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A B S T R A C T

The major bottlenecks in structure elucidation of nucleic acids are crystallization and phasing. Co-crystallization
with proteins is a straight forward approach to overcome these challenges. The human RNA-binding protein U1A
has previously been established as crystallization module, however, the absence of UV-active residues and the
predetermined architecture in the asymmetric unit constitute clear limitations of the U1A system. Here, we
report three crystal structures of tryptophan-containing U1A variants, which expand the crystallization toolbox
for nucleic acids. Analysis of the structures complemented by SAXS, NMR spectroscopy, and optical spectroscopy
allow for insights into the potential of the U1A variants to serve as crystallization modules for nucleic acids. In
addition, we report a fast and efficient protocol for crystallization of RNA by soaking and present a fluorescence-
based approach for detecting RNA-binding in crystallo. Our results provide a new tool set for the crystallization of
RNA and RNA:DNA complexes.

1. Introduction

Nucleic acids are capable of adopting 3D structures that are con-
siderably more complex than double stranded helices. The structure of
ribozymes or DNAzymes enables them to accelerate chemical trans-
formations, which expands the biological role of nucleic acids from
carrier of genetic information to effective biocatalysts. Solving the
structure of these nucleic acids in a catalytically relevant conformation
is the key to understanding the reaction mechanism. X-ray crystal-
lography is a widely used method for structure solution, however, the
formation of highly ordered nucleic acid crystals is often prohibited by
their surface properties, which are dominated by negatively charged
and regularly ordered phosphate groups (Ferré‐D'Amaré and Doudna,
2000). Thus, numerous attempts to crystallize nucleic acids often re-
sulted in the formation of crystals with poor long-range order. One of
the approaches to tackle this problem involves the co-crystallization of
RNA bound to the RNA-binding domain of U1A (Ferré-D’Amaré et al.,
1998; Ferré-D’Amaré and Doudna, 2000). Proteins consist of a larger
number of building blocks than nucleic acids, which increases the

number of possible interactions between the molecules in the asym-
metric unit and the probability of obtaining highly ordered crystals.
Thus, using an nucleic acid-binding protein as crystallization helper has
proven to be a successful strategy to solve the structure of ribozymes or
DNAzyme:substrate complexes.

The RNA-binding fragment of the U1A protein consists of 98 amino
acids and binds a specific RNA hairpin loop with high affinity
(Oubridge et al., 1994). U1A-RBD adopts a globular shape with a
compact fold in presence or absence of RNA (Nagai et al., 1990;
Oubridge et al., 1994). This feature makes U1A-RBD particularly sui-
table for the formation of highly ordered crystals (Ferré-D’Amaré,
2010). The crystal structures of U1A-RBD:RNA complexes reveal that
contacts between RNA and protein comprise polar and non-polar in-
teractions, the latter of which are independent of ionic strength.
Therefore, complex formation is not strongly affected by extreme
crystallization conditions, such as solutions with very low or high salt
concentrations (Ferré-D’Amaré, 2010). Several RNA structures have
been solved using U1A-RBD as crystallization module, among them the
self-cleaving hepatitis delta virus ribozyme (Ferré-D’Amaré et al.,
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1998), the hairpin ribozyme (Rupert and Ferré-D’Amaré, 2001), the
GlmS riboswitch (Cochrane et al., 2007), a self-splicing group I intron
(Adams et al., 2004), and the catalytic core of an RNA-polymerase ri-
bozyme (Shechner et al., 2009). Although U1A-RBD has successfully
been used as a crystallization module (Ferré-D’Amaré, 2010), one major
drawback is the lack of tryptophan residues in the endogenous amino
acid sequence. Tryptophan residues allow for the determination of the
protein concentration by measuring the absorbance at 280 nm and
enable the distinction between protein and salt crystals by fluorescence
imaging (Meyer et al., 2015).

Thus, we designed five U1A-RBD variants containing one trypto-
phan in their protein sequence, evaluated their crystallization proper-
ties, solved the structures of three variants and accessed their suitability
for soaking experiments. We also analyzed the obtained protein crystals
using fluorescence imaging and monitored the changes in fluorescence
after soaking the RNA into preformed crystals. In addition, we in-
vestigated the application of an U1A variant for structural character-
ization of an RNA-cleaving DNAzyme in complex with its corresponding
substrate using native PAGE, solution NMR spectroscopy, and SAXS
measurements. Further, we present an improved protocol for obtaining
U1A:RNA complex crystals by soaking. This method provides a time
and cost effective alternative to generate complex crystals with respect
to co-crystallization and even more importantly prevents degradation of
fragile nucleic acid molecules rendering it in particular valuable for
RNA structure determination.

2. Materials and methods

2.1. Cloning and site-directed mutagenesis

The U1A gene, encoding for the amino acids 1 to 98 of the human
U1A-RBD (UniProtKB accession number P09012) was obtained as DNA
string by GeneArt (Thermo Fisher Scientific, Waltham, MA, USA). An
additional sequence to generate an overlap with the vector was in-
troduced by amplification of the DNA string using the primers 5′-AGG
AGG TCT AGA ATG GCA GTT CCC GAG ACC-3′ and 5′-CCT GAA AAT
ACA AAT TTT CAT CTT GGC AAT GAT ATC TGA GTC G-3′. The plasmid
pET16b-TEV was linearized using the primers 5′-TAA CTA GCA TAA
CCC CTT GGG GC-3′ and 5′-CAT ATG TCC CTG AAA ATA CAG GTT TTC
ATG GC-3′. The plasmid pET16b-TEV-U1A was engineered using the In-
Fusion HD cloning kit (Takara Bio, Kisatsu, Japan) and verified by se-
quencing (GATC Biotech, Konstanz, Germany). To introduce point
mutations within the U1A gene we used primers with the desired codon
exchange (Supplementary Table S1). All polymerase chain reactions
were performed with the Phusion High-Fidelity DNA Polymerase (New
England Biolabs, Ipswich, MA, USA). The construct design will lead to
proteins consisting of amino acid residues 1 to 98 of the U1A protein
with two additional N-terminal residues, glycine and histidine, as a
result of using the TEV recognition site.

