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ABSTRACT: The RNA recognition motif (RRM) is a pre-
valent class of RNA binding domains. Although a number
of RRM/RNA structures have been determined, thermo-
dynamic analyses are relatively uncommon. Here, we use
isothermal titration calorimetry to characterize single-
stranded (ss)RNA binding by four representative RRM-
containing proteins: (i) U2AF®, (i) SXL, (iii) TIA-1, and
(iv) PAB. In all cases, ssRNA binding is accompanied
by remarkably large favorable enthalpy changes (—30 to
—60 kcal mol ") and unfavorable entropy changes. Altera-
tions of key RRM residues and binding sites indicate that
under the nearly physiological conditions of these studies,
large thermodynamic changes represent a signature of specific
ssRNA recognition by RRM:s.

The RNA recognition motif (RRM) is an abundant domain
among proteins with central roles in post-transcriptional gene
regulation (/) (Figure 1). Multiple RRMs often occur per poly-
peptide. For example, tandem RRM:s of splicing factors U2AF®,
TIA-1, and SXL recognize U-rich pre-mRNA sites (2, 3). The
poly(A) binding protein (PAB) enhances translation following
RRM-mediated recognition of the mRNA tail (4). Beyond the
well-established role of canonical RRMs in binding RNA, RRM
variants such as the U2AF homology motif (UHM) are dedi-
cated to protein/protein interactions (5). This breadth of func-
tions illustrates the importance of elucidating the structural and
thermodynamic forces responsible for RRM interactions.

Despite extensive structural and functional investigations of
RRMs, full thermodynamic characterizations of the enthalpy
and entropy changes during RRM/RNA binding are scarce.
A thorough characterization of RNA binding by an RRM has
been completed for the UIA splicing factor (6). However, this
rare example focuses on a single RRM binding a single-stranded
(ss)RNA site within a stem loop, which differs from the prevalent
systems of multiple RRMs recognizing unstructured ssRNAs.
Enthalpy and entropy changes of ssSRNA binding have been
determined for a number of unrelated domains, including Hfq,
GLD-1, trp attenuation protein (TRAP), tristetraprolin, and T4
translational regulatory protein (7— /7). Given the diversity of these
domain classes, it is unsurprising that no common thermodynamic
themes of ssRNA binding have emerged to date. In contrast,
protein/protein, protein/ligand, and protein/DNA interactions
have been investigated in depth.
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Previously, we found a large favorable enthalpy change (AH)
and a large unfavorable entropy change (—TAS) for the recognition
of poly(U) by the tandem RRMs of U2AF® (AH = —70 kcal
mol~"; —=TAS = 61 keal mol™") (12). Notably, these enthalpy and
entropy changes were similar in magnitude to those observed for the
single other example of RRM/RNA binding [UIA RRM/RNA
stem loop (AH = —68 kcal mol ™ '; = TAS = 58 keal mol™")] (6). To
explore the generality of these observations for other RRM-contain-
ing proteins, we used isothermal titration calorimetry (ITC) to
determine the enthalpy and entropy changes of ssRNA binding by
four RRM-containing proteins: U2AF®, SXL, TIA-1, and PAB.
Constructs composed of two consecutive RRMs represented the
major sites of RNA recognition for each protein (U2AF® RRM12U,
SXL RRMI2, TIA-1 RRM23, and PAB RRM12) (2, 3, I4)
(Figure 1C). To allow future comparison with higher-order com-
plexes, the U2AF® construct includes a C-terminal UHM that lacks
detectable RNA affinity (5).

The ability of U2AF®, SXL, and TIA-I to recognize compar-
able U-rich sequences offered the opportunity for comparison
of various RRM-containing proteins binding identical RNA
sites (3, 15). We preferred a poly(U) binding site for ITC, because
this sequence is expected to lack (i) intra- or intermolecular
secondary structures or (i) multiple nonidentical binding sites
that would complicate analyses. The optimal, poly(U) site of
U2AF% is well-established (2, 16). We verified the poly(U) pre-
ferences of SXL and TIA-1 by fluorescence anisotropy (Figure S1
of the Supporting Information). Both splicing factors bound a
20-uridine (U,g) RNA with higher affinity than their natural
splice sites (for SXL RRM 12, K equals 7 + 3 nM for U, vs 47 +
10 nM for the ra splice site; for TIA-1 RRM23, K, equals 33 £
6 nM for U, vs 118 & 16 nM for the fas splice site). Likewise,
a 20-adenosine RNA (A,) is similar in length to the repeating
units of PAB/poly(A) mRNA tail complexes (/7) and represents
a specific PAB binding site for direct comparison with U,y RNAs.
We subsequently focused on the Uy, and A,y RNA binding sites.

