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ABSTRACT Alternative splicing of HIV-1 mRNAs increases viral coding potential and
controls the levels and timing of gene expression. HIV-1 splicing is regulated in part
by heterogeneous nuclear ribonucleoproteins (hnRNPs) and their viral target se-
quences, which typically repress splicing when studied outside their native viral con-
text. Here, we determined the location and extent of hnRNP binding to HIV-1 mR-
NAs and their impact on splicing in a native viral context. Notably, hnRNP A1,
hnRNP A2, and hnRNP B1 bound to many dispersed sites across viral mRNAs. Con-
versely, hnRNP H1 bound to a few discrete purine-rich sequences, a finding that was
mirrored in vitro. hnRNP H1 depletion and mutation of a prominent viral RNA hnRNP
H1 binding site decreased the use of splice acceptor A1, causing a deficit in Vif ex-
pression and replicative fitness. This quantitative framework for determining the reg-
ulatory inputs governing alternative HIV-1 splicing revealed an unexpected splicing
enhancer role for hnRNP H1 through binding to its target element.

IMPORTANCE Alternative splicing of HIV-1 mRNAs is an essential yet quite poorly
understood step of virus replication that enhances the coding potential of the viral
genome and allows the temporal regulation of viral gene expression. Although
HIV-1 constitutes an important model system for general studies of the regulation of
alternative splicing, the inputs that determine the efficiency with which splice sites
are utilized remain poorly defined. Our studies provide an experimental framework
to study an essential step of HIV-1 replication more comprehensively and in much
greater detail than was previously possible and reveal novel cis-acting elements regu-
lating HIV-1 splicing.

KEYWORDS HIV-1, hnRNP, splicing

During HIV-1 infection, a single viral transcript undergoes extensive alternative
splicing, generating over 50 alternative spliced mRNAs that are classified by size

(1–3). The 1.8-kb class comprises completely spliced mRNAs that encode Tat, Rev, and
Nef proteins, while the incompletely spliced 4-kb-size-class mRNAs encode Vif, Vpr, Env,
Vpu, and a truncated form of Tat. The unspliced primary transcript encodes the Gag and
Gag-Pro-Pol proteins and serves as genomic RNA. A novel 1-kb class of transcripts was
recently identified (4), but no functionality has yet been assigned to this class of
transcripts. While completely spliced transcripts are exported from the nucleus by
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canonical cellular mRNA export pathways, export of incompletely spliced and unspliced
transcripts is mediated by the viral Rev protein (5). Rev binds to a highly structured RNA
element termed the Rev-responsive element (RRE) and mediates RNA export by re-
cruiting the host karyopherin Crm1 (6). This mode of regulation allows for the initial
appearance of regulatory proteins, followed by the production of virion proteins a few
hours later (7).

The numerous spliced HIV-1 mRNAs are generated through the utilization of at least
four splice donor sites (D1, D2, D3, D4) and eight acceptor sites (A1, A2, A3, A4c, A4a,
A4b, A5, and A7) (1–3) (Fig. 1). All spliced RNAs use D1, located in the 5= noncoding
region, and one of the downstream acceptor sites (1, 2). The members of the fully
spliced 1.8-kb class of RNAs undergo further splicing to remove the D4-A7 env intron
(1, 2). A small fraction of RNAs contain two additional small exons in their 5= untrans-
lated regions (UTRs), A1-D2 and A2-D3, generated by utilization of the D2 and D3 donor
sites (1, 2). It has been proposed that inclusion of these exons can impact transcript
stability, splicing, and viral gene expression in heterologous expression systems (1, 2,
8–10). However, it remains to be determined whether they have a functional impact on
HIV-1 replication. Additional cryptic splice donor and acceptor sites are utilized at lower
frequencies (4), but it is currently unknown whether these alternative splicing events
have a functional significance.

The intrinsic strengths of the donor and acceptor sites are governed in part by the

FIG 1 Schematic diagram of HIV-1 alternative splicing events. The positions of splicing donor (D1 to D4) and acceptor (A1 to A7) sites are indicated. The
products of alternative splicing events are indicated at the bottom.
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extent of their similarity to the consensus donor and acceptor sequences (2). For
example, the D1 sequence is 100% identical to the consensus sequence, and all
subsequent splicing events require the use of D1. Other donor and acceptor sites are
generally suboptimal, and their utilization is further regulated by proximal cis-acting
elements, including exonic splicing enhancers (ESEs), exonic splicing silencers (ESSs),
and intronic splicing silencers (ISSs). These cis-acting elements can be bound by
members of the serine-arginine-rich protein family (SR proteins) and the heterogenous
nuclear ribonucleoprotein (hnRNP) family, which generally enhance and repress the use
of nearby splice sites, respectively. However, splice site utilization is often context
dependent and reflects the combinatorial nature of both cis- and trans-acting inputs
(11).

