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ABSTRACT

The RNA-binding protein AUF1 regulates post-transcriptional gene expression by affecting the steady
state and translation levels of numerous target RNAs. Remodeling of RNA structures by the largest
isoform AUF1 p45 was recently demonstrated in the context of replicating RNA viruses, and involves two
RNA remodeling activities, i.e. an RNA chaperone and an RNA annealing activity. AUF1 contains two non-
identical RNA recognition motifs (RRM) and one RGG/RG motif located in the C-terminus. In order to
determine the functional significance of each motif to AUF1’s RNA-binding and remodeling activities we
performed a comprehensive mutagenesis study and characterized the wildtype AUF1, and several
variants thereof. We demonstrate that each motif contributes to efficient RNA binding and remodeling
by AUF1 indicating a tight cooperation of the RRMs and the RGG/RG motif. Interestingly, the data
identify two distinct roles for the arginine residues of the RGG/RG motif for each RNA remodeling
activity. First, arginine-mediated stacking interactions promote AUF1’s helix-destabilizing RNA chaper-
one activity. Second, the electropositive character of the arginine residues is the major driving force for
the RNA annealing activity. Thus, we provide the first evidence that arginine residues of an RGG/RG
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motif contribute to the mechanism of RNA annealing and RNA chaperoning.

Introduction

AU-rich element (ARE) binding factor 1 (AUF1, also known
as hnRNPD) is a family of four isoforms (p37, p40, p42 and
p45) generated by alternative splicing of a common pre-
mRNA resulting in isoform-specific sequences encoded by
exons 2 and 7 [1]. AUF1’s canonical roles in cellular RNA
metabolism include the regulation of stability and/or transla-
tion of mRNA targets based on recognition of AU-rich
sequences within mRNA 3’ untranslated regions (3'UTR)
[2,3]. In addition to its strong affinity to AU-rich sequences,
PAR-CLIP analysis recently revealed a strong preference of
AUF1 for U-/GU-rich sequences in mRNAs and non-coding
RNAs [4]. A newly discovered role of the protein indicates
a functional connection between AUFI and Argonaute
(AGO) proteins, the catalytic components of the RNA-
induced silencing complex (RISC) [5]. AUF1 was found to
promote loading of miRNA let-7b onto AGO2 which in turn
triggered target mRNA decay [6].

All AUF1 isoforms share two tandem, non-identical RNA
recognition motifs (RRM) containing canonical RNP-1 and
RNP-2 sequence motifs. The RRM protein domain is the
most abundant RNA-binding domain and is able to recognize
a large number of different RNA sequences and shapes [7].
Conserved phenylalanine residues located in RNP-1 and RNP-
2 at positions 100 and 142 within RRM1 and 185 and 227
within RRM2 have been implicated in RNA binding through
stacking interactions [8-10]. Within its C-terminus AUF1

harbors an arginine-glycine-rich region (RGG/RG motif),
which is, in the case of isoform p42 and p45, interrupted by
the exon 7-encoded sequence (Figure 1(a)). The RGG/RG
motif is an evolutionarily conserved sequence involved in
mediating nucleic acid binding and protein interactions, func-
tions that are often regulated by arginine methylation [11].

Folding and structural rearrangements of RNA molecules in
order to achieve their functionally active conformation is often
assisted by proteins with RNA remodeling activities, which can be
classified into three types: RNA chaperones, RNA annealers and
RNA helicases [12]. RNA chaperones and RNA annealers pro-
mote structural rearrangements of RNA molecules in an ATP-
independent manner. RNA helicases mostly catalyze ATP-driven
RNA unwinding, although ATP concentration is an important
regulator of RNA helicase-guided remodeling of RNA structures
[13-15]. Protein-guided remodeling of RNA structures was
demonstrated in a wide variety of processes of RNA metabolism,
such as ribosome assembly [16], pre-tRNA folding [17], spliceo-
some assembly [18,19], mRNA translation and turnover rates
[20,21], rearrangement of cellular and viral riboswitches [22],
reverse transcription of retroviruses [23] and RNA interfer-
ence [24].

AUF1 was previously shown to act as a host factor that
supports the genome replication of Flaviviridae family mem-
bers, including the important human pathogens West Nile
virus (WNV), Dengue virus (DENV) and Zika virus (ZIKV)
[25-27]. Cyclization of the single-stranded flaviviral RNA
genome is a prerequisite for the initiation of RNA synthesis
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Figure 1. Characterization of substitution variants of AUF1 p45. (a) Organization of the AUF1 isoform p45. The RNA recognition motifs (RRM) are indicated as well as
isoform-specific sequences encoded by exon 2 (black) and exon 7 (grey). The RGG/RG motif is depicted in light grey and the amino acid sequence is highlighted. The
amino acid positions that were mutated in the variants used in this study are indicated. (b) AUF1 p45 and its substitution variants were produced in, and purified
from, E. coli. About 4 pg of protein were analyzed on a Coomassie-stained SDS-gel in parallel with a molecular weight marker (M). (c) UV absorption spectra of
wildtype AUF1 p45 and variant RGGs, in storage buffer. (d) Elution profiles of wildtype AUF1 p45 and variant RGGs, fractionated through a Superdex 75 gel filtration
column (HiLoad 16/60). (e) Far-UV circular dichroism (CD) spectra of AUF1 p45 and of the indicated substitution variants were recorded. The acquired data were

normalized to mean residue weight (MRW) ellipticities. (f) Same as in (e).

and hence virus amplification [28]. Flavivirus genome cycliza-
tion involves the rearrangement of RNA secondary structures
within the 5'- and 3’-end of the viral RNA and subsequent
interactions of a set of complementary cyclization sequences
(schematically depicted in Figure 3(a), reviewed in [29-31].
The largest AUF1 isoform p45 was shown to promote the
cyclization of the flaviviral genome by two RNA remodeling
activities, i.e. a helix-destabilizing RNA chaperone activity and
an RNA annealing activity by which AUF1 p45 accelerates the
hybridization of the cyclization sequences [25-27].
Furthermore, AUF1 p45 was shown to be consistently mod-
ified by arginine methylation in mammalian cells. The methy-
lated variant turned out to be more efficient at stimulating the
RNA chaperone activity whereas the RNA annealing activity
of AUFI p45 remained unaffected [26].

