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ABSTRACT: SNF is a protein that is found in the U1 and U2 snRNPs (small nuclear ribonucleoproteins) of
Drosophila. Its mammalian counterparts are two homologous proteins, U1A and U2B00. In vivo, these
proteins segregate to the U1 and U2 snRNPs, respectively, where they bind distinct RNA hairpins. The RNA
binding properties and mechanism of U1A have been studied extensively, but much less is known about SNF
and U2B00 binding to their RNA targets. By comparing thermodynamic aspects of SNF-RNA interactions
with those of U1A-RNA interactions, we find that SNF binds its RNA targets in a manner that is distinct
from that of U1A. In vitro, SNF is able to bind bothDrosophilaU1 stem-loop II and U2 stem-loop IV with
high affinity, although it binds stem-loop II more tightly than it binds stem-loop IV. Intriguingly, SNF is
unable to bind human U2 stem-loop IV, which suggests that both the protein and RNAs have coevolved to
interact with each other such that a single protein can bind RNAs that are more commonly bound by two
distinct proteins.

RNA recognition motifs (RRMs)1 are the most abundant
RNAbinding element in eukaryotic proteins. To date, more than
6000 distinct RRMs have been identified, and RRMs are found
in ∼2% of all human genes (1). RRMs are involved in processes
that include splicing, translation, and RNA trafficking. They are
often part of a protein containing multiple functional domains,
and in this context, they play key roles in linking RNA binding
with RNA regulation. In spite of the high degree of structural
similarity betweenRRMs, they are highly variable with respect to
the RNA sequences and structures that they bind, the affinity
they have for RNA, and the mechanisms by which they interact
with their RNA targets. It is not possible to predict ab initio what
RNA sequence an RRMwill bind, how tightly it will bind it, and
the mechanism by which it will recognize its RNA. It is clear that
as yet, we have a very poor understanding of how RRMs work.
SNF as a Member of the snrpA/snrpB2 Family. SNF

(Sans fille) is a member of the snrpA/snrpB2 protein family.
Members of this family are found in all eukaryotes, and in
general, proteins in this family contain two RRMs. In most
eukaryotes, these proteins are found in pairs; U1A segregates to
the U1 snRNP and U2B0 0 to the U2 snRNP, where they bind
highly related but distinct RNA targets within the U1 and U2
snRNA, respectively. In a minority of organisms, neither U1A
nor U2B0 0 is present. Instead, a single protein, SNF, seems to
replace both U1A andU2B00 and is found in both the U1 andU2
snRNPs.

The function of these proteins in splicing remains unclear,
although U1A and U2B0 0 proteins are extremely conserved

among eukaryotes. U1A binds with high affinity and specificity
to stem-loop II (SLII) of U1 snRNA, while U2B0 0 binding to its
RNA target, SLIV in U2 snRNA, is less well characterized. The
U1 snRNP can be functionally reconstituted without the U1A
protein (2); analogous experiments with U2B0 0 are not available,
although it appears to remain in the spliceosome with the U2
snRNP throughout the splicing cycle (3). In Caenorhabditis
elegans, the U1A and U2B0 0 proteins are redundant: in the
absence of either one, the remaining protein is incorporated into
both snRNPs (4), suggesting that each protein can bind both
RNA targets. In Drosophila, SNF is found in both snRNPs,
where it is assumed to bind to either SLII or SLIV depending on
its snRNP context.

A snf knockout is embryonic lethal to the fly, but the reason for
this phenotype remains unclear. Mutational experiments have
shown that in Drosophila, SNF is not required for recognition
of the 50 splice site by the U1 snRNP (5) or for U2 snRNP
activity (6). Salz (6) has suggested that rather than playing a
primary role in splicing events, SNF interacts withmodulators to
modify splice site selections, thus controlling U1 (and possibly
U2) snRNPs at critical times in response to cues from other
proteins. If this is SNF’s true role in the spliceosome, it indicates
that inherent to SNF’s function is a flexibility of interactions.
Part of this flexibility includes an ability to bind different RNA
targets.
SNF and Its RRMs. SNF is a 216-amino acid protein with

two RRMs connected by a flexible linker of approximately 35
amino acids. As with other RRMs, the two RRMs of SNF adopt
an R/β-sandwich global fold with two R-helices and an anti-
parallel, four-stranded β-sheet. The RRM domains of SNF are
homologous to those of U1A and U2B00 (Figure 1a,b), and
althoughmuch work has been done to characterize humanU1A,
much less has been done to understand how human U2B0 0 binds
RNA.

By analogy to human U1A, the N-terminal RRM (RRM1) is
likely to be the workhorse of SNF. The canonical site of RNA
binding inRRMs is on the surface of the β-sheet, where anRRM
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recognizes between two and eight nucleotides of single-stranded
RNA (7). SNF RRM1 contains several highly conserved motifs
that are critical for RNA binding in canonical RRMs. These are
the “RNP motifs” located on β1 and β3, which contain solvent-
exposed aromatic amino acids that stack with RNA bases. In
SNF, both RNPs of RRM1 are identical to those of both U2B0 0

and U1A, with the exception of the last residue of RNP2
(Figure 1b). The loop that connects β2 and β3 (loop 3) is critical
forRNA recognition, and in SNF, loop 3 appears to be a chimera
of its human counterparts (Figure 1a). A noncanonical feature of
the snrpA/snrpB2 family of proteins is the C-terminal tail of
RRM1, which appears to contain a third R-helix and which
contributes directly to RNA recognition.

The RNA binding partners of U1A, U2B0 0, and SNF are U1
snRNA stem-loop II (SLII) andU2 snRNA stem-loop IV (SLIV)
(Figure 1c). Although theseRNAs are quite similar to each other,
human U1A binds to SLII with subnanomolar affinity but is
unable to bind SLIV. Knowledge of U2B0 0 binding its target
RNA ismuchmore limited, and accounts differ with respect to its
affinity and specificity for SLII and SLIV RNAs. DrosophilaU1
SLII and U2 SLIV are also quite similar, and SNF must be able
to recognize both RNAs.

The U1A-SLII interface is characterized by a number of
interactions. The RNP motifs are involved in nonspecific stack-
ing interactions, as well as specific hydrogen bonding to the
50 half of the RNA loop. Loop 3 protrudes through the RNA
loop, disrupting base stacking as well as forming specific contacts
with SLII. Loop 3 contacts the RNA bases as well as other parts

of the protein, and the hydrogen bonding network presumably
holds both the loop andRNA in place, opening up theRNA loop
so that it is presented as a single strand. Additionally, the con-
served TDS sequence mediates interactions between the C-term-
inal tail of RRM1 (from the end of β4 through the beginning of
the third helix) and the CAC nucleotides at the top of the RNA
loop. Conspicuously absent are interactions between U1A and
the last three nucleotides (UCC) at the 30 end of the RNA loop.

From a cocrystal complex of human U2B0 0 RRM1 with
SLIV (8), it appears that most protein-RNA interactions are
shared with those observed between U1A and SLII. However,
this cocrystal structure demonstrated a number of additional
interaction sites. Predominant among these are interactions
between loop 3 of the protein and the UACC nucleotides at
the 30 end of the SLIV loop. The complex was crystallized in the
presence of human U2A0, a member of the leucine-rich repeat
protein family. There has been debate over whether this protein is
required forU2B0 0 to bind SLIV.Drosophila also contains aU2A0

protein, which appears to associate with SNF in the U2
snRNP (9). Whether this protein is required for SLIV binding
by SNF has also been unclear.