hnRNPs have also been ascribed additional roles, including the retention of un-
spliced viral genomic RNA in the nucleus (12, 13), nuclear export of viral/cellular RNAs
(14), and viral mRNA translation (14, 15). The majority of hnRNP proteins are localized
primarily in the nucleus, but certain hnRNPs can shuttle between the nucleus and the
cytosol (16). Cytosolic hnRNPs can localize to RNA/stress granules and regulate pro-
cesses such as RNA translation, storage, degradation, and stress responses (17, 18).
Notably, HIV-1 infection may prevent the assembly of stress granules (19, 20). Thus,
hnRNPs could affect HIV-1 replication by influencing splice site utilization or later
events in the virus life cycle, including nuclear export, RNA stability, trafficking, and
translation.

hnRNPs are modular proteins that commonly encode 2 to 4 RNA recognition motifs
(RRMs) or K homology (KH) domains. Most hnRNPs also contain RGG boxes (Arg-Gly-Gly
repeats) and auxiliary domains with distinctive amino acid compositions (e.g., glycine-
rich, acidic, or proline-rich domains) that primarily mediate protein-protein and non-
specific nucleic acid-protein interactions (21). The general consensus, based on in vitro
binding studies, is that hnRNPs form specific contacts with short degenerate sequences
using RRM or KH domains. For some hnRNPs, the sequence preferences have been
further substantiated using global and competitive binding methods (22–24).

Based primarily on experiments employing in vitro splicing reporters and genetic
assays, a few hnRNP proteins are thought to play particularly important roles in HIV-1
alternative splicing. Members of the hnRNP A/B family have been studied most exten-
sively and shown to bind to the exonic splicing silencers ESS2 within tat exon 2 (25, 26);
ESS3, located within tat/rev exon 3 (27, 28); ESSV, located in the vif-coding exon (29);
and an ISS element within tat intron 2 (28, 30, 31). Similarly, hnRNP H1 has been
suggested to bind to ESS2p (32), a cryptic exon within the Env open reading frame (33,
34), and G-rich motifs within tat exon 2 (35) and tat intron 3 (36). Other studies have
proposed that hnRNP D (37), hnRNP E (38), and hnRNP K (39) can regulate HIV-1
splicing. In most studies, regulation of HIV-1 splicing has been studied using in vitro and
in vivo splicing reporters, wherein viral subgenomic fragments were moved to foreign
genetic environments so as to determine how they influence the distribution of spliced
reporter products. In addition, the binding of hnRNPs to target elements was assessed
largely in vitro, using defined targets. Whether the presumed target sites are also
selectively bound by hnRNPs in cells and whether other binding sites on HIV-1 RNA
exist are unknown.

Cross-linking immunoprecipitation (CLIP) coupled to deep sequencing (CLIP-seq) is
a powerful method to identify the RNA targets of RNA-binding proteins in physiological
settings (40, 41). We employed a version of CLIP-seq, referred to as photoactivatable
ribonucleoside enhanced-CLIP (PAR-CLIP), to determine the binding sites, in cells, of
some hnRNP proteins previously reported to regulate HIV-1 RNA splicing (42). PAR-CLIP
relies on the incorporation of ribonucleoside analogs (i.e., 4-thiouridine [4-SU] in place
of uridine, 6-thioguanosine [6-SG] in place of guanosine) into nascent RNA molecules.
This allows enhanced protein-RNA cross-linking efficiency and provides near-nucleotide
resolution of binding sites due to T-to-C (for 4-SU) or G-to-A (for 6-SG) substitutions
introduced by reverse transcriptase precisely at the cross-linking site (42). We also used
deep sequencing to quantify splice site utilization under conditions where hnRNPs
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were depleted or their binding sites were mutated. We found that the hnRNP A/B group
of proteins does not bind to discrete elements on HIV-1 RNA. Rather, they bind to many
sites containing AGG motifs that are widespread in HIV-1 RNA. In stark contrast, hnRNP
H1 bound to a small number of discrete sites within the viral genome, comprised of
four or more consecutive guanosines, frequently embedded in A-rich elements. Com-
plementary biochemical and NMR experiments with isolated RNA-binding domains of
hnRNP H1 revealed a clear preference for G-rich sequences. Notably, depletion of
hnRNPs using RNA interference (RNAi) perturbed splicing, most prominently at A1, A2,
and/or A3. Mutations at discrete hnRNP H1 binding sites on viral RNA also perturbed
HIV-1 splicing and, in particular, decreased the use of splice acceptor A1, causing a
reduction in Vif expression and viral fitness. Overall, our studies provide an experimen-
tal framework to study an essential step of HIV-1 replication in a quantitative and
comprehensive manner and in greater detail than was previously possible, and reveal
a novel hnRNP H1 binding cis-regulatory element that controls HIV-1 splicing.