To what extent the RRMs and the RGG/RG motif of AUF1
within the full-length protein contribute to its RNA binding,

as well as RNA remodeling activities, has not been investi-
gated yet. Here, we deciphered the role of the RRMs and the
RGG/RG motif of AUF1 p45 by an extensive mutagenesis
approach. We report that these RNA-binding motifs are spe-
cific determinants of AUF1 p45 that contribute differently to
its RNA-binding, RNA chaperone and RNA annealing activ-
ities. We propose that the arginine patch of the RGG/RG
motif is, on the one hand, required for AUF1’s RNA chaper-
one activity through stacking interactions with nucleobases in
order to destabilize helices. On the other hand, it supports
AUFI’s RNA annealing activity by overcoming electrostatic
barriers prior to helix formation, providing the first evidence
for the essential role of arginine residues of an RGG/RG motif
in RNA remodeling. Finally, free energy calculations revealed
that the arginine residues of the RGG/RG motif contribute
additively to RNA-binding, which in turn determines the
RNA annealing activity.
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Results
Preparation and characterization of AUF1 p45 variants

An amino acid exchange mutagenesis study was carried out to
determine how the RRMs and the RGG/RG motif contribute to
AUF1’s RNA-binding and restructuring activities. The first set of
protein variants contained amino acid substitutions in the RRMs
at positions that have been implicated to be involved in RNA
binding (Figure 1(a)) [8-10]. We generated protein variants by
substituting phenylalanine residues F100 and F142 each to alanine
to impair the function of RRMI (referred to as RRM1,,,). In
order to impair RRM2 we substituted residues F185 and F227
each to isoleucine (referred to as RRM2,,,,,), because the respective
alanine substitution variant was prone to oligomerization (data
not shown). Furthermore, we substituted all the aforementioned
phenylalanine residues to either alanine (RRM1) or isoleucine
(RRM2) in order to impair both RRMs (referred to as
RRMI1 + 2,,). The second set of protein variants contained
arginine to either lysine or alanine substitutions within the
RGG/RG motif at positions that were previously shown to be
modified by methylation [26]. The five methylatable arginine
residues within the RGG/RG motif (Figure 1(a)) were exchanged
to either lysine (referred to as RGGsy), in order to preserve the
charge of the protein, or to alanine (referred to as RGGs,) to
examine the role of the positive charge of the arginine residues.
Additionally, we generated single-amino acid substitution-
variants, where only one methylatable arginine residue at a time
was exchanged to an alanine. The protein variants were purified
from E. coli using the same protocol as for the wildtype (WT)
AUF1 p45. Using this approach, we obtained homogeneous pre-
parations of the variants that had the same quality as the WT
protein, ie., they were free of impurities (Figure 1(b)) and, an
important aspect when studying protein-RNA interactions, free of
contaminating nucleic acids. The UV absorption spectra for wild-
type and variants revealed 280 nm/260 nm ratios of 1.8 (Figure 1
(c) and data not shown). These corresponded closely to the
theoretical value of 1.6, indicating the absence of co-purifying
nucleic acids.

The monomeric state of AUF1 p45 was demonstrated
previously by analytical ultracentrifugation [25]. The final
step of the protein purification protocol, size exclusion chro-
matography, revealed elution volumes for the variants very
similar to the WT (Figure 1(d) and data not shown), strongly
indicating all variants to be monomeric.

Since the exchange of amino acids might be detrimental to
the overall structure of the protein, we analyzed the structural
integrity of the protein variants by far-UV circular dichroism
(CD). The overall CD signal of the WT AUF1 p45 is rather
low emphasizing the high content of disordered regions, espe-
cially at the N- and C-termini [26] (Figure 1(e)). Importantly,
the far-UV CD spectra of the RRM variants as well as of the
AUFI1 p45 5A variant, closely resembled the characteristics of
the WT AUF1 p45 demonstrating the structural integrity of
the variants (Figure 1(e,f)). The chirality change of the RGG/
RG variant RGGsk compared to the WT AUF1 p45 might
indicate a conformational change of the protein (Figure 1(f)).
Nevertheless, the general characteristics of the WT spectrum
were maintained indicating a similar secondary structure and
confirmed the structural integrity of this variant.

