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ABSTRACT In previous studies, we showed that the cellular RNA-binding protein
AUF1 supports the replication process of the flavivirus West Nile virus. Here we
demonstrate that the protein also enables effective proliferation of dengue virus and
Zika virus, indicating that AUF1 is a general flavivirus host factor. Further studies
demonstrated that the AUF1 isoform p45 significantly stimulates the initiation of vi-
ral RNA replication and that the protein’s RNA chaperone activity enhances the in-
teractions of the viral 5’UAR and 3'UAR genome cyclization sequences. Most inter-
estingly, we observed that AUF1 p45 destabilizes not only the 3'-terminal stem-loop
(3'SL) but also 5’-terminal stem-loop B (SLB) of the viral genome. RNA structure
analyses revealed that AUF1 p45 increases the accessibility of defined nucleotides
within the 3'SL and SLB and, in this way, exposes both UAR cyclization elements.
Conversely, AUF1 p45 does not modulate the fold of stem-loop A (SLA) at the im-
mediate genomic 5’ end, which is proposed to function as a promoter of the viral
RNA-dependent RNA polymerase (RdRp). These findings suggest that AUF1 p45, by
destabilizing specific stem-loop structures within the 5’ and 3’ ends of the flaviviral
genome, assists genome cyclization and concurrently enables the RdRp to initi-
ate RNA synthesis. Our study thus highlights the role of a cellular RNA-binding pro-
tein inducing a flaviviral RNA switch that is crucial for viral replication.

IMPORTANCE The genus Flavivirus within the Flaviviridae family includes important
human pathogens, such as dengue, West Nile, and Zika viruses. The initiation of rep-
lication of the flaviviral RNA genome requires a transformation from a linear to a cy-
clized form. This involves considerable structural reorganization of several RNA mo-
tifs at the genomic 5" and 3’ ends. Specifically, it needs a melting of stem structures
to expose complementary 5 and 3’ cyclization elements to enable their annealing
during cyclization. Here we show that a cellular RNA chaperone, AUF1 p45, which
supports the replication of all three aforementioned flaviviruses, specifically rearranges
stem structures at both ends of the viral genome and in this way permits 5'-3" interac-
tions of cyclization elements. Thus, AUF1 p45 triggers the RNA switch in the flaviviral ge-
nome that is crucial for viral replication. These findings represent an important example
of how cellular (host) factors promote the propagation of RNA viruses.

KEYWORDS AUF1, dengue virus, flavivirus, RNA chaperone, RNA cyclization,
RNA-protein interaction, RNA replication, West Nile virus, Zika virus, host factor

engue virus (DENV) is one of the most important viral human pathogens, annually
infecting about 400 million people (1). Clinical manifestations of DENV infections
range from asymptomatic or cold-like disease to severe dengue hemorrhagic fever and
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shock syndrome. Along with other human pathogens, such as West Nile virus (WNV),
Japanese encephalitis virus (JEV), and tick-borne encephalitis virus (TBEV), DENV be-
longs to the genus Flavivirus within the Flaviviridae family. Another Flavivirus member,
Zika virus (ZIKV), has gained recent global attention due to the linkage of ZIKV
infections to severe neurological disorders, with several outbreaks in Micronesia, the
South Pacific, and the Americas (2).

The Flavivirus genome is an approximately 11-kb-long, single-stranded RNA of
positive polarity. Following entry and uncoating, the viral RNA is directly translated in
the cytoplasm of the infected host cell, generating three structural (capsid [C], precur-
sor of membrane [prM], and envelope [E]) and seven nonstructural (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5) proteins. Viral RNA replication occurs in distinct virus-
induced organelle-like membrane structures (viral replication factories) in the cyto-
plasm. In the first step, negative-strand intermediates are synthesized, which then serve
as templates for the generation of progeny positive-strand genomes (3-5). Replication
initiates by specific binding of the viral RNA-dependent RNA polymerase (RdRp) NS5 to
a promoter element, stem-loop A (SLA), which is formed by the 5’ end of the flaviviral
genome (see Fig. 2B and 4). Thus, an essential prerequisite to enable the RdRp to start
negative-strand RNA synthesis at the genomic 3’ end is a 5'-3' cyclization of the viral
RNA (6). Genome cyclization involves interactions of complementary cyclization se-
quences, termed CS, UAR, and DAR sequences, as well as considerable structural
rearrangements of the 5’ and 3’ termini of the viral RNA (see Fig. 2B and 7) (reviewed
in references 7 to 10).

