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ABSTRACT

Proper base-pairing of a miRNA with its target mRNA is a key step in miRNA-mediated mRNA repression.
RNA remodelling by RNA-binding proteins (RBPs) can improve access of miRNAs to their target mRNAs.
The largest isoform p45 of the RBP AUF1 has previously been shown to remodel viral or AU-rich RNA
elements. Here, we show that AUF1 is capable of directly promoting the binding of the miRNA let-7b to
its target site within the 3'UTR of the POLR2D mRNA. Our data suggest this occurs in two ways. First, the
helix-destabilizing RNA chaperone activity of AUF1 disrupts a stem-loop structure of the target mRNA
and thus exposes the miRNA target site. Second, the RNA annealing activity of AUF1 drives hybridization
of the miRNA and its target site within the mRNA. Interestingly, the RNA remodelling activities of AUF1
were found to be isoform-specific. AUF1 isoforms containing a YGG motif are competent RNA chaper-
ones, whereas isoforms lacking the YGG motif are not. Overall, our study demonstrates that AUF1 has
the ability to modulate a miRNA-target site interaction, thus revealing a new regulatory function for
AUF1 proteins during post-transcriptional control of gene expression. Moreover, tests with other RBPs
suggest the YGG motif acts as a key element of RNA chaperone activity.
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Introduction encoding the tumour suppressor p27 thereby favouring asso-
ciation with miRNAs [7]. Competitive or cooperate regulation
of mRNAs by RBPs and miRNAs appears to be widespread as
miRNA-binding sites are preferentially located in or close to
AU-rich elements (AREs) in the 3'UTR of mRNAs [8,9].
Furthermore, miRNA targeting of AREs in cooperation with
ARE-binding proteins, like Tristetraprolin, appears to be
essential for ARE-mediated mRNA degradation [10]. The
ARE-binding protein HuR displays both positive and negative
effects on miRNA-mediated repression [11-14]. In addition,
HuR and AU-rich element binding factor 1 (AUF1) bind to
many AU-rich target mRNAs on common sites in
a competitive fashion [15,16]. Altogether, these findings indi-
cate a complex interplay between miRNA and RBPs when
interacting with mRNA’s 3'UTRs.

The RBP AUFI, also known as hnRNPD, is involved in
many steps of RNA metabolism including the regulation of
mRNA stability (reviewed in [17]), mRNA translation [18]
and RNA splicing [19]. A relatively new role for AUF1 was
proposed during RISC-mediated regulation of gene expres-
sion. AUF1 was found to bind miRNA let-7b with high
affinity and to promote loading of let-7b onto AGO?2, thus
triggering  AGO2-miRNA-mediated mRNA decay [20,21].
AUFI1 is a family of four isoforms that are generated by
alternative splicing of a common pre-mRNA resulting in the

MicroRNAs (miRNAs) are small, non-coding RNAs that
assemble with Argonaute (AGO) and other proteins into
miRNA-induced silencing complexes (miRISCs), which regu-
late post-transcriptional silencing of target mRNAs. Binding
of miRISCs to partially complementary target sites, which are
mostly located in the mRNA’s 3'UTR, may lead to translation
repression and/or mRNA destabilization [1,2]. Furthermore,
there are indications that as an alternative to the canonical
model of RISC loading miRNAs may be bound to mRNAs
even in the absence of AGO proteins and that these pre-
formed miRNA-mRNA complexes can be detected and
repressed by AGO in cells [3].

Usually, functional miRNA-mRNA interactions require
complementarity of the mRNA target site and the miRNA’s
seed region (nt 2-8 from the 5'end of the miRNA) [4].
Furthermore, target site accessibility can modulate the activity
of miRNAs. For example, miRNA target sites can be located
in stem-loop structures, thus hindering access of the miRNA
to the mRNA [5,6].

RNA-binding proteins (RBPs) can modulate miRNA-tar-
get interaction through remodelling of miRNA target sites.
For example, binding of the RBP PUMI induces a local
change in RNA structure within the 3'UTR of the mRNA
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exclusion (AUF1 p37) or inclusion of isoform-specific
sequences encoded by exons 2 (AUF1 p40 and p45) and 7
(AUF1 p42 and p45) (Fig. 1A). The sequence encoded by
exon 7 is rich in tyrosine and glycine residues, and thus is
termed a YGG motif [22]. The largest isoform AUF1 p45 was
previously shown to mediate the flaviviral RNA switch,
a critical step during flavivirus RNA replication, by two
RNA remodelling activities, a helix-destabilizing RNA chaper-
one and an RNA annealing activity [23-25]. This observation
prompted us to investigate whether AUF1’s RNA remodelling
activities induced structural switches in mRNAs, thus mod-
ulating miRNA-mediated regulation of gene silencing.
Applying the miRNA let-7b and its target site within the
3'UTR of the POLR2D mRNA, we report here that AUFI in
fact promotes RNA remodelling of the miRNA target site as
well as subsequent mRNA-miRNA interaction. Remarkably,
the RNA remodelling activities of AUF1 turn out to be iso-
form-specific, with the isoforms containing the YGG motif
being considerably more active as RNA chaperones. We
demonstrate that aromatic residues within the YGG motif
are critical for RNA remodelling. With this first report

showing that AUF1 directly promotes association of
a miRNA to its target site, we propose a new role for the
RNA remodelling activities of AUF1 in miRNA-mediated
gene silencing. The analysis of other RBPs revealed that
YGG motif-containing proteins preferentially act as RNA
chaperones.