RESULTS
Expression of 3�HA-tagged hnRNP proteins for CLIP assays. We previously

showed that the pattern of HIV-1 RNA splicing is strikingly similar in HEK293T cells
transfected with proviral plasmids and infected T cell lines (43). Thus, for the ease of
further manipulation, we first generated HEK293T-derived cell lines that stably express
3�HA-tagged versions of the hnRNP A1, A2, B1, H1, and K proteins at lower-than-
endogenous levels. Thus, the total levels of each hnRNP were only marginally affected
(Fig. 2A). Importantly, these manipulations did not affect viral protein (Gag) expression
in cells transfected with proviral plasmids (Fig. 2B), nor did they affect particle release
(Fig. 2B) or virion infectiousness (Fig. 2C).

Cells were grown in the presence of 4-SU and UV irradiated to induce protein-RNA
cross-linking at 4-SU-modified nucleotides. Following RNase digestion, hnRNP-RNA
adducts were immunoprecipitated, the cross-linked RNA was labeled with polynucle-
otide kinase, and the adducts were visualized by autoradiography following separation
by SDS-PAGE and transfer to nitrocellulose membranes. All of the tagged hnRNPs
cross-linked to cellular RNAs and were efficiently immunoprecipitated (Fig. 2D). To
identify binding sites for hnRNPs on viral RNA, similar experiments were conducted in
cells transfected with a plasmid containing a full-length DNA copy of the HIV-1NL4-3

(subtype B) or HIV-1NDK (subtype D) viral genome. Cross-linked hnRNP-RNA species
were isolated by immunoprecipitation and enzymatic digestion, to generate CLIP-seq
libraries. Two independent libraries for each hnRNP and each virus strain were gener-
ated. After high-throughput sequencing, the CLIP reads were mapped to the human
and HIV-1 genomes (Fig. 2E). The majority of sequencing reads mapped to the human
genome, and only a small fraction of reads (�1% or less) were derived from viral RNAs
(Fig. 2E). Because these values reflect the approximate relative abundance of viral and
cellular mRNAs in similar settings (44), we speculate that hnRNPs may bind with similar
frequencies to viral and cellular RNAs.

hnRNPs bind primarily to defined motifs within introns of cellular mRNAs. We
first examined the properties of the cellular RNAs bound by hnRNPs. The majority of
CLIP-seq reads for all hnRNPs were derived from the transcripts of known genes (Fig.
3A), and a large fraction of reads were from introns (Fig. 3B), as was observed in a
previous study (45). Preferred sequence motifs bound by hnRNPs, revealed using the
cERMIT algorithm (46), and the frequencies with which they occurred in hnRNP binding
sites in cellular RNAs are depicted in Fig. 3C. For hnRNP A1, A2, and B1, the UNAGG
motif resembles the well-characterized UAGG previously reported to be an hnRNP A1
binding site (47, 48). hnRNP H1 binding occurred at oligonucleotide G motifs, similar to
the previously described hnRNP H1 binding GGGA motif (49). The frequent occurrence
of T in the motifs bound by hnRNPs in our analysis should be interpreted cautiously and
may reflect the fact that 4-SU was used to drive cross-linking and identify binding sites.
Although hnRNP K has been proposed to bind short C-rich tracks, as inferred from a
systematic evolution of ligands by exponential enrichment (SELEX) study (50), CLIP-seq
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revealed the presence of CGAU and CCAUAGA motifs within a subset of cellular binding
sites (Fig. 3C).

Binding sites of hnRNPs on viral RNAs. Next, we determined where on viral RNAs
hnRNPs bound and whether the binding specificities of hnRNPs for viral RNAs mirrored
those for cellular RNAs. Although hnRNP A1, A2, and B1 proteins were previously
proposed to bind to discrete sequences on HIV-1 RNAs (25–31), our CLIP analysis
revealed many binding sites dispersed across the viral genome, which appeared to
indicate a lack of specificity (Fig. 4 and 5). Nevertheless, regions overlapping splice
acceptor A7 (at approximately nucleotide [nt] 7860) and sequences positioned 3= to A7
(at approximately nt 8300) were frequently bound in both HIV-1NL4-3 and HIV-1NDK (Fig.
4 and 5). Possibly, these patterns of binding may reflect the spreading of hnRNPs in the
5= and 3= direction through oligomerization, following an initial interaction with a
high-affinity binding site (51). The binding patterns of the closely related hnRNP A1, A2,
and B1 proteins were similar on both the HIV-1NL4-3 and HIV-1NDK genomes. However,
hnRNP B1 binding appeared to be more prominent at discrete locations (Fig. 4 and 5).
Potentially, this property might be due to the presence of an extended N-terminal
domain in hnRNP B1 that contains several basic amino acids that may alter its
RNA-binding affinity and specificity.

