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ABSTRACT: The RNA recognition motif (or RRM) is a ubiquitous RNA-binding module present in ~2% of
the proteins encoded in the human genome. This work characterizes an expanded RRM, which is present in
the Drosophila Bruno protein, and targets regulatory elements in the oskar mRNA through which Bruno
controls translation. In this Bruno RRM, the deletion of 40 amino acids prior to the N-terminus of the
canonical RRM resulted in a significantly decreased affinity of the protein for its RNA target. NMR
spectroscopy showed that the expanded Bruno RRM contains the familiar RRM fold of four antiparallel
p-strands and two a-helices, preceded by a 10-residue loop that contacts helix o, and strand f3,; additional
amino acids at the N-terminus of the domain are relatively flexible in solution. NMR results also showed that
a truncated form of the Bruno RRM, lacking the flexible N-terminal amino acids, forms a stable and complete
canonical RRM, so that the loss of RNA binding activity cannot be attributed to disruption of the RRM fold.
This expanded Bruno RRM provides a new example of the features that are important for RNA recognition

by an RRM-containing protein.

RNA recognition motifs (RRMs)' are one of the most
common RNA binding domains (/). They have been found in
plants, prokaryotes, fungi, and animals; in humans, up to 2% of
proteins encoded in the genome contain at least one RRM (/, 2).
Proteins containing RRMs act in many RNA processing events,
including pre-mRNA and mRNA splicing, alternative splicing,
RNA editing, mRNA export, pre-mRNA complex formation,
mRNA stabilization, localization, translational regulation, and
RNA degradation (3).

The RRM fold was described by Nagai et al. (4) in the crystal
structure of the UIA snRNP protein. The canonical RRM
structure is composed of four antiparallel S-strands and two
a-helices, giving the 5,0113,850,04 topology of the protein. The
a-helices stack on one face of the f-strands. The primary RNA
binding site is composed of residues located on strands 5 and f3;,
which contain two highly conserved sequences called ribonucleo-
protein | (RNP1) and RNP2 (5). RNP sequences contain several
conserved aromatic amino acids that are exposed to solvent to
facilitate RNA binding. Additional contacts with RNA can be
made through amino acids at the N- and C-termini of the RRM
and internal loops, in particular, the loop between f3, and 35 (for
reviews, see refs /—3 and 6—38).

Bruno is a Drosophila RRM-containing protein that plays a
central role in regulation of Oskar (Osk) expression (10, 11).
Proper deployment of Oskar at the posterior pole of the oocyte
and embryo is crucial for both embryonic body patterning and
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formation of the germ line. This spatial restriction of Osk
expression is achieved through a combination of mRNA locali-
zation and translational regulation: translation of unlocalized
mRNA is repressed, and only the localized mRNA gives rise to
protein (/2). Bruno mediates repression by binding to regulatory
Bruno response elements (BREs) in the osk mRNA 3 UTR
(10—13).

The full-length Bruno protein contains three RRMs, two
located in the N-terminal half of the protein and the third near
the C-terminus, separated by a linker region ({0, /). Both the
sequence and overall domain structure are well conserved in
similar proteins found in other species, and in protein families
related to Bruno, such as the ELAV, CELF, and Bruno-like
protein families (/4—22). During the initial isolation of a Bruno
cDNA, a C-terminal portion of Bruno, consisting of the third
RRM and the preceding 40 amino acids (now called RRM3+),
was found to bind specifically to BREs (//), and to do so with
high affinity. Interestingly, canonical Bruno RRM3, which lacks
the additional N-terminal residues, was found to have signifi-
cantly reduced binding activity (/3). In this work, biochemical
and biophysical methods were used to address the differences
between Bruno RRM3+ and RRM3 in RNA binding.

EXPERIMENTAL PROCEDURES

Protein Coding, Expression, and Purification. Fragments
of Bruno RRM3+ were expressed in Escherichia coli strain
BL21(DE3)pLysS using the pET3a expression plasmid. The
RRM3+ construct of amino acids 471—604 was grown in Luria
broth to an ODsgq of 0.4—0.6, followed by induction with 1 mM
IPTG. Cells were allowed to grow for an additional 4 h at 37 °C.
The cells were harvested and lysed by sonication. Nucleic acids
were removed by the addition of 0.5% poly(ethylenimine) (v/v),
and the cell lysate was centrifuged for 20 min at 12000 rpm.
The soluble fraction was precipitated by addition of ammo-
nium sulfate to 70% saturation and centrifuged for 20 min at
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12000 rpm. The protein pellet was resuspended in 1 mM
potassium phosphate buffer (pH 6.0) and loaded onto a DEAE
ion exchange column. The protein was collected in the flow-
through and column wash. The flow-through and wash were
combined and diluted to a total volume of 1000 mL with 1 mM
potassium phosphate buffer (pH 6.0). The protein was loaded
onto a CM Sepharose column and eluted with a 0 to 1 M NaCl
gradient. Fractions containing Bruno RRM3+ were identified
using SDS—PAGE, pooled, and concentrated. The typical yield
of purified Bruno RRM3+ was 4 mg/L of cell culture. Protein
samples were dialyzed two times against 1500 mL of 1 mM
potassium phosphate buffer (pH 6) and 100 mM sodium
chloride; the sample pH was confirmed using a pH meter.
N-Terminal sequencing and mass spectrometry were used to
confirm the identity of the protein. Samples of Bruno RRM3+
enriched in "N and/or *C were prepared as described above, but
using M9 minimal medium containing 0.7 g/L ['°NJammo-
nium chloride and/or 2 g of [*C]glucose (Cambridge Isotope
Laboratories) as the source of nitrogen and/or carbon. Truncated
Bruno RRM3 consisting of amino acids 511—604 was expressed
and purified following the same protocol for full-length Bruno
RRM3+.