The genomes of most RNA viruses encode only a small number of proteins;
accordingly, viral replication often requires the additional activity of cellular factors.
Several RNA-binding proteins (RBPs) have been implicated in interacting with flaviviral
genomes and acting as host factors during RNA replication (reviewed in reference 11).
Among them is AU-rich element-binding protein 1 (AUF1; also known as hnRNPD),
whose canonical function involves the regulation of the stability and/or translation of
mRNA targets, based on the recognition of AU-rich sequences within the mRNA'’s 3’
untranslated regions (3"UTR) (12, 13). Four AUF1 isoforms (p37, p40, p42, and p45) are
generated by alternative splicing from a common pre-mRNA, which results in isoform-
specific sequences encoded by exons 2 and 7 (14). While for most RBPs the mechanisms
for how these proteins support flaviviral RNA replication are unknown, we provided an
initial functional model for the host factor activity of the largest AUF1 isoform, AUF1
p45, based on studies with WNV. On the one hand, we could show that AUF1 p45 has
an RNA chaperone activity that is suggested to assist the protein to destabilize the WNV
3’ stem-loop structure (3'SL) and in this way to promote structural rearrangements of
the WNV genome (15). On the other hand, AUF1 p45 has an RNA annealing activity
which enables the protein to hybridize complementary single-stranded RNA molecules.
Thus, AUF1 p45 was proposed to accelerate interactions of the WNV 5’UAR-3"UAR and
5'CS-3'CS cyclization sequences (16). In mammalian cells, AUF1 p45 is frequently
modified by methylation at five arginine residues within an arginine- and glycine-rich
region (RGG/RG motif). The methylated protein variant, termed AUF1 p452PMA shows
a considerably increased RNA chaperone activity, while its RNA annealing activity is
unchanged in comparison to that of the nonmethylated protein (16).

In the present study, we show that AUF1 p45 also propagates DENV and ZIKV
replication, indicating that this RBP is a general host factor for mosquito-borne flavi-
viruses. Moreover, we demonstrate that AUF1 p45 induces specific restructuring events
at both ends of the viral RNA that expose the UAR cyclization elements and in this way
triggers the flaviviral RNA switch during genome cyclization.

RESULTS

AUF1 supports effective propagation of DENV and ZIKV in human cells. Strong
hints indicating a host factor function for AUF1 in the WNV replication process were
obtained when we performed a small interfering RNA (siRNA)-mediated depletion
(knockdown) of AUF1 and observed that viral propagation was markedly inhibited in
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FIG 1 RNA interference (RNAi)-mediated depletion of AUF1 inhibits DENV and ZIKV propagation. (A)
Huh7 cells were treated with a control siRNA (siC) and a siRNA targeting AUF1T mRNA (siAUF1). After 72
h, the cytoplasmic depletion of AUF1 was confirmed by Western blotting (bottom left), and the cells were
infected with DENV. At the indicated time points, the expression of NS5 was analyzed by indirect
immunofluorescence analysis (top), and culture fluids were assayed for virus titers by qRT-PCR (bottom
right). Average results and standard deviations (n = 4 [two independent experiments performed in
duplicate]) are shown. ***, P < 0.001. (B) Same as panel A, but cells were infected with ZIKV. Culture fluids
were assayed for virus titers by qRT-PCR. Average results and standard deviations (n = 6 [two indepen-
dent experiments performed in triplicate]) are shown. *, P = 0.05; **, P = 0.01; ***, P =< 0.001.

the depleted cells (15). Accordingly, to test whether AUF1 has a similar role in DENV and
ZIKV infections, we applied the established knockdown protocol (15). Mock-depleted
and AUF1-depleted Huh7 cells were infected with DENV type 2 or ZIKV strain PF13, and
the progress of infection was followed by immunofluorescence (IF) staining of the viral
protein NS5 and/or by measuring the amounts of viral RNA in the culture supernatants.
In the case of DENV infection, IF staining of NS5 revealed that in comparison to those
of the control cells, which showed continuous viral spread between 72 and 120 h
postinfection (p.i.), the AUF1-depleted cells displayed significantly lower infection rates
(Fig. 1A). These data were confirmed when we measured the viral titers in the
supernatants of the infected cells at different time points. For example, at 96 h p.i., the
DENV RNA titer was about 10 times lower in the culture fluids of AUF1-depleted cells
than in those of the controls (Fig. TA). A similar picture was obtained when we analyzed
the ZIKV infection experiments. In this case, at 48 h p.i, the amount of ZIKV RNA
molecules was about 10 times smaller in the supernatants of AUF1-depleted cells than
in those of mock-depleted cells (Fig. 1B). These experiments suggested that AUF1 is a
host factor that strongly enhances the replication of different flaviviruses.

AUF1 p45 supports DENV negative-strand RNA synthesis by promoting struc-
tural rearrangements of the viral RNA. To determine whether AUF1 p45, in analogy
to the previous observations with WNV, affected the first step of the DENV replication
process, we performed a replicase assay that applied the purified viral polymerase NS5
and a subgenomic RNA (sgRNA) as a substrate. The DENV sgRNA included the 5'-
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terminal 184 nucleotides (nt) as well as the 3'-terminal 451 nt and thus contained all
RNA elements known to be essential for initiation of de novo synthesis of negative-
strand RNA by the viral replicase (Fig. 2A) (15, 17, 18). As also shown in Fig. 2A, these
experiments yielded a dominant, newly synthesized RNA product in the applied gel
system; since it migrated close to the 600-nt marker, we concluded that it corresponded
to the full-length negative-strand copy of the DENV sgRNA. Additional, faster-migrating
RNA species were assumed to represent either incompletely processed negative-strand
molecules or hairpin by-products that were generated by priming and subsequent
“copyback” of the replicase at the template’s 3’ end (17). Note that during previous
work we could show that RNA synthesis was undetectable when we performed the
assay in the presence of only one nucleotide or with a DNA template (15). Importantly,
when we supplemented the reaction mixture with AUF1 p45 purified from Escherichia
coli, the NS5-mediated DENV RNA synthesis was markedly increased; this was also the
case when we applied the methylated variant of the protein, AUF1 p452PMA (Fig. 2A).
These findings demonstrate that AUF1 p45 significantly promotes DENV negative-
strand RNA synthesis.

