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ABSTRACT: Recognition of RNA by proteins and small molecules often involves large changes in RNA
structure and dynamics, yet very few studies have so far characterized these motional changes. Here we
extend to the protein-bound RNA recent13C relaxation studies of motions in the RNA recognized by
human U1A protein, a well-known model for protein-RNA recognition. Changes in relaxation observed
upon complex formation demonstrate that the protein-binding site becomes rigid in the complex, but the
upper stem-loop that defines the secondary structure of this RNA experiences unexpected motional
freedom. By using a helix elongation strategy, we observe that the upper stem-loop moves independently
of the remainder of the structure also in the absence of U1A. Surprisingly, RNA residues making important
intermolecular contacts in the structure of the complex exhibit increased flexibility in the presence of the
protein. Both of these results support the hypothesis that RNA-binding proteins select a structure that
optimizes intermolecular contacts in the manifold of conformations sampled by the free RNA and that
protein binding quenches these motions. Together with previous studies of the RNA-bound protein, they
also demonstrate that protein-RNA interfaces experience complex motions that modulate the strength of
individual interactions.

A detailed understanding of the molecular basis for RNA-
protein recognition is essential to understand a wide range
of biological processes that depend on the specific binding
of RNA-binding proteins to RNA. The three-dimensional
structures of protein-nucleic acid complexes have provided
very valuable insight into these recognition processes.
However, these structures are not sufficient to fully under-
stand molecular function, because conformational changes
that are observed in many complexes have made structural
flexibility and induced fit very common themes in RNA-
protein recognition (1, 2).

Numerous studies have shown that RNA-protein recogni-
tion often involves large changes in the both the structure
and the dynamics of the binding partners, yet surprisingly
few studies have been dedicated to the characterization of
RNA motions. In fact, to the best of our knowledge, only
one study has systematically characterized changes in RNA
dynamics that occur upon binding of a ligand at a residue-
by-residue level (3). We are not aware of any study where
RNA motional properties were compared in the presence and
absence of a protein, although a few studies have been
dedicated to changes in protein dynamics that occur upon
RNA binding (4, 5).

Human U1A protein provides a paradigmatic case where
conformational rearrangements and biological function are

closely connected, as well as a model system to understand
the molecular basis of protein-RNA recognition. This
protein contains two copies of an RRM-type1 RNA-binding
domain and binds to hairpin II of U1 snRNA or to the 3′
untranslated region (3′UTR) (6-8) of its own pre-mRNA.
The binding site in the 3′UTR consists of two asymmetric
internal loops, each with seven unpaired bases with the
consensus sequence AUUGCAC that is also contained in
the stem-loop of U1 snRNA. When two U1A proteins bind
to nearby RNA elements within the 3′UTR, polyadenylation
is inhibited by direct interaction between U1A and poly(A)
polymerases leading to repression of protein synthesis (9).
Extensive structural studies by both crystallography (10-
12) and NMR (8, 13, 14) have shown how U1A protein binds
to its RNA targets. These studies demonstrated that the RNA
structure is significantly altered upon binding to U1A (15),
and the structural analysis suggested, but not demonstrated,
that protein binding reduces RNA conformational dynamics
significantly. Both the protein and RNA-binding regions were
flexible in their unbound states but became ordered upon
binding (5, 13, 15). Because this RNA-ordering process is a
general feature of RRM-RNA recognition, it is important
to investigate these changes in dynamics, in order to
determine how these processes contribute to molecular
recognition.

Protein dynamics for U1A in the presence and absence of
RNA has been investigated by studying15N and 2H NMR
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relaxation (5, 16), and we also recently studied the dynamics
of the free 3′UTR RNA (Figure 1a) by13C NMR relaxation
(17). In the present work, we have extended our studies to
the protein-bound RNA and characterized its dynamics by
NMR. We observe that residues in the binding region that
experienced complex motions on the picosecond to nano-
second and microsecond to millisecond time scale become
rigid upon protein binding. In addition, the upper and lower
helical stems experience different motions upon protein
binding. By changing the RNA hydrodynamic profile by
extending the lower stem through the elongation strategy (18)
(Figure 1b), we have established that the upper stem-loop
experiences these significant domain motions also in the
absence of the protein. Thus, it appears that motion of helical
domains is common to many RNAs and that protein binding
does not always quench these conformational exchanges.
Remarkably, several RNA residues that close the internal
loop and make important protein contacts exhibit flexibility
even in the presence of the protein. Thus, RNA-protein
interfaces retain complex dynamic properties that are not
uniformly distributed across an interface.