RNA Preparation and Binding Assays. The osk 3' UTR
AB RNA (10) was labeled with [a-*PJUTP (Perkin-Elmer,
BLUS07H) by in vitro transcription with Sp6 RNA polymerase
(NEB, 207S). Gel-purified RNA at a concentration of 200 pM
was incubated with purified RRM3 or RRM3+ for 60 min at
room temperature in 50 L of 1 x binding buffer [20 mM HEPES
(pH 7.9), 100 mM KCI, and 2 mM MgCl,]; protein concentra-
tions were in the 0—750 nM range. The reaction mixture was
passed sequentially through nitrocellulose (Whatman, catalog
no. 10-401-196) (to capture RNA—protein complexes) and nylon
(Amersham Biosciences, RPN119B) (to capture unbound RNA)
filters using a dot blot apparatus (Whatman, catalog no. 10-447-
900), modified as described in ref 23. Prior to binding, the filters
were incubated separately in binding buffer for 30 min and then
prewashed with 50 uL of binding buffer in the dot blot apparatus.
After binding, the filters were washed with 350 uL of binding
buffer, and RNA levels were determined by phosphorimaging
(Molecular Imager PharosFX System, Bio-Rad, catalog no. 170-
9450). Binding reactions were conducted in triplicate for two
independent preparations of the proteins and RNA. Bound
RNA/total RNA plot points were fit to a simple hyperbolic
equation and the Hill equation; the Hill equation was found to
provide a significantly better fit in evaluating RNA binding by
the RRM3+ and RRM3 proteins.

NMR Spectroscopy. NMR spectra were recorded at 25 °C
using a 500 MHz Varian Inova spectrometer equipped with a
triple-resonance probe and z-axis pulsed field gradient. NMR
samples contained 0.9—3.0 mM Bruno RRM3+ protein in a
90% H>0/10% D»O mixture or 99.9% D,0O with 1 mM sodium
azide and 1 mM potassium phosphate (pH 6.0). Backbone
resonance assignments were obtained from three-dimensional
HNCA, HNCACB, and HN(CO)CACB spectra (24), HNCO
spectra (25), and HACACBCO spectra (26), which correlate the
backbone protons to the N, C*, C, and (o4 signals within the same
amino acid and adjacent amino acids. Side chain resonance
assignments were obtained by analyzing three-dimensional (3D)
PN-resolved TOCSY-HSQC and "“C-resolved HCCH-TOCSY
and two-dimensional (2D) homonuclear 2QF-COSY and
TOCSY spectra (27). NOE cross-peaks were detected using 2D
'H-'H NOESY, 3D 'H-'H-'"N NOESY-HSQC, and 3D
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"H-"H—">C NOESY-HSQC spectra (28); spectra with mixing
times of 60—150 ms were recorded, with the 60 ms mixing time
being used to minimize the effects of spin diffusion. NMR data
were processed using NMR-Pipe (29). 'H, "N, and "*C were
referenced with proton chemical shifts relative to internal
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 0 ppm (30).
The 0 ppm "N and "*C reference frequencies were determined
by multiplying the 0 ppm 'H reference frequency by 0.101329118
and 0.251449530, respectively.

SN—'H heteronuclear NOE and "*N T, and 7> relaxation
times were measured using pulse sequences that feature gradient
selection, sensitivity enhancement, and pulses for minimizing
saturation of solvent water (37). The "N—'H heteronuclear
NOE was measured through a comparison of spectra acquired
with either a 5 s delay between each free induction decay ora 2 s
delay followed by a 3 s series of 120° nonselective 'H pulses. For
T relaxation measurements, 2D spectra with relaxation delays of
10, 260, 510, 760, and 1010 ms were recorded. For T, relaxation
measurements, 2D spectra with relaxation delays of 29, 58, 87,
116, and 145 ms were acquired. For both T} and T, measure-
ments, the relaxation delay between each acquisition of the free
induction decay was 3 s. These relaxation times were calculated
from fitting peak heights to a first-order exponential decay
equation. Uncertainties in 77 and T, were estimated from the
standard deviations in the fit. Rotational correlation times for
Bruno RRM3+ and Bruno RRM3 were calculated using Model-
free 4.20 (32—34) as previously described (35). Order parameters
for Bruno RRM3+ and Bruno RRM3 were determined using
5N—'H NOE, T}, and T’ relaxation data and Modelfree version
4.2 (32-34).