Although the binding patterns of the hnRNP A1, A2, and B1 proteins on viral RNAs
appeared to indicate promiscuous binding (Fig. 4 and 5), the HIV-1 genome is purine
(especially adenosine) rich; thus, frequent binding to AGG motifs along the length of
the viral genome might be expected. Indeed, the majority of the binding sites (or read

FIG 2 Generation of cell lines stably expressing HA-tagged hnRNPs and summary of CLIP experiments. (A) Western blot
analysis of stably expressed HA-tagged and endogenous hnRNP proteins in the HEK293T cells used for CLIP experiments. (B,
C) HEK293T cells expressing 3�HA-tagged hnRNPs were transfected with HIV-1NL4-3. (B) Western blot analysis of cell lysates and
virions using an anti-CA antibody. (C) Infectious virion yield was determined using MT4-green fluorescent protein reporter cells.
Values are normalized to the infectious virion yield from cells transduced with the empty vector-only control and represent
the average from two independent experiments. (D) Immunoprecipitated and [32P]ATP- and polynucleotide kinase-labeled
hnRNP-RNA adducts from 4-SU-treated cells were visualized by autoradiography (top). Western blot analysis of the same
membranes (bottom). (E) Proportion of raw CLIP-seq reads that map to the human (cellular) and viral genomes, obtained from
experiments conducted with HIV-1NL4-3 and HIV-1NDK. Data represent those from four independent CLIP-seq experiments (two
with HIV-1NL4-3 and two with HIV-1NDK). Numbers to the left of gels in panels B and D are molecular masses (in kilodaltons).
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clusters, as determined by use of the PARalyzer tool) contained one or often multiple
AGG motifs (Fig. 4 and 5). Furthermore, an increased number of AGG repeats within a
cluster of reads in viral RNA correlated with an increased read density (Fig. 6A to C) and
an increased absolute number of reads associated with that cluster (Fig. 6D and E).

In contrast to the widespread binding pattern of hnRNP A/B proteins, hnRNP H1
bound to a small number of discrete, well-defined sequences on HIV-1 RNAs (Fig. 7A
and B). While the majority of the binding sites were conserved in HIV-1NL4-3 and
HIV-1NDK, the most frequently bound site within HIV-1NL4-3 (at approximately nt 5800)
was not present in HIV-1NDK (Fig. 7A and B). Although a previous study indicated a role
for hnRNP K in the regulation of HIV-1 splicing (39), hnRNP K binding to the viral
genome was at background levels (Fig. 7A and B). The paucity of C nucleotides in the
HIV-1 genome (52) and the even greater rarity of CG dinucleotides (53) may contribute
to the relative lack of hnRNP K binding to the HIV-1 genome.

hnRNP H1 and related proteins bind to purine-rich sequences on viral RNAs.
The majority of the eight most frequently hnRNP H1-bound sites consisted of one or
more G-rich motifs (four or more consecutive guanosines) flanked by A-rich sequences
(Fig. 8A). Binding site 4 (nucleotides 2868 to 2899) contained tandem GGG motifs and

FIG 3 Classification of hnRNP-bound cellular RNAs and the binding motifs identified within them. (A) hnRNP CLIP-seq-derived sequencing reads were mapped
to the human genome, clustered, and classified based on whether they map to RNA-coding genes (genic) or intergenic regions. The total number of sequencing
reads in each RNA class is represented below the pie charts. (B) Further classification of genic clusters is detailed. The total number of sequencing reads in each
group is represented below the pie charts. miRNA, microRNA; lincRNA, long intergenic noncoding RNAs. (C) Binding motifs within these clusters and the
cumulative percentages of their occurrence within clusters.
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A-rich flanking sequences rather than a GGGG motif (Fig. 8A and B). Of the 41 GGGG
motifs in the HIV-1NL4-3 genome, 39 were coincident with hnRNP H1 binding peaks,
with a large range of read values (80 to 10,000 reads, compared to a background of 10
to 30 reads) being mapped to each site (Fig. 8B). Given this preference for G-rich
sequences, we conducted comparative hnRNP H1 CLIP-seq experiments with cells
grown in the presence of 6-SG rather than 4-SU to uncover any potential bias toward