In previously performed experiments with unrelated and WNV-derived RNA sub-
strates, we could show that AUF1 p45 does not directly stimulate the viral RdRp but
specifically modifies the structure of the viral RNA to improve the efficiency of negative-
strand RNA synthesis (15). Accordingly, we next wanted to know whether and how
AUF1 p45 is capable of promoting 5'-3" interactions of the DENV genome. As an
example, we investigated the interaction of the 5'UAR and 3'UAR cyclization se-
quences. This interaction requires considerable restructuring of the viral genome, as in
the linear form the 5'UAR sequence is part of stem-loop B (SLB), while the 3'UAR
sequence is part of the stem structure of the 3'SL (Fig. 2B; also see Fig. 7). Accordingly,
to enable 5"UAR-3"UAR hybridization, both stem-loop motifs have to be destabilized or
even denatured. To measure such an AUF1 p45-promoted restructuring of the 3'SL, we
took advantage of a fluorescence-based assay (15). This assay applied an RNA oligo-
nucleotide (3’SLtun<) which mainly corresponded to the double-stranded, lower por-
tion of the DENV 3’SL, which includes the 3’"UAR sequence. The 3'SLtrun<-RNA was 5’
labeled with Cy5, while the 3’ end was associated with the black hole quencher (BHQ)
dye. Thus, if the 3’SLtun<-RNA formed a stem, the Cy5 fluorescence would be quenched
due to the close proximity of BHQ (Fig. 2B). The second RNA used in the assay
contained a portion of the DENV 5'UTR comprising the 5'UAR sequence and was
unlabeled. (RNA sequences are summarized in Table S3 in the supplemental material.)
Hybridization of both RNAs via the UAR elements requires a rearrangement of the
3’SLtunc-RNA’s stem structure, which dissociates the Cy5 fluorophore from BHQ, and
the increasing fluorescence can be followed over time.

Measurements of the 5'UAR-3'UAR interactions revealed that these occurred only
slowly in the absence of protein (Fig. 2B). Yet when we added nonmethylated or
methylated AUF1 p45 to the reaction mixture, we observed a significant acceleration of
the RNA-RNA hybridization, which was most apparent with AUF1 p452PMA (Fig. 2B).
That is, in the presence of 50 nM AUF1 p45, the rate constant was increased ca. 2-fold
compared to that of the RNA-only reaction; in the presence of 50 nM AUF1 p453PMA we
measured a ca. 14-fold increase (Fig. 2B). An acceleration of the 3'SLtun<-5’UAR reaction
was not detected when we performed the assay in the presence of the RBP hnRNPHT,
which implicated a specific modulation of the viral cyclization elements by AUF1 p45
(Fig. 2B). The results demonstrated that the RNA chaperone activity of AUF1 p45 leads
to a destabilization of the 3'SL of the DENV RNA and, in this manner, enhances 5’-3’
RNA-RNA interactions. In analogy to our previous findings, the destabilizing activity of
AUF1 p45 on the DENV RNA was shown to be enhanced by arginine methylation of the
protein.

AUF1 destabilizes the 3'SL as well as 5'SLB of DENV RNA. To characterize the
destabilizing activity of AUF1 p45 with the DENV 3’SL in further detail, we performed
chemical modification experiments. For this purpose, a transcript comprising the
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FIG 2 DENV RNA synthesis and 5'-3" RNA-RNA interaction are stimulated by AUF1 p45. (A) (Top) Schematic representation of organization of the
DENV sgRNA (635 nt) used in the assay. The RNA consists of the 5’UTR, 3'UTR, and a part of the core coding sequence. SLA, stem-loop A; SLB,
stem-loop B; 3'SL, 3'stem-loop; CS, conserved sequence; UAR, upstream AUG region; DAR, downstream AUG region. (Bottom left) Degree of purity
of E. coli-purified DENV NS5 used in the assay. Aliquots of 3 g were analyzed in a Coomassie-stained SDS gel in parallel with a molecular marker
(M). (Bottom middle) In vitro replicase assay with DENV sgRNA and NS5 protein. The assay was performed in the absence (control) or presence
of 100 nM AUF1 p45 or AUF1 p452PMA The radiolabeled RNA products were analyzed by denaturing 5% PAGE. (Bottom right) Quantitative analysis
of de novo RNA products of the replicase assay. The control reaction value was set to 1. Error bars reflect standard deviations (n = 3). (B) (Top
left) 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. (Middle left) Scheme of the fluorescence-based 3'SLtun<-5'UAR interaction assay to detect AUF1 p45-mediated conformational
rearrangements of DENV RNA by dequenching of Cy5. (Top right) The assay was performed with labeled 3’SLtun< incubated with the indicated
concentrations of recombinant AUF1 p45 or AUF1 p452PMA, 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). When we performed the assay in the presence of 50 nM AUF1 p45 but without the complementary 5'UAR RNA, an increase of
fluorescence was not detected. (Bottom left) Observed rate constants (k... for the DENV 3=SLtur<-5=UAR interaction in the absence and
presence of different concentrations of AUF1 p45 and AUF1 p452PMA_ (Bottom right) The observed rate constants (k) that were measured for
the RNA-RNA interaction in the presence of the indicated concentrations of recombinant AUF1 p45, AUF1 p452PMA, or a control protein, hnRNPHT,
were plotted as a function of protein concentration.
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3'SL of the DENV RNA was treated with the methylating agent 1-cyclohexyl-(2-
morpholinoethyl)carbodiimide metho-p-toluene sulfonate (CMCT). CMCT specifically
modifies unpaired U residues at N-3 and, to a lesser extent, G residues at N-1 (19). The
sites of CMCT modification were determined by primer extension in parallel with a DNA
sequencing reaction. As shown in Fig. 3A, the obtained U/G modification pattern was
in close correspondence with a previously experimentally verified DENV 3'SL structure
(20). However, the bulges in the lower part of the 3'SL, which include several unpaired
U residues (U4/U76 and U12/U68), were observed to be modified only poorly by CMCT
(Fig. 3A). Interestingly, this situation was very different when we performed structure
probing in the presence of AUF1 p45. That is, several U residues in the bottom part of
the 3’SL which localize within or close to the 3’"UAR sequence and the complementary
strand (U76, U73, U63, U17, U16, U12, U4, U3, and U1) (Fig. 3A, highlighted in red)
turned out to be more accessible to chemical modification in the presence of high
concentrations of AUF1 p45 (Fig. 3B). Experiments that were done with another RBP,
hnRNPH1, revealed no changes of the RNA structure (Fig. 3C). Accordingly, these data
directly visualized the RNA chaperone activity of AUF1 p45 on the 3'SL substrate: in
particular, by destabilizing the bottom portion of the 3’'SL, AUF1 p45 apparently
increases the accessibility of the 3’"UAR sequence for base pairing with the 5'UAR
sequence.