Amide Proton Exchange Rates. For amide protons that
exchange relatively slowly with deuterated solvent (with half-
times for exchange greater than approximately 5 min), exchange
rates were determined as follows. The Bruno RRM3+ and Bruno
RRM3 samples were frozen, lyophilized, and resuspended in
D-0. A series of six "N—"H HSQC spectra were acquired and
processed identically, and exchange rates were determined by
fitting peak heights to a first-order exponential decay equation.
Uncertainty in exchange rates was determined from the standard
deviation of each fit. For protons that exchange relatively rapidly
with solvent (on the order of seconds), saturation transfer
experiments were conducted for Bruno RRM3+ and Bruno
RRM3 at pH 6 and 8, and the data were fit as described by
Lillemoen et al. (36). For the saturation transfer experiments, T}
values for amide protons in uniformly '*N-labeled Bruno
RRM3+ and Bruno RRM3 were estimated using an inversion
recovery experiment, and found to be 721 and 822 ms, respec-
tively. For amide protons with exchange rates that fell between
the ranges accessible by the deuterium transfer or saturation
transfer methods, rates were assigned in this intermediate range,
with appropriate uncertainties. The amide exchange rates (Tables
S1and S2 of the Supporting Information) were normalized to pH
7 by assuming a | unit pH change corresponds to a 10-fold
change in the exchange rate, as assumed in the EX2 exchange
regime (37—40). Amide proton protection factors were calculated
according to the method previously described by Bai et al. (37);
these calculated protection factors include corrections for the
influence of primary sequence on amide proton exchange
rate (37).

Structure Calculation. Structure calculations for Bruno
RRM3+ were performed using a restrained simulated annea-
ling protocol within CNS version 1.1 (4/). Calculations were
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conducted with the goal of determining the full range of
structures that satisfy distance and angle restraints derived from
the NMR data, while maintaining reasonable molecular geome-
try, consistent with a minimum value for the CNS energy
function. Distance constraints were derived from the intensities
of cross-peaks within homonuclear 2D NOE spectra with mixing
times of 60—200 msec and 3D ""N- and "“C-resolved NOE
spectra acquired with mixing times of 120—150 ms. On the basis
of the cross-peak intensities in the NOE spectra, the distance
restraints were sorted into four categories: strong (<3.50 A)

medium (<4.20 A) weak (<5.00 A) and very weak (< 6.00 A)

Pseudoatom corrections were also applied to the distance con-
straints described above: NOEs from valine or leucine methyl
groups that were not stereospecifically assigned were measured
from the center of the two methyl groups, adding 2.4 A to the
interproton distance. For NOEs involving other methyl protons,

distances were measured from the center of the methyl group, and
1.0 A was added to the interproton distance. For NOEs involving
methylene protons that were not stereospecifically assigned,

distances were measured from the center of the methylene group,
and 0.7 A was added to the interproton distance. For NOEs
involving the 0- and e-protons on tyrosine and phenylalanine
rings, the distance was measured from the center of the two 9- or
e-protons, and 2.4 A was added to the interproton distance
restraint. The PREDITOR torsion angle prediction program was
used to assign ¢ and 1 angle restraints for backbone atoms based
on the chemical shifts of C% N, HN, H% C’, and C (42).
Hydrogen bonds were defined using distance bounds for amide
protons that were clearly located within the regions of regular
p-sheet and o-helical structure.

Twenty-five diverse starting structures for RRM3+ were
generated by subjecting a random coil model to the CNS
simulated annealing protocol using only dihedral angle con-
straints. These 25 structures were used as starting models for 100
runs of the simulated annealing protocol for each model. Most
simulated annealing runs generated similar structures with
similar energies. From this final set of refined models, a set of
18 structures were selected on the basis of (i) their CNS energy
being at or very close to the minimum value obtained, (i) the fact
that there were no interproton distance constraint violations
greater than 0.6 A, and (iii) the fact that the set of models are a
fair representation of the total range of structures generated that
satisfy the NMR-derived distance restraints while maintaining
reasonable molecular geometry, as defined by the CNS energy
function. Chemical shifts for Bruno RRM3+ have been sub-
mitted to the BioMagResBank and assigned accession number
16236. Coordinates for Bruno RRM3+ have been submitted to
the Protein Data Bank (PDB) as entry 2KHC.

Circular Dichroism Spectroscopy. Circular dichroism
spectra were recorded using a JASCO J-815 instrument. All data
were collected in 1 nm intervals between 185 and 260 nm. Each
scan was collected three times, and the signals were averaged.
Temperature dependence spectra were recorded between 5 and
45°Cat 5 °Cintervals. The samples were allowed to equilibrate at
each temperature for 10 min prior to data collection. Before data
collection, samples were dialyzed against 1 mM potassium
phosphate and 100 mM Na,SO4 (pH 6); the sample pH was
confirmed by measurement with a pH meter. Sodium sulfate was
used in place of the sodium chloride used in NMR samples, as it is
more transparent in the far-UV range. Protein concentrations
were calculated using extinction coefficients of 3.47 x 10° and
4.55x 10°M ' em™ " at 205 nm for Bruno RRM3 and RRM3+,
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respectively. The CD data were converted to mean residue
ellipticity, and secondary structure was determined using
SOMCD (50).

