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ABSTRACT

Three highly conserved aromatic residues in RNA
recognition motifs (RRM) participate in stacking
interactions with RNA bases upon binding RNA. We
have investigated the contribution of one of these
aromatic residues, Phe56, to the complex formed
between the N-terminal RRM of the spliceosomal
protein U1A and stem-loop 2 of U1 snRNA. Previous
work showed that the aromatic group is important for
high affinity binding. Here we probe how mutation of
Phe56 affects the kinetics of complex dissociation,
the strength of the hydrogen bonds formed between
U1A and the base that stacks with Phe56 (A6) and
specific target site recognition. Substitution of Phe56
with Trp or Tyr increased the rate of dissociation of
the complex, consistent with previously reported
results. However, substitution of Phe56 with His
decreased the rate of complex association, implying
a change in the initial formation of the complex.
Simultaneous modification of residue 56 and A6
revealed energetic coupling between the aromatic
group and the functional groups of A6 that hydrogen
bond to U1A. Finally, mutation of Phe56 to Leu
reduced the ability of U1A to recognize stem-loop 2
correctly. Taken together, these experiments
suggest that Phe56 contributes to binding affinity by
stacking with A6 and participating in networks of
energetically coupled interactions that enable this
conserved aromatic amino acid to play a complex
role in target site recognition.

INTRODUCTION

The RNA recognition motif (RRM), also known as the ribo-
nucleoprotein domain (RNP) or the RNA-binding domain
(RBD), is one of the most common RNA-binding domains and
is found in proteins that function in nearly every step of post-
transcriptional gene expression (1). The RRM comprises
90-100 amino acids that form an antiparallel 3-sheet flanked
by two o-helices (2). The RRM binds single-stranded RNA
through interactions with the surface of the B-sheet. Two
sequences, called RNP-1 and RNP-2, in the central two strands
of the B-sheet contain the most conserved sequences that
contact RNA (3). Residues in the variable loops joining the

strands of the B-sheet and in the C-terminal o-helix are impor-
tant for specific target site recognition. Often two or more
RRMs cooperate to recognize the RNA target site (4). As a
result of the modular design of the RRM scaffold and the
ability of RRMs to cooperate to bind RNA, a large diversity of
RNA target site sequences and structures are recognized by
different RRMs.

Three of the most highly conserved residues in RNP-1 and
RNP-2 that contact RNA are aromatic (3). These aromatic resi-
dues are observed to stack with RNA bases in all structurally
characterized RRM-RNA complexes (5-10). Stacking inter-
actions are fundamental non-covalent interactions that are
more common in the recognition of single-stranded than
helical nucleic acids. For example, stacking interactions are
important for single-stranded nucleic acid binding by the OB
fold (11-14), single-stranded DNA-binding proteins (15-17)
and other RN'A-binding proteins (18-20). They are also used
by DNA repair proteins to recognize DNA damaged sites (21-24)
and by mRNA cap-binding proteins to recognize methylated
guanosine (25). Stacking interactions probably contribute
primarily to affinity in nucleic acid—protein complexes, rather
than specificity, because all of the nucleic acid bases are
capable of stacking and a variety of orientations of the
aromatic rings can occur in stable stacking interactions
(26,27). However, recent investigations of RNA-protein
complexes have shown that intricate cooperative networks of
different interactions can be essential to the high affinity and
specificity of binding (28-32). Therefore, stacking interactions
may contribute to specific target site recognition indirectly
through their participation in these cooperative networks.

U1A is a spliceosomal protein that contains two RRMs, but
only the N-terminal RRM binds RNA (33,34). U1 A binds to
stem—loop 2 of U1 snRNA in U1 snRNP, a subunit of the spliceo-
some. UlA also binds to two adjacent internal loops in the
3’-untranslated region (UTR) of its own pre-mRNA to inhibit
polyadenylation (35). All three of these target sites contain
nearly identical sequences in the loop, AUUGCAC closed by a
CG base pair (Fig. 1). The N-terminal RRM of UIA has been
structurally characterized by X-ray crystallography and NMR
spectroscopy alone and bound to stem—loop 2 and the UTR
target sites (Fig. 2) (5,6,36,37). These structural studies
demonstrated that recognition of the stem—loop and internal
loop target sites is nearly identical. The UlA-stem—loop 2
complex has also been extensively characterized biochemically
and, as a result, is one of the best characterized RNA—protein
complexes (28,29,38—47).
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Figure 1. (A) Stem—loop 2 RNA used in these experiments. The adenine that
stacks with Phe56 is shown in red. (B) The U1A binding site in the 3’-UTR of
U1A pre-mRNA. (C) The internal loop UlA binding site from the UTR used
in these experiments.