The RRM motifs determine specificity and contribute
differently to AUF1’s RNA-binding activity

In order to decipher specific functions associated with the
RNA-binding motifs of AUF1 p45, we conducted fluores-
cence equilibrium measurements using short, fluores-
cently-labeled RNA molecules. We sought to compare
the binding efficiency of the WT and its variants to a 16
nt-long AU/GU-rich, single-stranded RNA and to
a randomly composed single-stranded RNA of the same
length (Figure 2(a)). For three reasons, the AU/GU-rich
RNA should be a bona fide target RNA of AUF1: i) AUF1
shows specificity for AU/GU-rich sequences [4], ii) the
AU/GU-rich RNA is part of the AU-rich region of the
West Nile virus genome, which was previously identified
as a high-affinity binding site for AUF1 p45 [25] and iii)
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Figure 2. RNA binding of wildtype AUF1 p45. (a) FAM-EX-labeled RNA molecules that were applied for binding studies. (b) and (c) Representative binding isotherms
with 0.2 nM AU/GU-rich RNA (b) or 25 nM random RNA (c) and increasing concentrations of AUF1 p45. The data were normalized to the initial intensity of the
unbound FAM-EX-labeled RNA. The binding curves were fitted to a single-site binding model (Equation (1) in materials and methods).
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Figure 3. The RRMs as well as the RGG/RG motif contribute to the RNA chaperone activity of AUF1 p45. (a) (Top) Scheme of the structural rearrangement of the 5'
and 3' termini, specifically of the 5'UAR and 3'UAR elements, during cyclization of the DENV RNA genome. (Bottom) Scheme of the fluorescence-based 3'SL"™"“-5'UAR
interaction assay to detect AUF1 p45-mediated conformational rearrangement of DENV RNA by de-quenching of Cy5. (b) Example kinetic traces with Cy5 and BHQ
(black hole quencher) labeled 3'SL™" incubated with the indicated concentrations of AUF1 p45 or variant RRM2,,... Following the addition of 5'UAR RNA the
fluorescence signals were measured, plotted as a function of time, and fitted according to a first-order reaction (no protein; Equation (1)) or second-order reaction (in
the presence of protein; Equation (2)). (c) and (d) The observed rate constants Kop, (s™") that were measured for the RNA-RNA interaction reaction in the presence of
AUF1 p45 or variants thereof were plotted as a function of the protein concentration.

the AU/GU-rich RNA contains two UUAG motifs, which
are specifically recognized by AUF1 [32]. RNA binding
was analyzed according to a single-site binding model as
previously described for AUF1 [6]. As expected, AUF1
p45 WT displayed a higher affinity (100-fold) for the
AU/GU-rich RNA (Kp = 1.6 nM) than for the random
RNA (Kp = 157 nM) (Figure 2(b,c); Table 1).

Interestingly, the RNA-binding capacity of the RRM var-
iants depended on the RNA substrate used. Binding of the
AU/GU-rich RNA by AUF1 p45 RRM1,, (Kp = 25 nM) or
AUF1 p45 RRM2,,,; (Kp = 24 nM) was 15-fold less efficient
than with the WT protein. When both RRMs (variant AUF1
p45 RRM1 + 2,,,,¢) were impaired, the binding efficiency was
dramatically reduced by 650-fold (Kp = 1044 nM; Table 1).
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Table 1. RNA binding parameters of AUF1 p45 and its variants.

AU/GU-rich RNA random RNA

Protein Kp (nM)? Ko ratio® AAG (kJ/mol)© Kp (nM)? Kp ratio® AAG (kJ/mol)©
AUF1 p45 WT 1.6 £ 0.5 1 0 157 + 24 1 0

AUF1 p45 RRM1 ¢ 25 £ 3.2 16 6.8 1260 + 217 8 5.1
AUF1 p45 RRM2,¢ 24 + 34 15 6.7 414 + 49 2.6 24
AUF1 p45 RRM1 + 2,4t 1040 + 290 650 15.9 4170 + 909 27 8.9
AUF1 p45 RGGsg 43 +1.0 2.7 24 314 £ 50 2 1.7
AUF1 p45 RGGsp 24 + 3.1 15 6.7 2840 + 191 18 7.1

Dissociation constants and standard deviations derived from at least three measurements.

PKp ratio was calculated to compare binding of wildtype (WT) vs protein variant.

“The Gibbs free energy difference between a WT-RNA complex and a variant-RNA complex was calculated as follows: AAG = -RT In(Kp WT/Kp, variant).

This demonstrated that both RRMs contribute equally to
binding of an AU/GU-rich RNA and that they can compen-
sate for the loss of the other motif to a certain extent. On the
other hand, the RRMs contributed differently to the binding
of a randomly composed RNA of the same length. The AUF1
p45 variant RRM1,,,,,, showed a stronger reduction in affinity
for a random RNA (Kp = 1259 nM) than variant RRM2,,
(Kp = 414 nM) in comparison to the WT (8-fold vs. 2.6-fold;
Table 1). This was taken to indicate that RRM2’s contribution
to the binding of unspecific RNA is less pronounced than that
of RRM1. Furthermore, these data revealed that both RRMs
are necessary for high-affinity binding of RNAs confirming
previous reports for AUF1 isoform p37 [33]. Another inter-
esting observation was that the Kp, ratios differed depending
on the RNA substrate used. In particular, the variant where
both RRMs were impaired showed a 24-fold higher Ky, ratio
for the AU/GU-rich RNA than that for the random RNA
(650-fold vs 27-fold; Table 1). This indicates that the impair-
ment of AUFI’s RRMs impacts the binding of specific RNAs
more than that of an unspecific RNA. The mutagenesis of
conserved phenylalanine residues within RRM1 and RRM2
were characterized by differences in the free-binding energy of
6.7-15.9 kJ/mol.