RESULTS

The Bruno protein binds Bruno response elements (BREs)
located within the 3' UTR of oskar mRNA. Previous work
identified a 127-nucleotide RNA sequence from oskar (termed
the osk AB RNA) that is sufficient for Bruno binding and
translational repression (10, 11, 13) (Figure S1 of the Supporting
Information). This osk AB RNA was previously used to identify
a minimal RNA binding domain for the RRM closest to the
C-terminus of Bruno in UV cross-linking experiments (13). In
this work, in vitro filter binding assays were used to measure the
affinity for the osk AB RNA for two versions of the C-terminal
RRM domain, termed RRM3 and RRM3+4. RRM3+ (contain-
ing residues 471—604 of Bruno) includes the canonical RRM
with additional N-terminal residues previously shown to signifi-
cantly enhance RNA binding (/3); RRM3 contains the complete
canonical RRM but lacks the residues prior to residue 510. Data
obtained from the filter binding assays were fit to a simple
hyperbolic equation and a sigmoidal Hill equation. The Hill
equation was found to provide a significantly better fit, with
K, values for RRM3+ and RRM3 of 124 and 566 nM,
respectively (Figure 1). Fitting to the Hill equation raises the
possibility of multiple binding sites and cooperative behavior.
This is plausible, since the relatively large size of the 140-nucleo-
tide RNA (compared to the protein domain) could permit
multiple copies of the recognition sequence to be present.
However, the basis of any potential cooperative binding behavior
remains speculative at this time, given that the RNA recognition
sequence and details of protein—RNA interactions are not yet
precisely defined.

NMR studies were undertaken to improve our understanding
of the structure and dynamics of Bruno RRM3 and RRM3+ and
gain insight regarding their differing abilities to bind RNA.
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FiGURE 1: Bruno RRM3+—o0sk mRNA interactions. Comparison
of the binding of Bruno RRM3 and Bruno RRM3+ to the oskar AB
region RNA, derived from filter binding data. Binding of RRM3+ is
indicated by filled circles, while binding of RRM3 is indicated by
filled triangles. The binding data for the two proteins were fit to the
Hill equation: y = (Ymax[E])/(K12 + [E]). Kj)» for the RRM3+
protein is 124 nM with a coefficient of cooperativity of 1.4; K, , for
the RRM3 protein is 566 nM with a coefficient of cooperativity of 3.1.
For comparison, fits to a hyberbolic binding equation are shown
using dashed lines. The RNA concentration was 200 pM; protein
concentrations were in the 0—750 nM range.
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FiGure 2: ""N—"H HSQC spectra of Bruno RRM3+ and Bruno
RRM3. Spectra were recorded at pH 6 and 25 °C. (A) Representative
spectrum for Bruno RRM3+. (B) Representative spectrum for
Bruno RRM. Peaks that are well-resolved in the 2D spectra are
labeled. Residues 512, 531, and 535 have doubled peaks, which may
be due to the presence of multiple conformations of these residues.

Bruno RRM3 and RRM3+ were each found to be suitable for
NMR studies (Figure 2 and Figure S2 of the Supporting
Information). The freshly prepared protein appeared as a single
band by SDS—PAGE; however, N-terminal sequencing and
mass spectrometry indicated that Bruno RRM3+ was hetero-
geneous in the several amino acids nearest the N- and C-termini,
presumably due to proteolytic cleavage or degradation. Three-
dimensional and triple-resonance NMR methods were used to
obtain spectrum assignments and structural information for
residues 480—597 of RRM3+, where residues are numbered
consistent with the full-length Bruno protein (Figure 2). The
integrity of the protein samples was monitored using NMR
spectra and SDS—PAGE. Structural statistics for Bruno

RRM3+ are summarized in Table 1.
The dominant structural feature of RRM3+ is a sheet

comprised of four antiparallel f-strands, formed by residues
520—597; this is termed the canonical RRM. The two a-helices
cross one face of the antiparallel S-sheet (Figure 3). The connec-
tions between 5; and S, and between f; and S, are formed
through the two a-helices, with o; connecting f; to 8, and a,
connecting 33 to f8;. The four-strand antiparallel S-sheet and
helices a; and a, that form the canonical RRM are all well-
defined by the NMR-derived distance restraints (Figure 3). The
ribonucleoprotein-1 (RNP1) and RNP2 sequences that are well-
conserved among RRM-containing proteins (Figure 4) are
located within 3 and f3;, respectively; these f-strands are the
central strands in the structure. In Bruno RRM3+, the RNP2
motif contains residues N521, F523, and Y525, and the RNPI
motif contains F563, F565, S567, and D569, with these side
chains exposed on the protein surface which is typical in RRM
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Table 1: Summary of Refinement and Structural Statistics Obtained for
the Drosophila melanogaster Bruno RRM3+ Protein”

no. of intraresidue NOEs 479

no. of sequential NOEs (from residue i to i 4+ 1) 433

no. of medium-range NOEs 284
(from residue itoi+2,i+3,i+4)

no. of long-range NOEs 428

no. of dihederal angle restraints (¢ and ) 224

no. of hydrogen bond restraints 36

total no. of structural restraints 1884

rmsd for backbone atoms 0.59
(residues 510—597) (A)

rmsd for all atoms 1.31
(residues 510—597) (A)

rmsd for backbone atoms 0.45
(residues 520—597, excluding loops) (A)

rmsd for all atoms 1.00

(residues 520—2597, excluding loops) (A)

average no. of NOE violations >0.2 A 7.4
(per structure)
average no. of NOE violations >0.6 A 0