Materials and methods
Plasmids encoding SUMO-fusion proteins

The pETSUMO expression system was used for the expres-
sion of recombinant proteins in E. coli. The plasmid encoding
human AUF1 p45 is described elsewhere [24]. The cDNAs
encoding AUF1 p37, p40 and p42 were amplified from
pcDNAS5/TO-FLAG-AUF1 p37, -p40 and -p42 [24] and
cloned into the pETSUMO expression vector. Plasmids
encoding the tryptophan substitution-variants of AUF1 p45
were generated by site-directed mutagenesis using appropri-
ately designed primer pairs. The plasmid encoding AUF1 p45
YyccA was generated by inserting a pre-annealed
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Figure 1. Characterization of AUF1 isoforms. (A) Domain organization of AUF1 isoforms. The RNA recognition motifs (RRM) are indicated. (B) AUF1 isoforms were
produced in, and purified from, E. coli. A 4 ug sample of protein was analysed on a Coomassie-stained SDS-gel in parallel with a molecular mass marker (M). (C) Far-
UV circular dichroism (CD) spectra of AUF1 isoforms were recorded. The acquired data were normalized to mean residue weight (MRW) ellipticities. (D) Summary of
the analytical ultracentrifugation experiments demonstrating that all AUF1 isoforms are monomeric proteins (see Supplementary Fig. S1). The data for AUF1 p45
were taken from [24]. (E) Representative binding isotherm with AU/GU-rich RNA and increasing concentrations of AUF1 p42. The data were normalized to the initial
intensity of the unbound RNA. The binding curves were fitted to a single-site binding model (Equation (1) in materials and methods). (F) Same as in (E) but with

random RNA. (G) Same as in (E) but with let-7b-RNA.



oligonucleotide fragment, which contains all tyrosine-to-
alanine mutations into PCR-amplified pETSUMO-AUF1
p45. The ¢cDNAs encoding the hnRNPA1 isoform p34 and
HuR were generated by reverse-transcription-PCR of human
total mRNA isolated from Huh7 cells and cloned into the
pETSUMO expression vector. The plasmid encoding
hnRNPA1 isoform p39 was generated by inserting
a fragment encoding the alternatively spliced exon into PCR-
amplified pETSUMO-hnRNPA1 p34. All primer sequences
are supplied in Supplementary Table SI.

Expression and purification of recombinant proteins

Expression and purification of all proteins were performed as
described [24]. Briefly, proteins were purified from the soluble
fraction of Escherichia coli BL21-CodonPlus® (DE3)-RP cells
using nickel-agarose affinity chromatography and, after clea-
vage with SUMO-protease, by heparin-sepharose affinity chro-
matography and gel-filtration (HiLoad™ 16/60 Superdex 75™,
GE Healthcare). UV absorption spectra were measured using
a JASCO V-550 spectrometer. The protein concentration was
determined by measuring the absorbance at 280 nm using
extinction coefficients supplied in Supplementary Table S2.
The proteins were stored at —80°C in 20 mM Tris/HCI, pH
7.6, 150 mM KCl, 1 mM Tris (2-carboxyethyl)phosphine
(TCEP) except for HuR and hnRNPA1 p39, which were stored
at —80°C in 20 mM Tris/HCI, pH 7.6, 250 mM KCI, 1 mM Tris
(2-carboxyethyl)phosphine (TCEP).

Measurement of RNA-binding constants

Proteins were added to 1-25 nM 5'-FAM-EX-labelled RNA
(EX - extended linker arm between oligonucleotide and dye;
purchased from IBA, Goéttingen, Germany) in assay buffer
(50 mM Hepes/NaOH, pH 8.0, 100 mM KCI, 5 mM MgCl,).
Fluorescence changes were monitored using a Fluoromax-4
spectrofluorometer (Jobin Yvon) at 22°C. The signal ampli-
tudes of the 5'-FAM-EX-labelled RNAs (Supplementary Table
S3) were measured (excitation at 491 nm, emission at 515 nm)
and corrected for the volume change. Fluorescence intensities
relative to the starting fluorescence were plotted against the
protein concentration. Fitting the binding isotherms to
a single-site binding model according to Equation (1) [26]
with KaleidaGraph (Synergy Software) yielded the Kp values
of the interaction of the protein and the labelled RNA.

AF=1+y

(b+c+KD)f\/(b+c+KD)274.b.c
2-b

1

AF _ relative change in fluorescence intensity, y - signal
amplitude, b - total concentration of the RNA, ¢ - total
concentration of the protein, Kp - dissociation constant.