For 15 years, we have known that the snrpA/snrpB2 system
functions differently in Drosophila than it does in humans.
However, the wealth of sequencing information that is currently
available provides the ability to undertake a much more compre-
hensive phylogenetic comparison than simply aligningDrosophila
SNF, human U1A, and human U2B0 0. Two fundamental ques-
tions emerge from a phylogenetic analysis of this family. First,

FIGURE 1: Cartoon of a crystal structure of U1A RRM1 (PDB entry 1URN) (23). With respect to color, purple residues are identical in SNF,
U1A, andU2B0 0, red residues are sharedbyU1AandSNF, blue residues are shared byU2B0 0 and SNF, and black residues are unique toSNF.The
C-terminal tail, loop 3, and β-strands are labeled. RNP1 is located on β3, and RNP2 is located on β1. (b) Amino acid sequences of human U1A,
U2B0 0, andDrosophila snfproteins.HumanU1A residues are colored red, andU2B0 0 residues are coloredblue. For the SNF sequence, residues are
colored as in panel a. Sequences highlighted in gray correspond to the RNPmotifs. The first arrow indicates the end of the RRM1 construct, and
the second arrow indicates the beginning of the RRM2 construct. (c) RNAs recognized by humanU1A,U2B0 0, andDrosophila SNF. SLII of the
U1 snRNA and SLIV of the U2 snRNA are recognized by U1A and U2B0 0, respectively. SNF recognizes both stem-loop structures.
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how do the binding mechanisms across the snrpA/snrpB2 family
of proteins differ? Answering this question should greatly inform
our understanding of RNA-protein interactions and, more
specifically, how binding specificity can be achieved by RRMs.
The second question is whether the different binding mechanisms
result in similar biological consequences, regardless of the organ-
ism. Given the high degree of evolutionary conservation in this
system, the presumption is that the final biological results of
binding are similar; that is, Nature has solved one problem in
multiple ways.

Although a sequence analysis of these proteins has proven to
be informative, it provides no mechanistic information about
protein-RNA interactions. In this work, we study the thermo-
dynamics of SNF-RNA interactions. The dual ability of SNF to
bind both U1 SLII and U2 SLIV allows us to probe whether the
protein binds the two RNAs differently and, if so, what con-
stitutes the basis of these differences. From a thermodynamic
perspective, we show that the RNA binding properties of SNF
are distinct from those of U1A. Furthermore, the binding
mechanism changes depending on the RNA target of SNF.
SNF’s ability to bind Drosophila SLIV along with its inability
to bind human SLIV indicates that evolutionary adaptation has
occurred in both the protein and RNA.

MATERIALS AND METHODS

Cladogram. The original curated phylogenetic tree for the
snrpA/snrpB2 protein family was obtained from TreeFam (www.
treefam.org; accession number TF313834). The complete trees
are available inFigure 1 of the Supporting Information, as well as
online. These data were pruned and redrawn using the treedraw-
ing software Archaeopteryx (available at http://www.phylosoft.
org/archaeopteryx/).
RNA Synthesis. RNA stem-loop structures for nitrocellu-

lose filter binding assays were enzymatically synthesized with T7
RNA polymerase from DNA oligonucleotides, as described
previously (10, 11). DNA was obtained from IDT (Integrated
DNA Technologies). The RNA was internally labeled with
[R-32P]UTP and [R-32P]CTP. Labeled RNAs were gel-purified
before being used in binding assays. The RNA product for dU1
SLIIwas 50-GGCUUGGCCAUUGCACCUCGGCUGAGCC.
The RNA product for dU2 SLIV was 50-GGCCGGUAUUG-
CAGUACCGCCGGGUCC. The RNA product for hU1 SLII
was 50-GGAGACCAUUGCACUCCGGUUUCC. The RNA
product for hU2 SLIV was 50-GGUGGUAUUGCAGUACC-
UCCACC. Regions corresponding to the RNA loops are under-
lined. Experiments for nonspecific binding were conducted using
a 25-nucleotide RNA of random sequence.

For fluorescence binding experiments, 6-carboxyfluorescein
(6-FAM)was used to label dSLIV. The labeledRNAwas obtained
from IDT. The RNA sequence was 50-6-FAM-GGGCCCGGU-
AUUGCAGUACCGCCGGGUCC.
Protein Purification. All protein constructs were isolated

from Escherichia coli BL 21 Codon-Plus RP cells (Stratagene)
transformedwith a plasmid carrying the protein of interest under
control of a TAC promoter. The E. coli strain contained extra
copies of the argU and proL genes, which encode tRNAs that
recognize codons that are more prevalent in the Drosophila
genome than in the E. coli genome. The SNF RRM1 construct
is composed of residues 1-102. The SNF RRM2 construct is
composed of residues 134-216, as well as an additional N-term-
inal methionine. Cells were grown in LB medium at 37 �C and

induced in midlog phase with 1 mM IPTG. FL SNF and SNF
RRM1 were grown for an additional 6 h at 30 �C, whereas SNF
RRM2 was grown for an additional 4 h at 37 �C. The cells were
pelleted and stored at -70 �C until lysis. Containers used in the
purification were acid-washed before use, and all solutions were
filtered through a 0.45 μm cellulose nitrate (CN) filter (Nalgene)
to remove RNases.

Two different methods of purification were used, depending
on the protein construct. For FL SNF and SNF RRM1, cells
were resuspended on ice in 30 mM sodium acetate (pH 5.3),
200 mM NaCl, 2 mM EDTA, and 8.5% sucrose. A protease
inhibitor cocktail (Sigma), PMSF, and DNase II were added
prior to lysis. The suspension was passed through a French press
four times. The lysate was spun down at 4 �C and 45000g in an
ultracentrifuge. The supernatant was passed through a 0.22 μm
cellulose acetate filter and loaded directly onto an SP Sepharose
column pre-equilibrated in 50 mM Tris (pH 7.5). FL SNF was
eluted using a gradient running from 275 to 360 mM NaCl.
RRM1 was eluted with a gradient running from 100 to 350 mM
NaCl. Immediately after elution, EDTA and PMSF were added
to protein-containing fractions to final concentrations of 5 mM
and 20 μg/mL, respectively. This was done to minimize protein
degradation by trace proteases, which was otherwise substantial.

The estimated pI for SNF RRM2 was 6.1, whereas FL SNF
and SNFRRM1 are basic. Because purification was achieved via
ion exchange chromatography, SNF RRM2 had to be purified
differently. Cells were resuspended in 20 mM Tris-HCl (pH 7.5),
20 mM NaCl, and 2 mM EDTA. A protease inhibitor cocktail
(Sigma), PMSF, and DNase II were added prior to lysis. The
suspension was passed through a French press four times. The
lysate was centrifuged at 25000g for 40 min. The supernatant was
fractionated with 30% followed by 65% ammonium sulfate. The
65% fractionation was centrifuged at 25000g for 45 min, and the
pellet was resuspended in 50 mM Tris-HCl (pH 7.5). This was
dialyzed overnight against 50mMTris-HCl. After centrifugation,
the supernatant was loaded onto a CM column pre-equilibrated
with 50 mM Tris-HCl (pH 7.5). The column was run to baseline,
and SNF RRM2 was eluted (no gradient was used). Fractions
containing SNF RRM2 were collected and loaded onto a
Q-Sepharose column pre-equilibrated with 20 mM Tris-HCl
(pH 7.5). Fractions were eluted with a gradient run from 0 to
300 mM NaCl.