(per structure)

residues in the most favored regions 78.3%
of the Ramachandran plot

residues in the additional allowed regions 19.9%
of the Ramachandran plot

residues in generously allowed regions 1.8%

of the Ramachandran plot

rmsd for covalent bonds (for all atoms) (A) 0.0057
rmsd for covalent angles (for all atoms) (deg) 0.91

“Statistics are derived from a set of 18 low-energy structures, each
obtained by simulated annealing, with no more than two models derived
from each unique starting model.

F1GURE 3: (A) Ribbon diagram of amino acids 480—597 of Bruno
RRM3+, showing the canonical RRM (residues 520—597) as well as
the additional N-terminal amino acids. It should be emphasized that
structures of the N-terminal residues (480—509) are not well-defined,
and the NMR data support their being flexible in solution. The
protein is color-ramped from blue at the N-terminus to red at the
C-terminus. (B) Ribbon diagram showing residues 510—597 of
Bruno RRM3+, with side chains shown for residues F563, F566,
and S567 in the conserved RNP1 sequence in 83 and N521, F523, and
Y 525 in the conserved RNP2 in f3; these solvent-exposed residues are
likely to be involved in RNA binding. (C) Eighteen low-energy
structures of Bruno RRM3+ that fit the NMR-derived constraints
equally well are superimposed, with residues 510—597 displayed. The
superposition was obtained by minimizing the differences in the
coordinates of the backbone atoms for residues 510—597. These 18
structures are a fair representation of the full range that is consistent
with the NMR-derived constraints while maintaining reasonable
molecular geometry. The diagrams were created using PyMol (59).
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FIGURE 4: Sequence alignment of Bruno RRM3+. Amino acids of RRM3+ of the D. melanogaster Bruno protein are aligned with similar
sequences from other eukaryotic species. Aligned sequences include Canis familiaris CUG-binding protein-1, Danio rerio ELAV-type
ribonucleoprotein-1, H. sapiens embryonic lethal abnormal visual-like protein, D. melanogaster sex-lethal protein, and H. sapiens U1A protein.
Conserved f-strands are boxed in blue, and conserved regions of a-helix are boxed in red. The ribonucleoprotein-1 (RNP1) and RNP2 sequences
common to the RRM-containing proteins are located within 35 and /3, respectively.

structures. The core of Bruno RRM3+ is formed by conserved
hydrophobic residues, with side chains pointing toward the
interior of the protein. Within the sheet structure, 5, and f; are
connected by an extended loop (labeled loop 3 in Figure 3); this
loop has been shown to be involved in RNA recognition and
binding in other RRM structures, in particular, the UIA N-
terminal RRM (43—47). Interestingly, Bruno RRM3+ contains
a cysteine residue (C562) at the link between loop 3 and f3,, in the
same position as a well-conserved glycine in human UIA RRM1.
Previous work has shown that this particular glycine residue is
important in correlating motions in the loop with the conserved
aromatic residues in RNP1 and RNP2 (46, 47). Given this
change, it is possible that the cysteine in this position in Bruno
may alter any potential interactions between loop 3 and the
residues of the central two f3-strands. In Bruno RRM3+, loop 3 is
on the same face of the RNA binding surface as RNP1 and RNP2
and is located adjacent to solvent-exposed hydrophobic residues
in RNP1. The canonical RRM within Bruno RRM3+- is similar

to the well-characterized RRMs from UIA protein (residues
10—87 of PDB entry 10IA) (4) and the D. melanogaster sex-lethal
protein (residues 125—200 of PDB entry 1B7F) (48), with rmsd
values of 1.92 and 2.16 A, respectively, when the backbones of the
strands and helices are superimposed.

NMR data showed that residues G511 and K512, which are
located prior to the canonical RRM, have multiple long-range
'H—'H NOE:s indicating that they contact D533 and T534 of
helix a; as well as residues 546—549 and 551 within strand f5.
Similar interactions have been previously described for only one
other RRM, RRM3 of the CUG-binding protein (PDB entry
2CPZ) (49). Residues 512, 531, 535, and 559 were observed to
have doubled peaks in the NMR spectra of Bruno RRM3+
(Figure 2), which may be a result of multiple conformations of
these residues.