A further important question was whether AUF1 p45 is also able to destabilize
stem-loop B (SLB), which is folded by the 5’ end of the linear form of the flaviviral RNA.
As outlined above, SLB encloses the 5'UAR cyclization sequence and needs to be
restructured to enable 5'UAR-3"UAR hybridization during genome cyclization (Fig. 2B
and 4A). To address this, we performed CMCT structure probing of a transcript that
contained the DENV RNA’s 5’ end, including the SLA as well as SLB sequences. Again,
the CMCT modification data on the 5’ end of the DENV RNA in the absence of protein
were in strong agreement with previous reports (21-23). Most interestingly, and
comparable to the situation with the 3'SL, we observed the SLB RNA structure to be
noticeably changed in the presence of AUF1 p45. That is, several U and G residues
which are located within the bottom part of SLB (U71 to U74 and U98/G99), but also
within and close to the 5'UAR sequence (U79-U80) (Fig. 4A, highlighted in red), were
significantly more susceptible to CMCT modification (Fig. 4B). Besides this, two C
residues, at positions 105 and 106, showed a markedly reduced accessibility to CMCT
when AUF1 p45 was present (Fig. 4A [highlighted in blue] and B). In contrast, the
presence of hnRNPH1 did not change the accessibility of the RNA to CMCT modification
(Fig. 4Q).

The observed protection of C105 and C106 suggested a potential binding site for
AUF1 p45 operating on the DENV SLB. Another interesting observation showed that in
contrast to that of SLB, the conformation of the neighboring NS5 promoter element
SLA was not rearranged by AUF1 p45 (Fig. 4). Hence, these data indicated an evident
preference of the RNA chaperone activity of AUF1 p45 to target flaviviral RNA motifs
which are involved in the cyclization process (see Discussion).

The final experiments of this study addressed two issues. On the one hand, we
wanted to determine whether these observations with the DENV SLB were also
applicable to slightly different flaviviral SLBs, namely, those of ZIKV and WNV. On the
other hand, we were interested in measuring the kinetics of the destabilizing activity of
AUF1 p45 on SLB. First, we performed CMCT structure probing by using an RNA that
comprised the ZIKV SLA and SLB structures (Fig. 5A). Interestingly, in analogy to the
situation with the DENV SLB, we observed the ZIKV SLB RNA structure to be noticeably
changed in the presence of AUF1 p45. That is, several U and G residues which are
located within the bottom part of SLB (G72 and U73 to U76) (Fig. 5A, highlighted in red)
were significantly more susceptible to CMCT modification. This was not the case when
the reaction mixture was analogously complemented with hnRNPH1 (Fig. 5A and B).
Second, we adapted the fluorescence-based RNA-RNA interaction assay described
above to the WNV SLB by using a Cy5- and BHQ-labeled WNV SLB and an unlabeled
WNV 3’UAR sequence (Fig. 6). Again, in the absence of protein, the 5'UAR-3'UAR
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FIG 4 AUF1 p45 specifically destabilizes SLB within the DENV 5'UTR. (A) (Left) Secondary structures of 5'-terminal stem-loop A (SLA) and stem-loop B (SLB) of
the DENV genome. Nucleotide position numbering starts at the 5’ end of the RNA. The 5'UAR-flanking stem (UFS) is indicated. Nucleotides that are exposed
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AUF1 p45 are highlighted in blue. (Right) RNA structure probing of the DENV 5’ end by CMCT in the presence of the indicated concentrations of AUF1 p45
(lanes 8 to 10). Control reaction mixtures in CMCT buffer were included (lanes 5 to 7). Products of the primer extension reaction, carried out with a radiolabeled
primer, were analyzed by 8% denaturing PAGE along with a sequencing ladder (lanes 1 to 4). Note that due to the stop of the reverse transcriptase upon
encountering alkylated Watson-Crick positions, the resulting product is one base shorter. One region of the gel is enlarged on the right. (B) Quantification of
the primer extension analysis shown in panel A. (C) RNA structure probing of the DENV 5" end with CMCT in the presence of the indicated concentrations of
AUF1 p45 and hnRNPH1. One region of the gel where we observed a change of the secondary structure in the presence of AUF1 p45 is shown (see panel A).