Because the HEPES buffer used previously was replaced with
BES here (to take advantage of a lower heat capacity change of
jonization), we repeated the U2AF® RRM12U/Us, titrations
in BES for comparison (Figure S2A of the Supporting Infor-
mation). Consistent with a mere 1 kcal mol™" difference in the
enthalpies of buffer ionization (/8), the results agreed within error
(AH = —61.3 + 10.8 keal mol™"; —TAS = 53.0 + 10.7 kcal
mol ') (Table S1 of the Supporting Information). Large enthalpy
and entropy changes were also found for specific RNA recognition
by SXL, TIA-1, and PAB (for SXL RRM12/U,, AH = =353 £
2.9 keal mol™" and —TAS = 25.6 £ 2.8 kcal mol™"; for TIA-1
RRM23/Uyy, AH = —29.6 + 0.5 kcal mol ' and — TAS = 20.0 +
0.5 keal mol™%; for PAB RRMI12/Ay, AH = =293 + 1.5
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FiGURE 1: Structures of the second RRMs of (A) SXL (Protein Data
Bank entry 1B7F) or (B) PAB (Protein Data Bank entry ICVJ). RNP
residues altered by mutagenesis are colored yellow. (C) U2AF®,
TIA-1, SXL, and PAB domain organization and constructs used in
this study. RRM, RNA recognition motif; RS, arginine-serine-rich
domain; ULM, UHM ligand motif; UHM, U2AF homology motif;
Gly-rich, glycine-rich domain; Pro-rich, proline-rich domain; Gln-rich,
glutamine-rich domain; PABC, peptide-binding domain.

keal mol™! and —TAS = 19.6 + 1.5 keal mol ') (Figure 2 and
Figure S2 and Table S1 of the Supporting Information). These
results indicated that, considering the UIA RRM, five unrelated
RRM-containing proteins that are <25% identical in sequence
exhibited large favorable enthalpy changes and unfavorable en-
tropy changes for recognition of diverse RNA sites (Figure 2).

Control titrations of U,y or A,y RNAS into buffer demon-
strated that the heats of RNA dilution were not responsible for
the apparent enthalpy and entropy changes (Figure S3A,B of the
Supporting Information). To further ensure that the observed
values did not depend on the configuration of the experiment,
“reverse” titrations of SXL in the syringe into U,y RNA in the
sample cell yielded similar enthalpy and entropy changes (AH =
—43.6 + 1.5 kcal mol™'; —TAS = 33.9 + 1.6 kcal mol ") as the
“forward” titrations of U,y RNA into SXL (Figure S3C and
Table S1 of the Supporting Information).

To the best of our knowledge, comparably large enthalpy and
entropy changes for ssSRNA recognition have been documented
for only two cases besides RRM:s: the Sm-like fold of Hfq [AH =
—41 kealmol " and —TAS = 30 kcal mol ™" for poly(A)] (7) and
a CCCH-zinc finger of tristetraprolin (AH = —46 kcal mol ™" and
—TAS = 35 keal mol™" for an AU-rich element) (10). Large,
exothermic enthalpy changes also are observed for the well-
studied case of ssDNA binding by SSB [AH = —70 kcal mol ™"
for poly(T)] (19). In contrast, other characterized motifs bind
ssRNA with moderate enthalpy and entropy changes (8, /7) and
can be entropically driven (9).

We next investigated the possible influence of proton exchange
with the surrounding medium during formation of the RRM/RNA
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FIGURE 2: Representative isotherms for titration of (A) U,y RNA
into SXL RRM12, (B) Ay RNA into SXL RRM12, and (C) Us,
RNA into SXL RRM12M"in 100 mM NaCl and 25 mM BES (pH 7.4)
at 303 K. All other isotherms are represented in the Supporting Infor-
mation. (D) Bar graph representations of thermodynamic changes. The
left panel shows specific RNA binding by wild-type RRM-containing
proteins: U2AF®® RRM12U/Us,, SXL RRM12/Us, TIA-1 RRM23/
Uy, and PAB RRM12/A,. Asterisks denote averaged nonredundant
enthalpy (http://www.bioinfodatabase.com/pint/) and entropy (/3)
changes for protein/protein interactions. The middle panel shows non-
cognate RNA binding: SXL. RRM12/A,, and PAB RRM12/Uy,. The
right panel shows RNP mutant proteins: SXL RRM12M"/U,, and PAB
RRM12MU A,