The RGG/RG motif of AUF1 p45 contributes to its RNA
binding activity

We and others could show that five arginine residues within the
RGG/RG motif of AUF1 are dimethylated in the cell [26,34]. To
dissect the general role of these arginine residues in RNA
binding we analyzed protein variants in which the five methy-
latable arginine residues were substituted by lysine or alanine
(Figure 1(a)). The RNA-binding affinity of the arginine to
lysine exchange variant AUF1 p45 RGGsk for both RNAs was
only slightly reduced (AU/GU-rich RNA: K, = 4.3 nM; ran-
dom RNA: Kp = 314 nM; Table 1), indicating that this variant
can compensate to some extent for the loss of arginine residues
within the RGG/RG motif. In contrast, the binding of the
arginine to alanine exchange variant AUF1 p45 RGGs, was
more severely affected. The affinity for the AU/GU-rich RNA
was reduced by 15-fold (Kp = 24 nM), whereas the binding to
the random RNA was similarly reduced (18-fold reduction, Kp
= 2840 nM) compared to the WT protein (Table 1). These data
emphasize the importance of the positive charge of the arginine
residues within the RGG/RG motif of AUF1 p45 for its RNA-
binding activity. Thus, the RGG/RG motif of AUF1 p45 was

revealed to be an additional key factor for the high-affinity
recognition of AU/GU-rich sequences but also for the low-
affinity binding of non-AU-rich sequences.

The RRM and RGG/RG motifs contribute differently to
AUF1 p45’s RNA remodeling activities

In the next set of experiments, we performed two assays to
study the RNA remodeling activities of AUF1 p45 and its
variants. First, we applied an established fluorescence-based
assay to mimic the rearrangement of the DENV RNA’s 3'-
terminal SL. To enable genome cyclization, the 3°SL must be
denatured to allow 5-3'UAR hybridization (schematically
depicted in Figure 3(a)). Using this assay, we previously
showed that AUF1 p45 exhibits an RNA chaperone activity,
which promotes the destabilization of flaviviral stem-loops
involved in genome cyclization [25,27]. The assay applies
a Cy5- and black-hole quencher (BHQ)-labeled RNA oligonu-
cleotide (3’SL™") corresponding to the lower part of the
DENYV 3’SL, including the 3'UAR sequence. The second RNA
used in this assay is single-stranded and corresponds to
a sequence of the DENV 5'UTR mainly comprising the
5'UAR cyclization sequence. Hybridization of both RNAs via
the UAR elements requires a rearrangement of the stem struc-
ture, which dislocates the Cy5 fluorophore from the BHQ
(Figure 3(a,b)) and can be measured time-dependently. The
concentration-dependent efficiency of each variant’s RNA cha-
perone activity to support the 3’SL™""“-5'UAR interaction was
now analyzed by determining the rate constant for each reac-
tion. The acceleration of the RNA-RNA interaction was most
efficient with WT AUF1 p45 (Figure 3(b,c)). The single RRM-
deficient variants RRM1,,,,, and RRM2,, .. showed a moderate
decrease in activity, whereas the double RRM-deficient variant
RRMI1 + 2, displayed almost no ability to promote the
3’SL"™"“.5'UAR interaction (Figure 3(c)). Both RGG/RG var-
iants of AUF1 p45 showed a drastic reduction in RNA chaper-
one activity, with the RGGsyk variant showing activity only at
very high protein concentrations, whereas the RGGs, variant
showed no increase in the observed rate constants, even at the
highest protein concentrations used (Figure 3(d)). These data
imply that not only the positive charge but also a specific
function of the arginine residues within the RGG/RG motif is
required for the protein’s RNA chaperone activity.

In a second approach, we investigated how efficiently the
AUF1 p45 variants promote the annealing of single-stranded
complementary RNAs. For this purpose, we applied



a previously established FRET-based RNA annealing assay
using the conserved flaviviral 5 and 3'CS cyclization
sequences, which are labeled with a Cy5 and a Cy3 fluoro-
phore, respectively (Figure 4(a)) [26]. RNA-RNA annealing of
the two fluorophore-labeled RNAs results in an increase of
fluorescence, which can be monitored to determine the rate
constants of the RNA complex formation.

The WT protein accelerated the 5’-3'CS RNA hybridization
at low protein concentrations confirming its activity as an
RNA annealer (Figure 4(b,c)). The single RRM-deficient var-
iants RRM1,,,; and RRM2,,,; showed a clear decrease in
activity, whereas the double RRM-deficient variant
RRMI + 2, was completely unable to promote the 5'-3'CS
RNA annealing (Figure 4(c)). The AUF1 p45 RGGsk variant

a
FRET
5‘CS
Cys 5Cs
+ —— Y
e~ O3
o3 3‘cs
3‘cs
C
—B-AUF1 p45 WT
£ RRMT nut
-0--RRM2 ¢
- &~ RRM142 e -
/D/
I g
A e
o
A — A — — — A
1 1 1

Protein (nM)

—a+WT

—8—R272A
—@—R278A
—8—R280A
—8—R282A
—@—R345A

0 1 1 1 1 1
0 20 40 60 80 100 120

Protein (M)

RNA BIOLOGY (&) 965

exhibited only a slight decrease in activity compared to the
WT activity. In contrast, the RGGs, variant was severely
affected in its ability to enhance the RNA annealing, showing
almost no activity up to a protein concentration of 100 nM
(Figure 4(d)). These data demonstrate that electrostatic inter-
actions mediated by the RGG/RG motif play an essential role
for AUF1’s RNA annealing activity.