2.2 Protein preparation

Cultures of E. coli BL21(DE3) containing the respective plasmid
were cultivated in Terrific Broth medium supplemented with Ampicillin
(100 µg/ml). Cells were cultivated at 37 °C and 160 rpm until the op-
tical density measured at 600 nm reached a value of 2 followed by
induction of gene expression by adding 0.5 mM IPTG to the cell culture.
Cells were grown over night at 25 °C. Cells were harvested by cen-
trifugation at 6,000×g for 10 min, and 4 °C. For lysis cells were re-
suspended in lysis buffer [50 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid (HEPES) pH 7.5, 100 mM KCl] using a volume of
5 ml/g cell pellet. 2,2′,2″,2‴-(Ethane-1,2-diyldinitrilo)tetraacetic acid
(EDTA)-free cOmplete Protease Inhibitor Cocktail Tablets (Roche,
Basel, Switzerland) were added according to the manufacturer’s in-
structions. The suspension was sonicated (Bandelin electronic, Berlin,
Germany) for 20 min with an amplitude of 60% and a pulse of 1 s every

3 s using a VS70/T sonotrode. The cell debris was separated from the
lysate by centrifugation for 45 min at 40,000×g. The supernatant was
fractionated with 0.5% polyethyleneimine, pH 7.5 followed by adding
75% (v/v) of a saturated ammonium sulfate solution as described
previously (Ferré-D’Amaré, 2016). The protein in the pellet was then
resuspended in wash buffer (50 mM HEPES pH 7.5, 100 mM KCl) and
isolated using a HisTrap excel column (GE Healthcare, Chicago, USA)
with a bed volume of 5 ml equilibrated with wash buffer using an
ÄKTAprime plus system (GE Healthcare, Chicago, USA). The column
was then washed with 9 column volumes (CV) 25 mM imidazole in
wash buffer and subsequently eluted with 250 mM imidazole in wash
buffer. Fractions containing the protein of interest were pooled and
dialyzed against 2 l of wash buffer for 2 h at 4 °C. To remove the
polyhistidine tag the protein solution was treated with the TEV protease
in a molar ratio of 1:100 in the presence of 0.5 mM EDTA and 1 mM
dithiothreitol (DTT) for 16 h. The TEV protease was removed using a
HisTrap excel column, which was equilibrated with wash buffer con-
taining 37.5 mM imidazole. The protein was then applied to the column
and the flow-through was collected. The protein was concentrated by
ultrafiltration using an Amicon Ultra-15 centrifugal filter (Merck Mil-
lipore, Burlington, Massachusetts, USA) with a 3 kDa molecular weight
cut-off. For the next steps the chromatography systems and columns
were washed with 0.5 M NaOH before use and then flushed with diethyl
pyrocarbonate-treated H2O. All solutions used in the following proce-
dure were prepared with RNAse-free water and buffers containing
RNase-free grade chemicals. U1A was further purified by size-exclusion
chromatography (SEC) using a Superdex-75 PG column (GE Healthcare,
Chicago, USA) in wash buffer. For the final purification step a CHT-1
hydroxyapatite column (BioRad, Hercules, California, USA) was used as
described previously (Ferré-D’Amaré, 2016) and the protein solution
was stored at −80 °C.

2.3. Design and synthesis of oligonucleotides

Starting points for the design of the DNA:RNA complex were the
variant A5C of the DNAzyme Dz839, its target RNA T839 (Victor et al.,
2017) and the U1A-binding hairpin (Oubridge et al., 1994). We used
the software RNAcofold (Bernhart et al., 2006) and RNAfold from the
Vienna package (Lorenz et al., 2011) to design the DNA (Dz839_A5C)
and RNA (T839_hairpin) constructs with RNA default parameters at
37 °C (Table S2). The design was performed according to these criteria:
(i) low tendency for intramolecular folding; (ii) low tendency for in-
termolecular interactions; (iii) unequivocal formation of the target
complex with minimum free energy; (iv) the hairpin loop should be
easily accessible for the U1A protein; (v) the hairpin stem should be
stable; and (vi) the backbone discontinuity at the adjacent 3′ RNA and
5′ DNA ends should be stacked to stiffen the overall conformation. All
the DNA and RNA oligonucleotides (Supplementary Table S2) were
acquired from biomers.net GmbH (Ulm, Germany).

2.4. RNA and DNA binding assays using native PAGE

To analyze the capability of binding nucleic acids the U1A variants
in wash buffer were mixed with 1 mM MgCl2, RNA, and/or DNA (in
H2O) at equimolar ratios and incubated at room temperature for
20 min. The samples were mixed with DNA Loading Dye (6x) (Thermo
Fisher Scientific, Schwerte, Germany) and 10 µM of the complex were
then analyzed on a 10% native Polyacrylamide gel for 3 h at 180 V. For
visualization the gel was incubated in Tris-borate EDTA (TBE) buffer
containing a 1:10,000 dilution of the fluorescent nucleic acid dye
GelRed (Fremont, California, USA) for 1 h. Images were acquired using
the ChemiDoc MP System (Bio-Rad, Hercules, California, USA).

2.5. Analytical size-exclusion chromatography

To analyze the dispersity of the DNA:RNA:protein complex
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analytical SEC was performed using a Superdex 75 PC 3.2/30 column
(GE Healthcare, Chicago, USA). The column was run and equilibrated
with 50 mM HEPES pH 7.5, 100 mM KCl and a sample volume of 10 µl
at a concentration of 50 µM was injected per run.

2.6. Denaturing PAGE

To prove the presence of RNA in preformed protein crystals after the
soaking experiments, the crystals were dissolved in 2x RNA loading
buffer. The samples were analyzed via denaturing PAGE. Separation of
the samples was carried out on 18% polyacrylamide gels with 7 M urea
buffered with TBE for 1 h at 20 W. Images were acquired using a
ChemiDoc MP System (BioRad, Hercules, CA, USA).

