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A Compare-and-Contrast NMR Dynamics Study of Two Related RRMs: U1A
and SNF
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ABSTRACT The U1A/U2B"/SNF family of small nuclear ribonucleoproteins uses a phylogenetically conserved RNA recogni-
tion motif (RRM1) to bind RNA stemloops in U1 and/or U2 small nuclear RNA (snRNA). RRMs are characterized by their o/8
sandwich topology, and these RRMs use their 3-sheet as the RNA binding surface. Unique to this RRM family is the tyro-
sine-glutamine-phenylalanine (YQF) triad of solvent-exposed residues that are displayed on the §-sheet surface; the aromatic
residues form a platform for RNA nucleobases to stack. U1A, U2B”, and SNF have very different patterns of RNA binding affinity
and specificity, however, so here we ask how YQF in Drosophila SNF RRM1 contributes to RNA binding, as well as to domain
stability and dynamics. Thermodynamic double-mutant cycles using tyrosine and phenylalanine substitutions probe the commu-
nication between those two residues in the free and bound states of the RRM. NMR experiments follow corresponding changes
in the glutamine side-chain amide in both U1A and SNF, providing a physical picture of the RRM1 §-sheet surface. NMR relax-
ation and dispersion experiments compare fast (picosecond to nanosecond) and intermediate (microsecond-to-millisecond)
dynamics of UTA and SNF RRM1. We conclude that there is a network of amino acid interactions involving Tyr-GIn-Phe in
both SNF and U1A RRM1, but whereas mutations of the Tyr-Gin-Phe triad result in small local responses in U1A, they produce

extensive microsecond-to-millisecond global motions throughout SNF that alter the conformational states of the RRM.

INTRODUCTION

The U1A/U2B”/SNF family of metazoan proteins is found
in the Ul and/or U2 snRNPs (1-4). In vertebrates, the
UIA protein is bound to Stemloop II (SLII) of Ul small
nuclear RNA (snRNA) in the U1 small nuclear ribonucleo
protein (snRNP), and the U2B” protein is bound to SLIV
of U2 snRNA in the U2 snRNP. In other metazoans, there
is a single protein, exemplified by Drosophila SNF, that
binds to both SLII and SLIV. Proteins in the U1A/U2B"/
SNF family have two RNA recognition motifs (RRMs),
but only the N-terminal RRM1 is necessary for RNA recog-
nition (5-8).

An RRM structure is a member of the larger class of ferre-
doxin folds, with a distinctive (laf263a(4 secondary
structure and a global o/@ tertiary fold (Fig. 1). Within
this fold class, RRMs are identified by their RNP sequences
found in 81 (RNP2) and 63 (RNP1) (9). An unusual feature
of the conserved RNPs is the presence of two or three aro-
matic amino acids displayed on the surface of the §-sheet,
which are used for stacking with RNA nucleobases. UTA/
U2B"/SNF RRMs display tyrosine in RNP2 and glutamine
and phenylalanine in RNP1, which is a YQF triad unique
to this family of RRMs. Fig. | illustrates the position of
Y13-Q54-F56 in crystal structures of UlA RRMI1 alone
(Fig. 1 B) and bound to SLII (Fig. 1 C) (10). The solution
NMR structure of RRM1 alone (11) locates its Q54 side
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chain with respect to Y13 by nuclear Overhauser effects
(NOEs) from tyrosine aromatic protons to glutamine NH,
protons (Fig. S1 in the Supporting Material). The average
distance between the Tyr'” ring and GIn®* NH,, calculated
from the 43 NMR structures, is 2.9 + 0.4 A (Protein Data
Bank (PDB) code 1fht (11)), consistent with a direct
hydrogen bond between the hydroxyl oxygen (Y13) and
amide side-chain proton (Q54). In the original cocrystal
(10), there is a different hydrogen-bonding pattern: the
Tyr'? hydroxyl group makes a hydrogen bond to the side-
chain carbonyl oxygen of GIn>*, whereas the GIn®* side-
chain amide makes hydrogen bonds to the main-chain
carbonyls of Lys>® and Arg®%. Lys® and Arg™ lie in the
region of flexible loop 3 (between (2 and (3), which
becomes ordered upon RNA binding. SNF and UIA
RRM1s have the YQF triad and identical RNP sequences
(81 and B3), but their flanking amino acids in loop 3 and
in 82 and B4 vary (Fig. 1 D). The network including the
YQF triad will differ in the two proteins.

The first cocrystal of UIA RRM1 bound to SLIT (1990
(10)) showed the single-stranded loop of the RNA draped
over the (-sheet of the RRM (Fig. 1 C), and the cocrystal
of U2B” RRMI1 bound to SLIV (and to U2A’ protein)
showed the same geometry (12). Notably, the UlA and
U2B” RRM structures in these cocrystals are nearly iden-
tical. In both complexes, the RNA loop nucleobases are
stacked with tyrosine and phenylanine. Although this stack-
ing interaction does not alone confer any sequence speci-
ficity to recognition of RNA by RRMs, the RNA is held in
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FIGURE 1 Structural characterization of UIA and SNF proteins. (A)

Alignment of UIA and SNF RRMI. (B and C) UIA RRM 1 (PDB code
lurn) with the YQF triad indicated in green (B), and bound to SLII RNA
(C) (10). (D) Organization of B-sheets with the YQF triad indicated in
green. (E) RNA stemloops used in RNA binding experiments. hs, Homo
sapiens; dm, Drosophila melanogaster.

a particular orientation on the surface of the (-sheet that
facilitates specific RNA-amino acid interactions, so the po-
sition of the aromatic amino acids in RNP1 and RNP2 is
important for RNA binding. There is no structure of an
SNF RRM1-RNA complex, but NMR solution structures
of free SNF RRM1 (13) show it to be nearly identical to
UlA RRM1.

SLII and SLIV RNAs are phylogenetically conserved
in metazoans (14) and have similar loop sequences
(Fig. 1 E). These 10 or 11 nucleotide loops are unstructured
in solution (15), facilitating the RRM loop 3 insertion
and nucleobase stacking with tyrosine/phenylalanine. The
most significant difference between the RNAs is the loop-
closing basepair: SLII has a conserved CG pair, whereas
Drosophila SLIV has a wobble UG pair (human SLIV
has a noncanonical UU pair). The RNA loops share the
sequence AUUGCA on the 5’ side, which is specifically
recognized by both UIA (16) and SNF (17).