After purification, fractions were concentrated using Vivaspin
concentrators, and the protein was exchanged into 10 mM
sodium cacodylate and 50 mMKCl (pH 7) for storage. The con-
centration of all proteins was calculated spectrophotometrically.
For FLSNFand SNFRRM1, ε280=5120M-1 cm-1 (both pro-
teins contain four tyrosine residues). For RRM2, the protein
concentration was calculated using an ε260 of 1152 M-1 cm-1 as
RRM2 contains eight phenylalanine residues and an ε260,Phe of
144 M-1 cm-1. For all three constructs, the protein absorption
spectra from 220 to 360 nm were identical regardless of whether
the spectra were recorded in denaturing conditions (8 M urea) or
not (0 M urea).
Circular Dichroism Spectra andUnfolding Experiments.

All CD spectra were recorded using a Jasco J715 instrument.
Recordings were taken at room temperature. The buffer con-
tained 50 mM KCl and 10 mM sodium cacodylate (pH 7) and a
protein concentration of 20 μM. For denaturation studies, the
concentration of urea was varied and the mean residue ellipticity
(MRE) at 221 nm was followed as a function of the urea
concentration. Chemical denaturation using guanidine chloride
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was also performed, but for SNFRRM1, this resulted in a folded
baseline that was too small to be used for successful fitting of the
data. Data were fit in Scientist (Micromath) using the linear
extrapolation method (12) for which the equation

y ¼ fðyD þmDCÞ
� exp½ðmC-ΔG�D;H2OÞ=RT � þ yN þmNCÞg

=f1þ exp½ðmC-ΔG�D;H2OÞ=RT �g
was used. y is the observedMRE; C is the concentration of urea,
and m is the slope of the unfolding transition. yN and yD are the
intercepts of the native and denatured baselines, respectively, and
mN and mD are the slopes of the native and denatured baselines,
respectively. ΔG�D,H2O

is the standard unfolding free energy in
the absence of denaturant, and ΔGD = ΔG�D,H2O

- mC.
For refolding experiments, a solution of>10M urea was added

to proteins such that the final urea concentrationwas 8M (9Mwas
used for SNFRRM2). The proteins were allowed to equilibrate for
at least 6 h. The unfolded protein samples were then diluted into
lower urea concentrations and allowed to equilibrate overnight,
before CD spectra were recorded. For plotting the refolding data,
MRE values for SNFRRM1 were normalized by a factor of 1.05,
and MRE values for FL SNF were normalized by a factor 1.1 to
account for differences in protein concentration between the stocks
used for unfolding and refolding experiments.
Filter Binding Assays. Nitrocellulose filter binding assays

were used to determine standard binding free energies for
binding of RNA to different SNF constructs, as described
previously (13, 14). A constant, picomolar concentration of
RNA and variable protein concentrations were used. BSA
(Roche) was added to a final concentration of 40 μg/mL. All
experiments described in the text were conducted at pH 7.
However, additional experiments with the pH varying between
6 and 8 show that binding is pH-independent within this range.
Solution conditions were otherwise variable and are indicated
in the text and figures. All experiments were performed in
duplicate, and binding curves were fit to a standard Langmuir
isotherm using Scientist (Micromath).
RNA-Protein Binding Assessed by Fluorescence. Fluor-

escence experimentswere conducted using an SLM8000 instrument.
Acirculatingwater bathwasused to control the cuvette temperature.
Reaction buffers contained 20 μg/mL BSA and 10 mM potassium
phosphate (pH 8). Variable amounts of KCl andMgCl2 were used,
as described in the text. A fixed RNA concentration of 10 nM
6-FAM-dSLIV was used in all experiments.

Acid-washed cuvettes were blocked for 1 h with buffer. The
excitation and emission wavelengths were set to 490 and 520 nm,
respectively, and polarizers were set at the magic angle for fluores-
cence intensity measurements. For protein titrations, fluorescence
anisotropy and fluorescence intensity were recorded as functions of
the total protein concentration. While both measurements yielded
similar binding isotherms, fluorescence intensity measurements
provided data sets that were less noisy and were therefore used for
further analysis. The fluorescence intensity of the dye was signifi-
cantly enhancedwhen protein bound theRNA.Binding curveswere
fit to a standard Langmuir isotherm using Scientist.

RESULTS

Evolution of snrpA/snrpB2 Proteins. snf proteins, found in
a variety of flies, are evolutionary oddballs in that they are
chimeric proteins that can and do function in the place of two
separate proteins, U1A and U2B0 0. Phylogenetic analysis of the

snrpA/snrpB2 family of proteins, which contains U1A, U2B0 0,
and SNF, reveals thatmost organisms have two separate proteins
that function like mammalian U1A and U2B0 0 in terms of their
specificity for snRNAs. This is depicted in a cladogram of
representatives of this protein family in different eukaryotes
(Figure 2). The nodes of the cladogram are colored so that
inferred gene duplication events are red and speciation events are
blue. As is evident from the tree, within a phylum, U1A and
U2B00 aremore closely related thanU1A is to otherU1Aproteins
outside of the phylum. A larger tree (which includes evolutionary
distance information) is included in Figure 1 of the Supporting
Information.

As drawn, the cladogram in Figure 2 suggests that the current
U1A, U2B0 0, and snf proteins arose from at least five gene
duplication events (three of which occurred in animals, along
with separate duplication events in plants and fungi). Addition-
ally, at least two gene loss events would have had to occur. This
evolutionary history is quite complex, and it is important to
remember that this history is inferred from the relatedness of the
gene sequences. As an alternative tomultiple gene duplications, it
was proposed (15) that a single gene duplication event, presum-
ably occurring in a much earlier common ancestor, could be
responsible for the current collection of U1A and U2B00 genes if
these genes were coevolving within an organism. This would
account for the relatedness of U1A and U2B0 0 within phyla.

Regardless of when the gene duplication event(s) took place
and what the relevant selection pressures have been for these
proteins, there has been significant sequence divergence within
this protein family. The proteins, however, are only part of the
story: the RNA targets have also diverged. While SLII and SLIV
sequences are nearly invariant in vertebrates, the sequences vary
significantly in other phyla (Figure 3b). This begs the question of
whether the proteins are recognizing their targetRNAs through a
common mechanism or whether these proteins have evolved
different ways of identifying their target RNAs. To begin to
address this question, we chose to compare protein sites that were
identified as important for interactions between U1A or U2B0 0

and RNA. The analyzed protein sequences included the third R-
helix and its preceding TDS sequence, the RNP motifs, and loop
3. Figure 3a shows sequence alignments of these regions from
U1A and U2B00 in various organisms (full sequence alignments
are included in Figures 2 and 3 of the Supporting Information).
The sequences were aligned and numbered according to the

FIGURE 2: Cladogramof representatives of the snrpA/snrpB2protein
family. The original phylogenetic tree was obtained from TreeFam,
and the data were pruned and redrawn using Archaeopteryx. Gene
duplication nodes are colored red, and speciation nodes are colored
blue. The concentric circles indicate the common ancestor.
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corresponding residues of U1A. Comparison of the sequences
shows an intricate pattern of both conservation and divergence.
Five residues were universally conserved in all species analyzed:
Y13 and N16 in β1, K20 in loop 1, Q54 in β3, and K80 in loop 5.
These include residues from both RNPs (Y13, N16, and Q54).
A number of regions diverged considerably between species but
showed remarkable similarity betweenU1A andU2B00 within the
same species. These include the TDS sequence (residues 89-91),
RNP1 (especially at the variable position 55), and the second half
of the thirdR-helix. These are sites in which there appears to have
been significant evolutionary pressure for the two proteins to
coevolve.

Finally, there are a number of regions that are highly conserved
in either U1A or U2B0 0 but that are much less conserved in the
partner protein. For example, the third R-helix and both RNPs are
much more variable in U2B0 0 proteins, while they tend to be
conserved amongU1Aproteins. In contrast, K23 and the VALKT
sequence of loop 3 are much more highly conserved in U2B0 0

proteins. Presumably, these regions are important for specifying the
preferredRNAtarget and recognize characteristics of a givenRNA
stem-loop found in all phyla. As such, U1AorU2B0 0 appear to be
coevolving with their RNA targets in these regions.