EXPERIMENTAL PROCEDURES

RNA Sample Preparation. The U1A binding site from the
3′UTR is 45 nucleotides long and contains two binding sites

for the protein (8, 19); however, a 30-mer construct
recapitulates the essential features of the high-affinity
recognition by U1A of its RNA target (Figure 1a) (13, 15)
although not cooperativity of binding and biological regula-
tion (8, 9). The first two base pairs were altered from CG to
GC to allow for efficient initiation of transcription, and the
loop was changed to a UUCG tetraloop for added stability
and to prevent alternative conformers from forming (15);
the lower helix was lengthened by one base pair to stabilize
the secondary structure. Several RNA samples were prepared
enzymatically as described (20) using uniformly 13C/15N-
labeled nucleotides obtained from Silantes. Briefly, DNA
templates were ordered from IDT with 2′-O-methyl groups
attached to the last two residues on the 5′ ends in order to
inhibit the addition of extra nucleotides (21). Relaxation data
were collected on three samples, one fully labeled and two
partially AC and GU labeled, at concentrations ranging from
0.5 to 0.7 mM. Elongated samples were labeled with either
AU or GC and elongated with either GC or AU, respectively,
as described (18), at concentrations ranging from 0.3 to
0.6 mM. RNA was purified by denaturing PAGE (8 M urea),
20% for the 30-mer construct, and 10% for elongated samples
and then electroeluted and ethanol precipitated before mi-
crodialysis in 10 mM phosphate buffer with 0.01 mM EDTA
at pH 6.0.

Protein Expression. The N-terminal RNA-binding domain
of U1A, consisting of amino acids 2-102, was cloned into
a pET vector, overexpressed inEscherichia coli, and purified
as described (10, 11). Cells were grown in M9 minimal
media supplemented with15NH4Cl as the sole source of
nitrogen at 37°C and induced with IPTG atA600 ∼0.60 and
harvested by centrifugation 31/2 h after induction. Buffer
conditions were the same as for the RNA.

NMR Relaxation Experiments. Numerous sites on each
nucleotide can be accessed by13C relaxation studies in
nucleic acids, but data analysis is complicated because the
chemical shift anisotropies of the base C-H are asymmetric
and non-collinear with the CH bond and most spin systems
are not isolated. Our previous work on the free U1A RNA
(17) details the various complications associated with each
of these points and their solutions and estimates the errors
caused by neglecting the anisotropic character of CSA of
the base carbons. We also demonstrated under what condi-
tions accurate relaxation data can be obtained from uniformly
13C labeled RNA. The same methods were employed for this
work; the reader is referred to that report (17) for experi-
mental details.

Data collection was executed on a Bruker Avance-500 on
a TXI triple resonance HCN probe in 99.9% D2O at 25°C.
T1, T1F, and Het-NOE experiments were recorded as a series
of 2D NMR spectra, in which the relaxation delayτ is
parametrically increased. All experiments were performed
in the constant time mode, essentially as described (22). The
constant time delays were set at different values (7.15 and
12.5 ms, respectively) when recording base or sugar relax-
ation properties, corresponding to13C-13C coupling constants
of approximately 70 Hz (bases) and 40 Hz (sugars) (23).
The relaxation delay between scans was set to 3.0 s to allow
for complete relaxation of the complex. Spectra were
recorded with 76-86 complex points in the indirect dimen-
sion. The total collection time for each set of experiments
was∼40 h forT1/T1F measurements. Selective excitation was