2.7. Small angle X-ray scattering

The scattering patterns were recorded with the laboratory based
SAXS system “Ganesha-Air” from (SAXSLAB/XENOCS) at
Forschungszentrum Jülich. The X-ray source is a D2-MetalJet
(Excillum) with a liquid metal anode operating at 70 kV and 3.57 mA
with Ga-Kα radiation (wavelength λ = 0.1314 nm) providing a very
brilliant and a very small beam (<200 µm). A PILATUS 300 K (Dectris,
Baden-Daettwil, Switzerland) was used to record the 2D scattering
patterns. All samples were sealed in glass capillaries of 2 mm inner
diameter. Data were circular averaged, normalized to incident intensity
and transmission corrected. The covered q range was 0.15–5.8 nm−1

measured at a detector distance of 54 cm and 114 cm. To extract the
form factor concentrations of 5, 10 and 15 mg/ml were measured and
the corresponding buffer was subtracted as background. The intensity
was extrapolated to zero concentration to avoid any influence of a
structure factor. To reconstruct a low-resolution model the form factor
was analyzed by a sequence of programs from the ATSAS (Franke et al.,
2017) suite. After transformation of the form factor to a distance dis-
tribution, the program DAMMIF (Franke and Svergun, 2009) was used
to generate 30 low resolution bead models by an ab initio bead mod-
elling algorithm. A simulated annealing algorithm is used to construct a
compact bead model that fits the experimental data. As the re-
construction did not result in unique shape models DAMAVER (Volkov
and Svergun, 2003) is used to align a given set of models and to cal-
culate a most probable model. The crystal structure of the U1A:RNA
complex (PDB ID 6SQT) and a generic model of a DNAzyme:RNA
complex were manually aligned to the experimental SAXS model to
illustrate that size and shape of the SAXS data are overall consistent
with the expected ternary complex.

2.8. NMR spectroscopy

NMR acquisition was performed on Bruker Avance III
HD + spectrometer (Bruker, Billerica, MA, USA) operating at 600 MHz
and equipped with a quadruple resonance QXI/QCI (1H, 13C, 15N, 31P)
cryoprobe. All spectra were recorded as [1H, 1H]-2D-TOCSY using
2048x512 points and 10 ppm spectral width for both dimensions.
200 µM of U1A, DNA:RNA and DNA:RNA:U1A were measured at 37 °C
in 50 mM Tris-d3/HCl pH 7.5, 100 mM NaCl, 1 mM MgCl2 and 10% (v/
v) D2O. NMR spectra were processed with TOPSPIN 4.0.6 (Bruker) and
plotted with Sparky 3.114 (T. D. Goddard, D. G. Kneller, UCSF).

2.9. Cleavage assay

Cleavage assays were performed with 10 µM RNA substrate and
10 µM DNAzyme in 50 mM Tris-HCl pH 7.5 in the presence of
100 mM Mg2+ for 3 h at 37 °C. Prior to cleavage the RNA and
DNAzymes were denatured in buffer in the absence of Mg2+ at 73 °C for
5 min, followed by an incubation for 10 min at room temperature.
Subsequently, the reaction was started by adding Mg2+. For cleavage
assays in the presence of the U1A protein, 10 µM of the U1A variant

F56W were incubated for 30 min at room temperature to allow for
formation of the ternary complex before starting the reaction with
Mg2+. The reaction was terminated by adding 95% formamide and
25 mM EDTA. Samples were heated to 96 °C for 10 min and then cooled
down on ice. Separation of the samples was carried out on 18% poly-
acrylamide gels with 7 M urea buffered with Tris-borate EDTA buffer
(TBE) for 1.5 h at 20 W. For visualization the gel was incubated in TBE
buffer containing a 1:10,000 dilution of the fluorescent nucleic acid dye
GelRed (Merck, Darmstadt, Germany) for 1 h. Images were acquired
using the ChemiDoc MP System (Bio-Rad, Hercules, CA, USA).

2.10. Crystallization and soaking experiments

Crystals were grown using the sitting-drop vapor diffusion method
at 12 °C for soaking experiments and at room temperature for co-
crystallization experiments. The reservoir solutions consisted of 2.2 M
ammonium sulfate and 0.2 mM tri-potassium citrate for F56W, 1.8 M
ammonium sulfate and 0.1 M sodium acetate pH 4.6 for R70W, as well
as 1.0 M ammonium sulfate and 0.1 M Tris/HCl pH 8.5 for K98W. For
co-crystallization a sample volume of 1 µl with a concentration of
0.5 mM RNA:protein complex in 12.5 mM Tris pH 7.0, 50 mM KCl,
2 mM spermine, and 5 mM MgCl2 was mixed with an equal volume of a
reservoir solution containing 1.2 M ammonium sulfate and 0.1 mM tri-
potassium citrate. Crystals were obtained within one month. After
soaking for 1 min in cryoprotecting solution (50% glycerol) the crystals
were mounted on loops, immediately flash-frozen, and stored in liquid
nitrogen. For soaking experiments a volume of 0.7 µl hairpin RNA with
a concentration of 1.5 mM in wash buffer was mixed with an equal
volume of reservoir solution. Then preformed protein crystals were
transferred into the solution and incubated for 4 d before they were
flash-frozen and stored in liquid nitrogen. Tryptophan fluorescence of
protein crystals was detected using the camera of a Rock Imager RI1000
(Formulatrix, Bedford, MA, USA). For the soaking experiments a
fluorescent crystal was transferred into a drop with a volume of 2 µl
containing 1.5 mM of hairpin RNA and mixed with the reservoir solu-
tion at a 1:1 ratio. The crystal was incubated for 1 h and then trans-
ferred back into its mother liquor prior to imaging.