Although their RNP sequences are identical, Drosophila
SNF and human U1A have distinct RNA binding properties.
In vitro experiments showed that human UlA RRMI
binds only SLII (for wild-type SLII, Kp = 4.9 = 0.1 X
107" M in 150 mM NaCl, 1 mM MgCl,, and 10 mM
sodium cacodylate, pH 7.0) (18). Full-length SNF binds to
SLIT with higher affinity than to SLIV (Kp (SLII) =
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7.0 = 6 x 107'° in 250 mM KCI and 1 mM MgCl,, and
Kp (SLIV) = 4.5 = 0.4 x 1077 in 100 mM KCI, 1 mM
MgCl,, and 10 mM sodium cacodylate, pH 8) (17).
Certainly some of the binding properties of the two RRMs
are attributable to sequence differences between UlA and
SNF. In particular, the sequence of $2-loop 3 is known to
contribute to RNA affinity/specificity (19-21). Here, we
focus on their common YQF triad and its contribution to
RRM properties.

To characterize the properties of SNF and U1A, we use
NMR relaxation and dispersion methods, thermodynamic
coupling, and RNA binding to study the interactions and
dynamics of the RRMs with YQF perturbations. Our goal
is to look for RRM properties that could explain the
different molecular binding mechanisms of SNF and U1A
and, more generally, to understand how RRMs use
conserved sequences to bind different RNAs.

METHODS
Protein purification

Purification of SNF and its mutants has been previously described (17). All
mutations were introduced via QuickChange Mutagenesis (Agilent, Santa
Clara, CA). Briefly, protein constructs were isolated from Escherichia
coli BL-21(DE3) cells (Invitrogen, Carlsbad, CA) that had been trans-
formed with a plasmid carrying the protein of interest under control of
the TAC promoter. Cells were grown in Luria broth medium at 37°C and
induced at ODgpy = 0.6-0.8 with 1 mM isopropyl §-D-1-thiogalactopyra-
noside, then grown for an additional 4 h at 30°C. Proteins for NMR exper-
iments were grown in M9 minimal media supplemented with either
SNH,CI or '*C-glucose. Cells were pelleted and stored at —70°C until lysis
in 50 mM sodium acetate, pH 5.3, 100 mM NaCl, 2 mM EDTA, and 8.5%
sucrose supplemented with protease inhibitor cocktail (Sigma, St. Louis,
MO), phenylmethanesulfonyl fluoride, and DNase II. Cell suspension was
passed through a French press four times and then centrifuged. Lysate
was passed over an SP-XL sepharose fast protein liquid chromatography
column (GE Healthcare, Fairfield, CT) preequilibrated in 20 mM sodium
cacodylate, pH 7, washed with 0 M and 100 mM NaCl, and eluted over a
100400 mM NaCl gradient. Fractions containing protein were collected,
concentrated, and buffer-exchanged into 10 mM sodium cacodylate,
pH 7, 50 mM KCl, and 5 mM EDTA.

Protein circular dichroism/denaturation

A Jasco J715 spectropolarimeter was used to record circular dichroism
spectra. All spectra were recorded at room temperature in buffer containing
50 mM KClI and 10 mM cacodylate, pH 7, for samples containing 20 uM
protein. Circular dichroism spectra of each purified RRM (in 0 M urea)
are consistent with a canonical RRM secondary structure.

For chemical denaturation, mean residue ellipticity at 221 nm (SNF) or
223 nm (U1A) was monitored as a function of denaturant. Unfolding curves
were fit in KaleidaGraph to a two-state folding model using the linear
extrapolation method of Santoro and Bolen (22). The unfolding free energy
was averaged from two independent experiments and uncertainty was prop-
agated from the fits. UIA RRM1 constructs were denatured in guanidine
HCI, but SNF RRM1 constructs were much less stable, so urea was used.
Even using urea, the lower (native) baseline of SNF RRM1 mutants was
difficult to obtain, so these domains were stabilized by the addition of
0.5 M trimethylamine N-oxide (TMAO) in denaturation solutions. To
calculate the folding free energy for the mutants in the absence of
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TMAQO, the difference in wild-type SNF RRM1 (AG,,, tmao (—3.5 kcal/
mol) — AGtpao (—4.2 kecal/mol) = 0.7 kcal/mol) was added to all calcu-
lated values. There is an assumption that the effect of TMAO on RRM
stability is the same for wild-type and mutants.

RNA binding experiments

Most RNA binding was assessed by fluorescence and conducted using an
SLM 8000 fluorometer. Temperature was maintained at room temperature
using a circulating water bath. Binding buffer included 20 ug/mL bovine
serum albumin in 10 mM potassium phosphate (pH 8.0) and indicated con-
centration of KCI and MgCl,. Fluorescein was attached at the 5" end of the
chemically synthesized RNA (IDT, San Jose, CA), to make 6-FAM-dSLII
and 6-FAM-dSLIV (d indicates the Drosophila sequence). (FAM does not
alter binding affinity; data not shown). RNAs were used at concentrations
of 0.2 nM in all experiments. Acid-washed cuvettes were blocked with
buffer with bovine serum albumin for 1 h. Emission and excitation wave-
lengths were set to 520 nm and 490 nm, respectively, with no polarizers.
Fluorescence intensity was recorded as a function of total protein concen-
tration and binding curves were fit to a standard Langmuir isotherm using
KaleidaGraph (Synergy Software, Reading, PA). Binding of UIA Q54F to
SLII was measured at pH 7 using nitrocellulose filter binding, as described
previously (17) and binding curves were fit to a standard Langmuir isotherm
using KaleidaGraph.

NMR spectroscopy

NMR data were acquired on 500 and 700 MHz Varian Inova spectrometers
with z-axis pulsed-field-gradient triple-resonance Nalorac and Varian
probes, respectively. High-field data were collected at the National Mag-
netic Resonance Facility (NMRFAM, Madison, WI) on a 900 MHz Varian
spectrometer equipped with a z-axis pulsed-field-gradient triple-resonance
cold probe. Wild-type and mutant protein samples included 20 mM sodium
cacodylate (pH 6.5), 50 mM KCI, 2 mM EDTA, and 10% 2H20 at 22°C.
Temperature was calibrated against a standard methanol NMR sample
(23). 2,2-dimethyl-2-silapentane-5-sulfonate was added for chemical-shift
reference. Assignments for UlA proteins were published previously
(24.25). SNF chemical-shift assignments (13) were further refined with
SNF mutant chemical shifts under our experimental conditions using 3D
5N TOCSY heteronuclear single-quantum coherence (HSQC) and'°N NO-
ESY-HSQC experiments (26). SNF asparagine/glutamine sidechain pri-
mary amide NH, resonance assignments were refined with 3D '*N
TOCSY-HSQC and "N NOESY-HSQC where possible and confirmed
with SNF mutants Q7H and Q33R. The UIA RRM1 mutant Q54F was as-
signed using established 3D triple-resonance backbone NMR experiments
(HNCACB and CBCA(CO)NH) (27). NMR spectra were processed in
NMRPipe (28) and analyzed in NMRView] (29).