FIG 4 Binding sites of the hnRNP A1, A2, and B1 proteins on viral RNAs (NL4-3) derived from CLIP-seq.
HEK293T cells stably expressing 3�HA-tagged hnRNP A1, A2, and B1 proteins were transfected with a
full-length HIV-1NL4-3 proviral plasmid prior to CLIP-seq analysis. The frequency distribution of nucleotide
occurrence (read density, y axis) of reads mapping to HIV-1NL4-3 is shown for hnRNP A1 (black), hnRNP A2
(red), and hnRNP B1 (blue). The positions of the AGG motifs in the HIV-1 genome are indicated as red lines
and are overlaid on the CLIP data.
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elements with proximal uridines. The hnRNP H1 binding pattern was similar in 4-SU-
and 6-SG-based CLIP experiments, but the relative frequencies of binding to certain
sites varied somewhat. Binding sites near approximately nucleotide 3000 (site 4) and
approximately nucleotide 5800 (site 6) were less frequently bound in 6-SG-based

FIG 5 Binding sites of the hnRNP A1, A2, and B1 proteins on viral RNAs (NDK) derived from CLIP-seq. HEK293T
cells stably expressing 3�HA-tagged hnRNP A1, A2, and B1 proteins were transfected with a full-length
HIV-1NL4-3 proviral plasmid prior to CLIP-seq analysis. The frequency distribution of nucleotide occurrence
(read density, y axis) of reads mapping to HIV-1NL4-3 is shown for hnRNP A1 (black), hnRNP A2 (red), and hnRNP
B1 (blue). The positions of AGG motifs in the HIV-1 genome are indicated as red lines and are overlaid on the
CLIP data.

Kutluay et al. Journal of Virology

November 2019 Volume 93 Issue 21 e01048-19 jvi.asm.org 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
17

 M
ay

 2
02

2 
by

 1
28

.2
52

.2
12

.2
29

.

https://jvi.asm.org


CLIP-seq experiments (Fig. 8C). Other sites, including site 5 (nucleotides 4325 to 4376),
which includes the central polypurine tract, remained among the most frequently
hnRNP H1-bound sites (Fig. 8C).

hnRNP H1 is one of a family of three closely related proteins (the others being
hnRNP H2 and hnRNP F). To determine whether another member of this family
exhibited similar binding properties, we mapped hnRNP F binding sites using CLIP-seq.
The majority of the hnRNP F and hnRNP H1 binding sites, including site 2 (nucleotides
1384 to 1413), site 5 (nucleotides 4325 to 4376), and site 6 (nucleotides 5786 to 5836),
overlapped, but some additional lower-frequency binding sites were observed (Fig. 8D).
Overall, these findings corroborate the findings of the aforementioned CLIP-seq studies
with hnRNP H1 (Fig. 7A and B) and indicate the existence of several specific binding
sites for hnRNP H1 and closely related proteins on HIV-1 RNAs.

Calorimetric and NMR titrations validate hnRNP H1 RNA-binding preferences.
Human hnRNP H1 consists of three quasi-RNA recognition motifs (qRRMs) and two
glycine-rich domains. At its N terminus, qRRM1 and qRRM2 are connected through an
approximately 20-amino-acid linker (referred to here as HqRRM1,2), whereas qRRM3 is
embedded between the glycine-rich domains at its C terminus. While members of the
hnRNP H/F family are known to bind G-rich sequences, our CLIP-seq experiments reveal
an obvious A-rich preference surrounding these sequences (Fig. 8A). To quantitatively
describe how hnRNP H1 binds purine-rich sequences, we carried out calorimetric and
nuclear magnetic resonance (NMR) titrations. Calorimetric titrations of its HqRRM1,2
domain with an RNA oligonucleotide corresponding to site 5 showed that HqRRM1,2
binds site 5 with a moderate affinity (KD [dissociation constant] � 0.62 �M) and with a
stoichiometry of �2, likely as a result of the presence of three G tracts that are 4 to 6
nt each (Fig. 9A). The oligonucleotide A portion of the sequence did not appear to

FIG 6 Increased occurrence of AGG motifs correlates with increased read density in hnRNP A1-, hnRNP A2-, and hnRNP B1-bound viral
clusters. Reads that map to the viral genome (HIV-1NL4-3) derived from the hnRNP A1, A2, and B1 CLIP experiments were formed into
clusters (i.e., discrete binding sites) using the PARalyzer tool. (A to C) The number of AGG motifs in each cluster (x axis) and the
corresponding normalized read density (number of reads/cluster length, y axis) in each cluster are shown. (D to F) Number of AGG motifs
(x axis) and the corresponding number of reads (y axis) in each cluster are shown.
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contribute to binding affinity since titrations of HqRRM1,2 with a 5=-AAAAA-3= oligo-
nucleotide showed no binding (Fig. 9A). Furthermore, titrations with 5=-AGGAC-3=
revealed that binding requires �2 consecutive guanosines (Fig. 9A).