interactions occurred rather slowly. However, when we complemented the reaction
mixture with nonmethylated or methylated AUF1 p45, we observed a significant
acceleration of the RNA-RNA interactions. As in the former experiments, AUF1 p453bMA
showed a significantly higher activity than that of the nonmethylated protein (Fig. 6).
For example, with 100 nM AUF1 p45 the observed rate constant (k) was increased
3-fold compared to that for the RNA-only reaction, while in the presence of 35 nM AUF1
p453PMA it was increased 9-fold (Fig. 6). Experiments that were performed in the
presence of the RBP hnRNPH1 showed no acceleration of the WNV SLB-3'UAR inter-
actions (Fig. 6). Taken together, these results demonstrated that AUF1 p45, in particular
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or hnRNPH1 (lanes 8 to 10). Control reaction mixtures in CMCT buffer were included (lanes 5 to 7). Products of the primer extension reaction, carried out with
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Quantification of the primer extension analysis shown in panel A.

the methylated form of the protein, has the capability of inducing conformational
changes and destabilizing stem-loop structures in the 5’ as well as 3’ end of the
flaviviral RNA. This enhances 5'-3" interactions of the viral RNA and supports the
initiation of negative-strand RNA synthesis.
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FIG 6 Stem-loop B (SLB) of WNV is destabilized by AUF1 p45. (Top left) Scheme of fluorescence-based assay to detect AUF1
p45-mediated conformational rearrangement of WNV SLB by dequenching of Cy5. (Top right) The assay was performed with
Cy5- and BHQ-labeled SLB incubated with the indicated concentrations of recombinant AUF1 p45 or AUF1 p452PMA, Following
the addition of 3"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). When we
performed the assay in the presence of 50 nM AUF1 p45 but without the complementary 3'UAR RNA, an increase of
fluorescence was not detected. (Bottom left) Observed rate constants (k,..) for the WNV 5'SLB-3"UAR interaction in the
absence and presence of different concentrations of AUF1 p45 and AUF1 p452PMA, (Bottom right) The observed rate constants
(ko) that were measured for the RNA-RNA interaction in the presence of the indicated concentrations of recombinant AUF1
p45, AUF1 p452PMA or a control protein, hnRNPH1, were plotted as a function of protein concentration.

DISCUSSION

Cellular as well as viral RNA-binding proteins (RBPs) play crucial roles in the
propagation of RNA viruses. However, a better understanding of the specific activities
of these proteins is just beginning to emerge. An important aspect in this regard is that
some RBPs not only bind to the RNA target but also function as RNA chaperones that
promote the folding of RNAs and/or facilitate RNA-RNA interaction in an ATP-
independent manner (24, 25).

The switch that the positive-strand viral genomic RNA undergoes from a translatable
mRNA to a template for negative-strand RNA synthesis during replication is a decisive
step in the flaviviral life cycle. While the mechanism of this RNA switch is not yet fully
understood, it is well established that genome cyclization via complementary se-
quences within the 5" and 3’ ends of the viral RNA represents a key event (6, 26-29).
The capsid protein and the NS3 helicase of the virus were suggested to function as
RNA chaperones which promote the transformation of the linear to the circular
conformation of the viral RNA genome (30, 31). In addition, AUF1 p45, a cellular RNA
chaperone, was shown to support WNV replication by adopting RNA chaperone and
RNA annealing activities, both of which contribute considerably to the genome
cyclization process (15, 16).

Here we show that cellular depletion of AUF1 inhibits DENV and ZIKV replication,
suggesting that the protein acts as a universal flavivirus host factor. Our data are in
agreement with the finding that AUF1 is one of the DENV RNA-interacting proteins
identified by quantitative mass spectrometry-based proteomic analysis (qTUX-MS)
during live infection of human cells (S. Thompson, personal communication). We
obtained a series of data with DENV, WNV, and ZIKV, which substantially improved our
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understanding of the host factor's RNA chaperone activity. Thus, we can now explain
that AUF1 p45 stimulates negative-strand RNA synthesis by destabilizing two con-
served RNA structures, located within the viral genomic 5’ and 3’ ends. On the one
hand, the RNA chaperone activity of AUF1 p45 was demonstrated to induce defined
structural changes within the 3’'SL motif, which exposes the 3’UAR cyclization se-
quence. On the other hand, we found that AUF1 p45 destabilizes the SLB motif within
the 5'UTR and in that way exposes the 5'UAR cyclization sequence. Accordingly, the
rearrangement of the 3’SL and 5'SLB by AUF1 p45 enables base pairing of the
complementary 5'UAR and 3’UAR sequences as a prerequisite for flaviviral genome
cyclization. Notably, the protein has no effect on the structure of the SLA motif,
suggesting that AUF1 p45 targets specifically those flaviviral RNA motifs that are
involved in the cyclization process.

