67 10.8 323

Approximate tumbling times were calculated using the Stokes-Einstein relationship, Tymsg, assuming all proteins were spherical.
HYDRONMR calculates tumbling times based on hypothetical beads packed onto a 3D structure (using coordinates from PDB ID 2EVZ).
It will overestimate the tumbling time for flexible proteins. Data for 300 pM RRM3, 1 mM RRM4 as well as PTB1:34 at both 300 uM and
1 mM were collected to experimentally determine 7y; (ModelFree) and 7\(TRACT). ModelFree fits R,, Ry and "H-'°N heteronuclear NOE
data using Lipari-Szabo formalism to extract a tumbling time and is able to accommodate both isotropic and axially symmetric models.
TRACT analysis averages a decay signal from all amide protons and assumes a spherical, rigid protein.

a concentration of 1 mM. As expected, RRM3 also
shows a complex dynamic light scattering profile
consistent with self-association. Rather surprising-
ly, RRM4 profiles also indicate the presence of
larger species, even though its solution properties
are otherwise those of a single species. The control
BSA sample consistently gave a scattering profile
of a monomer, so we must conclude that all
constructs have a propensity to self-associate in
this buffer.

To estimate the effect of self-association on the
relaxation of PTB1:34, data were acquired for
300 uM and 1 mM protein at 700 MHz and for
1 mM protein at 500 and 600 MHz. Results of
ModelFree fits are shown in Fig. 5, where it is clear
that although the precise values of the R, terms
vary with the data set, nearly all amides required
this parameter to fit the data. We conclude that fits
of the data at protein concentrations of 300 uM and
1 mM did not differ substantially in either the order
parameter or the exchange term. A lack of a
concentration dependence of the data is also seen
in the R, values of PTB1:34, shown in Fig. S5. Here,
data for 300 uM protein acquired at 600 and
700 MHz and 1 mM protein acquired at 500, 600,
and 700 MHz are shown. There is not a systematic
shift as a function of concentration, despite the
overall variation in the R, values. These results are
in contrast to those for RRM3 alone, which clearly
does show concentration dependence in measured
R, values and in fits of the relaxation data. Thus,
despite knowing that PTB1:34 does suffer some
degree of self-association, the ModelFree fits do not
appear to be subject to this property.

Global tumbling. The overall correlation time (7,,)
is a critical parameter for fitting the relaxation data,
as is the description of the diffusion tensor. To
supplement the calculations from ModelFree,
HYDRONMR?* calculations and TRACT?® experi-
ments were used for all three proteins. Neither of
these analyses was able to successfully determine
tumbling times for all constructs.

HYDRONMR is a software package that estimates
the tumbling time of a molecule in solution based on
beads packed around a rigid structure.”* We used
the smallest minibeads to model the domains: bead
diameters of 1-2 A were used for RRM3 and RRM4
and 1.5-3.0 A for PTB1:34. This analysis yields a
tumbling time of 6.1 ns for RRM4, in good

agreement with the ModelFree fit. The tumbling
time estimated for RRM3 was 7.5 ns, which is
slightly more than the tumbling time extracted
from ModelFree. This increase is likely due to the
peripheral flexible loops in RRM3 that will cause an
overestimation of tumbling time by HYDRONMR
when it makes these loops into rigid structures. This
method roundly fails when applied to PTB1:34,
giving a tumbling time of 32.3 ns. Clearly, this is a
nonsensical result, and again we attribute it to the
substitution of flexible loops and tails with solid rigid
structures by the formalism. HYDRONMR also is
able to back-calculate Ry, R,, and heteronuclear NOE
values. Its estimates agree reasonably well with
experimental values for the individual RRMs, but
not for PTB1:34 (data not shown).