We next performed calorimetric titrations with model RNA oligonucleotides: 5=-
AGGGG-3=, 5=-AGGGA-3=, and 5=-AGGGC-3= (Fig. 9A). Similar experiments with a 5=-
AGGGU-3= oligonucleotide were previously reported (54). HqRRM1,2 bound all three
oligonucleotides with moderate affinities (KD [binding dissociation constant] � 0.19 to
2.4 �M). However, it bound 5=-AGGGG-3= the tightest, followed by 5=-AGGGA-3=,
5=-AGGGU-3= (54), and 5=-AGGGC-3= (Fig. 9A), indicating a preference for a purine and
for G in particular at position 5. The binding stoichiometry for the HqRRM1,2-(5=-
AGGGG-3=) complex was �0.5, which we determined by NMR to be a result of a
preexisting single-strand-to-G-quadruplex equilibrium of 5=-AGGGG-3=. The stoichio-
metric ratios for all other complexes are consistent with 1:1 binding, suggesting that
these oligonucleotides predominantly adopt a single-strand conformation under solu-
tion conditions. Heteronuclear single quantum coherence (HSQC) titrations, wherein
uniformly 15N-labled HqRRM1,2 was titrated with unlabeled 5=-AGGGC-3=, revealed
broadening of the NMR signals for HqRRM1,2 and indicated that binding specificity is
governed by both the qRRM1 and qRRM2 domains (Fig. 9B and C), similar to our
previous observations with 5=-AGGGU-3= (54).

Effects of hnRNP depletion on HIV-1 splicing. We next tested how the RNAi-
mediated knockdown of hnRNPs might alter HIV-1 alternative splicing, as well as viral
protein expression and infectious virion yield, in single-cycle replication assays. Cells
were infected with vesicular stomatitis virus G protein (VSV-G)-pseudotyped HIV-1NL4-3

FIG 7 Binding of hnRNP H1 and K on the NL4-3 and NDK genomes. HEK293T cells stably expressing 3�HA-tagged hnRNP
H1 and hnRNP K proteins were transfected with full-length HIV-1NL4-3 and HIV-1NDK proviral plasmids prior to CLIP-seq
analysis. For each chart, the position in the HIV-1 genome is represented on the x axis, and the schematic diagram of HIV-1
genome features shown below the charts is colinear. The frequency distribution of nucleotide occurrence (read density)
of reads mapping to the HIV-1NL4-3 (A) and HIV-1NDK (B) genomes derived from the hnRNP H1 (red) and hnRNP K (blue) CLIP
experiments is shown.
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(HIV-1NL4-3/VSV-G) and HIV-1NDK (HIV-1NDK/VSV-G) following the transfection of small
interfering RNA (siRNA) duplexes targeting hnRNP A1, A2/B1, and H1. As expected, the
level of each hnRNP protein was reduced upon siRNA transfection, although in the case
of hnRNP A1, the magnitude of the knockdown was modest (�2-fold) (Fig. 10A). We
determined the effects of hnRNP knockdown on HIV-1 alternative splicing in cells using
a next-generation sequencing-based assay incorporating the primer identifier (primer
ID) approach (43) and targeting the 1.8-kb completely spliced class of mRNAs. Notably,
each hnRNP depletion increased the use of splice acceptor A3 (Fig. 10B). Additionally,
hnRNP A2/B1 and hnRNP H1 depletion reduced A1 utilization, and hnRNP H1 depletion
also decreased A2 usage (Fig. 4B). hnRNP H1 depletion reduced both HIV-1NL4-3 (Fig.
10C) and HIV-1NDK (Fig. 10D) Gag expression in cells, resulting in a commensurate
decrease in the yield of infectious virus particles in cell culture supernatants (Fig. 10E).
Conversely, and despite altering viral splicing, hnRNP A1 and hnRNP A2/B1 depletion
had little or no effect on Gag expression and modestly decreased and increased the

FIG 8 hnRNP H1 binds to purine-rich sequences on the viral genome. (A) Sequence alignment of the eight most
frequently hnRNP H1-bound sites, as derived from CLIP-seq analysis shown in Fig. 2. (B) The locations of the 41
GGGG motifs on the HIV-1 genome (x axis) and the corresponding read density derived from the CLIP experiments
(y axis) are shown. Blue circles indicate the eight most frequently bound sites, and red circles denote the GGGG
motifs with the background read density. Note the presence of a high-frequency binding site that does not contain
a GGGG motif, shown by a gray circle. (C and D) Comparison of the frequency distribution of nucleotide occurrence
(read density) of reads mapping to the HIV-1NL4-3 genome derived from CLIP-seq experiments conducted using
4-SU- versus 6-SG-fed cells (C) or in hnRNP H1- versus hnRNP F-expressing cell lines (D).
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FIG 9 hnRNP H1 exhibits specificity for G-rich sequences in vitro. (A) Representative calorimetric titration profiles of
HqRRM1,2 titrated into model oligomers. The titrations were performed at 298 K and in 20 mM sodium phosphate

(Continued on next page)
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infectious virion yield, respectively (Fig. 10C to E), with the caveat that the magnitude
of hnRNP A1 depletion was modest. Overall, depletion of each hnRNP had a distin-
guishable outcome on the overall pattern of viral splicing, particularly on the relative
utilization of A1, A2, and A3, but had relatively modest effects on overall virion
production. However, deleterious effects on infectious virion yield were clear and
significant in the case of hnRNP H1 depletion.