The effective rotational correlation time, 7., was used as a check for
intermolecular association in one-dimensional ['°N, 'H]-TRACT experi-
ments (30). Wild-type and mutant SNF proteins gave similar 7. values:
wild-type SNF, 6.3 ns; SNF(F53Y), 6.3 ns; SNF(Y10F), 6.8 ns; and
SNF(Y10F/F53Y), 7.1 ns. The new U1A(Q54F) mutant gave 7. = 5.8 ns,
similar to that of UIA(QS54E) (5.9 ns) (25). TRACT experiments with
UlA RRM1 gave 7. = 6.3 ns.

The weighted change in backbone amide chemical shifts between wild-
type and mutant proteins was calculated as:

1/2

A6 = [(A5H")" + ((@oN)” x n)] ",

where AGH" and A6N are the measured differences between wild-type
and mutant chemical shift for "HY and '°N, respectively, in parts per
million, and n = 0.154 is a normalization factor for the'>N chemical-shift
range (31).
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Heteronuclear "’N-{'H} NOE data were acquired as a pair of spectra,
with and without proton saturation (32). Spectra with proton saturation
included 3 s of relaxation delay and 3 s of saturation, whereas spectra
without saturation included a 6 s relaxation delay between scans. Two
sets of NOE spectra were collected and the peak intensity ratios (I/Ip)
were used to give the steady-state NOE. Errors in the NOE were determined
by propagation of the baseplane noise.

Relaxation dispersion profiles were acquired with a relaxation-compen-
sated Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (33) at 700 'H
MHz and 22°C for all proteins and mutants, and in addition at 900 MHz
for wild-type UIA and SNF. Sixteen spectra with CPMG vcpyg values
from 50 to 1000 Hz, Tax = 40 ms, and one reference spectrum (no
CPMG period) were collected. The relaxation delay was 2.5 s and Ry ,pp
values were determined as (34):

RZ,app(VCPMG) = —1/Tre1ax X ln[I(VCPMG)/IO]

where Tiep.x 18 the total time for the CPMG refocusing period (40 ms) and
I(vcpmc) and Iy are the peak intensities with and without CPMG (vcpmc)
refocusing periods, respectively. Relaxation dispersion profiles were fit to
a two-state model with GUARDD in MATLAB (35). Values of AR,, (the
enhancement of the intrinsic R, due to conformational exchange) were
calculated from endpoints of the CPMG experiment:

ARy cp = Rz,app(VCPMG:50 Hz) - Rzapp(VCPMG: 1000 Hz)~

AR, values were calculated for all backbone amides, but full CPMG relax-
ation dispersion analyses were calculated only for selected residues. Errors
were determined by the propagation of baseplane noise in AR, experiments,
and by repeat spectra in the GUARDD analysis of relaxation dispersion
data.

RESULTS
Thermodynamic coupling

We used thermodynamic double-mutant cycles to investi-
gate pairwise coupling free energies between the conserved
amino acids in the YQF triad on the surface of SNF RRM1
B-sheet in the free and bound states of the protein. If two
sites are thermodynamically coupled, perturbations at one
or both sites can result in a change in the interaction free en-
ergy (the pairwise coupling free energy (AG.)) (36-38).
Briefly, the first perturbation is described as site j and the
second perturbation as site i. A pairwise coupling cycle
(see Fig. 2 B), is used to graphically describe the relation-
ship between the wild-type protein and all three mutants
(SNF and its Y10OF (j), FS3Y (i), and Y10F/F53Y (ij) con-
structs; mutations in UIA (Y13F (j), F56Y (i), and Y13F/
F56Y (ij)) are taken from our previous study (25)). We
emphasize that these are perturbations designed to disrupt
single putative interactions (e.g., hydrogen bonding), rather
than mutations that change the character of the site.

The coupling free energy, AG. = AG;;, quantifies the
change in local communication upon perturbation of the
individual sites (Y10F and F53Y). Using the nomenclature
of DiCera (36), AG;; = 'AG; — °AG, = 'AG, — °AG;, where
the superscript indicates the perturbation alone (0) or in the
background of the second perturbation (1). Nonzero values
of the pairwise coupling free energy indicate linkage
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FIGURE 2 RRM unfolding and thermodynamic cycles. (A) Equilibrium
unfolding of UIA and SNF RRM1. U1A was denatured in guanidine (25)
and SNF in urea in the presence or absence of 0.5 M TMAO in 10 mM so-
dium cacodylate (pH 7) and 50 mM KCl, 22°C. (B) Thermodynamic pair-
wise coupling cycle of UIA (left) and SNF (right). AG®° values for SNF are
corrected for TMAO.

between the two sites. A negative coupling free energy
(AG, < 0) indicates that the perturbations have resulted in
a loss of communication, whereas positive coupling free en-
ergy (AG, > 0) suggests that the perturbations have resulted
in increased interaction free energy. By examining the pair-
wise coupling energy of the free protein using the folding
free energy as a thermodynamic probe, we measure linkage
between the two sites that could be indicative of preorgani-
zation of the binding surface. In the RNA-bound states of
the protein, we use RNA binding free energies as a thermo-
dynamic probe. The difference in the calculated pairwise
coupling free energies in the bound and free states shows
how interactions between the sites have changed upon com-
plex formation.

RRM stability

The standard free energies of protein folding (AG®fo14ing) for
U1A, SNF, and YQF mutants provide the data for construc-
tion of a thermodynamic cycle. Protein stability of U1A and
SNF RRMI1 was measured using chemical denaturation
(Fig. 2). Wild-type SNF has AG°goging = —3.5 (£ 0.3)
kcal/mol, which represents a very significant decrease in
protein stability compared to wild-type UIA (AG°f14ing =
—8.5 (£ 0.6) kcal/mol) (18). Due to the relatively weak
folding free energy of SNF and its mutants, 0.5 M
TMAO was included in all the denaturation solutions. The
effect was to raise the stability slightly (AAG°tpa0 =
0.7 kcal/mol), which was sufficient to allow more accurate
fitting of the native baseline of the denaturation curves
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(Fig. 2 A, right). For comparison of SNF and U1A folding
free energies, and for calculation of thermodynamic
coupling, 0.7 kcal/mol was added to the measured values
of all SNF folding free energies.