In the case of RRM3+, the NMR data provided no long-range
distance restraints for residues 480—510 and 513—516; therefore,
the positions of these N-terminal residues are not well-defined in



FIGURE 5: Order parameters for RRM3+ and RRM3. The diagram
summarizes the order parameters (S°) for residues 510—597, calcu-
lated from '°N relaxation data for the backbone amide groups. The
figures are color-ramped from blue to red, with blue indicating
residues with the highest order parameters (>0.95) and, therefore,
in relatively well-ordered structure. Red indicates residues with order
parameters as low as 0.3 and, therefore, relatively flexible structure.
For residues for which order parameters were not determined, such as
prolines, those with rapidly exchanging amide protons, and those not
resolved in 2D spectra, colors were assigned on the basis of adjacent
residues. The full set of order parameters appears in Figures S3 and
S4 of the Supporting Information. (A) Order parameters for residues
510—597 of RRM3+. The flexible residues prior to residue 510 are
not shown. (B) Order parameters for truncated Bruno RRM3, which
lacks the flexible N-terminal residues prior to residue 510. These
figures were created using PyMol (59).

the structural models. The majority of the residues have back-
bone chemical shifts that are consistent with extended structure,
and the lack of observable NOE peaks is consistent with these
residues being flexible or in equilibrium between multiple con-
formations.

NMR spectroscopy provides several tools that can be used to
probe the dynamics of a protein in solution. '°N relaxation rates
and ""N—'H heteronuclear NOEs were measured for the back-
bone amide groups of Bruno RRM3+, to establish the relative
flexibility of various regions of the protein structure in solution.
The "N relaxation and "N—'H NOE data were analyzed
using Modelfree4 (32) for the purpose of assigning order para-
meters (33, 34) to the individual backbone amide groups. Data
for Bruno RRM3+ were fit using a model of simple isotropic
diffusion, where the tumbling of the molecule was described by a
single overall rotational correlation time (z,,) of 8.0 ns. Individual
order parameters (between 0 and 1) were used to describe how
closely the motion of each backbone amide group was coupled to
the overall tumbling time of the molecule (Figure 5 and Figures
S3 and S4 of the Supporting Information). Relatively large order
parameters and positive "N—'H heteronuclear NOEs are in-
dicative of well-ordered structure, while smaller order parameters
and negative or near-zero "N—'H NOEs indicate flexibility.
Beginning at the N-terminus of the protein, the first residues to
exhibit order parameters of > 0.6 and positive "N—"H NOEs are
residues 511 and 512, which contact §, and a; of the RRM
domain. Residues prior to residue 511 with detectable NMR
signals that were not obscured by overlap exhibited order
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FIGURE 6: Amide proton protection factors. The diagram sum-
marizes the backbone amide proton protection factors (P) for Bruno
RRM3+ and Bruno RRM3 at 25 °C. Residues are color-ramped
from red to blue, with red indicating residues with small log P values;
the full range of log P values is —2.2 to 5.6. For residues for which no
amide protection factor was determined, such as prolines and those
not resolved due to spectral overlap, residues are colored on the basis
of adjacent amino acids. The full set of amide protection factors
appears in Tables S3 and S4 of the Supporting Information. (A)
Protection factors for residues 510—597 of Bruno RRM3+-. Residues
480—509 are not shown, but would be colored red as their amide
protons are not well protected from solvent exchange. (B) Protection
factors for Bruno RRM3, which lacks the amino acids prior to
residue 510. These figures were created using PyMol (59).

parameters of <0.6 and negative or near-zero '’N—'H NOEs,
consistent with them being relatively flexible in solution. Relaxa-
tion rate data were not obtained for residues 480, 490, 491, and
494—509 within the N-terminal extension, due to resonance
overlap in the 2D spectra or lack of observable '*N—'H signals,
likely due to rapid exchange with the solvent. Other residues with
relatively low order parameters are residues 513—515, which
connect ordered residues 511 and 512 with the canonical RRM,
and residues 559 and 560 in loop 3, just prior to the start of f3s,
and residue 582, which is the second residue in the loop
connecting @, to 5. Nearly all other residues within the canonical
RRM (residues 520—597) have order parameters of >0.8, con-
sistent with a relatively ordered structure (Figure 5 and Tables S3
and S4 of the Supporting Information). Order parameters were
only slightly changed if anisotropic (rather than isotropic)
diffusion was assumed, with axial ratios in the 0.8—1.3 range;
these small differences in order parameters that depend on the
choice of diffusion model are reflected in the uncertainties of the
order parameters.

The rates at which backbone amide protons exchange with
solvent provide another source of information regarding protein
dynamics. Backbone amide protons may be protected from
exchange with solvent if they are involved in relatively stable
hydrogen bonds or buried within the protein structure. In the
case of Bruno RRM3-+, 28 amino acids were identified as having
relatively slow amide exchange rates (Figure 6 and Tables S1 and
S2 of the Supporting Information). These residues were all
located within the four regular 5-strands or two regular helices
of the canonical RRM. The amide protons of the N-terminal
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residues of Bruno RRM3+ (those prior to residue 520) exhibit
relatively rapid exchange rates (Table S1 of the Supporting
Information), consistent with a lack of persistent hydrogen
bonds, greater flexibility, and/or solvent accessibility in an EX2
regime (37—40). Interestingly, residue 549, located within f,, has
arelatively low protection factor compared to the adjacent amino
acids. Residue 549 interacts with residues 511 and 512 within the
N-terminal region of the RRM3+ protein; the reduced level of
protection observed for this residue may be the result of the
interaction with these N-terminal residues.