Effect of mutations within hnRNP H1 binding sites on hnRNP H1 binding and
HIV-1 splicing. Because hnRNP H1 bound to discrete sites on HIV-1 RNA (Fig. 7A and
B) and its depletion was deleterious for the infectious virion yield (Fig. 10C to E), we
next determined whether and how individual hnRNP H1 binding sites affected HIV-1
alternative mRNA splicing. Mutations within the eight most frequently bound sites were
introduced, such that no more than two consecutive A or G nucleotides remained (Fig.
11A; Table 1). Although the majority of these mutations were synonymous, conserva-
tive amino acid substitutions (i.e., lysine to arginine) were introduced within hnRNP H1
binding sites when necessary (Table 1). Transfection of HEK293T cells with proviral
plasmids yielded similar levels of infectious virus relative to the wild type (WT) for the
majority of the mutants (Fig. 11B), with the exception of a mutation within site 8, within
the 3= polypurine tract. Mutations in site 8 are expected to reduce the infectiousness of
virions from transfected cells irrespective of any potential effects on splicing, due to the
requirement for the 3= polypurine tract during reverse transcription. Finally, mutations
introduced within all eight of the prominent hnRNP H1 binding sites abolished hnRNP
H1 binding to those sites and did not lead to the emergence of other high-frequency
binding sites (Fig. 11C).

HEK293T cells were transfected with one of eight HIV-1NL4-3 proviral plasmids
containing mutations at an individual prominent hnRNP H1 binding site or a plasmid
in which all eight hnRNP H1 binding site mutations were represented (Fig. 11A; Table
1). Thereafter, mRNA splicing was analyzed using the primer ID/next-generation se-
quencing approach (43). While the majority of mutations had modest effects on HIV-1
splicing, mutation of site 5 reduced the use of splice acceptor A1 to a similar degree as
did hnRNP H1 knockdown but did not affect the utilization of other splice sites (Fig.
11D). This discrepancy could be due to indirect effects of hnRNP H1 knockdown and/or
the complex combinatorial effects involving multiple hnRNP H1 binding sites. Notably,
site 5 constituted the most frequently bound site in all hnRNP H1 CLIP-seq experiments
and is situated proximal to splice acceptor A1 (Fig. 7A and 11A). Mutation of all eight
prominent hnRNP H1 binding sites led to a more dramatic reduction of A1 utilization
and modest perturbations of the use of other splice sites, suggesting a contribution of
distal hnRNP H1 binding sites to the regulation of A1 use (Fig. 11D).

While hnRNP H1 depletion diminished A2 usage and slightly enhanced A3 usage,
the hnRNP binding site mutations did not recapitulate these effects (compare Fig.
10B versus Fig. 11D). The enhancement of A3 usage following hnRNP H1 depletion
was small (�2-fold), and because A3 is comparatively infrequently used, small
changes in its utilization have a comparatively large fold effect. Nevertheless, the
inability of the binding site mutations to completely recapitulate the effect of
hnRNP H1 knockdown could be due to residual hnRNP H1 binding at sites other
than sites 1 to 8. Alternatively, the effects of hnRNP H1 depletion on A2 utilization
might be indirect.

FIG 9 Legend (Continued)
(pH 6.2), 20 mM NaCl, 4 mM TCEP. All titration data were processed and analyzed using Affinimeter software. The
processed thermograms were fit to a 1:1 stoichiometric binding model; therefore, the stoichiometries reflect the
concentrations of active binding sites. The values of the binding dissociation constants (KD) and the corresponding
standard deviations are from duplicate experiments. The goodness of fit (x2) of the experimental data to the 1:1
binding model is reported for each titration. (B) Overlay of 1H-15N HSQC spectra of free HqRRM1,2 (red) and
AGGGC-bound HqRRM1,2 (black) at a 4:1 molar ratio. Residues that completely disappear in the presence of
saturating amounts of AGGGC are labeled. (C) Surface representations of HqRRM1,2 color coded by residues that
disappear in the presence of saturating (4:1 molar ratio) amounts of AGGGC.
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Finally, we determined whether changes in splicing induced by perturbation of
hnRNP H1 binding sites would affect viral gene expression. MT4 cells were infected with
VSV-G-pseudotyped WT virus and viruses with a mutation within site 1 (mut1) through
site 8 (mut8). The number of infected cells was held constant by adjusting the inoculum
to a multiplicity of infection (MOI) of 0.5 IU per cell. Then, Gag, Vif, Nef, and Env protein