Fluorescence-based POLR2D-let-7b interaction assay

To study protein-mediated RNA remodelling of the POLR2D
SL, which contains the let7-b target site, an RNA chaperone
assay was performed. The purified, recombinant proteins were
added to 5 nM of 5-Cy5-labelled and 3'-BHQ-labelled
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SLPOLR2D_RNA (purchased from IBA, Géttingen, Germany;
Fig. 4A and Supplementary Table S3) at different concentrations
in assay buffer (50 mM Hepes/NaOH, pH 8.0, 100 mM KClI,
5 mM MgCl,). Then, 10 nM of non-labelled let-7b miRNA was
added and readings were taken for another 200 s. Alternatively,
protein and non-labelled let-7b miRNA were added simulta-
neously. Changes in the fluorescence signals were monitored in
a Fluoromax-4 Spectrofluorometer (Jobin Yvon) at 22°C with
the following parameters: excitation at 643 nm, emission at
667 nm. Fluorescence intensities relative to the starting fluores-
cence were plotted against the time and fitted by KaleidaGraph
(Synergy) to first-order reaction when protein was omitted
(Equation (2)) and second-order reaction when protein was
included (Equation (3)) yielding the corresponding rate con-
stants Kgps.

AF :Foffset"'l::max>< [1 - exp(_kobs Xt)] (2)

1

B kobs't+1) 3)

AF = Foftset + Frnax - (1

AF - total change of relative fluorescence amplitude, Foger —
fluorescence intensity at the start point of the reaction, F,.x -
maximum signal amplitude, ks — observed rate constant, t -
time. Errors of the rate constant values obtained from the
fitting routine were in the range of 15%.

FRET-based RNA annealing of let-7b target site and let-7b
To study the influence of proteins on the interaction of
miRNA let-7b and its target site within the mRNA of
POLR2D, an RNA annealing assay was performed. The
purified, recombinant proteins were added at different con-
centrations to 10 nM of 5'-Cy3-labelled let-7b miRNA (pur-
chased from IBA, Géttingen, Germany; Fig. 3B and
Supplementary Table S3) in assay buffer (50 mM Hepes/
NaOH, pH 8.0, 100 mM KCI, 5 mM MgCl,). Then, 10 nM
of 5'-Cy5-labelled let-7b target site of POLR2D mRNA was
added and readings were taken for another 200 s. Changes
in the fluorescence signals were monitored in a Fluoromax-
4 Spectrofluorometer (Jobin Yvon) at 22°C. The Cy3 fluor-
ophore was excited at 535 nm wavelength and readings were
taken at the Cy5 emission wavelength 680 nm. Fluorescence
intensities relative to the starting fluorescence were plotted
against the time and fitted by KaleidaGraph (Synergy soft-
ware) to a second-order reaction (Equation (3), see above)
yielding the corresponding rate constants kp,. Errors of the
rate constant values obtained from the fitting routine were
in the range of 5%.

Analytical ultracentrifugation

Sedimentation equilibrium measurements were performed as
previously described [25]. Analysis was carried out at
a protein concentration of 14 uM (AUFI p37), 11 uM
(AUF1 p40) or 5.6 uM (AUF1 p42) at 10000 rpm at 20°C in
20 mM Tris/HCI, pH 7.6, 150 mM KCI, 1 mM TCEP at 20°C.
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Circular dichroism

Measurements of dichroic properties of proteins were per-
formed using a JASCO J-810 spectropolarimeter. Far-UV circu-
lar dichroism spectra were recorded at a protein concentration
of 2 uM in 20 mM Tris/HCI, pH 7.6, 150 mM KCI, 1 mM TCEP
at 22°C using cuvettes with optical pathlengths of 1 mm.
Acquired protein spectra were corrected for buffer contribution
and smoothed using the Spectra Manager I software (JASCO).
The data were converted to mean residue ellipticity @prw-

Native mass spectrometry
AUF1 p37, p40, p42 or p45 samples were transferred into
200 mM aqueous ammonium acetate solution using 10 K
MWCO cut-off centrifugal filters (Vivaspin 500, Sartorius,
Gottingen, Germany). This step was repeated four times to
ensure removal of interfering components of the purification
buffer. Protein concentration in the filtrate was determined by
UV absorbance at 280 nm. A total of 3 pl sample was loaded
into an in-house prepared gold-coated borosilicate capillary
[27] and native MS was performed on a Waters Synapt G1
instrument modified for transmission of high masses.
Instrument parameters were 1.5 kV capillary voltage, 80 V
cone voltage, 5.3 mbar backing pressure, 20 V trap collision
voltage, 1.6 x 107> mbar trap pressure, 10 V transfer collision
voltage, 500-15000 m/z scan range. Data were calibrated
externally using 1 mg/ml caesium iodide solution.

For analysis of let-7b binding to AUF1, RNA was prepared at
10 uM concentration in 200 mM ammonium acetate and added
to the protein samples in ammonium acetate solution at a 1:1
molar ratio. Analyses were performed as described above.