Experimentally, NMR TRACT experiments can
be used to measure overall correlation times.*
This method also assumes a rigid molecule, but
gives a lower bound. Tumbling times obtained
from this method give 6.4 ns for 1T mM RRM4,
again in good agreement with other methods and
supporting the picture of RRM4 as a packed
globular domain. However, the tumbling time of
1.5 ns for 300 uM RRM3 was much lower than
expected, indicating that for this domain, the rigid
molecule assumption fails. Global tumbling times
of 7.0 and 10.8 ns for 300 uM and 1 mM PTB1:34,
respectively, were obtained from TRACT experi-
ments, which is consistent with the values calcu-
lated from ModelFree. The values of the global
tumbling times calculated by the different methods
are summarized in Table 1.

Slow motions, fit and measured. To describe the
domain motions, the NMR data were fit using the
Lipari-Szabo formalism®**” to give the order
parameter, $2, and the exchange term, R.x. These
parameters describe the local reorientation and slow
motions, respectively, of each amide N-H vector.
Order parameters range from 0<S*<1, with $*=0
indicating isotropic free rotation and S*=1 indicat-
ing a rigid vector within the molecular frame.
Whereas order parameters report on fast motions
(ps—ns), exchange terms indicate microsecond to
millisecond (us-ms, slow) motions. Here we use S*
values to compare backbone amide mobility and Rex
terms to indicate the presence of slow motions.

Fits of the relaxation data (Fig. 6) make it clear that
each protein has unique backbone dynamics. Of the
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Fig. 6. ModelFree analysis suggests that slow protein motions throughout PTB1:34 occur as a consequence of the
RRM3-RRM4 interaction. Lipari-Szabo order parameters, S%, are given in the top panel for PTB1:34 (O) and the
individual RRMs (H). Both RRM3 and RRM4 are much more rigid alone than in the context of PTB1:34, as evident upon
comparison of the exchange contribution to transverse relaxation (Rey) for PTB1:34 (bottom) and RRM3/RRM4 (middle).
While PTB1:34 has uniformly dispersed Re. terms of significant magnitude throughout the protein body, only a few
residues in RRM3 and RRM4 require similar R, terms. This analysis shows that the differences in dynamic properties of
the protein constructs are slow (s—ms) motions that arise as a consequence of the RRM3-RRM4 interaction. Data were
collected in 20 mM potassium phosphate buffer (pH 6.8) and 100 mM KCl at 500 MHz for 1 mM RRM4 and 700 MHz for
300 pM RRM3. Data for 1 mM PTB1:34 were collected at 500, 600, and 700 MHz; R, plots for PTB1:34 are shown in Fig. S4.
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Fig. 7. Relaxation interference experiments confirm the presence of slow motions throughout the body of PTB1:34.
Transverse relaxation rates from standard experiments, R, (O), are compared to the exchange-free transverse relaxation
rate, k1), (H), in the top panel, plotted against residue number. The difference between the two rates, Ry, shown in the
bottom panel, confirms the results obtained from ModelFree analysis of the relaxation data and verify that slow motions
persist throughout the body of PTB1:34. Data were collected at 700 MHz for 1 mM PTB1:34.

two RRMs, the body of RRM4 has uniformly high
order parameters (5°,,=0.85), indicating an overall
rigid backbone. Only residues flanking the loop
between 2 and B3 require R.x terms for fitting,
indicating the presence of slower motions (js—ms).
Order parameters for RRM3 are also consistent with
a stiff backbone, although several residues have
order parameters greater than the theoretical limit
(0.95), indicating that they could not be accurately
fit. In addition to the residues that are not assignable
under these conditions, several residues could not
be described by any of the motional models. Given
the slow conformational fluctuations of RRM3 that
are apparent in its amide "H-""N HSQC spectrum
and the fact that this construct appears to self-
associate even at concentrations as low as 10 pM,
only a subset (about 40%) of all amide resonances
yield reliable data for this protein construct.

The same analysis of PTB1:34 shows an overall
change in the dynamics, for here both RRMs have

greatly increased backbone flexibility. PTB1:34 order
parameters are lower, and most of its amides
require exchange terms to describe their motions.
ModelFree analysis of the relaxation data indicates
that slow motions are uniformly distributed
throughout PTB1:34, including both RRMs and
their interdomain linker. This is an unexpected
result and required more extensive experiments for
verification.