To further define the role of coevolution in the system, wewere
curious to see if specific amino acid variations tracked with
changes in the RNA sequences. Therefore, we used information
from available cocrystal structures of RNA-bound U1A and
U2B0 0 to identify interaction partners. Although there were some
suggestive variations in which nucleotide changes seemed to
track with amino acid changes, these were few and subtle. The
hydrogen bonding patterns of humanU1A andU2B0 0 binding to
their RNA targets are both complex and distinct. Given that
proteins from other phyla are even more divergent, it appears
that the specific interactions that characterize the binding inter-
faces are not identical. This may account for the poor correlation
between nucleotide and amino acid variation.

With SNF, we can ask how a single protein is able to recognize
two different RNAs with high affinity and specificity. Although

we hypothesize that protein dynamics and subtleties of protein
structure likely contribute to SNF’s ability to bind two RNAs,
our initial experiments have focused on comparing the thermo-
dynamics of SNF and U1A. The thermodynamic differences
between the proteins undoubtedly reflect the mechanistic differ-
ences of RNA recognition and protein function.
Protein Structure and Stability. (i) Structure. Structural

differences betweenU1A and SNF certainly have the potential to
influence RNA binding and are therefore important to consider
when trying to understand the different RNA binding properties
of SNF compared with those of U1A. Although we assume that
the structures of the twoRRMs are comparable to those ofU1A,
we are currently characterizing them further by NMR (data not
shown). The NMR spectra we have obtained are well-dispersed
and show the protein to be folded under our solution conditions.
Like U1A, SNF is composed of two RRMs, each of which is
approximately 90 amino acids long. One noticeable difference
between SNF and U1A is that the linker connecting these two
RRMs is much longer in U1A. Given that in both systems our
NMRdata show that the two domains tumble independently, the
consequences of this difference are unclear.

To determine whether the secondary structures of U1A and
SNFwere similar, we measured CD spectra of our different SNF
constructs. Far-UV CD spectra for the full-length (FL), first-
domain (RRM1), and second-domain (RRM2) constructs of
SNF are compared in Figure 4a. These spectra are qualitatively
similar to those recorded for U1A protein constructs (16, 17).
All constructs yield spectra consistent with folded proteins that
contain significant β-sheet character. As with U1A, RRM1
displays substantially greater helical character than RRM2, as
indicated by a more negative mean residue ellipticity at 220 nm.
This is consistent with the presence of an additional helix as well
as with the longer helix lengths found in RRM1. Although the
magnitude of the MRE for RRM2 at 221 nm is small, this
domain is certainly folded, as indicated by the well-dispersed
NMR spectrum and the clear transition observed in CD spectra
upon titration with urea or guanidine. The molar ellipticities of

FIGURE 3: U1A, U2B0 0, SLII, and SLIV sequence alignments from representative eukaryotes. (a) Sequence alignments of RNP motifs, loop 3
(L3), and additional regions inRRM1 that have been implicated in protein-RNA interactions. (b) Sequence alignments ofU1SLII andU2SLIV
RNAs in multiple organisms. The loop sequences are underlined. The vertebrate sequences analyzed included human, rat, mouse, frog, and
zebrafish proteins and RNAs. The representative plants were potato, soybean, and Arabidopsis thaliana. An X indicates imperfect sequence
conservation among the representative species. Complete sequences are available in Figures 2-4 of the Supporting Information.
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the RRM1 andRRM2 constructs add to yield approximately the
molar ellipticity of the full protein (not shown). We attribute
the difference to the disordered linker, which is present only in the
full-length construct.

(ii) Stability. Chemical denaturation of RRM1, RRM2, and
FL SNF with urea is fully reversible and can be fit to a two-state
model of unfolding (Figure 4b). RRM1 has an unfolding free
energy (ΔG�D,H2O

) of 3.5( 0.3 kcal/mol. RRM2 has a ΔG�D,H2O

of 4.8 ( 0.6 kcal/mol (Table 1). Both of these values are
significantly reduced from those of U1A. In U1A, RRM1 has
aΔG�D,H2O

of 9.4( 0.5 kcal/mol (18) andRRM2has aΔG�D,H2O

of 8.3 ( 0.8 kcal/mol (17). Clearly, both the RNA recognition
motifs of SNF are significantly destabilized as compared with
their U1A counterparts.While it was possible to fit the unfolding
of FL SNF according to a two-state model, the unfolding free
energies of RRM1 and RRM2 are similar enough that it is not
possible to distinguish whether the domains unfold indepen-
dently in the full-length protein.
RNA Binding. Human U1A binds only to human SLII,

whereas the RNA binding properties of human U2B0 0 are
unclear. Accounts about whether U2B00 can recognize both SLII
and SLIV andwhether an auxiliary protein, U2A0, is required for
the protein to bind RNA differ. A rigorous thermodynamic
analysis of RNA binding has not been undertaken for U2B0 0.
While studies from genetics experiments suggested that SNF
could bind both U1 SLII and U2 SLIV, it was not clear from the
experiments whether SNF required U2A0 to bind SLIV. Cer-

tainly, these experiments provided no sense of the affinity SNF
had for its RNA targets. Additionally, it was possible that
changes to the RNA, as well as to the protein, were contributing
to SNF’s ability to recognize two RNA targets. To address these
questions, we performed nitrocellulose filter binding experiments
with full-length SNF and 32P-labeled RNA hairpins. The hair-
pins contained human and Drosophila loop sequences and loop
closing base pairs and were synthesized with 8 or 9 bp stems for
binding assays. Data from protein titrations were fit assuming a
1:1 stoichiometry, which we determined for SNF and dSLIV by
fluorescence experiments (data not shown). Apparent binding
constants (Kd) for SNF binding to human andDrosophilaRNAs
are given in Table 2 at two salt concentrations. Under both
conditions, SNF binds to human and Drosophila SLII with
similar affinity, but with a small loss of affinity compared to
U1A. In contrast, at 100 mM KCl, SNF binds to human SLIV
with an affinity that is approximately 2 orders of magnitude
weaker than its affinity for Drosophila SLIV. In experiments
conducted in 250 mM KCl, SNF bound dSLIV with an affinity
of (7.7 ( 3.0) � 10-8 M, but binding to hSLIV could not be
distinguished from binding to a random 25mer (Figure 5).
Binding to either hSLIV or the random 25mer was very weak
(micromolar at best) and could not be fit to yield a binding
constant. It is evident that SNF can bind dSLIV in the absence of
U2A0 and that the ability to bind dSLIV has resulted from
evolutionary adaptations in the RNA, as well as in the protein.
Salt Dependence of RNA Binding. It is impossible to

consider mechanisms for RNA-protein interactions without
considering electrostatic contributions to binding. The associa-
tion of cations with highly charged nucleic acids reduces the
unfavorable charge density of the polyphosphate backbone
through counterion condensation and screening effects. When
the ligand binds, some of the associated cations are displaced to
allow association of the ligand. This results in a salt dependence
of the apparent binding constant, Kobs. For an oligopeptide
binding to a nucleic acid, analysis of the salt dependence of
binding can yield the number of cations released from the nucleic
acid and thus provide mechanistic information about binding.
For instance, the release of the cation from the RNA is entro-
pically favored, and in some cases, it has been shown that a
binding reaction can be driven by cation release (19). As
important, the salt dependence of these interactions provides a
framework for understanding the extent to which electrostatics
contribute to interaction specificity between the protein and
RNA target (20). To this end, we wanted to understand whether
electrostatic contributions to binding were different for the
U1A-SLII interaction versus the SNF-SLII interaction. Addi-
tionally, wewanted to knowwhether electrostatics contributed to
the difference in binding affinity for SNF binding to SLII as
compared with SLIV.