2.11. Data collection and structure determination

The X-ray diffraction data was collected at beamline PETRAIII of the
Deutsches Elektronensynchrotron (German Electron Synchrotron,
DESY) (Burkhardt et al., 2016; Meents et al., 2013) in Hamburg, Ger-
many at 100 K at an energy of 12 keV. Data processing was carried out
using the xia2/xds program (Winter et al., 2013). All structures were
solved by molecular replacement using the Phaser program (McCoy,
2006) embedded in the CCP4i2 suite. The structure with the PDB IDs
1OIA (Nagai et al., 1990) and 1URN (Oubridge et al., 1994) were used
as search models. The electron density maps revealed the protein or the
protein:RNA complex, which were manually built using COOT (Emsley
and Cowtan, 2004). The model was then refined against the diffraction
data using REFMAC5 program (Murshudov et al., 2011). During re-
finement, 5% randomly selected data were set aside for free R-factor
calculations (cross validation). The 2Fo-Fc and Fo-Fc electron density
maps were regularly calculated and used as a guide for model building
and adjustment. The Ramachandran Plot analysis of the crystal struc-
tures reflect the following values for conformational space available:
F56W (6SQT) 98.47% favored and 0.00% outlier; R70W (6SQV)
85.81% favored and 0.60% outlier; K98W (6SR7) 99.12% favored and
0.00% outlier; F56W:RNA co-crystallized (6SQN) 98.22% favored and
0.00% outlier and F56W:RNA soaked (6SQQ) 97.79% favored and
0.00% outlier. The structural refinement statistics are summarized in
Supplementary Tables S3 and S4. The atomic coordinates for the U1A
variants have been deposited at the Research Collaboratory for Struc-
tural Bioinformatics Protein Data Bank (RCSB PDB) (Berman, 2000).
Atomic coordinates and structure factors for the reported crystal
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structures have been deposited with the Protein Data bank under ac-
cession numbers 6SQT for the variant F56W, 6SQV for the variant
R70W, 6SR7 for the variant K98W, 6SQQ for the F56W:RNA complex
obtained by soaking, and 6SQN for the co-crystallized complex.

3. Results

3.1. Design, biosynthesis, and characterization of U1A triple mutants

To identify amino acid positions that likely do not affect structure
and RNA-binding properties of U1A we used BLAST (Altschul et al.,
1990) to search for U1A-RBD homologs that contain tryptophan re-
sidues. Whereas most U1A-RBDs from Animalia lack tryptophan re-
sidues, most homologs from Viridiplantae contain a tryptophan instead
of a phenylalanine at position 56 (Fig. S1). This position is critical for
RNA binding as the phenylalanine stacks to a certain nucleotide in the
complex formed by U1A and RNA (Shiels et al., 2002). Notably, the U1
RNA hairpin sequence is conserved in Viridiplantae and Animalia. This
indicates that the mutation F56W should not prohibit RNA-binding to
U1A-RBD (Law, 2005; Shiels et al., 2002). Previously, it has been shown
that the exchange of amino acid residues in the protein U1A affects
crystallization behavior and the properties of the protein in solution
(Price et al., 1995). Since an U1A variant containing the two mutations
Y31H and Q36R has been reported to have superior crystallization
properties compared to the wildtype sequence (Oubridge et al., 1994)
we used this double mutant as parent sequence for the introduction of
all tryptophan mutations. In addition to position 56, we selected posi-
tions A2, H10, R70, and K98 in the U1A-RBD for site-directed muta-
genesis, since they are located distant to the RNA-binding pocket and
on the protein surface (Fig. 1). Starting from the U1A gene hosted
within the expression plasmid pET16b-TEV encoding the parent amino
acid sequence, we exchanged the codon for amino acids A2, H10, F56,
R70, and K98 by W using site-directed mutagenesis. The genes were
then expressed in E. coli BL21(DE3) cells resulting in high protein
yields. All proteins were successfully isolated and purified to high
purity using a combination of several precipitation and chromato-
graphy steps (Fig. S2).

Next, we tested the capability of the rationally designed U1A var-
iants to bind RNA. Therefore, we incubated each protein with the U1
RNA hairpin sequence at equimolar concentrations and, subsequently,
analyzed the samples via native PAGE (Fig. S3). The shift in electro-
phoretic mobility showed that all U1A variants retain their ability to
bind RNA in solution.

3.2. Expanding the scope of U1A to DNA:RNA complexes

It has previously been shown that U1A can be used as a crystal-
lization module for RNA sequences, including RNA hairpins and ribo-
zymes (Ferré-D’Amaré et al., 1998). In this study, we have evaluated
the potential of the new U1A variants to serve as tools for structural
studies of DNA:RNA complexes. Therefore, we used the 10–23 DNA-
zyme, a prominent member of the DNAzyme family, which is capable of
binding and, subsequently, cleaving RNA substrates (Santoro and
Joyce, 1997). DNAzymes are single-stranded DNA sequences that ex-
hibit catalytic activity, such as the specific cleavage of RNA sequences.
Previously reported attempts to solve the crystal structure of this 10–23
DNAzyme in its catalytically active form failed due to the formation of a
catalytically irrelevant duplex conformation, which is formed due to a
self-complementary sequence within the catalytic core (Nowakowski
et al., 2000, 1999). To avoid the formation of such an artefact, we used
a catalytically active mutant in which the self-complementary sequence
is disrupted by the introduction of a point mutation Dz839_A5C
(Zaborowska et al., 2002).