Figure 2. (A) Diagram of the complex formed between the N-terminal RRM
of UIA and stem—loop 2 from the X-ray co-crystal structure (5). (B) Close-up
of the complex showing the stacking interactions between Phe56, A6 and C7
and between Tyr13 and CS5.

U1A contains two of the three conserved aromatic residues,
Phe56 in RNP-1 and Tyr 13 in RNP-2. These are observed to
stack with A6 and CS5, respectively, in structural studies with
both stem—loop 2 and the internal loop binding sites in the
UTR (Fig. 2) (5,6,37). To estimate the contribution of Phe56 to
the stability of the complex formed between the N-terminal
RRM of U1A and stem—loop 2, we substituted Phe56 with Tyr,
Trp, His, Leu and Ala (40). Substitution of Phe with any of the
aromatic amino acids led to little destabilization of the
complex, while substitution with Leu or Ala resulted in a loss
of 4 and 5.5 kcal/mol, respectively, in binding energy. It was
surprising that the aromatic mutants all bound with high
affinity to stem—loop 2 since this position corresponds to Phe
in 74% of RRMs, to Tyr in 10% of RRMs and only rarely to
His or Trp (3). In U1 A from different species, Trp occasionally
replaces Phe at this position, but His and Tyr do not (48).

Our initial experiments, described above, demonstrated that
an aromatic residue at position 56 is essential for U1 A to bind
RNA with high affinity. Here we describe experiments, using
the same set of Phe56 mutants, that more precisely probe the
contribution of Phe56 to target site recognition. We have found
that the identity of the aromatic group at position 56 can
change the kinetics of association of the complex, which may
help to explain the high conservation of Phe at this position.
We have probed the interdependence between the highly
conserved stacking interaction and the network of hydrogen

Nucleic Acids Research, 2002, Vol. 30, No. 2 551

bonds around A6, demonstrating energetic coupling between
conserved and variable interactions in this high affinity
complex. Finally, experiments with mutated RNA target sites
have shown that the stacking interaction can contribute, albeit
indirectly, to specific recognition of RNA.

MATERIALS AND METHODS
RNA synthesis

1-Deaza-adenosine was synthesized by published methods
(49), while purine riboside and tubercidin were purchased from
Sigma. The phosphoramidites were synthesized and incorp-
orated into the RNA stem-loop by chemical synthesis (49,50).

RNA sequences were synthesized on an Applied Biosystems
ABI 394 automated DNA/RNA synthesizer using Pac-A,
iPr-Pac-G, Ac-C and U phosphoramidites from Glen Research.
Samples were cleaved and deprotected for 4 h at 55°C using
3:1 NH,OH/CH;CH,0H or for 10 min at 65°C using 40%
methylamine in H,O (Aldrich), followed by washing with
3:1:1 EtOH/MeCN/H,0. The supernatant was removed and
dried in vacuo. The silyl groups were removed with 250 pul of
triethylamine:trihydrofluoride overnight at room temperature.
An equal volume of H,O was added and the RNA was precipi-
tated with 2 ml of cold butanol. After centrifugation at 16 000 g
for 15 min, the butanol was removed and the pellet was
dissolved in TE buffer (10 mM Tris—-HCI, 1 mM EDTA,
pH 8.0) and ethanol precipitated. RNA was purified using
denaturing gel electrophoresis [20% acrylamide, 20:1
mono:bisacrylamide, 7 M urea in TBE (89 mM Tris—borate,
2mM EDTA), 15 cm X 40 cm X 0.75 mm, 3 h at 50 W]. The
major band, which was the slowest band, was visualized by
UV shadowing and was excised. RNA was eluted from the gel
with three 8 h extractions in 3 ml TE each. The pooled extracts
were dialyzed against 0.1x TE buffer, concentrated to ~150 pl
in vacuo and ethanol precipitated. The RNA was dissolved in
TE buffer and stored at —20°C. Concentrations were deter-
mined by UV at 260 nm. Correct composition was confirmed
by MALDI mass spectrometry and enzymatic hydrolysis.