The thermodynamic cycle for free UIA RRM1 is shown
in Fig. 2 B, left, with the folding free energies indicated in
Table 1. Calculating the coupling free energy between sites
Y 13 and F56 shows weak positive coupling ('AG; — °AG; =
0.2 — —0.2 kcal/mol = AG. = +0.4 (= 0.6) kcal/mol).
SNF RRMI1 exhibits weak negative Y10/F53 pairwise
coupling (Fig. 2 B): ('"AG; — °AG; = —1.2 — —0.5 kcal/
mol = AG, = —0.7 (£ 0.6) kcal/mol). The flanking amino
acids clearly influence the pairwise coupling of the
conserved YQF triad, with the result that the surface organi-
zation of SNF differs fundamentally from that of UIA.

The glutamine residue in the YQF triad is unusual among
RRMs, and in previous experiments, we replaced it with
glutamate or asparagine in UIA RRM1 (25). Here, we re-
placed it in UlIA RRMI1 with phenylalanine, which is
more commonly found in this position in RRMs in other
families (9). The resulting UlA YFF RRM was thermody-
namically more stable than the wild-type by ~1.7 kcal/mol
(AG®f1ging = —10.3 = 0.4 kcal/mol). This protein was
used in experiments to represent the properties of a more
canonical RRM triad in the context of this family. It also
clarifies the unique contributions of the glutamine in the
YQF triad. We were unable to express an SNF construct
with the analogous mutation, which we assume is due to
folding problems in E. coli.

RNA binding

The YQF triad is at the center of the RNA binding surface of
these RRMs, and although there are no sequence-specific in-
teractions between these amino acids and the RNA, the

TABLE 1 SNF and U1A folding free energy

UlA RRM1? AG® 14 (kcal/mol) AAG®41q (kcal/mol)

WT —8.5 (% 0.6) —

YI13F —-9.8 (% 0.3) —1.3 (% 0.3)

F56Y —8.7(% 0.2) —-0.2 (£ 0.3)

Y 13F/F56Y —-9.6 (£ 0.3) —1.1 (% 0.3)
AG. =04 (£ 0.6)

SNF RRM1 AG°¢41q (kcal/mol) corrected AAG®;y1q (kcal/mol)

for TMAO

WT —3.5(x 04) —

Y10F —49 (£ 0.1) —1.4 (£ 04)

F53Y —4.0 (% 0.5) —0.5 (£ 0.6)

Y10F/F53Y —6.1 (£ 0.1) —2.6 (£ 0.6)

AG, = —-0.7 (£ 0.6)

AAG®¢q = AG® mutant — AG® WT. *Data for U1A were reported previ-
ously (25). All chemical denaturation was conducted at 22°C at the buffer
conditions indicated.

%150 mM NaCl, 10 mM sodium cacodylate, pH 7.0, 1 mM MgCl,; melted
with GdnHCI.

€50 mM KCl, 10 mM potassium phosphate, pH 7.0, 0.5 M TMAO; melted
with urea.
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RNA nucleobases must stack with tyrosine and phenylala-
nine in a defined orientation. Our previous experiments
with UIA YQF mutants showed that substitution of these
residues can have a profound effect on RNA binding affin-
ity, so here we repeated those experiments with SNF to
compare their contribution to binding affinity.

The standard Gibbs free energies for RNA binding were
determined for each RRM mutant using fluorescence of
Drosophila FAM-dmSLII or FAM-dmSLIV (Table 2) in
titration assays. Y10F and F53Y swaps on the binding sur-
face of SNF RRMI1 resulted in RNA binding affinities so
low that it was difficult to accurately quantify them under
the salt conditions used for the wild-type protein. For these
technical reasons, we used the full-length SNF protein for
all protein-RNA interaction assays. The added affinity of
the full-length protein appears to be due to salt-dependent
electrostatic interactions (17), which will not interfere
with our analysis of Y and F perturbations on the domain
surface. The UIA Q54F protein bound SLII so weakly
that it had to be measured in very low salt, precluding its
use in coupling studies. In 50 mM KCl and 10 mM sodium
cacodylate, pH 7, it bound to SLII with Kp = 8.5 = 1.4 x
107° M.

To quantify the contribution of the YQF triad to
RNA binding, we compare the binding free energies of
the single and double mutants. The RNA binding free
energy change is quantified as AAG®pinging = AG pinding
(mutant) — AG°yinding(Wild-type) for each protein:RNA
complex. If the two sites Y and F are not coupled in the

TABLE 2 SNF and U1A binding to SLIl and SLIV

AGPping (kcal/mol) AAG®ping
UlA RRMI1®  Kp hsSLII (M)° hsSLII (kcal/mol)
WT 49 + 0.1 x 107! —13.9 (+ 0.1) —
Y13F 49 + 0.1 x107° —112 (% 0.1 +2.7 (* 0.2)
F56Y 52+ 0.1 x 1071 —125 (£ 0.1) +1.4 (£ 02)
YI13F/F56Y 13 + 0.1 x 107° —79 (% 0.1) +6.0 (* 0.2)
AG, = +1.9 (+ 0.3)
SNF FL Kp dmSLII (M)  AGPping (kcal/mol) AAG®ping
dmSLII (kcal/mol)
WT 7.0 £ 6 x 1071 —12.5(* 0.5) —
Y10F 73 *+05x 1078 —9.7 (£ 0.04) +2.8 (£ 0.5)
F53Y 33 +02x10°% —102 (£ 0.04) 423 (£ 0.5)
YI10F/F53Y 83 + 0.7 x 1077 —83 (% 0.1) +4.2 (% 0.5)
AG. = —0.9 (*+ 0.5)
SNF FL Kp dmSLIV (M)§  AGC4;nq (kcal/mol) AAG® g
dmSLIV (kcal/mol)
WT 45 + 04 x 107° —11.4 (% 0.1) —
Y10F 45 +02x 1078 —10.0 (£ 0.03)  +1.4 (£ 0.1)
F53Y 36 + 03 x 1078 —10.1 (= 0.1) +1.3 (% 0.1)
Y10F/F53Y 4.0 + 02 x 1077 —8.7 (+ 0.03) +2.7(+ 0.1)

AG, = 0.0 (£ 0.1)

AAG®ping = AG® mutant — AG® WT.

“Data for U1A were reported previously (25). All binding was conducted at
22°C in the buffer conditions indicated: T 150 mM NaCl, 10 mM sodium
cacodylate pH 7.0, 1 mM MgCl,. § 250 mM KCI, 10 mM potassium phos-
phate pH 8.0, ImM MgCl,. § 100 mM KCl, 10 mM potassium phosphate
pH 8.0, ImM MgCl,.
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bound state (i.e., they are independent), then the sum of
AAG®yinging for each single protein mutant will be equal
to the difference for the double mutant. If this is not the
case, then the sites are not independent and there is coupling
between them.