There are two potential explanations for the observation that
the relatively flexible N-terminal amino acids of Bruno RRM3+
are required for high-affinity binding of RNA. First, these N-
terminal residues may be directly involved in contacting the RNA
target. A second possibility is that the N-terminal residues do not
directly bind the RNA; however, their removal destabilizes or
disrupts the canonical RRM structure, which actually provides
the essential RNA contacts. To distinguish between these two
possibilities, NMR was used to investigate a construct that
contains the full canonical RRM portion of Bruno RRM3+
but omits the flexible N-terminal amino acids and has signifi-
cantly weakened RNA binding ability (Figure 1); this truncated
protein consisted of residues 510—604 (and is termed RRM3).

Lyon et al.

NMR spectra showed this smaller construct formed the four-
strand antiparallel -sheet and two a-helices typical of a complete
canonical RRM. This smaller domain was stable in solution and
contained amide protons that were protected from exchange with
solvent for hours (Table S2 of the Supporting Information),
indicating that the flexible N-terminal residues are not required
for maintaining the fold of the canonical RRM fold within
RRM3+. The results, therefore, support a model in which the N-
terminal residues of the Bruno RRM3+ protein are directly
involved in RNA binding, and the canonical RRM by itself does
not contain all of the essential elements for high-affinity binding
of the target RNA.

Comparative NMR studies were used to investigate whether
the omission of the flexible N-terminal residues required for
RNA binding perturbs the structure and/or dynamics of cano-
nical Bruno RRM3. Specifically, NMR chemical shift assign-
ment, N relaxation, "’N—'H NOE, and amide exchange rate
data were obtained for Bruno RRM3 (lacking the flexible N-
terminal residues prior to residue 510) and then compared with
the corresponding data for the longer RRM3+ (Figures 5—7 and
Tables S3 and S4 of the Supporting Information). It was found
that omitting the flexible N-terminus resulted in some significant
chemical shift changes within the canonical RRM, with the
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largest changes (exceeding 0.1 ppm for "H) occurring in residues
located primarily in or near strands f; and f; (Figure 7).
Interestingly, these two strands contain the RNP1 and RNP2
motifs that contain the primary RNA-binding residues in other
RRM-containing proteins (5). These chemical shift differences
may be attributed to transient interactions between the flexible
N-terminal residues and the face of the f-sheet that alter the
average magnetic environment without forming any stable
structure. Amide proton exchange rates were also determined
for Bruno RRM3 and compared to those of RRM3+. Bruno
RRM3 was found to have 25 amino acids with high amide
protection factors. However, in contrast to the Bruno RRM3+
protein, amide protons in Bruno RRM3 generally exchange more
rapidly in this smaller protein (Figure 6). This is consistent with
greater hydrogen bond opening frequencies in the truncated
domain. Additionally, omitting the N-terminal residues resulted
inaltered "N relaxation rates (and reduced order parameters) for
a number of residues within RRM3, with the most significant
differences occurring in the 10-residue loop 3 that connects
strands 3, and 35 (Figure 5 and Figures S3 and S4 of the Support-
ing Information). For several of these loop 3 residues within the
truncated RRM3 protein, it was necessary to introduce a
chemical exchange term to model their "°N relaxation behavior,
indicating more complexity in their motions. The relaxation data
for RRM3 are consistent with an overall rotational correlation
time (,,) of 8.0 ns, not significantly different from that of the
Bruno RRM3+ protein. The circular dichroism spectra of the
RRM3 and RRM3+ proteins are similar and do not exhibit a
substantial temperature dependence in the range of 5—45 °C
(Figure 8); these observations are consistent with the conclusion
that the amino acids in RRM3+ prior to residue 510 do not
contain regular and stable secondary structure.

In summary, the NMR results indicate that omitting the
flexible N-terminal residues does not prevent the folding of
RRM3 but does result in changes in the chemical shifts, °N
relaxation, and amide exchange rates of some residues, with most
of the significant changes occurring in the regions of 5, 3, and
loop 3. A possible explanation for these observations is that the
flexible N-terminal extension, though not well-ordered itself,
transiently interacts with the f;, 53, and loop 3 regions of the
RRM, altering their average environment

DISCUSSION

Although Bruno RRM3+ is unusual in having an N-terminal
extension that significantly enhances RNA binding, there are
precedents for additional structural elements that expand on the
standard RRM fold. For example, in the structure of the
polypyrimidine tract binding protein (PTB), the two central
RRMs, RRM2 and RRM3, have an additional 5-strand at the
C-terminus of each motif (57, 52). For PTB RRM3, the absence
of the f35 strand does not impair RNA binding in comparison to
that of full-length RRM3. The fs strand is also seen in PTB
proteins from other species, but whether it represents an expan-
sion on the canonical RRM for additional proteins is un-
known (51, 52). The N-terminal RRM of the U1A protein was
also found to have an additional a-helix at its C-terminus. This
helix became more ordered upon binding RNA and was pro-
posed to act as an additional regulatory element in RNA
binding (4, 53, 54). Truncations of this C-terminal helical exten-
sion were shown to impact binding affinity and, to a greater
extent, the sequence specificity the protein had for its RNA
targets (53, 54). A structure of RRM3 from a Bruno-related
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protein, CUG-BP, is very similar to that of Bruno RRM3+.
CUG-BP RRM3 (PDB entry 2CPZ) has two residues equivalent
to G511 and K512 of Bruno RRM3+ that contact residues in
strand 5, and helix o (49).