FIGURE 1: (a) Secondary structure of the 30 nucleotide RNA used
in this study (15, 17). (b) Secondary structure of the elongated RNA
used in this study. Residues in green comprise the lower helical
stem and are part of domain I, as defined in the text; residues in
blue comprise the upper stem-loop and are part of domain II, while
residues in red comprise the U1A binding region.
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accomplished by application of13C 180° IBURP-shaped
pulses (24) during the first INEPT transfer in order to reduce
the effects of cross-correlated relaxation (25). Each spectral
region required collection of an independent set ofT1/T1F

experiments. Using these selective excitation pulses,13C
relaxation data were separately collected for C8, C6, and
C5 in the bases and for C1′ in the sugar with13C carriers (in
ppm) set to 139.5 (C8, C6), 95 (C5), and 89.5 (C1′). Delays
of 10, 40, 100, 160, 320, 400, 500, and 800 ms and 4, 8, 12,
16, 24, 32, 48 ms, respectively, were used forT1 and T1F

experiments of base and sugar13C resonances.T1F experi-
ments were executed at a spin-lock field of 2 kHz. One of
the experimental points at random was repeated for each run
to evaluate the reproducibility of the measurements. For
heteronuclear NOE measurements, a pair of spectra were
recorded, one with initial proton saturation and one without,
which was achieved by the application of 120° 1H pulses
every 5 ms. Spectra recorded with proton saturation utilized
a relaxation delay of 2.5 s followed by a 2.5 s period of
saturation. Spectra recorded in the absence of saturation
employed a recycle delay of 5 s. Processing and analysis
were performed as previously described (17).

Data Analysis. As previously described (17, 22, 25), 13C
relaxation studies are complicated by the fact that dipolar
couplings between adjacent carbons contribute significantly
to the observed relaxation behavior in uniformly labeled
samples. This interference increases with the square of the
correlation time (i.e., with molecular weight). These studies
concluded that in uniformly13C-enriched sugars the trans-
verse relaxation rates measured are similar to those expected
for an isolated spin system, regardless of molecular weight,
as long as Hartmann-Hahn magnetization transfer is mini-
mized (22, 25). Concerning longitudinal relaxation, recent
studies compared partially (2′, 4′) and uniformly labeled
AMP to determine the errors associated with13C-13C auto-
and cross-relaxation terms (26). Errors inT1 were 7-14%,
19-25%, and 53-55%, respectively, for correlation times
of 5.4, 11.8, and 16.9 ns, similar to those found in an earlier
study (22). Selective excitation significantly reduces errors
from cross-correlation relaxation for small molecules, but
this effect cannot be completely suppressed in larger
molecules. In addition, errors in the heteronuclear NOE’s
range from 3% for a 6 ns correlation time to 16% at
16.7 ns. We anticipate the correlation time for this complex
to be 10-12 ns based on its molecular weight; furthermore,
when studying dynamics of the RNA-bound U1A protein,
we observed residual aggregation of the complex, making a
quantitative model-free analysis impossible (5). For these
reasons, a quantitative analysis for the complex using
ModelFree would yield results that are likely to be unreliable.
Therefore, the data analysis is based primarily on the
comparison of relaxation times in the protein-free and -bound
RNA. We demonstrated earlier that considerable information
on the recognition mechanism can be obtained from this
analysis (5).

Elongated RNA. The 1H-13C resonance intensities for
C6H6 and C8H8 cross-peaks were measured by constant time
HSQC experiments (23) and normalized for each nucleotide
(A, C, G, U) independently. HSQC spectra were recorded
for fully and partially labeled 30-mer RNA, as well as for
the partially labeled elongated constructs (AU and GC).
When calculating the average values, only residues for which

data were available for both the 30-mer and elongated
constructs were considered; resonances known to undergo
chemical exchange were also excluded from the analysis.
The relevant C-C, C-H, and H-H dipolar and13C CSA
orientations are all directed almost perpendicular to the helix
axis of domain I (18). This situation should lead to maximum
intensities for base C-H resonances in domain I, while base
resonances outside of domain I should have smaller intensi-
ties. Thus, any increase in intensities can be attributed to
internal or collective motions experienced by residues in the
upper stem-loop or in the internal loop.