Pervasive R,, terms can arise as an artifact of an
inappropriate diffusion tensor or from global
motions of the molecule (such as flexing about the
interface). In PTB1:34, we suspect that the diffusion
tensor is time dependent, given its large proportion
of long loops and tails and the small fraction of
residues that comprise stable secondary structures.
The uncertainty in the appropriate description of the
diffusion tensor led us to directly measure the
exchange contribution to transverse relaxation
using standard NMR relaxation experiments.
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Fig. 8. Residues that undergo microsecond exchange are identified by AR;, experiments and are in qualitative
agreement with the ModelFree results. A schematic representation of AR;, is shown in (a) with dispersion curves for a
residue with microsecond exchange (blue curve) and a residue with no microsecond exchange (gray curve). More
importantly, this figure shows the propensity of the method to underestimate the exchange contribution to R, because the
Ry, rates at the spin lock field strength of 0 Hz cannot be extrapolated for non-two-state systems. AR;,, results are shown
in (b), plotted against residue number, and mapped onto the 3D structure in (c) (PDB ID 2EVZ). These results indicate that
residues throughout PTB1:34 are in microsecond exchange and substantiate the R, terms obtained from ModelFree.
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Relaxation interference experiments™ were used
to determine the exchange-free transverse relaxation
rate of PTB1:34 (Fig. 7). Data were collected at the
highest static magnetic field strength available
(700 MHz) in order to maximize the chemical shift
anisotropy (CSA) effect. The scaling factor, «, which
takes into account autorelaxation effects, was
calculated as the theoretical ratio of Ry/m,, for
"H-'°N dipolar and "N CSA relaxation pathways.
Assuming that the dipolar and CSA principle axes
are colinear and that the molecule is large enough so
that only J(0) needs to be considered, k=1.06 at
700 MHz. This method of calculating « was selected
for PTB1:34 because such a large fraction of the
protein is loop and linker, neither of which has
stable defined structure. A similar approach to
characterizing motions was taken by Gardino and
Kern,” where they were able to show pervasive
motions throughout a molten globule-like protein.
PTB1:34 is not a molten globule, but its core tertiary
fold is not large in proportion to its loops, which
have complex motions on many time scales. These
experiments do not allow characterization of the
time scales of motions, but the data do provide a
robust identification of residues that undergo
exchange rates from ps-ms, thus confirming the
presence of slow motions throughout the protein.
The success of the analysis was apparent from
recalculations of ModelFree analysis of PTB1:34
relaxation data using the exchange free transverse
relaxation rate, km,, in place of the standard
transverse relaxation rate (R;). Without the weight-
ing from the Re. terms, the calculations returned
similar order parameters and overall tumbling time
(Tm), with now only a single residue in the RRM4 of
PTB1:34 that suggested motion on a slow time scale.
These data further support the conclusion that the
Rex terms from fits to the data are reporting on slow
global motions and are not an artifact of an
inappropriate diffusion tensor.

Relaxation interference experiments were also
performed for 1 mM RRM4 at 700 MHz. For these
calculations, we used «=1.35 obtained from the
trimmed mean®’ of the ratio of R,/ Nxy. The core of
RRM4 is relatively large and stable, most of its
resonances are assigned, and the R;/R, ratios are
consistent throughout the domain. There are there-
fore enough resonances that can be analyzed to give
a robust value of the trimmed mean. Note that this
approach cannot be applied to PTB1:34. These
experiments showed that only seven residues in
RRM4 have Ry greater than 5 Hz (data not shown),
consistent with the ModelFree predictions.

The Rex term from the Lipari-Szabo formalism
cannot provide precise values of the exchange time;
it only indicates that motions on the ps—ms time
scales are required to fit the data. To measure the
time scale of those slow motions in PTB1:34, NMR
5N CPMG (Carr-Purcell-Meiboom-Gill; to assess
millisecond motions), and 15N—R1,, (to assess micro-
second motions) data were collected at 700 MHz.
The higher field was used to maximize any
exchange contribution to the transverse relaxation

rate. Analysis of CPMG experiments showed no
evidence of millisecond motions in the assignable
regions of the protein at 25 or 10 °C (data not
shown).