Peptide purification

An expression vector for the N-terminal RRM of UIA,
U1A101, was obtained from Nagai (45). Phe56His, Phe56Leu,
Phe56Tyr, Phe56Trp and Phe56Ala mutations were introduced
using standard Kunkel mutagenesis procedures (51). The
proteins were expressed in BL21DE3(pLysS) grown in LB
medium and induced with 2 mM IPTG at mid-log phase. The
cultures were grown for an additional 6 h after induction. The
cells were pelleted and resuspended in 30 ml of lysis buffer
(50 mM Tris-HCI, pH 8.0, 20 mM NaCl, 2 mM EDTA, 1 mM
PMSF). The cells were lysed by a freeze-thaw cycle followed
by ultrasonication. The lysate was precipitated with successive
30 and 55% (NH,),SO, precipitations. The final precipitate
was resuspended in 5 ml of buffer 1 (100 mM NacCl, 25 mM
Tris—HCI, pH 8.0) and dialyzed against this buffer. The sample
was applied to a CM Sepharose column and eluted with a
linear gradient from 100 to 500 mM NacCl. Peak fractions were
pooled and dialyzed against buffer 2 (50 mM KCI, 10 mM
potassium phosphate, pH 7.4). The sample was applied to a
hydroxyapatite column and eluted with a linear gradient from
0 to 6% (NH,),50,. Peak fractions were pooled and dialyzed
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against buffer 2. Each protein was concentrated to 2 ml, glycerol
was added to a final concentration of 20% and fractions were
stored at —80°C. The concentration of each protein was deter-
mined by amino acid analysis and the molecular weight by
MALDI mass spectrometry.

Gel mobility shift assays

Peptide—-RNA equilibrium dissociation constants were meas-
ured by gel mobility shift assays (42). Binding reactions were
performed at 25°C for at least 30 min in 10 mM Tris—HCI,
pH 7.4, 250 mM NaCl, 1 mM EDTA, 0.5% Triton X-100,
1 mg/ml tRNA in a total volume of 10 ul. RNA concentration
was 25 pM. After addition of glycerol to a final concentration
of 5%, the reactions were loaded onto an 8% polyacrylamide
gel (80:1 mono:bisacrylamide, 15 cm X 40 cm X 1.5 mm) in
100 mM Tris-borate, pH 8.3, 1 mM EDTA and 0.1% Triton
X-100 for 1 h at 350 V. The temperature of the gel was main-
tained at 25°C by a circulating water bath. Gels were analyzed
on a Molecular Dynamics Storm phosphorimager. Fraction
RNA bound versus protein concentration was plotted and
curves were fitted to the equation: fraction bound = 1/(1 + K /[P]).
Some of the equilibrium dissociation constants reported here
are lower than in our previous work (40). We believe that the
lower binding affinities are due to more rigorous control of
temperature during the gel shift assay.

Dissociation Kinetics

Dissociation rates were measured using a gel mobility shift
competition assay (52). 32P-labeled stem—loop 2 RNA (~0.02 nM)
was equilibrated with 4 nM protein for 60 min at 25°C in a
buffer containing 10 mM Tris—HCI, pH 7.4, 1 mM EDTA,
125 mM NaCl, 1 mg/ml tRNA, 5% glycerol and 0.5% Triton
X-100 in a total volume of 100 pl. A 10 pl aliquot was loaded
onto a running polyacrylamide gel identical to those used in the
gel mobility shift assays. Depending on the protein mutant,
90 ul of 600-800 nM unlabeled stem—loop 2 RNA was added
to the solution. Another aliquot, which served as the t = 0
sample, was loaded onto the gel. Aliquots of 10 pl were then
loaded at various intervals over a 60-90 min period. The
fastest time points obtainable using this method were 30 s. Gels
were analyzed on a Molecular Dynamics Storm phosphorimager.
Fraction bound versus time was plotted and curves were fitted
to the equation: fraction bound = Ae™® + C, where k = k.

RNA melts

The melting curves (absorbance versus temperature) were
measured at 260 nm on a Beckman DU 650. Samples were
heated from 25 to 85°C at 0.5°C/min in a buffer comprised of
250 mM NacCl, 20 mM sodium cacodylate, pH 6.5, 0.5 mM
EDTA, 1 mM MgCl,. Absorbance data were collected at 1 min
intervals. The first derivative of the melting curve was used to
calculate the melting temperature (7,,,) assuming a two-state
model (53,54).

RESULTS

Rate of dissociation

The rates of dissociation of complexes formed between stem—
loop 2 and the wild-type, Phe56Trp, Phe56His and Phe5S6Tyr
proteins were measured using gel mobility shift competition
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Figure 3. Representative plots of the fraction RNA bound by the wild type
(triangle), Phe56His (diamond), Phe56Trp (circle) and Phe56Tyr (square)
proteins as a function of time obtained from the competition assays.