Our observations are consistent with recent findings on DENV4, by Liu et al,
showing that an increase of the stability of the AU-rich stem within the bottom part of
SLB, named the 5'UAR-flanking stem (UFS) (Fig. 4A), negatively affects viral RNA
replication (23). Intriguingly, this report further revealed that the UFS element is also
crucial for the recruitment of NS5 to the SLA promoter and that unwinding of SLB,
including the UFS, decreases the affinity of NS5 for the viral genome’s 5" end (23).
Accordingly, SLB not only is involved in the cyclization process but also participates in
the recruitment of the viral RdRp to the genome’s 5’ end and in translocation of the
RdRp to the 3" end. Considering the high affinity of AUF1 for AU-rich and U/GU-rich
sequences (32), we hypothesize that while it interacts with this region, AUF1 may
trigger the RNA switch that regulates the translocation of the RdRp to the genome’s 3’
end. Filomatori et al. previously showed that binding of NS5 to the SLA element induces
conformational changes downstream of the promoter, i.e., within the same region that
we found here to be exposed upon AUF1 p45 binding. As these structural changes
were proposed to render the SLA-NS5 complex competent for RNA synthesis (33), this
supports the idea that NS5 and AUF1 p45 act in concert to induce multiple structural
changes within the flaviviral RNA that promote genome cyclization and subsequent
initiation of negative-strand RNA synthesis.

Based on a previous model of flavivirus replication (34), we propose the following
role for AUF1 p45. One of the canonical functions of AUF1 is the control of mRNA
translation via the recognition of AU-rich elements within the mRNA’s 3'UTR (13). AUF1
has been shown to interact with proteins of the translation apparatus, such as the
translation initiation factor elF4G and poly(A)-binding protein (PABP) (35, 36). Therefore,
it is conceivable that AUF1 contacts the flaviviral RNA during translation initiation (Fig.
7A). While translation is occurring, the local concentrations of viral proteins, such as
NS5, increase (Fig. 7B). The high affinity of NS5 for SLA (33) then leads to the
displacement of translation initiation factors, while AUF1 p45 triggers genome cycliza-
tion by its RNA remodeling activities. AUF1 thus destabilizes the 5'SLB and 3'SL,
exposing the 5'UAR and 3'UAR cyclization sequences, respectively, through its RNA
chaperone activity (Fig. 7B) (15; this study). Furthermore, AUF1 accelerates the hybrid-
ization of the conserved 5'CS and 3'CS cyclization sequences via its RNA annealing
activity (Fig. 7B) (16). The RNA switch from a linear to a circular structure, including the
rearrangement of SLB, decreases the affinity of NS5 for SLA, and NS5 initiates negative-
strand RNA synthesis at the 3" end of the viral RNA (Fig. 7C) (23).

Our study demonstrates how the RNA chaperone activity of the largest AUF1
isoform, AUF1 p45, contributes to the RNA switch during flavivirus genome cyclization,
triggering the initiation of negative-strand RNA synthesis. While earlier complementa-
tion experiments with the WNV polymerase revealed primarily AUF1 p45 to stimulate
the first step of RNA replication in vitro (15), a still insufficiently addressed question
concerns whether other AUF1 isoforms in the cell may substitute for AUF1 p45 or
perhaps act in a different way. Considering that the four AUF1 isoforms were indicated
to show different RNA binding properties and to remodel bound RNA substrates into
divergent structures (37), this will be an important aspect of future investigations.

A second vital aspect to be examined concerns earlier reported pro- or antiviral
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FIG 7 Model of AUF1's role during flavivirus genome cyclization. (A) Ribosomes (depicted in gray)
engage in active translation of the flavivirus genome following the release of the viral RNA into the
cytoplasm of the host cell. AUF1 (depicted in red) interacts with proteins of the translation initiation
apparatus (depicted in different shades of green), e.g., elF4G. (B) As a result of translation, the local
concentration of the viral protein NS5 increases (depicted in blue), and this protein displaces the
translation initiation factors at the 5" end of the RNA. NS5 and AUF1 trigger a transition from translating
mMRNA to a replication template for negative-strand RNA synthesis. AUF1 binds 5'CS and 3’CS cyclization
sequences and promotes RNA hybridization. AUF1 destabilizes SLB and 3’SL and exposes the 5'UAR and
3'UAR cyclization sequences. (C) The RNA switch from linear to circular, including the rearrangement of
SLB, decreases the affinity of NS5 for SLA, and NS5 initiates negative-strand RNA synthesis at the 3’ end
of the viral RNA.

activities of AUF1 in the life cycles of other RNA viruses. For example, AUF1 was shown
to promote the translation of the hepatitis C virus (HCV) genome by binding to the HCV
internal ribosome entry site (IRES) (38). Conversely, AUF1 was observed to inhibit the
translation of various picornavirus genomes, such as those of poliovirus, rhinovirus, and
enterovirus, again by binding to specific RNA structures within the viral IRES (39;
reviewed in reference 40). While the precise mechanisms are unknown, it is plausible
that these activities of AUF1 are also associated with its RNA restructuring capa-
bilities. A final intriguing question that remains is whether and how the RNA
remodeling activities of AUF1 proteins contribute to their functions in the cellular
RNA metabolism.
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MATERIALS AND METHODS

Plasmid encoding DENV sgRNA. All DENV constructs were derived from an infectious cDNA clone
of DENV 2 strain 16681 (kindly provided by Richard Kinney). Primer sequences are supplied in Table S2
in the supplemental material. The plasmid pDENVsgRNA, which encodes the DENV sgRNA (encompass-
ing the 5'-terminal 184 nt and the 3’-terminal 451 nt of the DENV genomic RNA), was generated by PCR
amplification of a plasmid coding for a DENV2 replicon by use of oligonucleotide primers DENVsgRNAFor
and DENVsgRNARev, followed by phosphorylation and religation.