In order to bind to the DNAzyme and the U1A protein simulta-
neously, a suitable RNA sequence had to be designed. The RNA sub-
strate (T839) has therefore been elongated by the addition of the U1A
specific hairpin loop (T839_hairpin). Since flexible regions in macro-
molecules often hinder crystallization of the sample, we designed the
RNA sequence in the most rigid conformation where the nucleotide at
the very 5′-end of the DNAzyme stacks onto the last nucleotide at the 3′-
end of the elongated RNA substrate. Next, we verified our strategy by
analyzing the formation of the ternary complex consisting of wildtype
U1A, RNA substrate and DNAzyme by native PAGE in combination with
a nucleic acid dye (Fig. 2A). As expected, the free protein is not visible
with the nucleic acid stain, whereas free DNA or RNA show one single
band. As a negative control, we used a sample consisting of protein and
DNA and we observe no shift in electrophoretic mobility, indicating
that, as anticipated, complex formation between protein and DNA is not
possible. DNA and RNA as well as RNA and U1A are capable of forming
a binary complex, leading to a significant shift in electrophoretic mo-
bility. The size of the ternary complex is not significantly higher than
the binary complex, 33 kDa and 22 kDa, respectively. The small shift in
electrophoretic mobility between binary and ternary complexes is
therefore in line with the molecular weight ratio. Our results provide
evidence that the designed RNA is capable of binding U1A and DNA
simultaneously. Analysis of the ternary complex using SEC also sup-
ports the quantitative formation of the complex resulting in a mono-
disperse sample with high purity (Fig. S4). Our results show that the
molecules form a well-defined, monodisperse ternary complex, which is
a prerequisite for structural studies.

As a next step, we investigated the structural features of the
DNA:RNA:U1A complex in solution using SAXS measurements as well
as NMR spectroscopy. Since the exchange of phenylalanine by trypto-
phan is the only naturally occurring mutation, we used the U1A F56W
variant for this study. To analyze the global shape of the ternary
complex and to obtain information on the homogeneity of our sample
we performed SAXS measurements with the ternary DNA:RNA:protein
complex at different concentrations and extracted the form factor of the
complex at infinite dilution (see Fig. S5). SAXS measures the contrast in
scattering between the macromolecule and buffer, thus, it is particu-
larly well suited for nucleic acids, which have high contrast due to the
electron-rich phosphate backbone (Burke and Butcher, 2012). In line
with our previous results from size-exclusion chromatography, the
SAXS analysis shows that no aggregates are formed during the assembly
of the ternary complex. The reconstruction of a low-resolution model
(Franke and Svergun, 2009) (Fig. 2B) shows an elongated structural
model of about 11 nm length, which is consistent with roughly 23 base
pairs (0.34 nm/bp) and the protein with a diameter of 3 nm. The less
bulky part on the right side of the molecule with a diameter of 3 nm is
in agreement with the size of the U1A protein, therefore, we assume

A2

R70F56

H10

K98

U1 RNA

U1A

Fig. 1. Crystal structure of U1A protein (gray) in complex with the U1 RNA
hairpin loop (orange) (Oubridge et al., 1994) with the positions that were se-
lected for amino acid exchange highlighted as spheres (blue).
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that the bulky part of the model can be assigned to the catalytic core of
the DNAzyme including the complementary part of the RNA substrate.
To test this hypothesis we fitted a structural model of the DNA:RNA:-
protein complex into the low-resolution data obtained by SAXS mea-
surements (Fig. S7). The results support the idea that the catalytic core
of the DNAzyme can be accommodated by the bulky part of the bead
model.

We then performed solution NMR spectroscopy to check for a po-
tential interference of the U1A protein with the structure of the
DNA:RNA complex, in particular with the region relevant for catalysis.

A comparison of the homonuclear 2D TOCSY spectra of the U1A-RBD
F56W protein and the DNA:RNA complex with the ternary
DNA:RNA:U1A complex (Fig. 2C and S6) shows that the few observed
spectral changes are localized in the RNA hairpin extension. In contrast,
all peaks that can be linked to the catalytic loop do not shift between
the binary DNA:RNA or the ternary DNA:RNA:U1A complex. These
results confirm that the presence of the U1A protein does not affect the
structure of the catalytic core of the DNA:RNA complex. We then in-
vestigated the influence of binding to U1A on the catalytic performance
of the DNAzyme using a cleavage assay. Our results show that binding
of the U1A protein to the hairpin extension of the RNA substrate does
not influence the activity of the DNAzyme (Fig. S8) leading to the
conclusion that structure and function of the DNAzyme are not affected
by the formation of the ternary complex.

3.3. Structures of the U1A triple mutants in absence of RNA

To examine the structure in detail and to evaluate the crystallization
properties of all U1A variants, we aimed at crystallizing all triple mu-
tants. We obtained protein crystals for the variants A2W, F56W, R70W
and K98W in ammonium sulfate conditions, the A2W protein did not
lead to high quality data and we were not able to solve the structure.
The crystal structures of the three U1A variants reveal the same overall
architecture as the U1A wildtype (Fig. 3A) with RMSD values of 0.32 Å
for F56W, 0.29 Å for R70W, and 0.21 Å for K98W. The positions of most
secondary structural elements are virtually identical, whereas the
terminal regions vary slightly. Interestingly, symmetry and content of
the AU are different for each variant, due to the different amino acids
involved in formation of the crystal contacts. Variant F56W (Fig. 3B)
crystallized in the trigonal space group P3121 with three molecules per
AU, whereas variant R70W (Fig. 3C) crystallized in the orthorhombic
space group P212121 and with four molecules per AU. Even an amino
acid exchange at the very last position in the sequence led to altered
crystal contacts compared to the U1A wildtype. While the wildtype
U1A-RBD crystallized in the body centered cubic space group (I4132),
mutation K98W (Fig. 3D) resulted in the primitive tetragonal space
group P43212 with four molecules per AU. The crystallographic and
refinement parameters are summarized in Supplementary Tables S3 and
S4.

Our structural data show that while the exchange of the amino acids
at positions 56, 70, and 98 by tryptophan does not influence the
structure or RNA-binding properties in solution significantly, it does
have a dramatic impact on the assembly in the unit cell. The orientation
of the protein molecules in the AU is different for each mutant, which
impacts the accessibility of the RNA-binding site. Based on the crystal
structures we have estimated the accessibility of the binding pocket by
measuring the distance between residue 56 located deep inside the
RNA-binding cavity and the closest corresponding residue of a neigh-
boring molecule within the same AU or symmetry-related molecules
(Fig. S9). The distance increases from K98W with 12 Å to R70W with
16 Å and F56W with 19 Å, suggesting that the RNA-binding site is most
accessible for F56W in the crystalline form.