Table 1. Kinetic and dissociation constants for Ul A—stem—loop 2 RNA
complexes in 150 mM NaCl

Protein ko (57D ko (M1s71)2 Ky M)
Wild-type 0.96 (£0.4)x 103 3.1 x 107 3(2)x 10!
F56H 1.2(x0.2)x 103 0.60 % 107 20 (£3)x 107!
F56Y 14 (£2)x 1073 1.8 x 107 80 (£ 14) x 107!
F56W 2 DHx1073 2.9 %107 7*2)x10!

k., was calculated from the measured k. and K.

assays. Similar assays have been used to determine the dissoci-
ation rate constants of other nucleic acid—protein complexes,
including the Tat-TAR complex, bZIP-DNA complexes and
the 5S rRNA-TFIIIA complex (55-57). Representative plots
are shown in Figure 3 and the kg values are reported in Table 1.
The competition assays were performed at a lower salt concen-
tration (125 mM NaCl) than the equilibrium binding assays
reported in the remainder of this paper so that the rate of
dissociation for all of the aromatic mutants could be accurately
determined. Nevertheless, the rates of dissociation of
Phe56Ala and Phe56Leu were too fast to be measured by this
method. Equilibrium binding assays were also performed with
125 mM NaCl so that calculated association rate constants
could be obtained from the measured dissociation rate
constants and equilibrium dissociation constants. Whether
these calculated association rate constants are identical to the
actual association rate constants depends on the mechanisms of
association and dissociation, which are not known at this time.
However, the calculated rate constants are useful for
comparing the wild-type, Phe56Trp, PheS6His and Phe56Tyr
proteins. Tighter RNA binding was observed for all of the
proteins at 125 than at 250 mM NacCl, consistent with previ-
ously published data (58).

The rates of dissociation of the wild-type, PheS6Trp and
Phe56His proteins were within experimental error of the same
value, 1 X 1073s7L. Similar dissociation rates for the wild-type—
stem—loop 2 complex have been previously measured by



Figure 4. Diagram of the hydrogen bonding interactions between A6, Ser91
and Thr89 in the Ul A—stem—loop 2 complex (5).
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Figure 5. Modified bases used to probe the hydrogen bonds formed between
A6, Ser91 and Thr89.

competition gel shift assays, competition filter binding assays
and surface plasmon resonance (38,44,58). The rate of dissoci-
ation of the Phe56Tyr—stem—loop 2 complex was 14-fold faster
than that of the wild-type complex, 1.4 X 10-2s~L, This increase
in dissociation rate is responsible for the majority of the 26-fold
lower affinity of Phe56Tyr for stem—loop 2. In contrast, the
lower affinity of Phe56His for stem—loop 2 is not due to an
increase in the rate of dissociation but must be due to a
decrease in the rate of association.

Interdependence of the stacking interaction and the
hydrogen bonding network formed with A6

The adenine (A6) that stacks with Phe56 also participates in
three hydrogen bonds with U1 A (Fig. 4). N1 forms a hydrogen
bond with the side chain of Ser91, the 6-amino group forms a
hydrogen bond with the carbonyl of Thr89 and N7 forms a
water-mediated hydrogen bond with Thr89 (5). Previously we
reported the synthesis of stem—loop 2 RNAs in which the
modified bases N1-deaza-adenine (c!A), tubercidin and purine
were substituted for A6 (Fig. 5) (40). With each substitution,
one of the three hydrogen bonds was eliminated from the
complex. Although stacking interactions may be altered by
these base substitutions, previous work has shown that subtle
modifications of the aromatic ring minimally effect stacking
interactions (59-61). In the experiments reported in this paper
we measured the affinity of Phe56His, Phe56Trp and
Phe56Tyr for stem—loop 2 target sites containing the modified
adenines in order to probe whether changes in the identity of
the conserved aromatic group stacking with A6 alters the
hydrogen bonding network formed between A6 and U1A.