When SLII RNA is bound by UlA YI13F and F56Y
mutants, AAG°uinging(Y13F) 4+  AAG pinging(F56Y) =
+4.1 kcal/mol, whereas for the double mutant UIA(Y13F/
F56Y), AAG®yinging = +6.0 kcal/mol. The effect of the
double mutation is not additive, and we interpret this differ-
ence as evidence of coupling of the two sites when RNA is
bound. The Y/F pairwise coupling free energy for SLII
binding to UIA RRMI is the difference between the two
values, AG.° = +1.9 (£ 0.3) kcal/mol. The pairwise
coupling between these residues has increased almost five-
fold in the complex from their coupling in the free protein.
Note that coupling can be direct or indirect, and the differ-
ence seen here could contain a contribution from the RNA.

When SNF constructs bind to SLII, AAG®pinging(Y 10F) +
AAG pinging(F53Y) = +5.1 (£ 0.5) kcal/mol, which is
measurably greater than the free-energy change for binding
by the double mutant SNF(Y10F/F53Y), AAG® = +4.2
(= 0.5) kcal/mol. Again the effect of the mutations is
nonadditive, indicating that the sites are not acting indepen-
dently. Calculation of the pairwise coupling free energy be-
tween the sites when SLII RNA is bound yields AG.°
(SLII) = —0.9 (£ 0.5) kcal/mol. However, when SNF binds
to SLIV the effects of the two mutations are additive:
AAG pinging(Y10F) + AAG®binging(F53Y) = +2.7 (= 0.1)
is equal to SNF(Y10F/F53Y) AAG® = +2.7 (£0.1) kcal/
mol. The coupling free energy (AG.° (SLIV) = 0
(% 0.08)) indicates that the sites are acting independently.
We conclude that 1), the contribution of SNF YQF to
RNA binding is determined by the RNA sequence; and 2),
that the RNA can alter the coupling of Y/F on the protein
surface.

Backbone structural perturbations

A trivial explanation for the loss of RNA binding affinity
upon mutation of tyrosine and phenylalanine is that the
RRM structure has been perturbed. Here, we use NMR to
compare the structures of wild-type SNF to SNF RRMI
Y10F, F53Y, and Y10F/F53Y. The 'H/"°N backbone amide
resonances of SNF are all broad with weak intensity, indi-
cating that the RRM is sampling conformational space on
the intermediate exchange regime of the chemical-shift
timescale. The Y/F mutations in SNF do not alter this spec-
tral property. The "H-">N HSQC spectra for wild-type N-ter-
minal RRM1 domains of UlA and SNF are compared in
Fig. S2. Spectra of the mutants were readily assigned by
reference to the wild-type proteins and so indicate that their
tertiary structures are not significantly perturbed.

The mutations are a simple swap of the tyrosine and phenyl-
alanine side chains on the surface of the 3-sheet, but the swap
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will have changed the environment of flanking amino acids.
To assess the extent of changes, we first compared chemical
shifts of the backbone amides. (We assigned backbone amide
chemical shifts for all UIA and SNF RRMs in our NMR
buffer (20 mM sodium cacodylate, pH 6.5, 50 mM KClI,
2 mM EDTA, and 10% “H,O at 22°C)). Amide backbone
chemical-shift changes of UlIA RRMI1 YI13F, F56Y, and
Y 13F/F56Y are localized to two dominant regions of the pro-
tein: in loop 3/33 and to a lesser extent at the C terminus of (4
and &3 (Figs. 3 and S3). The magnitude of the changes was
greatest with proteins that contained the Y13F substitution
and was minimal for the F56Y protein. The new U1A Q54F
mutation resulted in the greatest magnitude and extent of
chemical-shift changes, encompassing most of the (3-sheet
surface of UIA RRMI, including residues in (1, loop 1,
loop 5, loop 3, and C-terminal sites (Fig. S4).

The Y10F/F53Y substitutions in SNF resulted in more
widespread chemical-shift changes, encompassing (1,
loop 1, loop 3, the $4/a3 junction, and the entire a3, espe-
cially prominent for YI10F mutants (Fig. 3). Backbone
amide chemical-shift changes in SNF mutants are greater
in magnitude compared to those in the corresponding
mutants of UlA. We can interpret these data in terms of
structural changes to the RRM, particularly in the case of
the Y10F/F53Y mutant, where «3 resonances are shifted,
suggesting that the entire helix has moved. The extent of
the chemical-shift changes in SNF suggest that there is a
broad network of residue interactions across the surface of
the RRM (notably excluding al and «2) that was not
observed in U1A.

We think it is significant that substantial chemical-shift
perturbations were observed in loop 3 upon substitution of
Y13F. Since loop 3 is responsible for RNA recognition,
changes in the environment of its amino acids could have
consequences for its interactions with nucleotides. We
conclude that there is physical communication between
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loop 3 and the YQF triad in U1A and in SNF that is (some-
how) responsible for weaker RNA binding.

Side-chain amides probe surface conformations

Interchanging the tyrosine and phenylalanine residues in the
YQF triad led to weaker RNA binding of both U1A and SNF
but did not report on the resultant properties of glutamine
54. To probe the consequences of Y/F swaps for Q54/51
in UIA/SNF, we monitored the primary amide chemical
shifts (NH,) of asparagine and glutamine side chains
(Fig. 4). UlA RRMI1 has 10 Asn/Gln residues and SNF
has 11. These residues are conserved, with the exception
of residue 7 in the N-terminal tail, which is glutamine in
SNF and histidine in U1A; SNF has GIn*, and U1A has
GIn®>. Four of the N/Q residues are on the RNA binding sur-
face of UlA and SNF proteins, including Q54/51 (U1A/
SNF) in the YQF triad.

The side-chain amide spectra of all UIA RRMs are well
dispersed, and the two nonequivalent protons are observed
for most amides. The Q54F mutant spectrum was nearly
identical to that of the WT (Fig. S4). The greatest NH,
chemical-shift changes occur primarily at two positions,
Q54 and N15, on the RRM surfaces of other ULA mutants
(Fig. 4). Asn'” in 81 senses environmental effects of the mu-
tation as evidenced by small changes in its '°N side-chain
shifts. In the UIA(F56Y) mutant, the Gln>* NH, pair moves
~0.5 ppm (*°N). Mutations with Y13F in the single and dou-
ble mutants shift the GIn>* NH, pair by ~3.0 and 3.5 ppm
("°N), respectively. More significantly, in the Y13F mutant,
there are two pairs of GIn>* side-chain amide resonances,
indicative of slow exchange between two conformations.