complex. To avoid possible competition between phosphate
buffer and binding sites for the phosphodiester RNA backbone,
we took advantage of the different ionization enthalpies of Tris
compared with BES buffers (AH; for Tris equals 11.7 kcal mol ™ ;
AH; for BES equals 6.0 kcal mol™'; AAH = 5.7 kcal mol ™" per
proton transfer) (18, 20). Enthalpy changes for the representative
SXL RRMI12/Uy, system were the same within error when
measured in Tris compared with BES buffers (AH"™ = —39.4 +
0.2 kcal mol™") (Figure S4 and Table SI of the Supporting
Information). This result demonstrated that proton exchange
was not responsible for the large observed magnitudes of the
enthalpy and entropy changes.

We then examined whether the enthalpy and entropy changes
depended on formation of specific RRM/RNA contacts (Figure 2
and Figure S5 of the Supporting Information). We focused
on SXL and PAB for these experiments, because the affinities
of these proteins for nonspecific RNAs were sufficiently high to
remain within the reliable range for ITC measurements, and
structures of the RNA complexes were known. For SXL RRM12,
the magnitude of the enthalpy changes became nearly 90% less
favorable for nonspecific Ay binding (AH = —3.1 £ 0.3 keal
mol ™). Indeed, the SXL RRM12/A,, binding reaction became
entropically favorable (—TAS = —3.7 + 0.3 kcal mol !). The
magnitudes of the enthalpy and entropy changes also decreased for
nonspecific RNA binding by PAB RRM12 (AH = —138 +
0.8 keal mol™'; —=TAS = 5.3 £ 0.5 keal mol ™). Hence, the large
enthalpy and entropy changes appeared to depend on specific RNA
contacts by the RRM fold. Because nonspecific RNA binding often
depends on favorable electrostatic interactions, this result further
suggested that the release of counterions by complex formation was
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unlikely to dominate the observed enthalpy and entropy changes.
Accordingly, relatively few RRM/RNA salt bridges are evident
among the proteins studied here (2/—23) [approximately four
compared with 23 for a representative salt-dependent complex,
IHF/dsDNA (24)].

To further investigate the role of specific RNA contacts, we
mutated conserved aromatic residues in the characteristic ribo-
nucleoprotein motifs (RNP1 and RNP2) (Figure 1). These resi-
dues stack with RNA bases in the majority of canonical RRM
structures, including SXL and PAB (22, 23). Double mutations,
F256A and Y214A in SXL RRM2 (SXL RRMI2M") and
F102A and F142A in PAB RRM2 (PAB RRM 12M"), decreased
the enthalpy and entropy changes of target RNA binding rela-
tive to the wild-type counterparts and converted the PAB
RRM 12M"YA,, interaction into an entropically favorable inter-
action (for SXL RRM12M"/U,y, AH = —22.3 + 0.4 kcal mol '
and —TAS = 14.5 4 0.4 kcal mol™'; for PAB RRM12M™/A,,
AH = —6.4 £ 0.6 kcal mol™" and —=TAS = —1.0 £ 0.5 kcal
mol ") (Figure 2 and Figure S6 and Table S1 of the
Supporting Information).

On the basis of our results for the SXL and PAB mutants, base
stacking by conserved RNP residues contributes to the large
thermodynamic changes for RRM/RNA interactions. In support
of this conclusion, 7 stacking interactions are often enthalpically
favorable (25, 26). Notably, Hfq and tristetraprolin, which exhi-
bit large enthalpy and entropy changes for ssSRNA binding, like
the RRM-containing proteins engage in extensive 7 stacking
between aromatic side chains and the RNA bases (27, 28).
Similarly, aromatic SSB side chains stack with bound ssDNA
bases (29), and site-directed mutagenesis of these residues reduces
the enthalpy and entropy changes for nucleic acid binding (30). In
contrast, GLD-1 and TRAP, which lack large favorable enthalpy
and unfavorable entropy changes for ssRNA binding, also lack
extensive contacts between aromatic side chains and nucleic acid
bases (37, 32). Thus, the conservation of the RNP motifs provides
a rationale for the shared thermodynamic signature of large
favorable enthalpy changes among RRM/RNA complexes char-
acterized to date. Future studies will tell whether this theme
continues to hold for the many diverse members of the RRM
family and for other nucleic acid-binding domains.
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