Plasmid encoding ZIKV 5'UTR. To obtain pUC18-ZIKV-5'UTR, the corresponding cDNA was generated
by reverse transcription-PCR (RT-PCR) amplification of RNA isolated from the supernatant of ZIKV-infected
Huh7 cells (strain PF13) by using the primers 5'UTRZIKV_RT, 5UTRZIKVFor, and 5UTRZIKVRev. This DNA
fragment was inserted between the Hindlll and Smal restriction sites in pUC18.

Plasmids encoding SUMO fusion proteins. The pETSUMO expression system was used for the
expression of recombinant proteins in E. coli. For DENV NS5, the NS5 coding sequence was amplified by
PCR from a plasmid coding for a DENV2 replicon by using primers NS5DENVFor and NS5DENVRev, and
the resulting DNA fragment was inserted between the Bsal and BamHI restriction sites of the pETSUMO
expression vector. The plasmids encoding AUF1 p45 and PRMT1-AUF1 p45 were described previously
(15, 16).

RNA extraction and qRT-PCR. For the quantification of virus titers after infection with DENV or ZIKV,
the viral RNA was extracted from culture fluids by using the MagNA Pure system (Roche). DENV RNA was
quantified by a two-step quantitative RT-PCR (qRT-PCR) protocol targeting the NS5-3'UTR region.
Standard RT was performed using Superscript Il reverse transcriptase (Invitrogen). PCR mixtures con-
tained buffer (Invitrogen), 3 mM MgCl,, 100 ng/ul bovine serum albumin (BSA), primer FLA EMF1 for (10
pmol; Metabion), primer FLA VD8 rev (10 pmol; Metabion), deoxynucleoside triphosphates (dNTPs) (250
uM [each]; Qiagen), SYBR Green, Platinum Taqg polymerase (2 U; Invitrogen), and cDNA. ZIKV RNA was
quantified by a one-step gqRT-PCR protocol using fluorescence resonance energy transfer (FRET) probes
targeting the envelope coding region. RT-PCR mixtures contained QuantiFast multiplex RT-PCR master mix
(Qiagen), QuantiFast RT mix (Qiagen), RNase inhibitor (Fermentas), primer ZIKV_for (10 pmol; Metabion),
primer ZIKV_rev (10 pmol; Metabion), probe ZIKA_FL (4 pmol; TibMolBiol), probe ZIKA_LCRed640 (4 pmol;
TibMolBiol), and RNA. See Table S2 in the supplemental material for details of the primers and probes. To
quantify the RNA copy number, the data were related to a standard curve assessed by plasmid dilution.
Further details of the RT and PCR conditions are available upon request.

Western blotting and antibodies. Anti-AUF1 antibody was purchased from Millipore, and anti-
vinculin antibody was purchased from Sigma. Secondary antibodies were purchased from Li-Cor.
Western blots were performed by using standard protocols and following the manufacturers’ instruc-
tions.

Replicase assay. The template sgRNA was transcribed by use of T7 RNA polymerase (standard
protocol) from a PCR product that was generated from pDENVsgRNA by using primers SUTRDENVFor and
3UTRnativDENV (Table S2). The assay was performed in a total volume of 40 ul in buffer containing 50
mM HEPES-NaOH, 55 mM KCl, 5 mM MgCl,, 0.5 mM MnCl,, and 1 mM dithiothreitol, pH 8.0. It contained
500 uM (each) ATP, GTP, and UTP, 0.1 uM CTP, 10 uCi [a-32P]CTP, 10 nM template RNA, and 60 nM
purified recombinant NS5. Supplementation was performed such that the proteins were preincubated
under the assay conditions with the template RNA, and NS5 was added subsequently. When proteins
were added, the buffer conditions of the control reaction mixture were adapted to keep the ionic
strength constant. The reaction was carried out for 60 min at 22°C and stopped by phenol-chloroform
extraction and ethanol precipitation of the RNA. Alternatively, the RNA products were purified using a
High Pure RNA isolation kit (Roche). The RNA products were analyzed by electrophoresis on a 5%
denaturing polyacrylamide gel (7 M urea), visualized by phosphorimaging, and quantified by use of
ImageQuant software (GE).

Expression and purification of DENV NS5. DENV NS5 was expressed as a SUMO fusion protein in
Escherichia coli BL21-CodonPlus (DE3)-RP cells. The protein was purified from the soluble fraction by
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;
GE Healthcare). Purified NS5 was stored at —20°C in 50 mM Tris-HCl, 300 mM NaCl, 40% (vol/vol) glycerol,
pH 7.6, until use. The protein concentration was determined by measuring the absorbance at 280 nm,
using an ¢ value of 218,135 M~" cm~".

Expression and purification of nonmethylated and methylated AUF1 p45 from E. coli. Non-
methylated and methylated AUF1 p45 (coexpressed with protein arginine methyltransferase 1) proteins
were purified from the soluble fraction of Escherichia coli BL21-CodonPlus (DE3)-RP cells as previously
described (16). UV-visible absorption spectra were measured using a Jasco V-550 spectrophotometer.
The protein concentration was determined by measuring the absorbance at 280 nm, using an ¢ value of
58,915 M~' cm~". The proteins were stored at —80°C in 20 mM Tris-HCl, pH 7.6, 150 mM KCI, 1 mM
Tris(2-carboxyethyl)phosphine (TCEP).