SNF side-chain amides are more crowded (Fig. 4). One
contributor is Q33, located at the C-terminal end of «l,
which has three discernible pairs of NH, peaks in the spec-
trum of wild-type SNF. In SNF(F53Y), the GIn>' NH, pair
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A os - C—D= =>C0 = C2I D os - 0= = C2OT —
06 __06
I
Z Z
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02 || | “I 02 FIGURE 3 Backbone amide weighted chemical-
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and mutant UlA and SNF RRMI1 proteins. (A)
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moves only slightly (by ~0.5 ppm in '°N). Large perturba-
tions to the Gln®! NH, chemical shift arise from mutants
containing the Y1OF substitution: in the double mutant,
Gln®! NH, moves almost 2 ppm, and in Y10F, it moves
~2.5 ppm (°N). Also present are changes in the NH, pair
corresponding to the neighboring Asn'? side chain, which
moves ~0.5 ppm in the Y10F mutants.

Responses of the Q54/51 and N15/13 side chains to the
UIA and SNF mutants are strikingly similar. We propose
that this result provides evidence of a specific interaction be-
tween two members of the unique YQF triad: specifically, a
hydrogen bond between Qs4/51-NH, and Y 3/19-OH. Its loss
in the Y-to-F swap leads Q54/51 to find another hydrogen-
bond acceptor nearby (perhaps N15/N13). The subsequent
rearrangement of the RNA binding surface correlates with
weaker RNA binding, which we suspect is due to both a
structural and dynamic change in the RRM.

Fast (nanosecond to picosecond) timescale
backbone dynamics

Since the Y/F swaps led to chemical-shift changes in the
RRM backbone, we wanted to know if there was also a
change in its global or local dynamics. To probe the rapid
backbone amide dynamics of the RRMs, we used '°N relax-
ation experiments (T, T, "H/N NOE).
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In general, we found that the fast-timescale dynamics of
UIA and its mutants were unchanged throughout the body
of the RRMs (Fig. S5). The {'H}-'*N heteronuclear NOE
(hetNOE) data report fast-timescale (nanosecond to pico-
second) backbone dynamics and were used as a comparative
method to look for changes in the proteins. We find that loop
3 shows enhanced backbone motions in all UIA proteins,
{"H}-">N NOE ~ 0.65, as do the C-terminal a-helix and
N- and C-terminal residues ({'H}-'°N NOE < 0.65).

We have collected T, and T, data for wild-type SNF, but
because the resonances for SNF and the Y/F mutants are
consistently broad and weak, we did not pursue them for
the mutants. To avoid nonspecific intermolecular interac-
tions, the protein concentration was 300 uM, which exacer-
bated the signal/noise problem. Although the SNF hetNOE
data show more error (due to the weaker peak intensity), the
wild-type and mutant data look very similar. The motions in
the loops appear to be enhanced, although clearly the N-ter-
minal residues and the C-terminal o3 have more rapid mo-
tions than does the body of the RRM.

Intermediate (microsecond to millisecond)
timescale motions/conformational exchange

The NMR spectral characteristics of UlA and SNF
RRMI1 provide an immediate indication that the
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conformational-exchange properties of the two domains are
different. A comparison of linewidths of the backbone
amide resonance of UIA and SNF RRMI {'H}-'°N
HSQC shows that UIA RRMI resonances are sharp and
intense, whereas those of SNF are broad and weak. This
property of SNF RRM1 is also apparent in the full-length
SNF protein (shown in a stacked plot of a portion of the
full-length SNF HSQC (Fig. S6)), where resonances in
RRM1 are less intense and broadened compared to those
of RRM2. We used NMR CPMG experiments to compare
the micro- to millisecond dynamics of UlA and SNF
RRMI and then compared the wild-type RRM dynamics
to the Y/F mutants, looking for correlations with RNA bind-
ing affinity.

Both wild-type RRMs exhibit conformational exchange
in the microsecond-to-millisecond regime in selected re-
gions of the domain, but the exchange is more extensive

40 (s

U1A Y13F/F56Y
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for SNF. These data are compared in Fig. S7 in the plots
of AR, (AR, was calculated from the difference in the end-
points of a CPMG relaxation dispersion experiment). We
use AR, to provide an estimate of motions on the micro-
second-to-millisecond timescale, since it represents the
line broadening from conformational exchange added to
the intrinsic R,. These data are mapped onto the structures
in Fig. 5.

In our experimental conditions, measured conformational
exchange in wild-type U1A is localized to al with AR, =
5-10 s~ ' at 700 MHz (10-20 s~ ' at 900 MHz) and to loop
5 (AR, = 20 s '). The same pattern is observed in the
ULA(Q54F) (Fig. S5) and UIA(F56Y) RRMs. ULIA(Y13F)
increases the exchange rates slightly and extends them to
loop 3, an effect that persists in ULA(Y 13F/F56Y).

In general, exchange measured by AR, in SNF on this in-
termediate timescale increases relative to that of U1A, with

FIGURE 5 Intermediate-exchange AR, for
wild-type and mutant U1A (left column) and SNF
(right column) RRMI1 proteins. Data are plotted
on the structures of UlA (PDB code lurn) and
SNF (PDB code 2k3k). In this U1A structure, the
third «-helix was truncated, whereas in the SNF
NMR structure, it is shown in one of its possible
orientations (13).

Biophysical Journal 107(1) 208—219



216

involvement of more of the RRM loops and body, a result
consistent with its backbone peak intensities and linewidths.
In detail, conformational exchange on this timescale in SNF
encompasses «1, loop 3, and loop 5, with AR, = 10-25 s
SNF(F53Y) dynamics are similar to those in the wild-type
RRM, with an increase in exchange rates in «l and loop
5. As with UTA(Y13F), SNF(Y 10F) enhances the dynamics
in a1 and loop 3 but now includes (1 (Fig. 5); this pattern is
shared by SNF(Y10F/F53Y), but exchange rates are more
rapid.

To quantify the conformational exchange occurring in
these regions, backbone CPMG relaxation dispersion exper-
iments were performed for wild-type U1A and SNF proteins
(33,39). Relaxation dispersion data were fit to a two-state
exchange model to compare the motional exchange rates,
k... Although this model is certainly inadequate to describe
the conformational ensemble of SNF, the apparent k., values
are used to compare the dynamical processes. Increased
AR; in regions of al and loop 5 were found in both U1A
and SNF, so CPMG relaxation dispersion data in these re-
gions were analyzed. Fig. 6 shows fits to «l residues A29
and Q33 (SNF) and Y31 and Q36 (UlA), where k., ~
3000 s~ for UIA and 1400 s~ for SNF. In the side-chain
amide spectrum of SNF (Fig. 4), Q33 had three pairs of res-
onances; here, we see that its backbone amide is also in ex-
change, although on a faster timescale. In UlA, residues
from loop 5 could be fit to give k. ~ 3000 s ', but those res-
idues in SNF loop 5 showed more complicated decay curves
that could not be fit with this model.