Results
The AUF1 isoforms are monomeric proteins

We recently analysed the largest AUF1 isoform p45 in terms of its
RNA remodelling activities and deciphered the RGG/RG motif to
be a key regulator for RNA chaperoning and RNA annealing [26].
To characterize isoform-specific functions we performed
a comparative analysis of all four AUF1 isoforms. The proteins
were heterologously synthesized in E. coli and purified to homo-
geneity (Fig. 1B). The far-UV CD spectra of all purified AUF1
isoforms were very similar and demonstrated a high content of
disordered regions emphasized by a low CD signal (Fig. 1C). The
largest isoform p45 was previously shown to be monomeric in
solution [24]. In close agreement with this, we demonstrated the
monomeric state of all other AUF1 isoforms by analytical ultra-
centrifugation in this study (Fig. 1D, Supplementary Fig. Sl1).
While these data are in contrast to previous publications that
reported AUF1 isoforms to be dimers [28,29], we explained our
findings by using native, i.e. with no additional sequences, and
nucleic acid-free protein. The absence of co-purifying nucleic
acids was demonstrated by a 280/260 nm ratio, which was very
close to the theoretical value (Supplementary Fig. S2).

The AUF1 isoforms bind RNA with similar affinity

In order to compare RNA-binding activities of all AUFI iso-
forms, we analysed the binding to a 16 nt-long AU/GU-rich,

single-stranded RNA, and to a randomly composed single-
stranded RNA of the same length. With these fluorescently-
labelled RNA substrates, we could previously confirm the spe-
cificity of AUF1 p45 for AU/GU-rich sequences [26]. For all
AUF1 isoforms, there was a clear substrate preference for AU/
GU-rich RNA as expected (Table 1; 60-120-fold more efficient
compared to random RNA; representative binding isotherms
with AUF1 p42 shown in Fig. 1E, F). The smaller isoforms p37
and p40 showed a two- to three-fold stronger binding activity
for both RNA substrates compared to the larger isoforms AUF1
p42 and p45. These results indicate that the presence of the exon
7-encoded sequence within the C-terminus of p42 and p45
slightly reduces the RNA-binding efficiency.

AUFT1 isoforms bind miRNA let-7b as monomers

AUFI1 was previously shown to promote the loading of the
miRNA let-7b onto Argonaute 2 [20]. We wondered if bind-
ing of let-7b by AUF1 also directly affects miRNA-mRNA
interaction. To characterize the interaction of the AUF1 iso-
forms to let-7b we first analysed their binding affinity and
behaviour. All isoforms showed strong binding to
a fluorescently-labelled let-7b RNA with Kp-values ranging
from approximately 4 to 10 nM (Table 2). These results
confirm binding of AUFI1 to let-7b in the low nanomolar
range; however, the differences between the isoforms observed
here were not as pronounced as previously reported [20]. In
order to test the binding behaviour, let-7b was then titrated to
the AUFI isoforms and analysed by native mass spectrometry.
In the absence of let-7b, all AUF1 isoforms were found to be
monomers and thus confirmed the data obtained by analytical
ultracentrifugation (Fig. 2A). After binding to the 22 nt-long
miRNA let-7b, the detected masses corresponded to one
monomer bound to one RNA molecule indicating that all
AUF1I isoforms maintain their monomeric state upon binding

Table 1. RNA-binding affinity of AUF1 isoforms and AUF1 p45 variants.

AU/GU-rich RNA Random RNA
Protein Kp (nM)? Ko (nM)?
AUF1 p37 0.8 £0.2 52+2
AUF1 p40 0.7 £ 0.1 48 + 4
AUF1 p42 1.1+£0.2 131 £ 27
AUF1 p4s® 1.6 + 05 157 + 24
AUF1 p45 W290A 1.8 +0.2 122 + 24
AUF1 p45 W298A 25+ 1.1 97 £ 11
AUF1 p45 W290, 298A 1.5+03 152 £ 15
AUF1 p45 YygcA 1.7 £ 0.7 50+ 15
hnRNPA1 p34 1.9+ 05 464 + 105
hnRNPA1 p39 35+1.2 708 + 245
HuR 17 £ 34 789 £ 150

“Dissociation constants and standard deviations derived from at least three
measurements.
PData were taken from Meyer et al. 2019.

Table 2. RNA-binding affinity of AUF1 isoforms to let-7b.

Protein Ko (nM)?
AUF1 p37 6.7 £ 1.0
AUF1 p40 42 + 06
AUF1 p42 99+ 20
AUF1 p45 93 +35

“Dissociation constants and standard deviations derived from at least
three measurements.
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Figure 2. Binding behaviour of AUF1 monomers to let-7b. (A) Native mass spectra of variants p37 (4.2 uM), p40 (5.0 pM), p42 (4.0 uM) and p45 (5.0 uM) in the
absence of RNA show peak distributions corresponding in mass to the monomeric protein variants. (B) Addition of equimolar amounts of let-7b RNA (Molecular mass:
7133.3 Da) to p37 (3.0 uM), p40 (3.3 uM), p42 (2.9 pM) and p45 (3.3 pM) shifts peaks to masses corresponding to RNA-bound monomers. Masses assigned to peak
distributions (black) and mass differences of theoretical masses (grey) are indicated.

to let-7b (Fig. 2B). These data show that there is no large
difference between the AUFI isoforms when considering
binding affinity and behaviour to the miRNA let-7b.