N R,, relaxation experiments can be used to
directly measure microsecond motions and are not
contingent on a description of the molecular
tumbling time. To ensure that the motions detected
in the relaxation interference experiments and the
ModelFree fits are not artifacts of data analysis,
transverse relaxation in the rotating frame was used
to directly detect microsecond exchange. Here we
use a modified approach to these experiments. We
define the quantity AR;, as the difference between
Ry, relaxation rates at two different spin lock field
strengths (Fig. 8). We chose two field strengths, 350
and 1750 Hz, to represent the weak and strong field
limits and collected on-resonance transverse relax-
ation data for all amides by stepping through the
spectral width every 5 ppm (*°N). Ry, experiments
have been used to extract information about states of
a molecule, including exchange rates, populations,
and chemical shift differences. The working as-
sumption in those analyses is that there are only
two states, but we cannot make that assumption
for PTB1:34. As a consequence, we cannot extrap-
olate the data to 0 Hz spin lock field strength and
so will underestimate the exchange contribution to
R,. However, this method does robustly identify
residues that experience exchange on a microsec-
ond time scale. Residues throughout PTB1:34 were
found to experience microsecond exchange, in
qualitative agreement with the R. terms from
the ModelFree fits and relaxation interference
experiments.

This reorganization of protein backbone dynamics
of PTB RRM3 and RRM4 upon formation of PTB1:34
is striking and indicates that the motions are an
important property of the functional complex. A
visual comparison of the backbone dynamics of the
RRM s in their free and complex states illustrates the
extent of the changes (Fig. 9). Although the
interaction between RRM3 and RRM4 may contrib-
ute to protein function via modest structural
reorganization, the biological implications of the
motional reorganization are of particular interest.
We propose that the microsecond dynamics of the
PTB1:34 backbone have three possible functions:
first, to provide entropic compensation for the
protein—protein association, another to prime the
protein to select a very flexible RNA as a binding
target, and a third to coordinate the two binding
sites.

Discussion

PTB has been implicated in such a wide variety of
biological functions*' that understanding its RNA
selection mechanism is critical for predicting its role
in a specific environment. Here, we focus on only the
two C-terminal RRMs of PTB, yet this half of the
protein has the capacity to act independently of its
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Fig. 9. The extensive slow motions throughout PTB1:34 are distinct from motions of RRM3 or RRM4 alone. Slow
motions mapped onto the 3D structures of PTB1:34 (a), RRM3 (b), and RRM4 (c) (PDB ID 2EVZ) show striking differences
in dynamic properties of the constructs. Gray areas depict residues where no data are available, either because the residue
could not be assigned or because the residue could not be fit by ModelFree; black regions show residues where data are
available, but no R, term was needed to fit the data. Colored regions indicate R, terms increasing in magnitude from
blue (0-2 Hz) to violet (2-5 Hz) to red (>5 Hz). While PTB1:34 has significant R., terms throughout the protein, RRM3 and
RRM4 are much more rigid on this time scale, giving rise to only a handful of R, terms indicative of slow motions.

N-terminal domains due to the long, flexible linker =~ PTB1:34. The first showed that the polio protease
that connects RRM3 to RRM2.2#? Indeed, there are  3CP™ can cleave the linker between RRM2 and
reports that suggest a truly independent function for =~ RRM3.** Since PTB has been shown to be required
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Fig.10. Normal-mode calculation of the fluctuations in
PTB1:34. This is mode 6 of the 20 modes calculated for
structure PDB ID 2EVZ. Red colors correspond to large
fluctuations and blue colors to small fluctuations; the
vectors indicate the direction of motion and their length
corresponds to the amplitude of motion. RRM3 is on the
left.

for translation initiation at the poliovirus internal
ribosomal entry site, * this cleavage event is
intriguing in its implication of a separation of
function. Recently, a second report showed that
hepatitis virus A protease 3C also cleaved PTB, with
the result that translation 1n1t1at1ng from an internal
ribosome entry site was inhibited.” A third report
identified a new alternative splicing event that
produces an independent PTB1:34 protein. * The
novel PTB1:34 is also curious in that it lacks the
nuclear localization signal of PTB, making it
exclusively cytoplasmic. Our studies of PTB1:34
are therefore quite relevant to its in vivo function.