When analyzing the crystal packing, we also observed that the RNA-
binding site is oriented towards the bulk solvent in the structures of
F56W and R70W, whereas it is facing towards the inside of the biolo-
gical assembly in the structure of K98W. Although the termini of the
amino acid sequences are not well-defined, no difference electron
density was observed that would suggest an obstructed RNA-binding
site in the F56W structure. In the structure of R70W, some positive
difference density suggests that the C-terminus may hinder the access to
the RNA binding pocket. Unfortunately, this density could not be
modelled satisfactory. Interestingly, a previous study of the RNA-
binding domain, which used a slightly longer construct (aa 2–102) than
used here (aa 1–98), has shown that the C-terminus is critical for the
formation of U1A dimers (Varani et al., 2000). Residues 93–102 form
helix C which forms the protein–protein interface in the dimer. The

Fig. 2. Formation and analysis of a ternary DNAzyme:RNA:U1A complex. (A)
Native PAGE visualizes the formation of a ternary DNA:RNA:protein complex.
P: U1A protein, D: DNAzyme, R:RNA substrate, C: ternary complex (additional
information available in the supplementary data file). (B) Top: Scheme of the
ternary complex consisting of the RNA-binding protein U1A in blue, the DNA in
black and the RNA substrate in red. Bottom: Ab initio reconstruction of the low-
resolution shape of the ternary complex from SAXS data analysis. (C) Section of
homonuclear TOCSY spectra of ternary complex (black), DNA:RNA complex
without protein (orange), and U1A protein alone (light blue). Signals corre-
sponding to cytosines within the DNAzyme catalytic core (asterisk) are not
affected by U1A binding, while new or shifted signals (boxes) indicate uracil/
cytosine signals in the RNA hairpin loop (see Fig. S6 for larger extract of
spectra).
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excess electron density close to the C-terminal region in R70W could
indicate a partial formation of helix C. Furthermore, the different ar-
rangement in U1A variant K98W may be explained by the influence of
the C-terminal residues on protein–protein interaction.

3.4. Binding of U1A variants to the U1 RNA hairpin motif in the crystalline

form

To ameliorate the process of generating U1A:RNA complex crystals,
we established a protocol for soaking U1A crystals with the U1 RNA
hairpin motif in combination with an efficient method of estimating the
success of RNA binding exploiting the fluorescence of the introduced
tryptophan residue. We produced crystals of the U1A variants F56W,
R70W, and K98W, which displayed tryptophan fluorescence when ir-
radiated with UV light (Fig. 4, left column). Subsequently, we treated
these crystals with a solution containing the specific U1 RNA hairpin
motif. The RNA sequence consists of 21 nucleotides and should fold into
a characteristic hairpin motif, which binds into the RNA-binding pocket
of the U1A protein (Table S2). Inspection of the crystals using bright
light shows that the crystals were not severely damaged by the treat-
ment (Fig. 4, middle column). Exposure of the preformed protein
crystals with the U1A specific RNA motif lead to a drastically reduced
fluorescence in case of the F56W variant (Fig. 4, right column). We
speculate that the loss in fluorescence intensity is a result of fluores-
cence quenching due to the interaction of RNA and the tryptophan
residue at position 56. Notably, the lack of fluorescence could also be a
consequence of absorption of the UV light by the RNA.

To validate that the decrease in fluorescence is an indication for
RNA binding to U1A, we performed this experiment using an unspecific
RNA sequence (T839, see Supplementary Table S2) that is not capable
of binding to the protein as a control. In line with our hypothesis, the
crystals retain their fluorescence after treatment with an unspecific
RNA. In contrast, soaking of the specific RNA hairpin motif into pre-
formed R70W and K98W crystals does not lead to a significant reduc-
tion in fluorescence intensity.

To determine whether fluorescence quenching correlates with
binding of the RNA to U1A, we analyzed the crystals after soaking with
specific and unspecific RNA. The crystals were dissolved in RNA
loading buffer and analyzed by denaturing PAGE using a fluorescent
nucleic acid dye (Fig. S10). We detect RNA in all samples that were
soaked with the specific RNA hairpin motif, whereas no RNA was
present in the sample with unspecific RNA. Our results show that we
detect an increased amount of nucleic acids in F56W crystals compared
to R70W and K98W crystals, suggesting that a higher amount of RNA
binds to the F56W protein in crystallo. These findings support the hy-
pothesis that fluorescence quenching is a result of RNA binding to the
F56W variant. In line with these observations, all structures that were
determined of the R70W and K98W variants soaked with specific RNA
lack additional electron density that could be assigned to RNA. Taken

together, our investigation of the RNA binding properties of the U1A
variants F56W, R70W, and K98W suggest that while they are all cap-
able of binding the RNA hairpin motif in solution, only the F56W
variant is capable to incorporate the RNA sequence in crystallo.

A B

K98W

R70W

U1A

F56W

DC

Fig. 3. Crystal structures of U1A triple mutants in absence of RNA. (A) Superposition of U1A-RBD wildtype (Nagai et al., 1990) in grey with the U1A variants F56W in
blue; R70W in cyan, and K98W in green. Biological assembly in the asymmetric unit of the protein crystals formed by the U1A variants F56W (B), R70W (C), and
K98W (D). Residues 56 and 92 are shown as spheres.

protein crystal 

UV light

crystal under

bright light

crystal under

UV light

F56W

+ specific RNA

+ unspecific RNA

R70W

+ specific RNA

K98W

+ specific RNA

Fig. 4. Binding of RNA to U1A variants in crystallo. Protein crystals are UV
active in the absence of RNA (left column). Soaking of RNA did not lead to
dissolution of the same crystals (middle column). Addition of the specific U1
RNA hairpin motif to the solution leads to quenching of the fluorescence in case
of F56W, but not for R70W and K98W (right column), whereas addition of an
unspecific RNA retains the fluorescence (only shown for F56W).
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3.5. Structure of the F56W variant bound to RNA