The CPMG data clearly show that the two RRMs undergo
different intrinsic motions in these experimental conditions.
U1A «al and loop 5 and SNF «1, loop 5, and loop 3 exhibit
local intermediate dynamics. Whereas these local motions
in UIA are relatively insensitive to Y/F swaps, the same
mutations in SNF produce significant responses that extend
beyond the local regions. Our conclusion is that there is a
network of interactions connecting both sides of the RRM
(B-sheet and a-helices). More experiments are necessary
to map the network in the free proteins and to see how it
changes in their bound states.

DeKoster et al.

DISCUSSION

The U1A/U2B"/SNF family of RRMs is not characteristic
of most RRMs, since this family recognizes a complicated
RNA sequence displayed in a preferred (hairpin) structural
context with nanomolar affinity. To accomplish this selec-
tivity, the RNA binding surface of the RRM had to
specialize not only to select its preferred target but to reject
others. Our results clearly identify the phylogenetically
conserved YQF triad on the (-sheet surface as a critical
element for establishment of a productive RNA binding
surface. By comparison, common protein RRMs with their
analogous triads include hnRNP Al (RRM1 FFF and
RRM2 FFF), PABP (RRM1 YYY, RRM2 FYF, RRM3
YFF, and RRM4 YFF), ASF/SF2 (YFF), nucleolin (RRM1
FFY, RRM2 LIY, RRM3 VYF, and RRM4 FFF), and
SC35 (KFF) (9); these proteins have loosely defined RNA
specificity (they are promiscuous) and often rely on multiple
RRMs for affinity and selectivity. What we learn from the
U1A/U2B"/SNF family is that the RNA binding surface of
an RRM can become highly specialized. The RRM scaffold
can be loosely organized (an ensemble) (SNF) or tightly
packed (U1A), but it must maintain a network of connected
residues that together regulate geometry and dynamics of
the RNA binding surface. The YQF triad of the UIA/
U2B"/SNF family appears to be the nexus of the network
(40,41) that defines the structure/function/dynamics of these
RRMs.

We compared Drosophila SNF RRM1 with human UlA
RRMI from the perspective of the protein stability, struc-
ture, and dynamics, as well as RNA binding, to develop a
model of their functions. These two proteins represent the
two phylogenetic contexts within this family: not only do
metazoan organisms with a single SNF protein far
outnumber organisms with selective UlA and U2B” pro-
teins, but the human proteins are examples of late-evolving
RRMs found in jawed vertebrates (14). Therefore,
Drosophila SNF is a prototype of the more common
RRMs that bind two RNA targets, whereas human UlA
has become specialized. SNF is more similar to the ancestral
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protein of this family (14), and its RNA binding surface rep-
resents the more ancient version of the protein. A compari-
son of their properties shows how RRMs in this family
utilize both their common and unique elements to bind
RNAs.

Protein dynamics, YQF, and RNA binding

U1A and SNF RRM1 both bind U1 SLII and have identical
RNP sequences. However, their protein properties are quite
different: the folding free energy of UIA RRM1 is —5 kcal/
mol more favorable than that of SNF RRM1, and whereas
U1A is best described as having a single dominant confor-
mation (or at least in fast exchange with other conforma-
tions on the NMR chemical-shift timescale), SNF RRM1
is best described as a conformational ensemble. Where the
Y/F swaps within the YQF triad introduce moderate local
changes in the dynamics of U1A, the same swaps in SNF
have widespread effects throughout the entire RRM. Of
particular note is the increase in microsecond-to-milli-
second motions that result in SNF upon Y 10F substitution,
effectively increasing the conformational heterogeneity
(the ensemble) of SNF structures in the free protein.

Is there a functional connection between protein
dynamics and the YQF triad? We suggest that there is,
and that it differs between U1A and SNF. We interpret the
chemical-shift changes in the GIn>*' side-chain amide in
Y-to-F swaps to indicate that it has lost its original
hydrogen-bonding partner (Tyr'¥'?). Breaking this connec-
tion in U1A leads to locally enhanced mobility of loop 3, the
B4/a3 junction, and «3. The implication is that these sites
are physically connected (by direct or water-mediated
hydrogen bonds, nonpolar packing, or electrostatics). These
are the three parts of the protein that make sequence-specific
contact with SLII, and we posit that their preorganization is
necessary for RNA binding. In contrast, the Y-Q interaction
in SNF acts as a staple to restrain the microsecond-to-milli-
second dynamics of nearly the entire RNA binding surface.
Loss of the Y-Q interaction increases the rate of conforma-
tional exchange between the members of the ensemble of
SNF structures and likely also increases its ensemble
complexity.

In the conformational capture model of RNA-protein
interactions, the RNA is typically considered to be sampling
conformations (its structure is best described as a conforma-
tional ensemble) (42,43). The protein must select the RNA
structure that accommodates binding from among the
ensemble; this model seems appropriate for the binding of
U1A to SLII (44). However, when the protein is also sam-
pling conformations, as is SNF, then binding requires
mutual conformational capture. We suggest that this model
applies to SNF-SLII and SNF-SLIV, and that when SNF
dynamics are enhanced in the Y 10F constructs, the process
becomes less efficient and leads to weaker RNA binding.
We predict that the conformational ensembles in the mutant
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SNF proteins will result in a more unfavorable entropy of
binding, which can be experimentally tested by isothermal
titration calorimetry measurements.

Kinetics experiments using surface plasmon resonance
have been used to compare the on and off rates of UlA
binding to SLII (45). Among the U1 A mutants used in those
experiments were Tyr'*Phe and Phe’®Tyr (in 150 mM NaCl
at 22°C). Results showed that either substitution slowed the
on rate by twofold compared to wild-type U1A, but that the
off rates were significantly different. We predict that SNF
Y 10F mutants would have much slower on rates, if there
is a change in the distribution of binding-competent SNF
structures in the conformational ensemble of the Y10F
mutants.