The equilibrium dissociation constants for complexes
formed between the wild-type, Phe56His, Phe56Trp and
Phe56Tyr proteins and stem—loop 2 target sites containing the
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modified adenines are listed in Table 2. The affinities of
Phe56His, Phe56Trp and Phe56Tyr for variants of the stem—loop
containing c!A, purine or tubercidin instead of A6 were reduced
(Table 2). The energetic penalties for eliminating each func-
tional group were greater, in general, for the aromatic mutants
than for the wild-type protein, indicating energetic coupling
between the functional groups on A6 and aromatic substitu-
tions at position 56 (Table 3). The most significant coupling
was observed between N7 and position 56 for the Phe56Trp
and Phe56Tyr mutations. The deletion of N7 resulted in a
1 kcal/mol greater destabilization of the Phe56Trp—stem—loop
2 complex and a 1.6 kcal/mol greater destabilization of the
Phe56Tyr—stem—loop 2 complex than was observed for the
wild-type complex. These results suggest that subtle changes
in the aromatic group can change the interactions between A6
and amino acids in U1A.

Equilibrium binding of the Phe56 mutants to a UTR target
site

The stem—loop 2 and UTR RNA target sites have similar loop
sequences, AUUGCAC closed by a CG base pair, presented in
the context of different secondary structures. Although struc-
tural studies have been performed on both complexes,
biochemical data is essentially limited to complex formation
with stem-loop 2. The structure of UlA bound to the UTR
target sites is similar to that of UlA bound to stem—loop 2
(5,6,37). However, structural studies cannot reveal the ener-
getic contribution of individual interactions to the recognition
of these two target sites that have significantly different
secondary structures. Therefore, we have investigated whether
mutation of Phe56 causes the same alterations in binding
affinity for the UIA—UTR complex as for the Ul A—stem—loop
2 complex. The UTR target site in these experiments was identical
to that used in NMR structural studies of the UlA-UTR
complex and is shown in Figure 1 (6).

The affinity of the wild-type protein for the UTR and stem—
loop 2 target sites was similar (Table 2). Phe56His and
Phe56Tyr also bound with comparable affinities to the two
target sites. The Phe56Trp—UTR complex was destabilized by
0.6 kcal/mol compared with the wild-type complex, while no
destabilization of the Phe56Trp—stem—loop 2 complex was
observed. Overall, these data suggest that the roles of these
aromatic residues in binding stem—loop 2 and the UTR target
site are comparable, as expected from the similarity of the
structures of the complexes (5,6,37). In contrast, Phe56Leu
and Phe56Ala bound with much lower affinity to the UTR than
to stem—loop 2. The binding was not tight enough to calculate
an equilibrium dissociation constant. Even at protein concen-
trations of 100 uM, the fraction of UTR bound did not exceed
25-50%. Thus, the presence of an aromatic residue at position
56 is more important for the recognition of the UTR target site
than it is for the recognition of stem—loop 2. Even though the
structures of UIA bound to the UTR and stem-loop 2 target
sites are similar, the energetic contribution of individual inter-
actions to the stability of each complex is different.

Equilibrium binding of the Phe56 mutants to stem—loop 2
target sites containing A6G, A6C and A6U substitutions

U1A binds to stem—loop 2 and the UTR target sites with high
specificity (46). Previous experiments showed that UlA is
selective for A at position 6 and that mutation of A6 to G in
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Table 2. Binding affinities of wild-type and mutant proteins for wild-type and modified stem—loop 2 RNA target sites

RNA Protein
Wild-type F56W F56Y F56H F56L
Wild-type K, M) 53)x 10710 54 %1010 2 1) %107 9(*7)x 10710 5&2)x107
AG (kcal/mol)? -12.7+£0.3 -12.7£03 -11.9+03 -123%05 -8.6+0.3
A6purine K, M) 1.0 (£ 0.5) x 107 3*2)x108 1.2 (£0.6) x 107 6(x4)x108 8 (£5)x 10
AG (kcal/mol)? -10.9+0.3 -103 %05 -9.4+03 -9.8+04 -7.0£0.3
Ao6tubercidin K, M) 2 1) x107 1.0 (£ 0.6) x 107 1.0 (£0.4) x 107 4 (x2)x 107 3 1)x10°
AG (kcal/mol)? -11.9+04 -109+04 -9.5%+0.3 -11.4+03 -7.6%£0.3
clA6 K, M) 1.2 (£ 0.6) x 107 2@ x108 1.3 (£0.4) x 107 3*2)x 108 6 1)x 10
AG (kcal/mol)? -10.8+0.3 -105+04 -9.4+02 -10.3+04 -72%0.1
UTR K, M) 7 (*4)%x 10710 2 1) x107 4 (x2)x 107 1.5(x0.7)x 107
AG (kcal/mol)? -12.5+0.3 -11.9+03 -11.4+05 -12.0£0.3
A6U K, M) 2 %107 1.1 (£0.8)x 107 7 (*4)%x 107 2.8(+0.7)x 107 5&3)x 107
AG (kcal/mol)? -64+04 -6.8+0.4 -5.7+04 -6.2%0.2 -59%03
A6C K, M) 4(*2)x10° 53)%x107° 4(x2)x 10+ 4 1)x10° 3E1)x10*
AG (kcal/mol)? -6.0x£04 -5.9%0.3 -4.6+0.3 -6.0£0.2 -4.8%0.2
A6G K, M) 3(x2)%x107° 3(x2)%x107° 7 (*5)%x 107 4 1)x10° 6(£2)x 107
AG (kcal/mol)? -6.2+04 -6.2104 -5.7+05 -6.0+£0.3 -5.8+£0.2