The energetic contributions of the arginine residues of
the RGG/RG motif to RNA binding and annealing are
cumulative

In a final approach, we analyzed the energetic contribution of
each arginine residue of the RGG/RG motif to the RNA
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Figure 4. The RRMs as well as the RGG/RG motif contribute to the RNA annealing activity of AUF1 p45. (a) Scheme of the fluorescence-based 5'CS-3'CS RNA
annealing assay to analyze the hybridization of the CS cyclization sequences. Annealing of the complementary 5'- and 3'CS RNAs that are fluorescently labeled with
Cy5 and Cy3, respectively, leads to a detectable FRET signal. (b) Example kinetic traces of the RNA-RNA interaction in the presence of the indicated concentrations of
AUF1 p45 or variant RRM2,,,,. Cy3-labeled 3'CS RNA was incubated with the respective protein, followed by the addition of Cy5-labeled 5'CS RNA. The fluorescence
signals were analyzed according to a second-order reaction (Equation (3)). (c) — (e) The observed rate constants Kps (s7") that were measured for the RNA-RNA
interaction reaction in the presence of AUF1 p45 or variants thereof were plotted as a function of the protein concentration.
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annealing activity of AUF1 p45. For this purpose, we tested the
RNA binding of the single arginine to alanine substitution var-
iants R272A, R278A, R280A, R282A and R345A (Figure 1(b))
including the WT protein and the RGGsx and RGGs 5 variants to
the annealing substrates 5'CS and 3'CS (each 14 nt long). The
WT protein showed a moderate binding affinity to both anneal-
ing substrates (Kp = approx. 100 nM; Table 2). The single
substitution variants and the RGGsk variant differed in binding
strength by approximately 2-2.5-fold, with the exception of
variant R345A, which was less affected with a 1.4-fold decrease
in binding affinity. The corresponding differences in binding
free energy were in the range of 0.8 to 2.2 k]/mol. As expected,
the RGGs, substitution variant was the most detrimental with
a 20-fold decrease in RNA-binding, which corresponded to
a difference in binding free-energy of about 7 kJ/mol (Table 2).

The results of the RNA annealing assay clearly showed that
the exchange of each arginine residue to an alanine led to a slight
decrease of RNA annealing activity of the corresponding variant
as reflected by the observed rate constants (Figure 4(e)). These
data demonstrate that the arginine residues of the RGG/RG
motif individually contribute to the RNA annealing activity of
AUF1 p45.

Finally, to investigate the energetic contributions and nat-
ure of individual arginine-RNA interactions we analyzed the
free energy change of the RNA annealing process upon muta-
tion of AUF1. Here, we used the catalytic efficiency (kc./Kwm)
of each variant determined from the slope of the kg vs
protein concentration plot and calculated the free-energy
changes. The data revealed that for each single substitution
variant the total free energy is lowered by 2 kJ/mol demon-
strating that the single substitution variants changed the RNA
annealing activity only minimally (Table 3). With the RGGs4
variant a free-energy change of 11.6 kJ/mol was determined,
which is close to the sum of the free-energy changes of the
single substitution variants (10.1 kJ/mol). Interestingly, the
RGG/RG single substitution variants showed similar free
energy changes for RNA binding and annealing of about
2 kJ/mol. Thus, the arginine residues in the RGG/RG motif
mainly contribute to the affinity of AUF1 p45 for the RNA in
the initial complex formation.

Taken together, the RNA-binding affinities and free-energy
changes of the RGG/RG variants closely correlate with the
enzymatic activities of the RNA annealing assay. Moreover,
each arginine residue of the RGG/RG motif is equally impor-
tant for binding and annealing, suggesting an additive effect.

Table 3. Thermodynamic parameters of RGG/RG motif variants in RNA annealing.

Protein keae/Kp (10% 577 M7T)? AAG™ (kJ/mol)P
AUF1 p45 WT 461 0

AUF1 p45 RGGsg 1.84 23
AUF1 p45 RGGsa 0.04 11.6
AUF1 p45 R272A 178 23
AUF1 p45 R278A 2.1 19
AUF1 p45 R280A 152 27
AUF1 p45 R282A 253 15
AUF1 p45 R345A 2.30 1.7

*The catalytic efficiency k.,/Km Was determined from the slope of the ks values
plotted as a function of the protein concentration.

PThe RNA annealing free energy difference AAG* between the WT and the
variants was calculated using Equation (7) (see materials and methods).

Discussion
Functional roles of the RRM motifs

In the context of the full-length protein, our study has con-
firmed the crucial role of conserved phenylalanine residues
within the classical 8-sheet surface of AUF1’s RRMs for RNA
binding [8,9]. The data further revealed a synergy between both
RRMs within AUF1 because the free energy contribution to
RNA binding of both RRMs together is greater than the sum of
their individual contributions (Table 1). Although there is no
structural information available yet for both AUF1 RRMs, we
can speculate that the two independently folded RRMs are
likely held in a fixed position, thus enabling the two RRMs to
form an extended RNA-binding surface. Such a synergy of two
tandem RRM domains forming a cleft with the RNA bound
between the basic surfaces of the opposing 3 sheets has been
observed in the structures of several proteins, including
hnRNPA1 [35-37], PABP [38], Sxl [39], Nucleolin [40], HuD
[41] and Hrpl [42]. In the case of hnRNPA1, Beusch and
colleagues demonstrated that binding of both RRMs of
hnRNPA1 to RNA is required to achieve optimal splicing
repression [43]. In the case of the tandem RRMs of TDP-43,
RNA-binding mediates extensive RRM-RRM interactions,
which are crucial for the splicing activity of the protein [44].