RESULTS

Relaxation of U1A-Bound 3′UTR RNA.Spectral assign-
ments for the U1A-bound 3′UTR RNA were available from
previous studies (15). In analyzing relaxation data for the
complex, we excluded resonances that were partially or
completely overlapped with other peaks or that were
broadened by conformational exchange and therefore had
noisy relaxation curves. As is inevitable, the decrease inT1F

due to the increase in correlation time upon complex
formation resulted in significantly broader peaks and, thus,
reduced signal intensity accounting for the increase in error
compared to the free RNA (17). Errors in relaxation times
are about 7% forT1, 4% for T1F, and 2% for NOE
measurements. The13C relaxation data were collected twice,
first on a fully labeled sample and then on two partially
labeled samples where only A’s and C’s or G’s and U’s,
respectively, were labeled, in order to resolve more reso-
nances. The results reported here represent average values
of the two sets of data that differed by less than 5% between
them (data not shown). TypicalT1 andT1F relaxation curves
for some representative residues (G23 and U29) are shown
in Figure 2. The observed relaxation times obtained from
the analysis of these decay curves and the measured
heteronuclear NOE’s are shown in Figures 3 and 4.

According to the solution structure of the U1A complex
(13, 15), the two double helical regions form essentially ideal
A-form helices. Consistent with this structural rigidity, the
relaxation data collected on the free RNA show that nearly
all of the nucleotides in both helices exhibit similar longi-
tudinal and transverse relaxation as well as heteronuclear
NOE values (17). Surprisingly, the relaxation data for the
bound RNA displays remarkably different relaxation rates

FIGURE 2: Representative relaxation decay curves for residues in
domain I (G23, blue diamonds) and domain II (U29, purple squares)
recorded at 11.7 T as described in the Experimental Procedures
section.
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for the upper helical stem compared to the lower stem
(Figures 3 and 4). In fact, the upper helical stem hasT1

relaxation times that are about half those observed in the
lower stem andT1F values that are twice those of the lower
stem. These relaxation rates indicate that the upper stem is
somehow tumbling much faster than the rest of the molecule.

We did not conduct a model-free analysis of the protein-
RNA complex due to its size. As discussed in Experimental
Procedures, the results would contain large systematic
uncertainty. Instead, we analyzed the data semiquantitatively
by comparing relaxation rates in the presence and absence
of U1A proteins, as well as their ratios. The variations in
relaxation times described in the previous paragraph and
shown in Figures 3 and 4 indicate that the complex can be
divided between three different regions that exhibit different
dynamics, as evidenced most clearly from the average values
of the primary relaxation times. Thus, for the purpose of the
subsequent analysis and discussion, resonances are grouped
into three regions: domain I (D1), corresponding to the lower
double helical stem, domain II (DII) and the apical stem-

loop, and the binding region (BR), as color coded in
Figures 1, 3, and 4.

A first striking observation is that averageT1F’s for both
base and sugar resonances are similar for domain I and the
binding region, but they are approximately twice as large in
domain II. Furthermore, theT1 values for the base residues
in domain II are also approximately half those observed for
domain I and for the binding region. For the sugar residues,
the T1’s within domain II are about 62-68% of those
observed in domain I and in the binding region. However,
the NOE’s do not vary much between the different regions.
The summaries provided in Tables 1 and 2 demonstrate that
the apical stem-loop experiences considerably different
dynamics compared to the lower helical stem and the binding
loop.

Approximate rotational correlation times can be calculated
from the relaxation times and heteronuclear NOE’s in the
absence of significant internal motion (27). However, the
differences in the observed relaxation rates described above
indicate that each region of the RNA moves differently,

FIGURE 3: (a) 13C T1F relaxation times for the RNA bound to U1A protein. (b) Ratio of13C T1F [T1F(bound)/T1F(free)]. Top to bottom: C5
and C8 spins; C1′ spins; C6 spins. Residues are color coded as in Figure 1; C6 are shown separately from C5 and C8 because the different
CSA lead to large differences in relaxation rates even when motional processes are identical (17, 33). Residues that had noisy relaxation
curves, or that were partially or completely overlapped, were excluded from the analysis.
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making it very difficult to extract a single correlation time
for the entire molecule. It is nonetheless instructive to
determine approximate correlational times within each
domain extracted from theT1F/T1 ratios of the C1′ resonances
(28). The C1′ relaxation values were used for several reasons.
First, although13C CSA tensors in sugars are not collinear
with the 13C-1H bond vector, the CSA is small; thus, the
C1′ relaxation is dominated by the dipolar interaction to the
directly attached proton to a much greater extent than for
base resonances. Second, variations in CSA tensor values
due to secondary structure are negligible for the sugars, so

that accurate motional parameters can be extracted (17, 25,
29).