The Y10F swap in SNF also results in more extensive
dynamics (AR,) on the intermediate timescale, involving
both the § strands and «1. These data lead to our conclusion
that the two sides of the RRM are more efficiently coupled
in SNF than in UIA. The SNF Y10F/F53Y RRM shows the
greatest response of a1 dynamics, and indeed of the entire
domain; there is an increase in the AR, rates overall. U1A
is far more resistant to such changes and effectively main-
tains the wild-type pattern and rates. The network that cou-
ples the RNA binding surface, which we suspect is mediated
by the Tyr-Gln interaction, seems to also couple to the back
side of SNF RRM.

We suggest that the network propagates through the
protein backbone and side chains to preorganize the RNA
binding surface. This is not to say that the surface is fixed
and static; loop 3 has significant mobility on the pico-
second-to-nanosecond timescale, as does «l. We propose
that the YQF triad is at the center of this network, holding
it all together and restricting independent motions. Disrup-
tions of the network lead to weaker RNA binding for both
UIlA and SNF. However, based on the observed negative
thermodynamic coupling between tyrosine and phenylala-
nine in free ULA RRM1 and their positive thermodynamic
coupling in free SNF RRM1, the YQF triad does not have
the same function in UlA and SNF. In the complex, YQF
appears to differentially modulate the RNA binding surface
of SNF depending on which RNA is bound, as these sites
appear to be entirely uncoupled in the SNF-SLIV complex.
In other words, the RNA binding surface of SNF is
controlled by RNA and tuned for specific recognition.

Several computational studies of UIA RRMI in the free
(46) and bound (41,47,48) states have identified residues
that are part of networks with collective motions. The
YQF sequences feature prominently in both states of the
RRM, and in the complex bound to SLII, the networks
included nucleobases. Analysis of short (10 ns) molecular
dynamics trajectories of RRMI1-SLII led Kormos et al.
(41) to conclude that there were dynamical contacts
throughout the RRM that contributed to RNA binding.
The distribution of the networks across the RNA binding
surface included loop 3 and the C-terminal region, in
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agreement with our previous thermodynamic pairwise
coupling data that linked those sites (18,25). Other sites of
dynamical contact were found in §1, §4, and loop 1 (41),
which span the RNA binding surface. The networks that
we now describe for both UlA and (particularly) SNF are
more extensive than previously reported, as they encompass
both sides of the RRM. These slower motions would not be
captured in basic MD experiments but might be detected
using other computational methods. Although the NMR
data show that changes in backbone dynamics are correlated
with site-specific mutations of the RRM, only the simula-
tions can determine whether the correlations are causative
and whether the motions are indeed collective. We expect
that we will see dramatic differences in the networks in
SNF and U1A both free and bound to RNA.

CONCLUSION

UIA and SNF have taken separate evolutionary paths to
arrive at the same end: they both bind Ul snRNA SLII
with nanomolar affinity. However, although UlA binds
only SLII, SNF also binds SLIV. Here, we show that these
RRMs are fundamentally different in their intrinsic back-
bone dynamics and folding free energies, yet they maintain
extensive networks of intraresidue communications
centered around their unique conserved tyrosine-gluta-
mine-phenylalanine triad on the surface of the (3-sheet. As
such, they provide an intriguing example of the variations
that can be accommodated in this small domain, and they
may lead to new RNA binding mechanisms.

SUPPORTING MATERIAL

Seven figures are available at
supplemental/S0006-3495(14)00560-8.
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Figure S1. Ribbon of the NMR solution structure of apo U1 A B-sheet surface (1tht.pdb, model 1,
(11)). Dotted line indicates the distance between Tyr13 ring oxygen to GIn54 sidechain amide
nitrogen where the average distance in the 43 structures is 2.9 + 0.4 A.



. -
.
L ]
.
10.0] A 10.0
. .. .
- ’ M H . T R
- H d . . L.
B e L e 5 . -
L) -
115.0- o, o= 145.0 . . -
. ® o —_ e ¢ o -
E— ™ ‘ E - 8
£ . = . . g .
a - cw . 8 - % .
= R .. z - ¥ Lt .-
- ] . .- * 1200 - ° -
1200 . .
- . = L . L -
e "s s . -
5. " - - - -t
R LS etes .,
.
*s . g ® L] . . ™ - .-
125.0 o . .. 1250 * " e
- - - .
- - . L] .c
L] - - . L]
- -
. U1A .. SNF
130.07 130.01 . @
8.0 7.0 60 100 30 80 7.0 60
HN (ppm)

HN (ppm)

Figure S2. 'H -""N HSQC spectra of the RRM1 domains of wild-type UIA and SNF proteins.
Data were collected at 22.5°C with 300 uM protein in 20 mM cacodylate (pH 6.5), 50 mM KCI,

2 mM EDTA, and 10% “H,O.
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Figure S3. Chemical shift changes as a function of mutations in U1 A and SNF RRM 1. Data are
plotted on the structures of UL A (lurn) and SNF (2k3k). In this UIA crystal structure (10), the
third a-helix was truncated, while in the SNF NMR structure, it is shown in one of its possible
orientations (13).
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Figure S4. U1A mutant Q54F data. A) Backbone amide chemical shift differences from wild type (compare
to Figure 3). B) {1H}-15N-HSQC spectrum of GlnAsn NH2 sidechain peaks. C) Intermediate exchange 
deltaR2 plot. Data are mapped onto the crystal structure (1urn) of U1A RRM1.
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Figure S5. Backbone amide "N-{'H} heteronuclear NOE data for U1A and SNF RRM1. (A)
UIA RRMI proteins: wild type ULA o, UIA(F56Y) m, UIA(Y13F) o, ULA(Y13F/F56Y) o,
UIA(Q54F) A, and in (B) SNF RRM1 proteins: wild type SNFe, SNF(F53Y) m, SNF(Y10F) o,
SNF(Y10F/F53Y) o. Secondary structural elements are shown above the panel for reference.
Errors were determined from the propagation of baseplane noise. Larger errors occur in SNF
regions of broadened exchange, particularly in loop 3 where the signal/noise is poor.



RRM2
L144

RRM2 RRM2
| RRM2 Ri72

A214
Q142 RRM2 |
1211

[

> RAM2 & _ T e © o -
& m200 25 ~ - o © _
——y 2
. ©
- o
o
° ¢
L) L) T [ T T T T I T 1
98 96 94 92 9.0 9.5
HN (ppm)

Figure S6. Intensity differences in full length SNF monitored by stacked plot. Left, is a stacked

plot representation of the 'H -">’N HSQC excerpt taken from the full length SNF spectrum (right).
Peaks are labeled with the residue positions and RRM domain from the full length protein.
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Figure S7. Intermediate exchange AR; for wild-type and mutant UL A (left column) and
SNF (right column) RRMI1 proteins. Secondary structural elements are above the plot for
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