AUF1 isoforms promote let-7b-target site RNA annealing
with different efficiencies

To test whether AUF1 participates in miRNA-mRNA interac-
tion we first tested whether AUF1 can promote the hybridization
of the let-7b miRNA with its target site within the 3'UTR of the
POLR2D mRNA. The POLR2D mRNA was chosen here as
a model system because it was previously shown to be jointly
regulated by AUF1 and let-7b [20]. For this purpose, we applied

a FRET-based RNA annealing assay using the let-7b miRNA and
its target site, which were labelled with a Cy3 and a Cy5 fluor-
ophore, respectively (Fig. 3B). RNA hybridization of both RNAs
resulted in an increase of fluorescence and this can be measured
time-dependently to determine the rate constants of the reac-
tion. The largest isoform p45 accelerated the interaction of let-7b
and its target site of the POLR2D mRNA, thus confirming its
activity as an RNA annealer (Fig. 3C, D). Interestingly, when
testing the other isoforms, we observed isoform-specific RNA
annealing activities. AUF1 isoforms p40 and p42 showed similar
but lower activities than that of isoform p45, whereas the smal-
lest isoform AUF1 p37 was the least active (Fig. 3C, D). These
data demonstrate that all AUF1 isoforms are capable of
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Figure 3. AUF1 promotes hybridization of let-7b and its target site in the POLR2D mRNA (A) Schematic view of the POLR2D mRNA. The nucleotide sequence
and secondary structure of the stem-loop containing the let-7b target site is indicated. The let-7b target site is shown in red. ARE = AU-rich element. (B) Scheme of
the FRET-based RNA annealing assay to analyse the hybridization of the miRNA let-7b and its target site of the POLR2D mRNA. Annealing of the let-7b target site of
POLR2D mRNA and let-7b, which are fluorescently labelled with Cy5 and Cy3, respectively, leads to a detectable FRET signal. (C) Examples of kinetic traces of the
RNA-RNA interaction in the absence or presence of 5 nM AUF1 p37 or AUF1 p45 are shown. The fluorescence signals were analysed according to a second-order
reaction (Equation 3). (D) The rate constants measured for the RNA annealing reaction were normalized by subtracting the non-enzymatic rate from the total rate and
plotted as a function of the protein concentration.
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Figure 4. AUF1 remodels the let-7b target site-containing SL structure within the POLR2D 3'UTR and thus promotes let-7b binding. (A) Scheme of the
fluorescence-based chaperone assay to detect protein-mediated conformational rearrangement of the SL"C-®2P-RNA containing the let-7b target site. Rearrangement
of the RNA is measured by de-quenching of Cy5. (B) Examples of kinetic traces with Cy5- and BHQ (black hole quencher)-labelled SLP°**?°-RNA incubated with or
without 40 nM of AUF1 p37 or p45 are shown. Following the addition of let-7b the fluorescence signals were measured, plotted as a function of time, and fitted
according to a first-order reaction (no protein; Equation 2) or second-order reaction (in the presence of protein; Equation 3). (C) The observed rate constants kqps s
that were measured for the RNA chaperone reaction in the presence of AUF1 isoforms were plotted as a function of the protein concentration.

promoting let-7b interaction with its target site but do so with
different efficiencies.

The AUF1 exon7-encoded protein sequence promotes
destabilization of a let-7b target site-containing
stem-loop element

The let-7b target site within the POLR2D mRNA is located just
upstream of the ARE within the 3'UTR and is part of a stem-loop
(SL) structure (Fig. 3A). Hence, we speculated that AUF1 with its
RNA chaperone activity promotes the opening of this SL, allow-
ing let-7b to gain access to the target site. To address this, we
established a fluorescence-based assay to follow the rearrange-
ment of the POLR2D SL upon binding of let-7b. In this assay, the
POLR2D SL RNA, containing the let-7b target site, is labelled
with a Cy5 fluorophore and a black-hole quencher.
Hybridization of the target site with let-7b accordingly requires
a rearrangement of the stem structure, which dislocates the Cy5
fluorophore from the BHQ (Fig. 4A). The RNA-RNA interac-
tion can be measured in a time-dependent manner in the pre-
sence of increasing protein concentrations to determine the rate
constant for each reaction. In this approach, we observed an
evident acceleration of the RNA-RNA interaction in the pre-
sence of protein. This was most effective with AUF1 isoform
p45, while p42 was slightly less active. Interestingly, the smaller
isoforms p37 and p40 showed almost no ability to promote the
rearrangement of the POLR2D SL and thus the binding of let-7b
to its target site (Fig. 4B, C). These data suggest that the exon7-

encoded YGG motif, which is only present in the larger isoforms
p42 and p45, drives the RNA chaperone function of AUFI.
Moreover, the data demonstrate that AUF1 is not only able to
restructure viral but also a cellular SL RNA suggesting a new role
for AUF1 in miRNA-mediated gene repression.