The very large differences in relaxation times shown in
Figures 3 and 4 are reflected in equivalent striking differences
in the apparent correlation times between residues in domains
I and II. Residues in domain I have an apparent correlation
time of 10.8 ns; an essentially identical value (10.5 ns) is
observed for residues in the binding region. These values
are as expected for a 20-25 kDa complex and demonstrate
that the lower helix and the protein-binding region tumble
at the rate expected for this protein-RNA complex. Remark-

FIGURE 4: (a)13C T1 relaxation times for RNA bound to U1A. (b) Ratios of13C T1 [T1(bound)/T1(free)]. Top to bottom: C5 and C8 spins;
C1′ spins; C6 spins. Residues are color coded as in Figure 1; C6 are shown separately from C5 and C8 because the different CSA lead to
large differences in relaxation rates even when motional processes are identical (17, 33). Residues that had noisy relaxation curves, or that
were partially or completely overlapped, were excluded from the analysis.

Table 1: AverageT1F Values and Ratios (Bound/Free) for Each
Domain (As Defined in Figure 1) for the Protein-Bound U1A RNA

averageT1F (ms)
averageT1F ratio

(bound/free)

domain
I

domain
II

binding
region

domain
I

domain
II

binding
region

C5/C8 17 33 13 0.62 0.93 0.44
C6 N/A 24 11 N/A 1.08 0.33
C1′ 20 40 16 0.56 1.12 0.43

Table 2: AverageT1 Values and Ratios (Bound/Free) for Each
Domain (As Defined in Figure 1) for the Protein-Bound U1A RNA

averageT1 (ms)
averageT1 ratio

(bound/free)

domain
I

domain
II

binding
region

domain
I

domain
II

binding
region

C5/C8 789 386 N/A 1.95 0.91 N/A
C6 N/A 399 730 N/A 1.02 2.35
C1′ 622 450 737 1.45 0.83 1.90

Protein-RNA Recognition Biochemistry, Vol. 46, No. 20, 20075879



ably, the apparent correlation time for domain II is much
shorter; at 5.2 ns, it is very close to what we measured for
the free RNA (17) (6 ns) and would correspond to a molecule
with a molecular mass of 9-10 kDa. The similar values
observed for both the binding region and domain I indicate
that motion within the binding region is quenched upon
binding, so that the loop where U1A binds becomes as
ordered as domain I in the complex. The large discrepancy
between the apparent correlation times of the two domains
implies instead that domain II moves as a rigid body with
respect to the rest of the RNA with a rate comparable to the
motions observed in the free RNA in the absence of U1A
protein.

When considering specific residues, only relatively few
experience local variations within each domain in the
relaxation times reflecting local changes in dynamic proper-
ties on the picosecond to nanosecond time scale. This result
is very different from those we observed in the free RNA,
where very large changes in relaxation times reflecting
complex motional processes on a range of time scales were
observed across the sequence (17). Among residues with
relaxation rates deviating from average, G20, G48, and C49
are located near the ends of the molecule and exhibit short
longitudinal and/or large transverse relaxation times, imply-
ing that they retain considerable flexibility due to base fraying
even in the protein-bound form. Residue A39 is the first
residue in the heptameric loop that is recognized by the U1A
protein, and it is connected to domain II by strong stacking
interaction with the stem-closing GC base pair formed by
C38 and G25 (Figure 1) and by hydrogen bonds with Arg52
in the protein. Arg52 is a critical residue in U1A and other
RRM proteins (30); if mutated to Gln, binding is essentially
abolished. In the free RNA, the base resonance of A39 was
relatively rigid in comparison to the rest of the binding
region, because of its structural coupling with the apical
stem-loop. In the protein-bound form, the base and anomeric
resonances of A39 experience different motions. The base
carbons exhibit relaxation times similar to those observed
in the binding region, while the ribose experiences much
faster motion, similar to those observed in domain II. These
results suggest that residue A39 is the hinge point between
the two domains.