2AG is the free energy of association of the complex.

Table 3. Comparison of the destabilization (AAG) resulting from each
base modification in complexes formed with the wild-type and mutant
UlA proteins

Protein AAG (kcal/mol)?

A6purine Ab6tubercidin c'A6
Wild-type 1.8 0.8 1.9
F56W 2.4 1.8 2.2
F56Y 2.5 24 2.5
F56H 2.5 0.9 2
F56L 1.6 1 1.4

2AAG is the difference in binding energy between a stem—loop 2 con-
taining the indicated base modification and the wild-type stem—loop 2.

stem—loop 2 destabilized the complex by 5-7 kcal/mol (41,62).
Since Phe56 stacks with A6, any modification of the stacking
interaction might alter the ability of UlA to recognize A6
specifically. Therefore, we probed whether the mutants in
which the aromatic group is changed (Phe56Tyr, Phe56His and
Phe56Trp) or replaced with an aliphatic group (Phe56Leu and
Phe56Ala) would be as able as the wild-type protein to
correctly distinguish A from G, C or U at this position.

Three stem—loop 2 target sites were synthesized in which A6
was replaced by U, C or G. Absorbance versus temperature
profiles were obtained and used to calculate the T, of each
stem—loop. The wild-type, A6U and A6C stem—loop melting
profiles were similar. The melting profile for the A6G stem—
loop differed from the other three stem—loops, showing two
sharp transitions. Using the program mfold, a dimer structure

was found to be more stable for the A6G stem—loop than for
the wild-type, A6C or A6U stem—loops (63,64). However, at the
very low concentrations of RNA used in the binding experi-
ments described below, the stem—loop structure was observed
exclusively by native polyacrylamide gel electrophoresis.

U1A is specific for A at position 6 in the loop. Binding of
the wild-type UlA protein was reduced 100 000-fold or by
6.3-6.5 kcal/mol when A6 was substituted with C, G or U
(Table 2). The dramatic destabilization of the complex presum-
ably results from changes in the hydrogen bond donor and
acceptor pattern of the base, the size of the base for C and U
and the strength of the stacking interactions with Phe56 and
C7. The aromatic mutants, Phe56Tyr, Phe56Trp and
Phe56His, were almost as specific for A at position 6 in the
loop as the wild-type protein. In general, the destabilization of
the complex observed as a result of each base substitution was
slightly smaller for the aromatic mutants than that observed
with the wild-type protein (Table 4).

The Phe56Leu—stem—loop 2 complex was destabilized by
2.7-3.8 kcal/mol upon replacing A6 with U, C or G (Table 4).
This destabilization is 2.6-3.7 kcal/mol less than that observed
for the wild-type—stem—loop 2 complex. Therefore, PheS6Leu
is 100- to 500-fold less effective than the wild-type protein or
any of the conservative aromatic mutants at correctly recognizing
adenine at position 6 in the loop. If Phe56Leu were as specific
as the wild-type protein, the affinity of Phe5S6Leu for the A6U,
A6C and A6G stem—loop 2 sequences would have been below
the detection limit of the gel mobility shift assay. We were
unable to measure binding of Phe56Ala to any of the stem—
loop 2 target sites substituted at position A6. However, the
affinity of Phe56Ala for stem—loop 2 is so low that a decrease
in binding affinity of even 3 kcal/mol would not be detectable



Table 4. Comparison of the destabilization (AAG) resulting from
each base substitution in complexes formed with the wild-type
and mutant U1A proteins

Protein AAG (kcal/mol)?

A6U A6C A6G
Wild-type 6.3 6.7 6.5
F56W 5.9 6.8 6.5
F56Y 6.2 7.3 6.2
F56H 6.1 6.3 6.3
F56L 2.7 3.8 2.8

2AAG is the difference in binding energy between a stem—loop 2
containing the indicated base substitution and the wild-type stem—
loop 2.

by gel mobility shift assay. The data with Phe56Leu suggest
that replacing the aromatic residue with an aliphatic residue
alters the complex or the free protein so that the ability of the
protein to distinguish between A and C, G or U at position 6 in
the loop is diminished.