PTB1:34 is a unique domain

This complex of RRM3 and RRM4 must be
considered as a single protein entity. While there
are no data that describe when during protein
synthesis the two RRMs become inextricably one
domain, their association must occur early during
protein folding. That speculation is based on the
inability of the two separate RRMs to associate in
vitro and on the durability of the PTB1:34 domain
after its formation. Mixed RRM3 and RRM4 do not
associate, even over a wide variety of solution
conditions and temperatures and at high protein
concentrations, suggesting that the role of the 24-
amino-acid linker is not merely to connect the two
RRMs, but to assist in formation of the final domain.
Published NMR structures”** of PTB1:34 reveal
that 17 of the 24 amino acids in the linker are
structured (consistent with our assignments). Ener-
getically, tethering both RRMs decreases the entro-
py of their association and RRM interactions with
linker residues stabilizes the complex.

The reorganization of backbone dynamics upon
RRM3-RRM4 interaction could contribute to the

energetics of RRM association. Formation of the
RRM3-RRM4 complex restricts RRM3 to a single
structure on the chemical shift time scale and anchors
large parts of the linker. At the same time, RRM4 gains
intrinsic backbone dynamics. It is tempting to
conclude that its gain of flexibility is possible because
RRM4 has low-energy barriers between its conforma-
tional states. We hypothesize that part of its role in
PTB1:34 is to reduce the conformational heterogeneity
of RRM3 and the linker, which could be accomplished
either by “capturing” the correct structure or through
an “induced-fit” mechanism involving both RRMs.
The result is that both RRMs are coupled through
slow (microsecond) motions that provide the ener-
getic basis for forming PTB1:34.

Changes in protein motions have been implicated
in entropic compensation for complex formation in a
variety of systems. Redlstrlbutlon of backbone and
side-chain dynamics*’ has been observed for pro-
tein—protein interactions,”*** but few have com-
pared the backbone dynamics of the free proteins to
that of their complex. Systems that report increased
dynamics upon interaction of molecules are rare, but
1nc1ude the signal transduction protein Cdc42hs side
chains*’ when binding to PBD46, and the N-
terminal domain of DnaJ,” where pus—-ms motions
are increased when the presence of a C-terminal
unstructured region induces interaction between
helices IIT and IV. Here, we show that formation of
PTB1:34 results in a new profile of backbone
dynamics that differs dramatically from that in
either RRM alone. Although we show that all parts
of PTB1:34 move on similar time scales and with
similar amplitudes, we cannot describe the mecha-
nism that results in this global change of backbone
dynamics. We anticipate that details of the interface
are critical for transduction of motions throughout
both domains, but whether all interactions are
equally important is not known. It seems likely
that there is thermodynamic and physical coupling
between interactions such that they do not operate
independently.

PTB1:34 and RNA binding

A redistribution of backbone dynamics has also
been observed for protein-ligand interactions,”*
which is likely to occur when PTB1:34 binds to
unstructured polypyrimidine tracts. Certainly the
polypyrimidine tract will lose conformational flex-
ibility, but parts of the RNA could remain free to
move’”’ and even sample bound conformations.
The ubiquitin-SH3 interaction provides an example
of the energetics of protein-ligand association that
lead to two distinct bound conformations of both
proteins.”® By analogy, the energetics of PTB1:34—
RNA interactions could result in several conforma-
tions of both RNA and protein and suggest a
possible mechanism for PTB1:34 binding to different
RNA targets. The network of interactions between
two RRMs facilitates communication between the
domains and alters the backbone dynamics of each
RRM constituent. When RNA is bound, the same
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network could facilitate redistribution of backbone
dynamics to compensate for unfavorable binding
entropy. We propose that the new range of motions
of PTB1:34 is an intrinsic component of its mecha-
nism of ligand selection.