Changes in Relaxation upon Complex Formation.Further
insight into changes in dynamics is provided by directly
comparing relaxation times observed for the free and protein-
bound forms of the RNA. The average changes for each
domain are summarized in Tables 1 and 2. For most residues,
changes in relaxation rates upon protein binding simply
reflect the increase in size and therefore in correlation time.
This is clearly the case for resonances located in the lower
helix, domain I. The binding region exhibits the largest
amount of conformational flexibility in the free RNA; it also
exhibits the greatest degree of changesvery large average
increases inT1 (210-290% of the value observed in the free
RNA) and large decreases inT1F (18-49% of the value for
the free RNA). Thus, in this part of the RNA, there is
considerable quenching of motions occurring on the pico-
second to nanosecond time scale upon protein binding. For
domain II (the upper stem-loop), however, the values of
both T1 andT1F remain the same, or even decrease slightly
(T1) or slightly increase (T1F), despite the obvious increase
in size of the complex. Thus, motions other than overall

tumbling influence the relaxation rates for this part of the
structure. Since these changes occur over the entire upper
stem and tetraloop without large sequence-dependent varia-
tions, it is likely that domain II is moving collectively as a
single rigid unit at a rate much faster than expected for the
rigid tumbling of a complex of this size.

When examining the molecular origin of these differences,
we considered two possibilities: either the motions of domain
II become uncoupled from the rest of the molecule as a result
of protein binding or the two helices experience different
collective motions in the free RNA. In this second case, we
would have to assume that these collective domain motions
would not be detectable in the free RNA because they occur
at a rate comparable to rigid rotational diffusion. The addition
of protein would alter the hydrodynamic profile of the RNA,
separating the time scale for domain motions from those of
rigid body tumbling. In order to distinguish these two
possibilities, we adopted the elongation approach (18) by
adding about 20 Watson-Crick base pairs to domain I
(Figure 1b). This way, the global motions of the RNA were
slowed down, allowing for the time scale of reorientation of
the two helical segments to be separated from global
tumbling (18). When we compared the two constructs, the
chemical shifts of the elongated and nonelongated RNAs
were in very good agreement for the nucleotides in common,
demonstrating that extension of the lower helix does not
change the structure of the protein-binding site and upper
helical domain.

In order to analyze the results, we compared the intensities
of the 13C resonance in HSQC spectra between the RNA of
Figure 1a and elongated molecules in their protein-free form
(Figure 1b). Variations in resonance intensities (when
chemical exchange is not present) report on the net dynamics
of a particular site relative to the applied magnetic field (18).
By excluding residues that experience chemical exchange
from this study, resonances with higher intensities identify
residues experiencing internal motions that are faster than
overall tumbling. In an earlier study of the relaxation
properties of the free RNA, we determined that base residues
A24, G34, G42, and A44 experienced conformational
exchange; thus, these residues were excluded from this
analysis.

In the free RNA, the resonances of the Watson-Crick base
pairs in domain I and domain II have very similar normalized
average intensities (0.12 and 0.13, respectively). This result
is consistent with the rigid tumbling of the two domains
without any significant internal motion, with the exception
of U30 that is known to experience considerable motion in
the UUCG tetraloop structure. Resonances within the binding
region (0.29) have higher intensities instead (Table 3). For
this region, internal motions faster than overall tumbling
occur on a picosecond to nanosecond time scale, consistent
with relaxation experiments (17), leading to increased
apparent intensities due to the sharper lines (Figure 5).