Aromatic amino acids of the YGG motif are critical for
RNA chaperone activity of AUF1

The next set of experiments addressed the importance of the YGG
motif in the ability of AUF1 p45 to function as a RNA chaperone.
Stacking interactions between aromatic amino acids and bases are
common in RNA-protein interactions [30]. Accordingly, to ana-
lyse possible contributions of aromatic amino acids we generated
protein variants by substituting all tyrosine residues as well as
single or double tryptophane residues to alanine residues within
the YGG motif of AUF1 p45 (Fig. 5A). The protein variants AUF1
P45 WagoA, WiagsA, Wagg 20sA and YyggA were purified from
E. coli using the same protocol as for the wild-type (WT) protein.
The purified variants had the same characteristics as the WT
protein with respect to them being free of impurities and con-
taminating nucleic acids (Fig. 5B, Supplementary Fig. 2B).
Importantly, the far-UV CD spectra of the YGG variants closely
resembled the characteristics of the WT AUF1 p45 confirming the
structural integrity of the variants (Fig. 5C).

RNA annealing by the YGG variants was not, or only
mildly, affected, with variant YyggA showing the strongest
decrease in activity (Fig. 5D). In contrast, RNA chaperone



activity was severely affected. Whereas the single-substitution
variants AUF1 p45 W,gA and WjogA showed a moderate
decrease in activity, the double-substitution variant Wg, 298
A was significantly impaired and the YyggA variant displayed
almost no ability to promote the rearrangement of the
POLR2D SL (Fig. 5E). Note that the loss of RNA chaperone
activity was not due to a loss of RNA-binding activity as all
YGG variants showed RNA-binding affinities that were simi-
lar to those of the WT AUF1 p45 (Table 1). These data
demonstrate aromatic amino acids of the YGG motif of
AUF1 p45 are critical for the protein’s RNA remodelling
activities, in particular for its RNA chaperone activity.

The YGG motif is critical for RNA chaperone activity of
different RBPs

The fact that the YGG motif, in particular its aromatic resi-
dues, was found to be essential for the RNA chaperone activ-
ity of AUF1 p45, strongly suggested that this motif was an
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essential element of RBPs showing this activity. To test this
hypothesis, we extended our analysis to the RBPs hnRNPA1
and HuR, which differ specifically in the presence or size of
a YGG motif. The RBP hnRNPA1 is closely related to AUF1
and exists in two isoforms, which we named p34 and p39
according to their molecular mass (Fig. 6A). Both isoforms
share two RRM domains, a RGG motif and a YGG motif.
However, the YGG motifs of both isoforms differ in size, with
isoform p39 having a larger YGG motif compared to
hnRNPA1 p34 (Fig. 6A). The RBP HuR contains three
RRMs but has neither a RGG nor a YGG motif (Fig. 6A).
HuR, hnRNPA1 p34 and p39 were purified using the same
protocol as used for AUF1 p45 (Supplementary SFig. 3A). The
absence of co-purifying nucleic acids was confirmed
(Supplementary SFig. 2B) and the far-UV CD spectra demon-
strated the structural integrity of the proteins (Supplementary
SFig. 3B). Considering previous reports, HuR [31] as well as
both isoforms of hnRNPA1 [32] showed, as expected, strong
binding preferences for AU/GU-rich RNA (Table 1).
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Figure 5. The YGG motif of AUF1 isoforms p42 and p45 essentially drives RNA chaperone activity. (A) Domain organization of AUF1 isoform p45. The RNA
recognition motifs (RRM) are indicated. The amino acid sequence of the tyrosine-glycine rich region (YGG motif) is shown above. The tryptophan residues at position
290 and 298, as well as all tyrosine residues are emphasized. (B) YGG motif substitution variants of AUF1 p45 were produced in, and purified from, E. coli. A 4 ug
sample of protein was analysed on a Coomassie-stained SDS-gel in parallel with a molecular mass marker (M). (C) Far-UV circular dichroism (CD) spectra of AUF1 p45
and its YGG motif substitution variants were recorded. The acquired data were normalized to mean residue weight (MRW) ellipticities. (D) RNA annealing assay to
analyse the hybridization of the miRNA let-7b and its target site of the POLR2D mRNA (for more details see text and Fig. 3). The rate constants that were measured
for the RNA annealing reaction were normalized by subtracting the non-enzymatic rate from the total rate and plotted as a function of the protein concentration. (E)
RNA chaperone assay to detect protein-mediated conformational rearrangement of the SLPOLR2D_RNA containing the let-7b target site (for more details see text and
Fig. 4). The observed rate constants ko, (s™') that were measured for the RNA chaperone reaction in the presence of AUF1 p45 and its variants were plotted as