DISCUSSION

Phenylalanine is found at the position equivalent to Phe56 in
74% of RRMs (3). Although Phe is sometimes replaced with
Tyr, it is rarely replaced with His or Trp. In some species this
position in U1A is occupied by Trp, but not by His or Tyr (48).
Therefore, it was surprising that the substitution of Phe56 with
Tyr and His changed the stability of the UlA—stem—loop 2
complex so little. However, equilibrium binding measure-
ments do not reveal whether these mutations have changed the
rates of complex dissociation or association, disrupted coopera-
tive networks of interactions involving Phe56 or altered
specific target site recognition. Changes in any of these
elements of binding upon mutation of Phe56 could be respon-
sible for the high conservation of Phe at this position.

The rate of dissociation of the complex increased when
Phe56 was replaced with Trp or Tyr. This increase in rate was
comparable to the observed loss in equilibrium binding
affinity. Although we were not able to measure the rate of
dissociation of the Phe56Ala— or Phe56Leu—stem—loop 2
complexes, Katsamba et al. measured the rates of association
and dissociation of the Phe56Ala protein with stem—loop 2
(38). They found that the rate of dissociation was substantially
faster, while the rate of association was only slightly slower
than the wild-type—stem—loop 2 complex. These data suggest
that the rate determining step of association does not involve
residue 56. It is known from NMR studies that helix C must
move off the face of the B-sheet, where it contacts residue 56,
in order for RNA to bind (36). Since the rate of association
does not depend on the identity of residue 56, initial associa-
tion probably does not require this conformational change in
the protein.

In contrast to the results obtained with Phe56Trp, Phe56Tyr
and Phe56Ala, substitution of His for Phe56 did not affect the
rate of dissociation of the complex. Therefore, the rate of asso-
ciation of the protein must decrease to account for the decrease
in binding affinity. Katsamba et al. measured a decrease in the
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rate of association of the UlA—stem—loop 2 complex upon
substitution of three lysines that participate in electrostatic
interactions with alanine (38). This work suggested that elec-
trostatic interactions are important for complex formation. The
substitution of a polar, and possibly charged, His for the hydro-
phobic Phe56 may disrupt this normal mechanism of associa-
tion. If this change of mechanism were general, it could
contribute to the absence of His from this position in RRMs.

A6 of stem—loop 2 is recognized by UlA by stacking with
Phe56 and by participating in three hydrogen bonds with side
chain or backbone functional groups (5). We deleted single
functional groups from A6 in order to eliminate each hydrogen
bond and probe whether the conserved stacking interaction
cooperates with the hydrogen bonding network. We found that
the destabilization of the complex that resulted from each func-
tional group deletion depended on the identity of the amino
acid in position 56. Therefore, the functional groups on A6 that
form hydrogen bonds with UlA are coupled energetically to
this aromatic amino acid. The effect on binding affinity of
mutating Phe56 to either Tyr, Trp or His, while simultaneously
eliminating a hydrogen bonding functional group from A6,
was greater than the sum of the effects on binding of the Phe56
mutation and the base modification implemented separately.
The largest energetic coupling was observed between N7 and
position 56 in the stem—loop 2 complexes of Phe56Tyr and
Phe56Trp. In contrast to the aromatic substitutions, substitu-
tion of Leu for Phe56 reduced or did not alter the effects of A6
functional group deletions on complex stability (40). Any
destabilization originating from the substitution of Phe56 with
Tyr, Trp or His may be compensated for, at least in part, by the
increased contribution of the functional groups on A6 to
complex stability. This increased energetic contribution may
result from strengthening the hydrogen bonds formed between
A6 and UIA or from the modulation of other interactions
coupled to the functional groups on A6.

Stacking interactions are not usually thought to contribute to
specific target site recognition. The bases do not participate
equally well in stacking interactions; the extended aromatic
systems of the purines form stronger stacking interactions than
those of the pyimidines in the context of an RNA helix (65).
However, the bases that stack well in the complex are also
likely to stack well in the free RNA and the strength of the
binding interaction is the difference in stability between the
free RNA and protein and the RNA—protein complex. Never-
theless, the results obtained with the UTR target site and the
A6U, A6C and A6G stem—loop 2 sequences suggest that
Phe56 is important for specific target site recognition in the
U1A-RNA complex.