FIGURE 4: (a) Far-UVCD spectra of RRM1,RRM2, and full-length
SNF plotted as mean residue ellipticity (MRE) as a function of
wavelength (nm). (b) Representative unfolding curves for the chemi-
cal denaturation of FL SNF (0), RRM1 (4), and RRM2 (O). The
mean residue ellipticity (deg cm2 dmol-1 residue-1) at 221 nm is
plotted as a function of urea concentration (M). Fits to a two-state
unfolding model are shown, and data from refolding experiments are
indicated (�). All spectra were recorded in 50 mM KCl, 10 mM
sodium cacodylate, pH 7.

Table 1: SNF Unfolding Free Energiesa

ΔG�D,H2O
(kcal/mol) mD

RRM1 3.5( 0.3 0.85( 0.11

RRM2 4.8( 0.6 0.92( 0.07

aΔG�D,H2O
is the standard unfolding free energy in the absence of

denaturant as determined by linear extrapolation. mD is the slope of ΔGD

vs denaturant concentration and is one of the terms of the linear extrapolation
model. All experiments were conducted in duplicate, and the estimates from
nonlinear least-squares fits were averaged to give the values shown. Errors for
ΔG�D,H2O

and mD are estimated from the nonlinear least-squares fit.
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Analysis of protein-nucleic acid interactions is complicated by
a number of factors, including preferential interactions of cations,
anions, protons, and water with the protein. The resulting salt
dependence of the interaction is therefore described by

Dðlog KobsÞ=Dðlog½MX�Þ ¼ - ðΔcþΔaÞþ 2½MX�
� Δw=½H2O� ð1Þ

whereΔc,Δa, andΔw represent the net gain or loss of cations (Δc),
anions (Δa), and water (Δw), respectively (21). Unless the salt
concentration is quite high (>0.5M), preferential hydration effects
are expected to be small compared with the ion terms, simplifying
the analysis, and the salt dependence of binding can be understood
in terms of the net release of cations and anions from the interacting
species. In a plot of log(Kobs) as a function of the log of the salt
concentration, the slope yields the net release (slope<0) or uptake
(slope > 0) of ion pairs upon protein-RNA association.

We measured the association constants (Kobs) of SNF-RNA
interactions at multiple concentrations of KCl (Figure 6). When
U1A binds hSLII, there is a net release of 6.7 ( 1.1 ions. These
data were obtained from titrations conducted in NaCl, but it has
been shown for U1A that binding is equivalent in NaCl or KCl;
the binding affinity is independent of the nature of the mono-
valent cation used. SNF binding to dSLII results in a net release
of 5.7 ( 0.2 ions, but these results are the same within error as
those obtained for U1A. In contrast, dSLIV binds to SNFwith a
net release of 4.0 ( 0.2 ions, 1.7 fewer than the number released
by dSLII binding. This suggests that themechanism of binding of
dSLII and dSLIV by SNF is different.

If the assumption ismade that SLIV and SLII bind to the same
site on the protein, it follows that the anion effects can be
considered equivalent for the binding of SNF to both dSLII
and dSLIV. If the added specificity of the protein for SLII over
SLIV is independent of salt, this would indicate that electrostatics

do not contribute to binding specificity (20). However, our
analysis shows that for SNF, the salt dependence of binding its
two partners is indeed different; electrostatic interactions affect
the specificity of binding.
Temperature Dependence of RNA Binding. The tempera-

ture dependence of the observed binding constants provides
information about the standard enthalpy and entropy change
associated with the binding reaction. In addition, a nonlinear
van’t Hoff plot indicates an apparent heat capacity change that
can be described by the following equation (19):

lnðKobsÞ ¼ ðΔCp, obs=RÞ½TH=T - lnðTS=TÞ- 1� ð2Þ
where the enthalpy and entropy are considered to be temperature-
dependent. TH and TS are the temperatures at which the
enthalpy and entropy of complex formation, ΔH� and ΔS�,
respectively, equal 0.ΔCp,obs is the apparent heat capacity change
that characterizes the reaction. There are a number of reasons
why an association may indicate an apparent heat capacity
change, but in general, an apparent ΔCp accompanying a
protein-ligand interaction is interpreted as resulting fromhydro-
phobic surface burial or a coupled conformational change, of
either the ligand, protein, or both.

The van’t Hoff plot of U1A binding to SLII shows significant
deviation from linearity, indicative of a large apparent ΔCp. The
binding event occurs with significant conformational changes in
both the RNA and the protein: base stacking is disrupted in the
RNA, and loop 3 of the protein is rigidified as it protrudes
through the RNA loop. These changes likely contribute to the
apparent ΔCp. Given the similarities of protein and RNA
structures, we thought that binding would occur with similar
changes to the RNA and protein, resulting in an apparent ΔCp.
However, we investigated whether the apparent heat capacity

Table 2: Apparent Binding Constants (Kd) for SNF-RNA Interactions

100 mM KCl 250 mM KCl

stem-loop hSL (M) dSL (M) hSL (M) dSL (M)

II (1.6 ( 0.8) � 10-10 <1 � 10-10 (3.3 ( 0.2) � 10-9 (7 ( 6) � 10-10

IV (2.9 ( 0.5) � 10-7 (5.6 ( 1.6) � 10-9 micromolar (7.7 ( 3.0) � 10-8

FIGURE 5: Titrations for FL SNF binding different RNAs. Nitro-
cellulose filter binding experiments were conducted to determine
binding constants for FL SNF binding to dSLII (9), hSLII (0),
dSLIV (b), hSLIV (O), or a random 25mer sequence (�). Fits to a
model of single-site binding are shown for SNF binding to dSLII,
hSLII, and dSLIV. Experiments were conducted at 22 �C in 250 mM
KCl, 10 mM cacodylate, and 1 mMMgCl2 (pH 7).

FIGURE 6: Comparison of the KCl dependence of binding for U1A
binding to hSLII (O), SNFbinding to dSLII (0), and SNFbinding to
dSLIV (9). Individual binding constants were obtained from nitro-
cellulose filter binding experiments. Experiments were conducted in
10 mM cacodylate and 2 mMMgCl2 (pH 7) at 22 �C. Data for U1A
binding to human SLII are from ref 16. For theU1Adata set, sodium
was the monovalent cation used.
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change was similar in magnitude for both RNA targets and
whether this was similar to the ΔCp observed for the U1A-SLII
interaction. Along with comparison of the ΔCp values for these
different interactions, comparing the characteristic temperatures
TH and TS could provide information about mechanistic differ-
ences in binding.

We measured the temperature dependence of Kobs for SNF-
RNA interactions at a variety of salt concentrations (Figure 7
and Tables 3 and 4). We varied the salt concentration between
experiments because of the difficulties in accurately measuring
Kobs for both RNAs over the assessed temperature range (4-
37 �C). In particular, binding of dSLII to SNF was too tight to
measure theKobs accurately at low temperatures, especially when
the salt concentration was below 300 mM KCl.