a function of the protein concentration.
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Figure 6. The presence of a YGG motif in an RBP is associated with a high RNA chaperone activity. (A) Domain organization of hnRNPA1 isoforms p34 and p39
and HuR. The RNA recognition motifs (RRM), the RGG as well as the YGG motifs are indicated. The isoform-specific sequence in hnRNPA1 p39 encoded by exon 8 is
shown in red. (B) RNA annealing assay to analyse the hybridization of the miRNA let-7b and its target site of the POLR2D mRNA (for more details see text and Fig. 3).
The rate constants that were measured for the RNA annealing reaction in the presence of AUF1 p45, hnRNPA1 isoforms p34 and p39 and HuR were normalized by
subtracting the non-enzymatic rate from the total rate and plotted as a function of the protein concentration. Data for AUF1 p45 are from Fig. 3. (C) RNA chaperone
assay to detect protein-mediated conformational rearrangement of the SL"'F?P-RNA containing the let-7b target site (for more details see text and Fig. 4). The
observed rate constants ko, (s™') that were measured for the RNA chaperone reaction in the presence of AUF1 p45 hnRNPA1 isoforms p34 and p39 and HuR were
plotted as a function of the protein concentration. Please note that the assay setup was slightly modified, i.e. the protein and the unlabelled let-7b miRNA were
added simultaneously. This resulted in larger kops values for AUF1 p45 in comparison to Fig. 4.

In the RNA annealing assay, the hnRNPAI isoforms p34
and p39 promoted RNA-RNA interaction of let-7b and its
target site and were as active as AUF1 p45 (Fig. 6B). The
results confirm the RNA annealing activity for the smaller
hnRNPA1 isoform p34 [33] and reveal that the larger isoform
P39 shares the same activity. Conversely, HuR promoted RNA
annealing to only a small extent (Fig. 6B).

The RNA chaperone activity of the hnRNPA1 isoforms was
promoted with different efficiencies. Whereas the larger iso-
form p39, which contains a longer YGG motif, promoted
RNA chaperone function almost as effectively as AUF1 p45,
the smaller isoform p34 showed considerably less ability to
destabilize the POLR2D SL (Fig. 6C). Interestingly, HuR
turned out to be inactive in supporting the rearrangement of
the POLR2D SL and thus binding of let-7b to its target site
(Fig. 6C). Taken together, these results indicate that the YGG
motif is a key modulator of RNA chaperone activity of RBPs.

Discussion

AUF1 has been shown to remodel viral or AU-rich RNA
elements [23,24,34] and to effectively bind specific miRNAs
like let-7b [20]. Given these facts, the goal of this study was to
investigate the capability of AUF1 to modulate miRNA bind-
ing to its mRNA target site. We could demonstrate that AUF1
is able to remodel a let-7b-binding site-containing stem-loop
of the POLR2D target mRNA, and, in this way, promotes the
binding of let-7b to its target site. Thus, our findings have
revealed a new mechanism by which AUFI-induced RNA
remodelling of mRNA target sites facilitates miRNA binding.
Interestingly, the helix-destabilizing RNA chaperone activity

was isoform-specific, with the larger isoforms p42 and p45,
which contain the sequence encoded by exon 7, being active,
while the smaller isoforms were essentially inactive (Fig. 4).

Previously, we identified the RGG/RG motif to be a key
regulator of RNA remodelling by the largest AUF1 isoform
p45. Our data supported a model in which the arginines of the
RGG/RG motif promote RNA remodelling. Arginine-mediated
stacking interactions were proposed to promote AUF1’s helix-
destabilizing RNA chaperone activity, while the electropositive
character of the arginine residues is the major determinant for
the RNA annealing activity [26]. Here, we show that AUFI
isoforms p37 and p40 exhibit almost no RNA chaperone activity,
although both isoforms have an RGG/RG motif and display
RNA-binding activities comparable to those of the larger iso-
forms p42 and p45. This indicates that for AUF1 the RGG/RG
motif alone is not sufficient to mediate RNA chaperone activity
and that additional protein determinants encoded by exon 7 are
required. We were able to demonstrate that the YGG motif of
AUF]I isoforms p42 and p45 can be considered as an additional
determinant of RNA chaperone activity.

YGG motifs (also called [G/S]Y[G/S]) are frequently found
in combination with classical RNA-binding domains and
RGG motifs [22,35]. YGG motifs are characterized by intrin-
sic disorder (low complexity) and are believed to be determi-
nants of RBPs to allow dynamic entry in and out of RNA
granules [36-40]. Here, we could show that the length or
presence of a YGG motif determines RNA chaperone activity
(Figs. 4C and 6C), indicating that the YGG motif is a key
modulator of an RBP’s RNA chaperone activity.

The mechanisms by which the YGG motif contributes to
RNA chaperone activity might involve RNA-stacking



interactions, which are mediated by aromatic amino acid resi-
dues of the YGG motif in a similar manner to the role of arginine
residues of the RGG/RG motif. In view of the fact that the exon
7-encoded YGG motif was previously indicated to enhance
RNA-dependent protein oligomerization [29] as well as homo-
dimeric interactions in nuclear bodies [41], the higher activity of
AUF1 isoforms p42 and p45 could be further explained by RNA-
induced protein oligomerization. YGG motif-dependent oligo-
merization of AUF1 would result in an increase in its local
concentration and thus may also enhance RNA chaperone activ-
ity of the protein.