Table 3: Average Normalized Cross-Peak Intensities of Base
Resonances for Each Domain (As Defined in Figure 1)

domain I domain II binding region

3′UTR 0.12 0.13 0.29a

elongated 3′UTR 0.13 0.24 0.38a

a Ignoring residues that undergo chemical exchange (A24, G34, G42,
and A44) as determined by Shajani and Varani (17).
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In stark contrast, when we analyzed the elongated sample,
we observed very large differences in the relative intensities
of resonances within Watson-Crick base-paired residues
belonging to domain I and domain II (Table 3). The lowest
relative intensities occur in the Watson-Crick base pairs of
the extended stem (0.13), whereas residues within the upper
stem (domain II) have much higher intensities, indicative of
collective motion. These results suggest that the upper
stem of 3′UTR RNA reorients as a rigid unit, moving at a
rate that is very different from the rest of the molecule
(Figure 6). Although these motions exist in the free RNA,
they are not noticeable in conventional relaxation measure-
ments, because the collective domain motions involving the
entire upper stem-loop occur on the same time scale as
global tumbling (∼6 ns) and are therefore not discernible in
the correlation function that determines relaxation measure-
ments. Only when overall tumbling is slowed down, either
by protein binding (leading to a correlation time of 10-
12 ns) or by elongating the lower stem (leading to a
correlation time of 18-19 ns), can domain motions be
detected.

Protein Binding Increases the Flexibility of Part of the
RNA Structure. As predicted in the structural analysis (13,
15), protein binding quenches the dynamics in the binding
region of the free RNA. However, we were also very
surprised to observe that protein binding also induces
increased motion in the G25-C38 base pair that closes the
upper stem-loop and is a key recognition site for U1A
protein. Indeed, the relative intensities of the C38 and G25
base resonances in the elongated 3′UTR (Figure 5) are much
lower than the intensities of residues in domain II and much
closer to those of domain I. Thus, in the free RNA, residue
C38 does not experience the same domain motion as the
rest of the upper stem, to which it would apparently belong.
However, in the protein complex, the relaxation rates of C38
are close to those of the upper stem. Thus, it appears that
protein binding decouples the motions of C38 from the lower
stem-loop, even if this base and the neighboring G25 and
A39 make considerable interactions with the protein, with
Arg52 in particular (Figure 7).

DISCUSSION

In the present work, we have studied changes in motion
that occur in the RNA-binding site for human U1A protein
by measuring13C NMR relaxation and comparing these data
with the results observed for the protein-free RNA (17). In
studying dynamics of the protein-free RNA, we reported a
complex set of motions on multiple time scales and proposed
that the protein binds to this RNA by conformational capture.
In other words, we proposed that the complex motions we
observe allow the RNA to sample multiple conformations,
one of which is captured by the protein during formation of
the complex. Consistent with this suggestion and with the
structure of the RNA free and in the complex (15), our results
demonstrate that the binding region becomes much more
ordered in the presence of the protein. Thus, protein binding
quenches motions in the RNA substantially, as we also
reported when studying motions in the backbone of U1A
protein (5).

FIGURE 5: Normalized intensities of cross-peaks for base resonances (C8 on purines and C6 on pyrimidines) in13C-1H HSQC spectra
reported versus sequence for the original 30 nucleotide construct of the 3′UTR RNA of the U1A mRNA (top), for which the relaxation
studies were executed, and for an elongated construct (bottom) of the same RNA containing an additional 20 base pairs within the lower
double helical stem. The unlabeled elongated stem is not shown; domain I is shown in green, domain II in blue, and the binding region in
red, as in Figure 1. Residues that were partially or completely overlapped were excluded from this analysis.

FIGURE 6: Structure of protein-bound 3′UTR. The arrows depict
collective domain motions experienced by the upper stem-loop.
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The most surprising result was the observation of remark-
ably different relaxation rates for the upper helical stem
compared to the rest of the RNA. These results indicate that
this part of the structure tumbles as a rigid domain on a rate
that is much faster than the rest of the molecule. Thus, while
the lower stem and binding regions behave as expected for
a 20-25 kDa molecule, the upper helix behaves as a 9-10
kDa molecule. It is possible for the upper stem-loop to
become motionally decoupled from the rest of the RNA as
a result of protein binding. However, by comparing the
intensities of13C-1H cross-peaks in the HSQC spectra for
the protein-free RNA in the usual 30 nucleotide construct
and in a domain-elongated version, we concluded that the
two domains experience domain motions comparable to those
observed in the complex even in the absence of U1A protein.
These motions are not visible until the hydrodynamic profile
is altered, either by elongation or by protein binding, because
they occur on the same scale as global rotational diffusion
for the complete RNA. Once overall tumbling is slowed
down, these domain motions can be detected, implying that
they occur at a rate of 5-10 ns. This is now the third RNA
(18) where entire helices experience considerable and
unexpected conformational freedom. Thus, domain motions
could very well be a general feature of RNAs that are
composed of multiple helices separated by single-stranded
linkers.