The structure of the UTR-U1A complex is similar to that of
the UlA—stem—loop 2 complex (5,6,37). In particular, the
stacking interactions appear to be nearly identical in the two
structures. Therefore, it is surprising that Phe56Leu and
Phe56Ala were unable to bind to the UTR target site. These
data suggest that the stacking interaction is more important to
binding affinity in the complex with the UTR target site than in
the complex with stem—loop 2, implying that the stacking
interactions differ depending on the RNA target site. Phe56Ala
and Phe56Leu can distinguish between the stem—loop and
UTR target sites, while the wild-type protein cannot. Since the
UTR target site contains A6, other interactions besides those
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that form with A6 must cooperate with the stacking interaction
to destabilize the complexes of Phe5S6Ala and Phe56Leu.

The wild-type protein bound poorly to stem-loop 2 sites
containing base substitutions at A6. Phe56Tyr, Phe56His and
Phe56Trp were nearly as specific as the wild-type protein for
the correct sequence. Therefore, the identity of the aromatic
group is not important for specific recognition of A6, even
though experiments discussed earlier showed that the aromatic
group does affect the energetic contributions of A6 functional
groups to complex stability. However, many stabilizing inter-
actions are lost with the mutation of A to U, G or C, and the
structure of the complex may be substantially altered. In
contrast, Phe5S6Leu is significantly less specific for the
correct base at A6 than the wild-type protein, losing only 2.6—
3.7 kcal/mol binding energy with each base substitution.

One obvious explanation for the loss of specificity of
Phe56Leu is that the hydrogen bonds formed between A6 and
UlA are broken in the Phe56Leu—RNA complex and, there-
fore, the bonds responsible for sequence specificity are
missing. However, the binding experiments with the RNA
target sites containing purine, tubercidin and c'A suggested
that these hydrogen bonds are still present in the Phe56Leu—
stem—loop 2 complex (40). In fact, the destabilization resulting
from the elimination of each hydrogen bonding functional
group from A6 was nearly identical in the Phe56Leu— and
wild-type—stem—loop 2 complexes. Therefore, other groups
that cooperate with the aromatic side chain, either in the free
protein or in the complex, must contribute to the correct recog-
nition of A6. Molecular dynamics simulations performed on
Phe56Ala suggested that the mutation altered the interactions
of helix C with the surface of the B-sheet in the free protein and
also affected the dynamics of loop 3 in both the free protein
and the complex (66). Both of these regions of U1A are known
to be important for specific target site recognition and to coop-
erate with residues on the surface of the B-sheet (28,29,44,67).
Similar structural changes in Phe56Leu could contribute to its
diminished specificity.

The experiments reported here have shown that the
conserved aromatic residue Phe56 does not simply contribute
to affinity in the UIA-RNA complex. Phe56 is involved in
networks of cooperative interactions, probably in both the free
protein and the complex. These cooperative interactions allow
Phe56 to contribute to specific target site recognition, even
though the formation of the stacking interaction itself is
unlikely to be specific for a particular base. The experiments
with the single atom mutants, tubercidin, purine and clA,
demonstrated that the highly conserved stacking interaction is
coupled to the hydrogen bonding network surrounding A6.
Such coupling between conserved and variable interactions
may be a common feature of specific, high affinity RNA—
protein complexes. Finally, our experiments suggest that modi-
fication of energetically coupled interactions and changes in
the rates of complex association and dissociation upon muta-
tion of Phe56 to other aromatic groups may contribute to the
high conservation of Phe at this position in RRMs.

The RRM is an adaptable RNA-binding scaffold in which
highly conserved residues maintain the fold of the RRM and
provide a low level of affinity for many RNA sequences, while
variable regions allow different RNA sites to be bound by
different RRMs. Induced conformational changes in both the

RNA and protein can occur upon binding and assist specific
complex formation (6,7,10,36,68). The three aromatic residues
that stack with RNA bases are among the most conserved
residues that contact RNA, suggesting that the stacking inter-
actions contribute non-specifically to complex stability (3).
Our experiments show that the conserved aromatic residues
can also play an important role in target site recognition by
participating in cooperative networks of interactions. Since
these cooperative networks will differ among RRM-RNA
complexes, the aromatic residues probably do not contribute
equivalently to RNA recognition in different RRM-RNA
complexes. Thus, the stacking interaction, although highly
conserved, can contribute to the ability of RRMs to target
diverse RNA sequences and structures.
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