The extent of motions throughout PTB1:34 suggests
that the entire protein could move in concert. The
analysis of low-frequency protein motions using
anisotropic normal modes™ gives another picture of
the global dynamics of PTB1:34 and provides a sense
of how the motions might be transferred through the
body of the protein. Applying anisotropic normal
mode calculationst to the structure of PTB1:34%°
predicts possible modes, some of which are very local.
Of those that encompass the entire domain, several
suggest a flexing about the interface and a resulting
pincer motion of loops from both RRMs (Fig. 10). If
these large-scale motions correspond to the measured
microsecond dynamics, perhaps they are part of the
RNA binding mechanism to bring the RNA strand
into position on the surface of the domain.

We specifically propose that the changes in the
dynamics of each separate RRM upon formation of
PTB1:34 contribute to its RNA binding mechanism
by priming the protein for binding to a flexible RNA.
Experiments have shown that PTB1:34 has a much
greater affinity for unstructured polypyrimidine
tracts than for short tracts in_a loop or bulge.”
Furthermore, both experiment™ and simulation®
have shown that RRM4 binds RNA in the context of
PTB1:34. PTB1:34 should be considered as an
extended RRM with a complex RNA binding site,
with coordinated motions that steer the flexible
polypyrimidine tracts onto its surface. Motional
coupling of the C-terminal RRMs is a unique feature
of this domain and intrinsic to its function. The
redistribution of protein motions upon formation of
the RRM3-RRM4 domain may explain both the
driving force for the complex formation as well as
the RNA selection mechanism of PTB1:34.

2

Methods

Protein production and purification

The human PTB1 gene cloned into the pET 28A vector
was a generous gift from Professor D. Black (University of
California, Los Angeles). PTB1:34 begins at amino acid
[Met334]G335Asn336 and ends at Ile531. RRM4 starts at
[Met]Gly442Ser443 and ends at Ile531. RRM3 begins at
amino acid [Met334]G335Asn336 and ends at Lys339.
Proteins were produced in Escherichia coli BL-21 DE3 gold
cells grown at 37 °C in M9 minimal media using "NH,CI
for the sole nitrogen source for '°N-labeled proteins and
[13C6]glucose as the sole carbon source for the doubly
labeled proteins. At ODgpp=0.9, 1 mM IPTG was used to
induce protein overexpression. Cells were harvested after
4 h, pelleted by centrifugation at 6500 rpm, washed with
20 mM Tris (pH 7.5), 20 mM NaCl, and 2 mM EDTA
(ethylenediaminetetraacetic acid), repelleted and stored at

thttp:/ /www.ccbb.pitt.edu/anm/

—80 °C overnight. Cells were resuspended in buffer B
[20 mM sodium acetate (pH 5.3), 50-200 mM NaCl, 2 mM
EDTA] with 20 pg/mL PMSF, DNase II (50 U/g), and
Sigma protease inhibitor cocktail and lysed using a French
press. The lysate was spun down at 15,000 rpm and
dialyzed against 1 L of buffer B at 4 °C for 3 h. The dialysis
product was cleared via centrifugation and loaded onto a
CM-Sepharose column equilibrated in buffer C [50 mM
Tris (pH 7.5, room temperature), 10-100 mM NaCl]. After
flow-through was discarded, the proteins were eluted
with a NaCl gradient in buffer C. Fractions from the
column were combined and concentrated using Vivaspin
centrifugal concentrators and then exchanged into NMR
buffer [20 mM potassium phosphate (pH 6.8), 100 mM
KCl, 0.05% NaN3].