To investigate the molecular arrangements and 3D structure of
protein and RNA after soaking and co-crystallization, respectively, we
solved the structures of the RNA:F56W complex using crystals obtained
by each method (subsequently referred to as F56W:RNAsoaked or
F56W:RNAco-crystal). The best results for the soaking were obtained by
adding RNA to a final concentration of 1.5 mM to a preformed crystal
followed by an incubation time of 4 d at room temperature. We were
able to collect data and refine the structural model of the RNA:F56W
complex obtained by soaking to a resolution of 2.37 Å with an Rwork/
Rfree of 0.248/0.294. Interestingly, the space group of the soaked crystal
changed from P3221 for the protein in the absence of RNA into P6522 in
the presence of RNA. Therefore, indexing the crystals is sufficient to
determine whether RNA is bound to the F56W crystals or not. In ad-
dition to the fluorescence quenching, a change in the crystal symmetry
is another indicator of the binding of RNA to the F56W variant in the
crystalline form. As a consequence, binding of RNA can be assessed
quickly by indexing the crystal and determining the space group, rather
than collecting data, processing, phasing, and model building.

The structure of F56W:RNAsoaked is virtually identical to the pre-
viously reported double mutant U1A:RNA complex structure obtained
via co-crystallization (Fig. 5A) (Oubridge et al., 1994). All nucleic acids
are well-defined except the residues 13 – 15 (UCC), which are located in
the loop region of the hairpin motif (Fig. S11). The same nucleotides are
also disordered in the double mutant U1A:RNA complex structure
(Oubridge et al., 1994). Interestingly, in crystal structures of U1A in
complex with large RNA sequences these residues are ordered due to
interactions with symmetry related nucleic acids (Ferré-D’Amaré et al.,
1998; Rupert, 2002). Residues A11 and C12 in the RNA sequence are
crucial for the interaction with the U1A residues 56 (Fig. 5B) and 92,
resulting in a four-element-stack. Besides the amino acid residue at
position 56, also Y13, N16, K22, R52, Q54 and N92 are involved in RNA
binding. The electron density around the introduced tryptophan at
position 56 is well-defined (Fig. 5C) and shows that the side chain
adopts the same orientation as the phenylalanine side chain in the
wildtype retaining the four-element-stacking.

Furthermore, we screened for novel crystallization conditions for
the RNA:F56W complex to be able to compare the structures obtained
by soaking or co-crystallization. We were able to refine the structural
model to a resolution of 2.05 Å with an Rwork/Rfree of 0.230/0.249. The
RNA:F56W complex crystallizes in the hexagonal space group P6522
with three molecules in the AU. This space group is also observed for
F56W:RNAsoaked and is consistent with the previously reported
U1A:RNA complex structure (Oubridge et al., 1994).

Superposition of structures from both crystallization methods yield

an RMSD value of 0.17 Å (Fig. 6) demonstrating that both crystal-
lization methods result in virtually identical structures. Our results re-
veal that binding of the RNA hairpin loop to the protein is not pro-
hibited in the crystalline form. Moreover, the change of the space group
upon RNA binding allows for detecting complex formation by indexing.
Taken together, the presented soaking approach may be a generally
applicable strategy for efficient structure solution for protein:nucleic
acid and protein complexes in general.

4. Discussion

While the surfaces of proteins in general possess hydrophobic pat-
ches that favor intermolecular interactions and counteract the repulsive
forces arising from charged functional groups contributing significantly
to the formation of protein crystals, the surface of nucleic acids is
dominated by a regular array of negatively charged phosphate groups
leading to the formation of crystals with poor long-range order. In
addition to the phasing problem, this has hampered the structural
characterization of nucleic acids using X-ray crystallography for dec-
ades. Several strategies have been developed to overcome these chal-
lenges, such as the addition of the polyamine spermine (Kim et al.,
1971) to the crystallization solution or the application of nucleic acid-
binding proteins as crystallization module. This has led to significant

B C

C12W56

A

C12W56C12

F56

W56

Fig. 5. Structures of U1A double mutant and variant F56W bound to the RNA hairpin. (A) Superposition of the F56W:RNAco-crystal complex (protein in blue and RNA
in orange) and the previously reported U1A double mutant:RNA complex (Oubridge et al., 1994) (grey). (B) Close-up of the superposition as depicted in A showing
the stacking interactions between RNA and the residue at position 56. (C) Close-up of the F56W:RNAco-crystal complex showing the 2Fo-Fc electron density of the
introduced amino acid W56 that is involved in RNA binding.

Fig. 6. Superposition of the RNA:F56W crystal structures obtained by co-crys-
tallization (blue) and soaking experiments (grey).
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progress in the structure elucidation of nucleic acids, which improves
our understanding of structural principles of nucleic acids in general.
The structure and function of nucleic acids that are capable of adopting
unusual three-dimensional conformations and to perform catalysis,
such as ribozymes and DNAzymes, is particularly intriguing.

Our presented crystallization strategy relies on using the U1A RNA-
binding domain to aid the crystallization process and allows for solving
the phasing problem using molecular replacement. Initially, we gen-
erated a series of variants of the RNA-binding domain of U1A that
contain a tryptophan residue. The U1A-RBD has already been re-
cognized as invaluable tool for the crystallization of RNA (Ferré-
D’Amaré and Doudna, 2000) based on (i) its globular and compact fold
(Nagai et al., 1990); (ii) the tight binding of the U1A-RBD to its cognate
site (Kd ~10–11 M) (van Gelder et al., 1993); and (iii) the protein-RNA
interface comprises polar (salt bridges) and non-polar (stacking of
aromatic amino acid side chains between nucleobases) interaction. A
key feature of U1A-RBD is that mutations in the solvent-exposed re-
sidues affect the solution and crystallization properties of the protein
variants (Oubridge et al., 1995). We have exploited this feature to
generate four new U1A variants introducing single tryptophan residues.
In addition, we have also performed a bioinformatics analysis to screen
for naturally occurring tryptophan residues within U1A sequences dis-
covering that homologs from Viridiplantae possess a tryptophan residue
that is involved in the stacking interaction with nucleobases of the U1
RNA hairpin motif. This directed approach has led to a fifth, and in
many aspects most promising, U1A variant. Noteworthy, for large RNAs
it has been shown that interactions between nucleic acids from adjacent
AU also contribute to the crystal packing (Rupert, 2002), thus, other
U1A variants may be more suitable for other RNA sequences.