While the N-terminal residues of Bruno RRM3+ are flexible
in solution, it is possible that these residues become ordered upon
RNA binding. Given that these amino acids have been demon-
strated to be required for increased specificity and affinity for
RNA binding (/3) (Figure 1), a conformational change could
facilitate additional RNA—protein interactions outside the ca-
nonical RRM. Changes in flexible regions upon RNA binding
have been previously reported in a several other RRM-contain-
ing proteins. In the case of the sex-lethal protein, there are two
RRMs connected by a flexible linker region. Upon RNA binding,
the linker region becomes ordered and orients the two RRMs
such that the RNA is bound in a cleft created by the -sheets of
the two RRMs (48). A similar conformational change has been
reported in polypyrimidine tract binding protein (PTB). The
linker region between PTB RRM3 and RRM4 has been demon-
strated through NMR methods to undergo a disordered to
ordered transition upon RNA binding, forming a compact
globular structure (7). In the case of Bruno RRM3+, the
interactions of N-terminal residues with o and f3, raise the
possibility that N-terminal residues 480—510 could make con-
tacts with the RNA by either binding additional RNA sequence
or increasing the number of contacts between the N-terminal
residues and the canonical RRM to RNA. This hypothesis is
supported by changes in the chemical shifts for residues in the
RRM domain between Bruno RRM3+ and truncated RRM3.
The largest changes in chemical shifts were observed for
the residues of the central two f-strands, where the conserved
RNP1 and RNP2 motifs are located. While the N-terminal
residues do not form an ordered structure in the absence of
RNA, their presence is sufficient to affect the local environ-
ment across the f-sheet of the RRM. If the chemical shift
changes are due to transient interactions, then the N-terminal
residues could be oriented in such a way to interact with the
target RNA at the same time as the RRM domain interacts with
target RNA.

In Bruno RRM3+, the combination of structural and RNA
binding results, along with the flexibility of the N-terminal amino
acids and chemical shift perturbations, suggests that these
residues could function as an additional RNA binding surface,
allowing the RNA to make additional contacts with the protein
outside the canonical RRM. This expanded RNA binding sur-
face could increase the sequence specificity or binding affinity. To
more precisely identify the roles of the N-terminal extension, the
costructure of the protein in complex with its target RNA is an
ultimate goal. However, the specific sequence to which Bruno
RRM3+ binds has not been clearly identified. The 140-nucleotide
sequence used in binding would present a challenge due to the
molecular weight limitations in NMR. Work is currently under-
way to further define the RNA sequence to which Bruno
RRM3+ binds, which could facilitate further characterization
of the structure and dynamics of this interaction. This is
particularly important as the majority of characterized RRMs
bind RNA in a sequence-specific manner, and each RRM must
make a unique set of interactions with the target RNA. Previous
work has demonstrated the importance of residues outside the
central two f-strands in conferring RNA sequence specificity in
RRMs (7, 44, 47, 53, 54). Thus, the N-terminal extension of
Bruno RRM3+ may confer higher specificity to the binding
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FiGure 8: Circular dichroism spectra of Bruno RRM3+ and RRM3. The CD spectra of the two proteins are similar, and neither shows
substantial temperature dependence in the range of 5—45 °C. Secondary structure predictions were obtained using SOMCD (50). The helix
content of the two proteinsis predicted to be in the 20 + 10% range, which is consistent with the NMR-derived structures. (A) Overlaid CD spectra
obtained for the Bruno RRM3+ protein. (B) CD spectra of the truncated Bruno RRM3 protein.

interaction, in addition to serving as an additional RNA binding
site. Because RRMs are so prevalent, the RRM—RNA interac-
tions that utilize only the canonical RRM may be insufficient to
uniquely specify all of the required interactions (/—3, 6, 7).
Various RRM-containing proteins have been found to bind
RNA with a wide range of affinities (8, 42, 55—158), and in many
cases, the RNA binding partners of RRMs have not been
identified. The studies of Bruno RRM3+ presented here raise
the possibility that some of the weaker RNA-binding RRMs may
require additional structural components to either allow or

increase their affinity for RNA. These additional components
could be provided by the same protein, as in the additional
N-terminal residues of Bruno RRM3+, or perhaps by additional
proteins via intermolecular interactions. Given the number of
RRMs found in nature, and their involvement in diverse pro-
cesses throughout cell maintenance, development, and differen-
tiation, variations on the canonical RRM fold may be common.
As in the case of Bruno RRM3+, other RRMs may also require
additional RNA binding sites to increase the specificity and
affinity of their interactions with RNA. Thus, an expanded view
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of the canonical RRM motif may help to illuminate the mecha-
nisms by which these proteins recognize RNA.

SUPPORTING INFORMATION AVAILABLE

Amide proton exchange rates for Bruno RRM3+ and RRM3,

the sequence of the oskar AB RNA and a secondary structure
diagram, representative NMR spectra, and '’N NMR relaxation
data. This material is available free of charge via the Internet at
http://pubs.acs.org.
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