The results of these experiments were surprising. Unlike U1A
binding to hSLII, the van’t Hoff plot for SNF binding to dSLII
was linear and could thus be analyzed without invoking an
apparent ΔCp. More surprising was that for dSLIV, the presence
of a heat capacity change was found to be salt-dependent.
Whereas in 100 mM KCl, the van’t Hoff plot was nonlinear
and could be fit to eq 2 to yield aΔCp,obs of-1.4 kcal/mol, at 250
and 300 mM KCl, the apparent heat capacity change vanished.
While the ΔH� of complex formation was the same at these
higher salt concentrations (∼24 kcal/mol), ΔS� was more vari-
able. The data also show that for SNF binding to both RNAs at
higher salt concentrations, the reactions are enthalpy-driven. For
SNF binding to dSLIV at 100 mM KCl, the reactions are
enthalpy-driven above 17 �C but entropy-driven below 9 �C.
We conclude that SNFuses different bindingmechanisms to bind
these two RNAs.
Comparison of FL SNF and RRM1 Binding. In U1A, the

first RRM is sufficient for full RNA binding. The second RRM
does not bind RNA and does not contribute to the binding
affinity of the protein-RNA interaction. We conducted binding
experiments with SNFRRM1 to see if this domain was sufficient
for full RNA binding. Like U1A, SNF RRM2 does not bind
either dSLII or dSLIV on its own (data not shown). UnlikeU1A,
loss of the linker and RRM2 of SNF is significantly detrimental
to SNF’s ability to bind both its targets. Table 5 gives binding
affinities (Kobs) and free energies (ΔG�) for full-length SNF and
RRM1 of SNF and U1A binding to their respective RNAs. In
250 mM KCl, SNF truncation results in a 30-fold decrease in
binding affinity for dSLII and a 3-fold decrease in binding
affinity for dSLIV. Analysis of binding isotherms monitored by
fluorescence enhancement suggests a possible explanation of the
effect of truncation. Figure 8a shows representative binding
curves for FL SNF and RRM1 binding to dSLIV. In these
experiments, 6-carboxyfluorescein (6-FAM) was attached to the
50 end of the RNA, and protein binding was observed by
fluorescence enhancement. Affinities are equivalent to those
obtained from nitrocellulose filter binding experiments under
similar conditions.

As previously noted, the binding isotherms show that protein
truncation results in a loss of affinity for SLIV. However, just as
striking is the fact that fluorescence enhancement upon binding
is greatly decreased when SNF is truncated to RRM1 alone
(Figure 8a). For titrations conducted in 100 mM KCl, when the

FIGURE 7: van’t Hoff plots for SNF and U1A binding to target
RNAs. (a) Human U1A binding to hSLII (b) and SNF binding
to dSLII (9). (b) SNF binding to dSLIV in 100 mM KCl (2) and
250 mM KCl ([). Binding experiments for U1A were conducted in
200 mM NaCl, 10 mM cacodylate, and 1 mM MgCl2. Binding
experiments for SNF were conducted in 10 mM cacodylate and
1 mM MgCl2 (pH 7) at variable concentrations of potassium
chloride. Errors in Kobs in SNF experiments were estimated from
the standard deviation of at least two separate results.

Table 3: Enthalpies and Entropies of Binding for Data Fit to the van’t

Hoff Equation

protein-RNA [KCl] (mM) ΔH� (kcal/mol) ΔS� (cal mol-1 K-1)

SNF-dSLII 300 -31.1( 2.0 -67.3 ( 6.9

SNF-dSLIV 250 -23.4( 2.2 -47.6 ( 7.4

SNF-dSLIV† 250 -23.4( 3.5 -48.9( 11.7

SNF-dSLIV 300 -24.4( 1.9 -53.2 ( 6.5

Table 4: Fits of Nonlinear van’t Hoff Plotsa

protein-RNA [KCl] (mM) ΔCp,obs (kcal/mol) TH (K) TS (K)

U1A-hII 200 -3.1( 0.4 284( 5 288 ( 2

SNF-dSLIV 100 -1.37( 0.42 281.7( 3.6 290.2( 1.6

aApparent heat capacity change (ΔCp,obs), TH, and TS values for
interactions that showed curvature in the van’t Hoff plots. All results for
U1A are from ref (25).
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RNA is fully protein-bound, there is an approximately 85% loss
of fluorescence enhancement using RRM1. For FL SNF, fluor-
escence enhancement upon binding is clearly salt-dependent;
when the salt concentration is increased to 250 mM, the fluo-
rescence enhancement is greatly reduced. A salt titration was
performed to assess the effect of salt upon fluorescence enhance-
ment (Figure 8b). Experiments were performed at constant
protein and RNA concentrations of 10 μM and 10 nM, respec-
tively. At this protein concentration, SLIV is fully bound to FL
SNF at all salt concentrations tested and SLIV is fully bound to
RRM1 up to at least 300 mM KCl (data not shown). The
fluorescence enhancement of the RNA upon protein binding is

shifted to lower salt concentrations for RRM1 as compared to
FL SNF, but the shape of the salt dependence is similar. Given
that the dye is attached to the 50 end of the RNA stem, these data
suggest that the linker or RRM2 interacts with the RNA stem
at low salt concentrations, enhancing the fluorescence of the dye.
Alternatively, the linker orRRM2maybe interactingwithRRM1
to facilitate specific interactions between RRM1 and the RNA
stem. The difference in RNA binding affinities for FL SNF
compared with RRM1 underscores a major mechanistic differ-
ence in binding when SNF is compared with U1A. Although the
binding affinities of FL SNF and U1A for SLII are quite similar,
SNFRRM1 is not able to achieve a high binding affinity for both
of its targets without compensating interactions from other parts
of the protein.

DISCUSSION

Structural and Thermodynamic Properties of SNF. The
far-UV CD spectra of the two RRM domains of SNF are almost
identical to those of U1A, indicating that both proteins have
similar secondary structure. Furthermore, the unfolding curves
of both domains fit well to a two-state model, characteristic of
many globular proteins. In spite of these similarities, the thermo-
dynamic stability of the first and second domains is dramatically
reduced in SNF; RRM2 is destabilized by 3.5 kcal/mol and
RRM1 by 6 kcal/mol when compared with U1A. This suggests
there was an evolutionary capacity for SNF to be more stable
than it is. The marginal stability of SNF RRM1 is therefore
surprising, but it is not unique. The folded state of globular
proteins is generally only slightly stabilized compared to the
unfolded state (folding free energies typically range from 5 to
10 kcal/mol) (22). Much more stable proteins have been engi-
neered, suggesting that there is little evolutionary pressure for
highly stable proteins and that perhaps the converse is true, that
marginal thermodynamic stability is in fact a biologically im-
portant characteristic of proteins. However, the relationship
between protein instability and protein function has not been
well-defined. The case of SNF’s instability is particularly dra-
matic, and it is tempting to speculate that SNF’s marginal
stability is important for its ability to bind two different targets.

An unresolved structural question is the presence or absence of
a third R-helix at the C-terminus of SNF RRM1. In U1A, the
C-terminal tail and its helix contribute directly and indirectly to
substrate discrimination and specificity (18, 23). This helix is not
a feature of canonical RRMs, and although the U1A sequence is
similar to that of SNF, it is not identical. The sensitivity of far-
UV CD to helical content renders CD suitable for addressing
whether the third helix is present. The similarity between the CD
spectra of RRM1 of U1A and SNF suggests that this helix does
exist in SNF.
SNF-RNA Interactions. A comparison of the binding

partners of SNF and U1A reveals that the differences between

Table 5: Comparison of FL SNF versus RRM1 Binding Free Energiesa

RNA Kobs,FL (M) ΔG�FL (kcal/mol) Kobs,RRM1 (M) ΔG�RRM1 (kcal/mol) Kobs,RRM1/Kobs,FL

U1A-hSLII (4 ( 3) � 10-10 -13 ( 0.4 (4 ( 3) � 10-10 -13( 0.4 1

SNF-dSLII (7 ( 6) � 10-10 -12( 0.5 (2.18 ( 0.16) � 10-8 -10.3( 0.1 30

SNF-dSLIV (7.7 ( 3.0) � 10-8 -9.6( 0.2 (2.33 ( 0.66) � 10-7b -8.95 ( 0.17 3

SNF-dSLIV with 100 mM KCl (5.6 ( 1.6) � 10-9 -11( 0.17 (3.33 ( 0.35) � 10-8c -10.1 ( 0.1 5.9

aExperiments were conducted in 250 mM KCl (unless noted), 10 mM cacodylate, and 1 mM MgCl2 (pH 7). bDetermined from fluorescence experiments
rather than filter binding experiments. Unless noted, errors were determined as the standard deviation of at least two data sets. This generally gave a higher
estimation of uncertainty than what was achieved with error propagation analysis. cThe error was determined via the propagation of uncertainty.