Another important aspect to consider is the flexibility of the
protein structure, which appears to be crucial for the activity of
RNA chaperones and RNA annealers. Within this context, the
intrinsically disordered C-terminal domain of the RNA chaper-
one Hfq has been shown to be required for the release of the
dsRNA product [42]. In analogy to the Hfq C-terminal domain,
it is conceivable that the YGG motif of AUF1 p42 and p45 could
support the release of the RNA substrate after the RNA chaper-
one activity is no longer required. In the case of p37 and p40,
they remain attached to the RNA and either inhibit RNA remo-
delling or are simply not available for further rounds of RNA
remodelling. Interestingly, p37 and p40 show 2- to 3-fold stron-
ger RNA-binding compared to p42 and p45, suggesting that
a strong RNA-binding activity might not be beneficial to
a RNA chaperone function. A similar situation exists for AUF1-
homologous proteins from mosquitos, named squid p30 and
p32, that differ in the length of their YGG motifs and RNA-
binding affinities. Although p32 displays a lower RNA binding
affinity, its RNA chaperone activity is higher compared to that of
squid p30 [43].

Differential inclusion of alternative exons, as found in the
RBPs hnRNPA1 and AUF]1, controls the formation of tyro-
sine-dependent higher-order protein assemblies that function
to regulate splicing events [19]. In addition to the formation
of higher-order hnRNP complexes, regulation of these exon-
skipping events requires formation of long-range RNA
duplexes. AUF1 p45’s RNA remodelling activities were pre-
viously implicated to participate in long-range RNA-RNA
interactions that are required for flavivirus RNA replication
[23,24]. Thus, it is tempting to speculate that not only YGG-
mediated protein oligomerization but also RNA remodelling
by AUFI is required for the regulation of alternative splicing
events.

The fact that miRNAs are expressed in excess relative to AGO
proteins implies the existence of miRNA-mRNA duplexes that
can be bound and repressed by AGOs, thus supporting a catalytic
model of miRNA-mediated repression [3]. It is not yet known
how miRNAs can hybridize to mRNAs without miRISC. Binding
of miRNAs by RBPs could be one mechanism to stabilize
miRNAs in the absence of AGO proteins, and co-regulation of
mRNA degradation by RBPs and miRNAs is becoming increas-
ingly important [44]. The formation of miRNA-mRNA com-
plexes is made more difficult because miRNA-binding sites are
often trapped within RNA secondary structures. DICER has
recently been implicated to remodel RNA structures and to
support RISC-targeting of sequence elements located within
stable secondary structures of mRNA transcripts [45]. Here, we
show for the first time that the miRNA-binding protein AUF1
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promotes association of a miRNA to its target mRNA by (1)
remodelling the secondary structure of the mRNA thus releasing
the miRNA-binding site and (2) hybridizing the miRNA to its
complementary target site. Improving the accessibility of
miRNA-binding sites through remodelling of target RNA sec-
ondary structure by RBPs accordingly may be an important
aspect of post-transcriptional control of gene silencing.

The production of alternatively spliced forms of AUF1 has
recently been identified as mammalian specific [19], and pre-
viously, it has already been shown that the expression of AUF1 is
tissue- and isoform-specific [46]. This supports the idea that
different amounts of AUF1 isoforms, which have different levels
of RNA remodelling activity, are a means of regulating mRNA
stability. Accordingly, one would expect that high abundances of
the RNA chaperone-active AUF1 isoforms p42 and p45 would
cause destabilization of certain mRNAs, e.g. by recruitment of
let-7b to the respective target sites and subsequent repression by
AGO proteins. Such isoform-specific functions on the local RNA
structure may therefore contribute to different regulatory con-
sequences and serve as an explanation for the distinct functional
roles of AUF1 isoforms on different RNA targets (reviewed in
47). However, the situation is further complicated by the fact
that post-transcriptional control of gene silencing by AUFI is
highly context-dependent and is additionally influenced by com-
petitive or cooperative binding of other trans-acting factors [47].

Even though we did not find a strong RNA annealing or
RNA chaperone activity for the miRNA-binding protein HuR,
this protein obviously participates in miRISC activity in other
ways. For example, Kundu et al. demonstrated that HuR
attenuates miRNA-mediated repression by promoting
miRISC dissociation from the target RNA although HuR
and miRISC binding sites are positioned at a distance [13].
Another study observed cooperativity of a miRNA mimic and
HuR-binding at adjacent sites and suggested binding of HuR
to the MYC mRNA would enhance access of let-7 to the let-
7-binding site [48], thus providing a possible mechanism as to
how HuR recruits let-7 to repress MYC expression [12].

In summary, this study provides evidence for a further
function of AUF1 in post-transcriptional control of gene
expression. Future studies should examine whether exposing
miRNA-binding sites in target mRNAs is also facilitated by
other RBPs and whether this represents a general mechanism
in miRNA-mediated gene silencing.
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