EMSA

Binding was measured using folded [«-**P]RNA in
10 mM KCl and yeast tRNA (10 pg/pL; Boehringer) mixed
with the purified protein constructs (10 nM-5 uM) in
10 mM sodium cacodylate (pH 7.5), 100 mM NaCl, 1 mM
MgCl,, and bovine serum albumin (20 pg/mL). All
reactions were incubated for 30 min at room temperature.
Glycerol loading dye was added and reactions were
loaded on 8% polyacrylamide gels (37.5:1 acrylamide:bis)
in 50 mM Tris-HCl-glycine buffer. Gels were run at 7 V/
cm at 4 °C for 4-5 h.

Circular dichroism

CD spectra were collected using a Jasco-J600 spectro-
polarimeter and a 0.1-cm path-length cuvette. Samples
were 25 pM protein in 20 mM potassium phosphate
(pH 6.8) and 100 mM KCl. GndHCl samples were
incubated for at least 12 h and exact GndHCl concentra-
tions were determined using refractive index. Unfolding
curves were collected in duplicate and fit to a two-state
model using Origin software.

NMR spectroscopy

NMR spectra were acquired on Varian Unity 500, 600,
and 700 spectrometers equipped with Nalorac or Varian
5 mM triple-resonance probes. Protein samples contained
100 pM-1 mM protein in 20 mM potassium phosphate
(pH 6.8), 100 mM KCl, 0.005% NaNj3, and 10% D,0O. All
data were collected at 25 °C (unless otherwise noted),
calibrated against 100% methanol. Data for backbone
assignments were collected from standard 3D CBCA(CO)
NH, HNCACB, HNCO, and HNCACO experiments and
processed using Felix (Accellyrs). Chemical shift compar-
isons were made using 'H-BN HSQC experiments, and
chemical shift differences were calculated as a single,
weighted average. Ry, Ry, Ry, and 'H-'"N NOE data were
collected using standard methods®" with delay times of 17,
34%,51, 68,85,118,152*%, and 186 ms for R, and 11, 112%, 223,
335, 503, 670, 838*%, and 1005 ms for R;, with starred
delays collected in duplicate for error analysis.
ModelFree™® fitting was performed for data collected at
500 MHz for RRM4, 700 MHz for RRM3, and globally fit at
500 and 600 MHz for PTB1:34 (data were also collected at
700 MHz). Relaxation interference experiments were used
to collect the exchange-free transverse relaxation rate, Nyr
with delay times of 5, 10, 15, 20, 25, 30, 40, and 50 ms using
a single, semiconstant time experiment*’ at 700 MHz. R
was then calculated as the difference between R; and k),
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where k is a constant over all residues, under the
assumption that the 'H-'°N dipolar and the "N CSA
axes are colinear. Determination of k for RRM4 was taken
as a trimmed mean of the ratio of measured Ry/m,, (at
700 MHZz) for residues not undergoing exchange and was
found to be 1.35. Since PTB1:34 is larger and does not have
a clear baseline of residues that do not undergo exchange,
its k was calculated as the theoretical ratio®”58 of Ry/my,
for dipolar and CSA relaxation pathways:

0% + p?
26p

where & is the chemical shift anisotropy of the "N nucleus:

5 = YnBodon
3v2
and p is the "H-"°N dipole-dipole coupling:

MoV YN/
1672,/ Zr%{N

where yy and vy are the 'H and "N gyromagnetic ratios,
By is the static magnetic field strength, Ady is the difference
of the two principal components of the "N chemical shift
tensor, |1y is the permeability of free space, /i is Planck’s
constant, and 7y is the 'H-°N internuclear distance.

In TRACT experiments, m,, was determined from the
difference in the transverse relaxation rates between the o
and f spin states of all amides in the range wgn 6-10 ppm.
The tumbling times were calculated assuming a rigid rotor.
All relaxation data were processed using NMRPipe, and
rates were calculated using NMRView] (Onemoon Scien-
tific); TRACT data were fit using Origin 7.5. ModelFree™
analysis was performed with Fast ModelFree,” using both
isotropic and axially symmetric models for calculation of
rotational correlation times to determine the best fit.
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