FIGURE 8: (a) Representative binding isotherms for full-length SNF
(b andO) andRRM1 (2 and4) binding to dSLIV at 22 �C in 10mM
potassium phosphate and 1 mM MgCl2 (pH 8). Empty symbols are
data points for experiments conducted in 100 mM KCl. Filled
symbols are data points for experiments conducted in 250 mM
KCl. Lines represent best fits for the individual data sets. (b) Salt
titrations of maximal fluorescence enhancement of FAM-dSLIV
upon SNF binding. Fluorescence enhancement was measured by
titrating the RNA alone, as well as the RNA and either 10 μM FL
SNF (b) or 10 μMRRM1 (2) with KCl. Titrations were performed
in 10 mM potassium phosphate and 1 mMMgCl2 (pH 8).
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Drosophila and human SLII are minimal. Both loops close with a
C 3G base pair, and the single-stranded AUUGCAC loop RNA
sequence recognized in the U1A-hSLII complex (13, 23, 24) is
identical between the human and Drosophila RNAs. In the
U1A-SLII complex, the three remaining residues at the 30 end
of the RNA loop extend away from the protein surface and do
not make any contacts with the protein (23). They are important
in that they act as a spacer and therefore must not form base
pairs; otherwise, the sequence of these residues is unimpor-
tant (25). Individual mutations of the two discrepant nucleotides
to their Drosophila counterparts result in no change in binding
affinity for U1A (24).

To improve our understanding of the nature of RNA-protein
interactions, it would be useful to compare the thermodynamics
of U1A and SNF binding to their respective RNA targets under
similar conditions. Unfortunately, we were not able to measure
the binding of SNF to dSLII at 250 mM KCl, as it bound too
tightly for accurate determination of the Kobs, especially at low
temperatures. The comparison between SNF binding dSLII and
U1A binding hSLII is therefore made with some reservations. At
250 mMNaCl, the van’t Hoff plot of U1A binding hSLII clearly
deviates from linearity and shows an apparent ΔCp. Despite the
similarity of both proteins and SLII RNAs, SNF binding to
dSLII is linear at 300mMKCl; there is noΔCp,obs. This indicates
that binding occurs through different mechanisms in the two
proteins. At high salt concentrations, there is also no observed
heat capacity change for the interaction of SNFwith dSLIV. It is
surprising that binding to both RNAs occurs without an
observed heat capacity change, as we expect that the protein-
RNA interaction should take place in the context of coupled
conformational changes. In the U1A-hSLII interaction, con-
formational transitions occur in both the RNA and the protein.
In theRNA, the loopmust be splayed open by part of the protein.
Alongwith the disruption of stacking interactions throughout the
loop, this is likely the basis of changes in the RNA loop structure
that occur upon protein binding and contribute to the ΔCp,obs

(13, 26). Given that dSLII and hSLII are essentially identical,
the disparity in ΔCp,obs is unlikely to result from differences
intrinsic to the RNA. Additionally, the U1A-hSLII interaction
results in changes to the protein structure. Notably, loop 3
becomes confined through its interactions with the RNA. While
the exact nature of the SNF-RNA interface and hydrogen
bonding network is unknown, it is likely that binding to either
RNA target results in conformational changes in both the RNA
and the protein. It seems unlikely that the RNA-protein
interactionwould result in significant hydrophobic surface burial
of the human protein but not of SNF. It also seems unlikely that
the SNF-dSLII interaction occurs through a ligand docking
mechanism, but such a mechanism is consistent with the results.
It is possible that changes in the protein and RNA compensate
for each other so that there is no ΔCp,obs.

A large ΔCp,obs characterized the SNF-dSLIV interaction at
lower salt concentrations. The strong salt dependence of ΔCp,obs

for dSLIV was surprising. This apparent salt dependence could
result from a shift in the van’t Hoff plot such that over the
temperature range measured, the curve appears linear when in
fact it is not. This could also account for the apparent linearity of
the van’t Hoff plot observed for SNF binding to dSLII. Alter-
natively, the salt dependence of the ΔCp,obs for the SNF-dSLIV
interaction may reflect a large electrostatic contribution to the
observedΔCp. It is possible that in this system, the linker between
RRM1andRRM2 interacts with theRNA.The linker contains a

high density of positive charges that could contribute to a strong
electrostatic interaction, andwe find that removing the linker and
RRM2 results in a significant loss of binding affinity. For SLIV,
we can compare the loss of binding affinity at 100 and 250 mM
KCl, and we find that at the lower salt concentration there is
a 6-fold loss of binding affinity upon truncationwhereas at 250mM
KCl there is an only 3-fold loss of affinity. Truncation also leads to
a loss of discrimination between RNAs: ΔΔG� = ΔG�(dSLII) -
ΔG�(dSLIV) = -2 kcal/mol for SNF but only -0.6 kcal/mol for
RRM1. Fluorescence enhancement upon binding is also dimin-
ished with protein truncation. Fluorescence enhancement upon
binding is highly salt-dependent for both FL SNF and RRM1, but
fluorescence enhancement decreases at much lower salt concentra-
tions for RRM1. We suggest that the highly charged linker binds
the phosphate backbone of the RNA stem, contributing to an
overall increase in binding affinity. Furthermore, we propose that
these additional interactions are necessary to compensate for the
compromised binding that SNF RRM1 exhibits for dSLII as
compared with the affinity that U1A RRM1 has for hSLII.

One of the most striking differences between U1A and SNF is
that while U1A does not detectably bind hSLIV, SNF binds
dSLIV with nanomolar affinity. At 300 mM KCl, van’t Hoff
plots for SNF binding both dSLII and dSLIV are linear, which
makes it possible to compare the entropic and enthalpic con-
tributions to binding. Binding of the two RNAs is distinguished
by ΔΔS� = ΔS�SNF-dSLII - ΔS�SNF-dSLIV = -14.1 ( 9.5 cal
mol-1K-1 (TΔΔS� is-4.2 kcal/mol at 298K),whereasΔΔH�=
ΔH�SNF-dSLII - ΔH�SNF-dSLIV = -6.7 ( 2.8 kcal/mol. While
binding of both RNA targets is enthalpically driven, the addi-
tional binding affinity of SNF for SLII versus SLIV appears to be
completely enthalpic in origin. While there is a considerable
entropic penalty for binding both RNAs, at 22 �C the penalty
associated with binding SLII is larger than that of binding SLIV
by 4 kcal/mol. More ions are released upon SLII binding than
upon SLIV binding, so the difference in the entropic penalty
cannot be attributed to differential ion release.