Interestingly, we observed a general correlation between the
RNA-binding and RNA remodeling activities of the RRM var-
iants indicating that, at least with respect to the RRMs, RNA
annealing simply depends on RNA-binding affinity, i.e. the
binding energy is used for catalysis. This situation is different
from hnRNPA1 where protein variants with mutated RNP-1
sub-motifs bound RNA almost as well as the WT protein but
their RNA annealing activity was reduced [45].

Table 2. RNA binding of AUF1 p45 and variants to flaviviral RNA annealing substrates.

5'CS 3'CS
Protein Ko (nM)? Ko ratio® AAG (kJ/mol)© Ko (nM)? Ko ratio® AAG (kJ/mol)©
AUF1 p45 WT 105 + 27 1 0 101 = 30 1 0
AUF1 p45 RGGsg 208 + 19 2 1.7 198 + 34 2 1.7
AUF1 p45 RGGsp 2157 + 261 21 7.5 1813 + 432 18 7.1
AUF1 p45 R272A 230 + 18 2.2 1.9 201 + 31 2 1.7
AUF1 p45 R278A 257 + 51 2.5 2.2 242 + 67 24 2.2
AUF1 p45 R280A 234 + 56 22 1.9 228 + 47 23 2
AUF1 p45 R282A 244 + 60 2.3 2 234 + 35 2.3 2
AUF1 p45 R345A 144 £ 5 14 0.8 139 + 17 14 0.8

Dissociation constants and standard deviations derived from at least three measurements.

PK ratio to compare binding of wildtype (WT) vs protein variant.

The binding free energy difference between a WT-RNA complex and a variant-RNA complex was calculated as follows: AAG = -RT In(Kp WT/Kp variant).



Previous NMR studies with the isolated RRM1 of AUF1
suggested that non-specific interactions with RNA are
mediated by the residues in the central region of the RNA-
binding surface, while specific binding is mediated by those in
the peripheral region [8]. Interestingly, the ratios of AUF1
RRM variants and wildtype Kps obtained here revealed differ-
ences depending on the RNA used. The loss of RNA-binding
affinity of the RRM variants was much more pronounced
when a high-affinity target RNA was used as opposed to an
unspecific RNA (Table 1) indicating that the conserved phe-
nylalanine residues within the RNP-1 and -2 sub-motifs also
contribute to sequence-specific RNA recognition. One possi-
ble explanation for such an RNA discrimination mechanism
involves different phenylalanine side-chain conformations at
the RNA-binding surface of AUF1 that allow for high- or low-
affinity binding, as was recently shown for RRM3 of CUG-
binding protein 2 [46]. The role of the RGG/RG motif on the
other hand can be attributed mainly to non-specific binding
of RNA, since the ratios of the RGG/RG variants and wildtype
Kps do not change with different RNAs used (Tables 1 and 2).

The calculated differences in binding free energies between
wildtype and RRM variants revealed surprisingly low
AAG values compared to previous RRM-RNA binding data.
For example the exchange of only one conserved phenylala-
nine residue in the isolated RRMs of U1A and Fox-1 showed
AAG values of 18-23 kJ/mol [47,48], whereas the combined
exchange of two or four phenylalanine residues in RRM1 and
2 of AUF1 lowered the binding free-energy only by 7-16 kJ/
mol (Table 1). This indicates that the free-energy differences
are even more complex in the context of a full-length protein
containing several RNA-binding motifs or that the stacking
interactions of the conserved phenylalanine residues are not
as powerful in RNA-binding by AUFI.

Functional roles of the RGG/RG motif

In the case of AUF1 isoform p37 it was shown that the two
tandem RRM domains are necessary, but not sufficient, for high-
affinity RNA-binding requiring additional contributions from
N- and C-terminal domains to stabilize the resulting RNA-
protein complex [33]. Another study revealed that the RNA
footprint for maximal AUF1 binding is approximately 30 nt
[49]. Because RRM domains bind an average of 4 nt [7], this
implies N- and C-terminal regions to be crucially important by
increasing the AUFI-RNA interaction network. Here, we pro-
vided evidence that the RGG/RG motif within the C-terminus of
AUFI1 p45 represents such a molecular determinant for high-
affinity RNA binding. The interaction of arginine with RNA is
mediated by hydrogen bonding, hydrophobic (stacking) inter-
actions and electrostatic interactions. The observation that an
arginine to lysine substitution variant largely retains the binding
affinity to AU/GU-rich and unspecific RNAs (Table 1), high-
lights the importance of the positive charge of the arginine
residues within the RGG/RG motif for AUF1 p45-RNA complex
formation. One obvious explanation would be that the positively
charged arginine residues stabilize the complex through electro-
static interactions with the negatively charged phosphates of the
RNA. However, RNA-binding of the alanine substitution variant
was only moderately affected, indicating an auxiliary role instead
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of an essential role for the RGG/RG motif. This picture changes
completely when we analyzed the RNA remodeling activities of
AUF1 p45. Since we observed a drastic loss of the RNA chaper-
one activity of the lysine substitution variant (Figure 3(d)), the
arginine residues clearly confer a distinct property to the RGG/
RG motif besides its positive charge. Arginine, in contrast to
lysine, is capable of performing stacking interactions with RNA;
hence, it seems reasonable to suggest that arginine-mediated
stacking interactions with (flaviviral) stem-loop-RNAs contri-
bute significantly to its helix-destabilizing RNA chaperone activ-
ity (see model in Figure 5). This idea is further supported by the
recent observation that a methylated variant of AUF1 p45, in
which the five arginine residues of the RGG/RG motif investi-
gated here are dimethylated, showed a stronger RNA chaperone
activity whereas the RNA annealing activity remained largely
unaffected [26]. Through methylation the arginine becomes
more hydrophobic and this may facilitate stacking with RNA
bases. A similar situation where RNA remodeling activities are
regulated by post-translational modifications has been observed
for the RNA-binding proteins La and NF90. In the case of La
a novel RNA chaperone domain was shown to be regulated by
AKT phosphorylation [50]. NF90’s RNA annealing activity is
mediated by an RGG motif within the protein’s C-terminus,
which may be regulated by phosphorylation [22].