Expression and purification of hnRNPH1 from E. coli. Expression and purification of hnRNPH1
were performed as previously described (15).

Cell culture, transfection conditions, infection experiments, and IFA. Human hepatoma cells
(Huh?7) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supplemented with
10% fetal calf serum (FCS) (Pan-Biotech), 1% penicillin-streptomycin (Invitrogen), 0.1% p-biotin, and 0.1%
hypoxanthine (Sigma). Duplex siRNA targeting the mRNAs of AUF1 was purchased from Eurofins MWG
Operon (Table S1). Transfection was performed with 70% confluent Huh7 cells and Lipofectamine
RNAIMAX (Invitrogen), using the manufacturer’s instructions. To test the effect of AUF1 depletion on the
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propagation of infectious DENV and ZIKV, approximately 5 X 10° Huh7 cells were infected with DENV
strain 16681 or ZIKV strain PF13 (1 h at a 50% tissue culture infective dose [TCID,,] of 1 X 10%/ml). A
rabbit polyclonal antiserum (kindly provided by Ralf Bartenschlager) was applied to detect the synthesis
of NS5 by indirect immunofluorescence analysis (IFA).

Fluorescence-based RNA-RNA interaction assay. The fluorescence-based RNA-RNA interaction
assay was performed as described previously (15). Briefly, different concentrations of the AUF1 p45
wild-type (WT) protein or a variant thereof were added to 10 nM 5’-Cy5-labeled DENV 3SLtru"<-RNA or
5'-Cy5-labeled WNV SLB RNA (purchased from IBA, Gottingen, Germany) (Fig. 2 and 6; Table S3) in assay
buffer (50 mM HEPES-NaOH, pH 8.0, 100 mM KCI, 5 mM MgCl,). Next, 100 nM nonlabeled DENV 5'UAR
RNA or WNV 3’UAR RNA (Table S3) was added, and readings were taken for another 150 s. 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, and slit widths of 10 and 10 nm.
Fluorescence intensities relative to the starting fluorescence were plotted against the time and fitted by
KaleidaGraph (Synergy) to a first-order reaction (equation 1) when protein was omitted and a second-
order reaction (equation 2) when protein was included, yielding the corresponding observed rate
constants (k.y.), as follows:

AF = Fy + Py X [1 = exp(—kops X £)] 1)
AF = Fogie + Foge X [1= 1/ (kgpy X £ +1)] ()

where AF is the total change of the relative fluorescence amplitude, F .., is the fluorescence intensity
at the start point of the reaction, F,,, is the maximum signal amplitude, k. is the observed rate
constant, and t is time.

Chemical probing of RNA secondary structure and primer extension analysis. The DENV
3'-terminal 109 nt and 5'-terminal 151 nt (each fused to a binding site for primer extension) were
transcribed by use of T7 RNA polymerase (standard protocol) from a PCR product that was generated
from pDENVsgRNA by using oligonucleotide primer pairs 3CycDENVFor/3UTRDENVPolyCA and
5SUTRDENVFor/5UTRDENVPolyCA. The ZIKV 5'-terminal 151 nt (fused to a binding site for primer extension)
were transcribed by use of T7 RNA polymerase (standard protocol) from a PCR product that was generated
from pUC18-ZIKV-5'UTR by using oligonucleotide primer pair SUTRZIKVFor/5UTRZIKVPolyCA. Evaluation of
the RNA secondary structure was done using the protocol published by Yu et al. (41), with minor modifica-
tions. The modifying agent used was CMCT [1-cyclohexyl-(2-morpholinoethyl)carbodiimide metho-p-toluene
sulfonatel]. First, 0.5 ug RNA (174 nM 5'RNA or 230 nM 3'RNA) was preincubated in the absence or presence
of 1 or 2 uM AUF1 p45 or hnRNPH1 in 50 mM potassium borate, pH 8.0, 100 mM KCl, 5 mM MgCl,. CMCT
was added to the reaction mixture, to a final concentration of 100 mM, followed by incubation for 10 min
at 22°C. The reaction was stopped with 325 ul stop buffer [0.2 M piperazine-N,N'-bis(2-ethanesulfonic
acid) (PIPES)-NaOH, pH 6.4, 0.3 M sodium acetate, 5 mM EDTA]. The modified RNA was extracted with
phenol-chloroform and then precipitated with ethanol, with 10 ug tRNA as a carrier. Chemically modified
RNA molecules were mixed with 1 pmol of 5’-end-labeled DNA primer (3UTRDENVPolyCA_RT). Primer
extension was performed at 42°C for 60 min with 100 U of RevertAid reverse transcriptase (Thermo-
Scientific) under the conditions recommended by the manufacturer. The locations of modification sites
were determined by 8% denaturing polyacrylamide gel electrophoresis (with 8 M urea) of the primer
extension products. In parallel, the corresponding DNA sequence was determined by dideoxynucleotide
sequencing (DNA cycle sequencing kit; Jena Bioscience) with the same 5’-end-labeled primer. The cDNA
products were visualized by phosphorimaging and quantified by use of ImageQuant software (GE).
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