The presence of a tryptophan residue has several advantages, which
make the U1A variants presented in this study a valuable asset for
structural studies in solution or in the crystalline form. First, tryptophan
fluorescence can be used to determine the protein concentration using
absorbance at a wavelength of 280 nm. Second, in comparison to al-
ternative approaches (Raghunathan et al., 2010; Sumner and Dounce,
1937; Wilkosz et al., 1995), tryptophan fluorescence is a fast, reliable,
and non-invasive tool to distinguish between protein and salt crystals.
Third, the change in fluorescence intensity can be used to detect the
binding of the RNA hairpin loop in crystallo. We have shown that the
fluorescence intensity of F56W crystals decreases upon RNA binding
(Fig. 4), which most likely is a result of the stacking interaction of
tryptophan with the nucleobases. To our knowledge, the detection of
RNA binding to a protein in the crystalline form using tryptophan
fluorescence has not been reported so far.

In previous studies, the structure determination of U1A in complex
with RNA was achieved using co-crystallization. This is probably the
most common method for obtaining crystals of a protein:ligand com-
plex, where the ligand is added to the protein to form a complex that is
subsequently used in crystallization trials (Hassell et al., 2007). Ligands
are usually well tolerated in crystal structures, thus, crystals of pro-
tein–ligand complexes can often also be obtained by soaking crystals
with ligands. Owing to the ease of the method this is frequently the first
approach to obtain the structure of a protein bound to small molecules
or ions. The potential ligand can access the binding sites by diffusing
through solvent channels within the crystal lattice, as long as the sites
are not involved in crystal packing or the site is not blocked by parts of
the protein. Although soaking of nucleic acids into protein crystals has
sporadically been reported it is by far not a common strategy in
structural biology (Horn et al., 2004; Valegård et al., 1994; Wojtas and
Abrescia, 2012).

A prerequisite for soaking is the existence of a soakable crystal form,
which can be assessed by inspection of the crystal structure of the
protein in absence of RNA. Therefore, we have inspected the atomic
model as well as the electron density map, to ensure that flexible re-
gions are not blocking the binding site. The F56W structure shows that
no close crystal-packing contacts are present in the vicinity of the RNA-

binding site, whereas we observe some electron density near this site in
the R70W structure and close contacts in the K98W structure. Thus, the
F56W variant has more favorable characteristics for soaking experi-
ments. Another important feature of U1A is that we expect no large
conformational rearrangements upon RNA binding, which is crucial for
soaking macromolecules into crystals.

The benefit of soaking is that once the crystallization conditions are
optimized it is easy to produce a large amount of crystals (Hassell et al.,
2007). Although the conditions for soaking ligands require some opti-
mization in terms of ligand concentration and soaking time, the process
is significantly faster and low amounts of ligands are required. When
working with fragile ligands, such as RNA strands that are easily de-
graded by RNases or under the harsh conditions of crystallization so-
lutions, soaking also improves the chances of preserving the ligand. The
amounts of RNA required for soaking are also significantly lower, which
makes this approach very cost effective. In general, soaking ligands into
pre-existing crystals bears the risk of disrupting the crystal lattices and
destroying the crystals. As mentioned previously, the binding of RNA
involves no major structural rearrangements, which minimizes the risk
of disrupting the crystal packing. Another issue is the crystal-to-crystal
variation, even within the same crystallization drop. We have demon-
strated that the new F56W variant results in UV active crystals and
RNA-binding leads to a diminished fluorescence (Fig. 4), thus, binding
of the ligand can quickly be assessed using a crystallization imager with
UV fluorescence detection. The lack of fluorescence of U1A variant
crystals after soaking is therefore a good indication of ligand occupancy
and can be used to overcome the issue of crystal-to-crystal variation. To
ensure that the full range of conformational changes does not vary
between the structures obtained from soaked or co-crystals we vali-
dated the soaking system with co-crystallization experiments. Our
structural analysis confirms that the structures obtained by soaking and
co-crystallization are virtually identical. In summary, we have devel-
oped the first soaking system for an U1A variant, which provides an
efficient method to distinguish between protein:RNA complex and free
protein crystals and to obtain protein:RNA complex structures.

5. Conclusions

In this study we have generated new variants of the RNA-binding
protein U1A for the application in crystallization and phasing of RNA or
DNA:RNA complex structures. We have determined three crystal
structures of U1A variants F56W, R70W, and K98W, which revealed
insights into the architecture of the protein within the AU as well as the
accessibility of the RNA-binding site. Using a combination of native
PAGE, NMR spectroscopy, and SAXS measurements we were able to
show that the F56W protein binds to RNA and DNA:RNA complexes,
expanding the scope of applications for U1A. We introduced an RNA
hairpin motif into preformed protein crystals by soaking and used
fluorescence-based imaging to detect RNA binding to the protein in
crystalline form. Finally, we report crystal structures from soaked
crystals and co-crystals of the F56W:RNA complex, revealing that the
soaking protocol results in a virtually identical structure. Taken to-
gether, our results expand the crystallographic toolbox for the structure
determination of nucleic acids and help unveiling structure of new RNA
and DNA:RNA complexes. We expect that an increased number of
structures will ultimately lead to a better understanding of the function
of catalytically active nucleic acids.
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