On the other hand, in the case of the RNA annealing assay,
the lysine substitution variant AUF1 p45 RGGskg can more
efficiently compensate for the loss of the arginine residues
(Figure 4(d)) indicating that the electropositive charge of argi-
nine within the RGG/RG motif is the major driving force for the
RNA annealing activity of the protein. Ionic bonds are formed
between the RGG/RG motif of AUF1 and the first RNA, thus
decreasing the net negative charge of the RNA, which might
result in the presentation of an annealing-competent conforma-
tion (see model in Figure 5). This indicates that the electroposi-
tive RGG/RG motif promotes annealing, most likely by reducing
the charge repulsion between the two annealing molecules. The
requirement of a large electropositive patch for the activity of
AUF1 confirms previous studies on the mechanism of protein-
catalyzed RNA annealing [19,51-54]. The involvement of an
RGG/RG motif in the process of RNA annealing also confirms
previous data for the RNA annealers hnRNPA1 [55,56], FMRP
[57] and NF90 [22]. However, with AUF1 we demonstrate for
the first time that the electropositive character of the arginine
residues within an RGG/RG motif is a crucial determinant for
the protein’s RNA annealing activity.

The annealing activity of AUF1 p45 on RNA substrates
should be considered as enzymatic reactions/catalytic reac-
tions. To compare the WT and the variants we calculated the
catalytic efficiencies (k.,/Ky;) which includes both the activa-
tion energies and the binding energies. We found that the free-
energy changes between the WT and the arginine variants of
AUF1 p45, which were calculated from the binding constants
to RNA on the one hand, and the catalytic efficiencies of the
RNA annealing assay on the other hand, closely correlate
(Table 3). Thus, the higher annealing activity of the WT is
characterized by an increase in RNA-protein-complex stability
(enzyme-substrate complementarity) rather than by a rate
advantage through lowering the activation energy barrier.
Consequently, the energetic contributions of the positively
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Figure 5. A model of AUF1’s RNA chaperone and RNA annealing activities mediated by its RGG/RG motif. Two distinct roles for the arginine residues of AUF1’'s RGG/
RG motif for each RNA remodeling activity are proposed. During RNA chaperoning, arginine-mediated stacking interactions promote destabilization of flexible RNA
helices (left). During RNA annealing, the RGG/RG motif reduces the negative surface charge of the first RNA, which might result in the presentation of an annealing-
competent conformation and facilitates subsequent annealing with the second RNA (right). The RNA remodeling activities of AUF1 might be accompanied by local
folding of the intrinsically disordered C-terminus to provide energy for the RNA chaperoning/annealing process (indicated by a different shape of the protein).

charged guanidinium groups of the arginine residues of the
RGG/RG motif of AUF1 p45 are related to the formation of the
binary complex (RNA-AUF1 p45-complex similar to the ES
complex), leaving the transition state unchanged.

Proteins with RNA chaperone/annealing activities
usually display a high content of intrinsically disordered
regions (IDR). Based upon an entropy transfer model,
IDRs of RNA chaperones undergo induced folding, i.e.
they switch from an unstructured to a structured state
upon binding of their target RNA [58]. Perhaps the argi-
nine residues are functionally relevant in the induced fold-
ing of the intrinsically disordered C-terminus of AUF1 to
provide energy for the RNA chaperoning/annealing process.
For Tra2-81 it was shown that unstructured N- and
C-terminal regions of its RRM interact with RNA and
even participate in the specific recognition of sequences.
Upon RNA binding these regions undergo a structural
transition from a disordered to an ordered conformation
[59]. Such RNA-induced positioning may also be the case
for AUF1 where the C-terminal region of RRM2 includes
the RGG/RG motif. Upon RNA binding the unstructured
RGG/RG motif might fold and in this way stabilize the
RNP-complex in order to achieve maximal binding activity
(see model in Figure 5).

So far, the RNA remodeling activities of AUF1 were investi-
gated in the context of flavivirus genomic RNA rearrangement
and replication. Interestingly, recent studies linked AUF1 and
the ARE-binding protein HuR to cellular processes involving
RNA-RNA interactions, particularly miRNA binding to mRNAs
targets, which may be influenced by mRNA target structure
[60-62]. Moreover, the interdependence of local ARE structure
and AUFI1 binding was indicated to modulate mRNA decay
activity, highlighting dynamic RNA conformations as an addi-
tional level to control gene expression [63-65]. Thus, unraveling
the role of AUF1’s RNA restructuring activities during the post-
transcriptional control of gene expression by trans-acting RNAs
will be an important task for future investigations.

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
AUF1 p45 is described elsewhere [25]. Plasmids encoding for
amino acid substitution-variants of AUF1 p45 were generated
by site-directed mutagenesis using the respective primer pairs
(Supplementary Table S1).