Enthalpic contributions to binding, including hydrogen bond-
ing, salt bridges, and stacking interactions between bases and
amino acid side chains, appear to be more favorable for the
SNF-SLII interaction, but more interesting is the fact that
enthalpic and entropic contributions to binding appear to favor
different RNAs. This presents intriguing possibilities for tweak-
ing the binding system. In biological contexts, SNF binds at least
one other protein partner, U2A0. Although it is unclear how
U2A0 alters SNF’s interactions with RNA, studies of the mam-
malian U2A0-U2B00 interaction suggest that U2A0 alters the
specificity of U2B00 for its RNA target. Shifting the balance
between entropic and enthalpic effects may well provide a mech-
anism for driving specificity, and this may occur in the context of
protein modulators.

In both Drosophila and humans, U1 SLII and U2 SLIV
snRNAs are extremely similar. Nevertheless, U1A is able to bind
SLII but not SLIV, raising the question of how the protein
achieves specificity for a single target. In humans, there are three
differences between SLII and SLIV. The first is that in SLIV,
there is a cytosine to guanine substitution at the seventh loop
nucleotide. This single mutation in SLII decreases the binding
affinity for U1A 10-fold (24). The second difference is that SLIV
has an 11-nucleotide loop rather than a 10-nucleotide loop, with
an extra adenine inserted between nucleotides 8 and 9. This
region of SLIV appears to interact with U2B0 0, but the corres-
ponding region of SLII does not interact with U1A. Although it
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has been shown that a nucleotide insertion at this site in SLII has
no effect on protein binding (25), it is not clear whether this is true
for a specific adenosine insertion. The adenine at this site has the
potential to form a base pair across the SLIV loop with the third
uridine, an effect that may compromise binding to the protein if
the base pair alters the conformational equilibrium of the loop
such that protein binding becomes unfavorable. The last differ-
ence between the two stem-loop is the loop-closing base pair. In
SLII, this base pair is aWatson-CrickC 3Gpair, whereas hSLIV
contains a noncanonical U 3U pair at this position. We propose
that this last feature is the critical determinant for SNF-dSLIV
binding: although other features are shared between hSLIV and
dSLIV, the loop-closing base pair in dSLIV is a U 3G wobble
pair. SNF is capable of binding dSLIV with quite high affinity,
but it is compromised in binding hSLIV. The binding data,
therefore, suggest that inDrosophila, both the RNAs and protein
have adapted in the course of evolutionary history so that a single
protein can bind RNAs that are more commonly bound by two
distinct proteins.
Evolution of snrpA/snrpB2 Proteins, Their RNAs, and

Implications for Multiple Binding Mechanisms. Phylo-
genetic analysis of snrpA/snrpB2 proteins shows that in eukaryotes,
most organisms contain two distinct proteins that recognize two
distinct, conserved RNAs (U1 SLII and U2 SLIV). In different
phyla, the two proteins share more in common with each other
than they do with respective proteins from other phyla. Although
it is possible that this situation arose through numerous gene
duplications throughout evolutionary history, it is more likely
that there was a single gene duplication event that occurred in a
common ancestor of higher eukaryotes and that U1A and U2B0 0

have been coevolving.
At the time this alternative was proposed, it was favored solely

on the basis of its parsimony, and the authors speculated that as
yet unidentified protein-protein interactions were providing the
evolutionary pressure for U1A and U2B0 0 to coevolve (15); that
is, an unidentified protein was interacting with both U1A and
U2B0 0, thus forcing the two proteins to coevolve with this third
protein. More recently, experiments with C. elegans U1A and
U2B0 0 showed that in the worm, U1A andU2B0 0 are functionally
redundant (4). In worms, when both proteins are present, each is
segregated to a specific snRNP. However, the absence of either
protein results inminimal phenotypic disruption, and the remain-
ing protein can be found in both snRNPs.Deletion of eitherU1A
orU2B0 0 results in no apparent phenotype, but the deletion of both
proteins is embryonic-lethal. The authors conclude that in the
worm, there has been selective pressure for the proteins to remain
redundant. It is therefore not necessary to invoke unknown
protein-protein interactions to account for the coevolution of
these two proteins. However, it is still unclear why redundancy of
these proteins is important and has been selected in worms.

The extent to which evolution has selected for functional
redundancy of U1A and U2B0 0 proteins is also unclear. Is this
a feature of many snrpA/snrpB2 proteins, or is it specific to the
worm? Presumably, if the need for functional redundancy is the
only selective pressure guiding coevolution of the two proteins,
functional redundancy should be pervasive in this protein family.
In apparent contradiction to this, human U1A is not capable of
binding hSLIV. However, it is not known whether U2B0 0 can
recognize both SLII and SLIV. Itmay be that in vertebrates, SLII
binding is redundant, whereas SLIV binding is in the unique
purview of U2B0 0. The SNF proteins, in contrast, seem to repre-
sent an alternative solution to the problem of RNA target

recognition, where selective pressure for adaptations occurs in
target RNAs. In organisms containing SNF proteins, there is
clearly no requirement for two redundant proteins.

Upon consideration of the variations in proteins from the
snrpA/snrpB2 family, different regions of the proteins, all of
which are known to be important for interactingwithRNA, seem
to have adapted under different evolutionary pressures. A
number of protein residues are universally conserved, suggesting
that the proteins utilize these residues as part of a shared binding
framework. However, this framework seems to allow some
flexibility in the RNAs recognized. Most characteristically, this
framework permits the recognition of both SLII and SLIV
RNAs, although not necessarily by the same protein. In U2B0 0,
the VALKT sequence of loop 3 is highly conserved, and this
sequence presumably contacts the 30 UACC nucleotides of the
SLIV loop [as inferred from a cocrystal of U2B0 0 and SLIV (8)].
The UAC nucleotides are conserved in SLIV RNAs from
vertebrates, plants, Drosophila, Ciona, and Schizosaccharomyces
pombe. The implication is that loop 3-UACC interactions are
conserved in the U2B0 0-SLIV complex and have been selected
through the interaction of the proteinwith theRNA.Conversely,
corresponding nucleotides in SLII RNAs are variable, and
biochemical experiments show that no interactions occur be-
tween human U1A and these 30 nucleotides. It is curious,
however, that S. pombe and plant U1A proteins retain the A, K,
and T amino acids in this loop 3 sequence, as these residues are
unlikely to aid in SLII recognition. It seems more likely that in
plants and S. pombe, U1Amay be able to recognize SLIV as well
as SLII and that U1A loop 3 contributes to the functional
redundancy of the protein. In vertebrates, none of the corre-
sponding loop 3 residues are shared between U1A and U2B0 0,
which may account, at least in part, for the inability of human
U1A to bind U2 SLIV.

The TDS sequence (residues 89-91), RNP1 (especially at the
variable position 55), and the secondhalf of the thirdR-helix have
diverged considerably between species but exhibit remarkable
similarity betweenU1A andU2B0 0 within the same species. These
are sites in which the two proteins appear to have coevolved. One
explanation for this is that while many of the specific RNA-
RRM interactions are conserved among all of these proteins,
organisms have adopted a unique set of interactions that is
defined by these nonconserved but coevolving sites. This suggests
that different organisms have found alternative solutions to
snRNA recognition.

While we know much about the snrpA/snrpB2 protein family
and its interactions with RNA, many questions remain un-
resolved. The most basic of these questions is what role these
proteins play in splicing or other cellular processes. Included in
this are questions about the function of the proteins’ second
RRM, how protein-protein interactions regulate RNA binding
and protein function, and whether functional redundancy is a
common feature of these proteins. The Drosophila snf protein
provides an opportunity for a more complete understanding of
many aspects of these questions, because Drosophila is a model
organism for genetic studies and the protein itself has many
unique features.

SUPPORTING INFORMATION AVAILABLE

U1AandU2B0 0 phylogenetic trees, aswell as protein andRNA
sequence alignments. This material is available free of charge via
the Internet at http://pubs.acs.org.
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