Structural studies have shown that protein binding alters
the overall structure of the binding region, but the two double
helical regions remain unperturbed upon protein binding (11,
13, 15). The exceptions are the base pairs closing the internal
loop (G23-C46 and G25-C38) and the U47-A22 base pair
which make direct or electrostatic contacts with the protein
side chains or phosphodiester backbone. The residues that
are adjacent to the binding region are particularly important
for U1A recognition, and the protein makes numerous
contacts with them (11); disrupting the base-paired stem
results in decreased levels of protein binding (19, 31). Our
results present a model where protein binding alters the
profile of the RNA to such an extent that collective domain

motion (spanning all residues between the apical loop and
the U26-A37 base pair in the free RNA) extends to the C38-
G25 base pair and to the ribose of residue A39, the first
residue in the single-stranded loop extensively recognized
by U1A protein.

It is entirely counterintuitive that these residues would have
increased motion in the presence of U1A, since all three
make extensive contacts with Arg52 (13), and residues A39
and G25 make contacts with Leu49 as well (Figure 7). These
amino acids are a particularly important determinant of
affinity and specificity: their mutation and disruption of the
structure of the stem-loop junction and mutation of A39
all reduce the affinity of U1A substantially (5); mutations
of G25 and C38 also reduce the stability of the complex
(32).

When examining why the double helical region opposite
the apical stem-loop moves instead as a rigid body with
the single-stranded region, we notice that this part of the
RNA makes several electrostatic interactions with Arg and
Lys side chains located in two critical protein loops and at
the C-terminus of the protein (34). Mutations of some of
these residues (for example, Lys96) lead to considerable
reductions in affinity. We propose that formation of these
electrostatic contacts dispersed throughout the protein (Lys23,
Arg47, and Lys96) may clamp the lower double helical
region.

These highly unexpected results demonstrate that, even
for residues that form multiple inter- and intramolecular
interactions in a protein-RNA complex, residual conforma-
tion flexibility is observed or even induced by the protein
binding. This observation builds upon our previous result
on protein dynamics in the complex, where some protein
side chains (though not Leu49) also retained conformational
flexibility in the complex, even if backbone motions in the
same loop to which Arg52 and Leu49 belong were substan-
tially quenched (5). Thus, it appears that protein-RNA
interfaces have intrinsic dynamic properties that are important
to the recognition mechanism but not easily discernible from
the examination of their structure.

In summary, our results reinforce the notion that motions
in RNA play a role in molecular recognition by RNA-binding
proteins. They also support our earlier hypothesis that the
RNA samples multiple conformations in the protein-free
form, to allow a protein to select a structure that optimizes
intermolecular contacts upon binding (2). While these
motions are quenched upon formation of the complex,
domain motions involving the entire upper stem-loop remain
present despite the formation of apparently important hy-
drogen bonds with key protein residues.
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SUPPORTING INFORMATION AVAILABLE

Relaxation data for C5/C8/C6 and C1′ resonances. This
material is available free of charge via the Internet at http://
pubs.acs.org.

FIGURE 7: (a) Stick and (b) space-filling views of the contacts
between theâ2-â3 loop region of U1A and residues G25 (blue),
C38 (blue), and A39 (purple) at the junction between the internal
loop and the apical stem-loop of the RNA. The rest of the binding
region is shown in red. Leu49 is shown in yellow, and Arg52 is in
cyan. The remaining protein side chains are omitted. Hydrogen
bonds are indicated by etched lines. Leu49 makes hydrophobic and
electrostatic interactions with A39 and G25, while Arg52 hydrogen
bonds to G25, C38, and A39.
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