Expression and purification of wildtype and variants of
AUF1 p45 from E. coli

AUFI1 p45 and its variants were purified from the soluble
fraction of Escherichia coli BL21-CodonPlus® (DE3)-RP cells
using nickel-agarose affinity chromatography (HisTrap™ HP,
GE Healthcare) and, after cleavage with SUMO-protease, by
heparin-sepharose affinity chromatography and gel-filtration
(HiLoad™ 16/60 Superdex 200™ or 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
€250 = 58,915 M~' cm™'. All AUF1 p45 variants were stored at
—-80°C in 20 mM Tris/HCI, pH 7.6, 150 mM KCl, 1 mM Tris
(2-carboxyethyl)phosphine (TCEP). To confirm the absence
of co-purifying nucleic acids we determined the 280 nm/
260 nm ratio of the purified protein and compared it with
the theoretical 280 nm/260 nm ratio of AUF1 p45 using
extinction coefficients for Trp, Tyr and Phe from the
PhotochemCAD database [66].

Measurement of RNA-binding constants

The protein of interest was added to 5'-FAM-EX-labeled RNA
(0.2-25 nM) 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. After attaining equilibrium, the signal ampli-
tudes of the 5'-FAM-EX-labeled RNAs (Supplementary Table
S2) 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)
[67,68] with KaleidaGraph (Synergy Software) yielded the
Kp values of the interaction of the protein and the
labeled RNA.

AF=1+y

(b+c—|—KD)—\/(b+c+KD)2—4.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 RNA-RNA interaction assay

The assay was performed as described previously [27]. Briefly,
AUF1 p45 wildtype (WT) or a variant thereof was added to 10 nM
of 5'-Cy5-labeled 3'SL™"¢ DENV-RNA (purchased from IBA,
Gottingen, Germany; Figure 3(a) and Supplementary Table S2)
at different concentrations in assay buffer (50 mM Hepes/NaOH,
pH 8.0, 100 mM KCl, 5 mM MgCl,). Then, 100 nM of non-
labeled 5UAR DENV-RNA was added and readings were taken
for another 150 s. Changes in the fluorescence signals were
monitored using a Fluoromax-4 spectrofluorometer (Jobin
Yvon) at 22°C with the following parameters: excitation at
643 nm and emission at 667 nm. Fluorescence intensities relative
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to the starting fluorescence were plotted against time and fitted by
KaleidaGraph™ (Synergy) to a first-order reaction when protein
was omitted (Equation (2)) and a second-order reaction when
protein was included (Equation (3)) yielding the corresponding
rate constants kgps.

AF :Foffset+Fmax'[1 - exp(_kobs't)] (2)

1
i) ®

AF - total change of relative fluorescence amplitude,
Fomser— fluorescence intensity at the start point of the reaction,
Finax - maximum signal amplitude, ks — observed rate constant,
t — time

AF =Foffset+Fmax - <1 - k
obs

FRET-based RNA annealing of complementary cyclization
sequences

The assay was performed as described previously [26]. The
fluorescent oligonucleotides (Figure 4(a), Supplementary
Table S2) were purchased from IBA (Géttingen,
Germany). Briefly, AUF1 p45 WT, or a variant thereof,
was added at different concentrations to 10 nM of 5'-Cy3-
labeled 3'CS-RNA in assay buffer (50 mM Hepes/NaOH,
pH 8.0, 100 mM KCI, 5 mM MgCl,). Then, 10 nM of 5'-
Cy5-labeled 5'CS-RNA was added and readings were taken
for 400 s. Changes in the fluorescence signals were mon-
itored using a Fluoromax-4 spectrofluorometer (Jobin
Yvon, France) at 22°C. The Cy3 fluorophore was excited
at 535 nm wavelength and readings were taken at the Cy5
emission wavelength 680 nm. Fluorescence intensities rela-
tive to the starting fluorescence were plotted against time
and fitted by KaleidaGraph™ (Synergy software) to
a second-order reaction (Equation (3), see above) yielding
the corresponding rate constants kops.

Calculation of free energy change of RNA annealing upon
mutation of the arginine residues of the RGG/RG motif in
AUF1 p45

Transition-state theory provides the relationship of the rate
constant of a reaction and the free energy of activation.

kg - T\ AG”
: )—R.T (4)

h
kg - T
h
kg - T
h

AG” = —2.454[k]m0171} -Ink [sfl]

Ink=In <K .

AGT=—-R-T- [lnk—ln (K

——R'T~lnk+R~Toln(K~

+72.264[kJmol '] at22°C (5)
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where AG” is the free energy of activation, R is the universal
gas constant, k is the rate constant of the reaction, kg is the
Boltzmann constant, 4 is Planck’s constant, k is the transmis-
sion factor and T is the absolute temperature.

The catalytic efficiency k,/Ky was determined from the
slope of the plot ks (second-order rate constant) in depen-
dence on the protein concentration and used for the calcula-
tion of thermodynamic activation parameters [69,70]. The
reaction of the wildtype is related to that of the respective
variant in order to dissect its energetic contribution of the
functional group by the term AAG”, which is the difference
between the free energies of activation of the reaction cata-
lysed by the wildtype (wt) and the variant (var).

AAG” =AGL,—AG;, (6)

var

AAG"= —R-T- {m <@> ~In (@) }
K/ i Kn/ var
—R. T . l:h’l <kcat> —11'1 (kcat) :l
KM var KM wt

k)
(m Jevar 'KWt
AAG"=R T |In——4L2 =R -T-In( 2 M) (7)
(@) KK/I 'kcat
Ky wt
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