FIG 10 Effects of hnRNP depletion on HIV-1 splicing, Gag protein expression, and virion yield. HEK293T cells were transfected with siRNAs targeting the
indicated hnRNPs and infected with HIVNL4-3/VSV-G or HIVNDK/VSV-G at 1 day posttransfection, and then the cells and viruses were harvested at 2 days
postinfection for further analysis. (A) Expression of targeted hnRNPs was determined by immunoblotting against the indicated hnRNPs. (B) Analysis of the direct
and all splicing events that occur at acceptors A1 to A5b in the 1.8-kb (completely spliced) class of viral RNAs. The fold change for unmanipulated controls in
independent experiments and the fold change in hnRNP-depleted cells versus unmanipulated cells in a representative experiment are shown. (C, D) Western
blot analysis of cell lysates and virions using an anti-CA antibody for HIVNL4-3 (C)- or HIVNDK (D)-infected cells. Numbers to the left of the gels are molecular
masses (in kilodaltons). (E) Virus titers in cell culture supernatants was determined on MT4-GFP indicator cells. Data are normalized to these for nontargeting
siRNA-transfected cells (NT) and show the average � SEM from three independent experiments. A paired t test was performed to assign statistical significance.
NS, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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levels were determined 2 days after infection. Mutations within the majority of sites did
not have statistically significant effects on protein expression, but a mutation within
site 5 (mut5) caused a specific decrease in Vif expression (Fig. 12A and B). This
finding is concordant with the observed reduction in the use of A1, which controls
Vif expression (Fig. 11D). Curiously, the mutation within site 8, within the 3=
polypurine tract, led to a significant decrease in Env and Nef expression (Fig. 12A
and B). It is possible that reductions in Nef protein levels are a consequence of
nonsynonymous substitutions in the underlying coding sequence (two Lys-Arg
substitutions). Moreover, the mutations at site 8 resulted in the inadvertent intro-
duction of a cluster of 5 CG dinucleotides within a 13-nucleotide stretch. This is

FIG 11 Mutation of hnRNP H1 binding sites alters HIV-1 alternative splicing. (A) Schematic diagram of the splice acceptors, donors, and hnRNP H1 binding sites
(red asterisks) (not to scale). (B) Infectious virion yield for VSV-G-pseudotyped hnRNP H1 binding site mutants using TZM-bl target cells. (C) Frequency
distribution of nucleotide occurrence (read density) of reads mapping to the HIV-1NL4-3 genome derived from CLIP-seq experiments conducted in hnRNP
H1-expressing cells transfected with WT versus hnRNP H1 binding site mutant proviral clones. (D) Splice acceptor use for the 1.8-kb and 4-kb classes of RNAs
is shown for viruses in which all eight hnRNP H1 binding sites were mutated (mut1-8) or viruses in which individual hnRNP H1 binding sites were mutated (mut1
to mut8).
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highly unusual in mammalian or viral mRNAs and could potentially result in their
depletion (53). Note that control experiments conducted in the presence of the
reverse transcriptase inhibitor nevirapine indicated that the viral proteins were
synthesized de novo and do not represent input virus proteins (Fig. 12A).

Because the mut5 virus contained only synonymous mutations (Table 1) and the
mutations in the mut5 virus induced a specific splicing perturbation at a proximal splice
site (A1) and a lower level of Vif expression that could be ascribed to the loss of hnRNP
binding, we tested whether the mut5 virus had reduced fitness in a competitive
spreading replication assay. The mut5 virus replicated indistinguishably from WT
HIV-1NL4-3 in the absence of competition, indicating that any fitness impact resulting
from mutations at this site were modest (Fig. 12C). However, independent competition
experiments in which H9 and CEMx174 cells, which express APOBEC3G (55), were
infected with WT and mut5 virus revealed that the percentage of WT virus increased
(Fig. 12D and E) over time. Overall, these experiments reveal that mutation of a novel
cis-acting element that regulates A1 use and Vif expression imposes a small fitness
deficit.

TABLE 1 Mutations of the hnRNP H1 binding sites assigned based on CLIP-seq experimentsa

aThe mutations (in red) are derived from Fig. 7.
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DISCUSSION

Alternative splicing of HIV-1 mRNAs has traditionally been studied using individual
cis-acting sites and trans-acting proteins, sometimes in a nonnative context. In this
study, we employed next-generation sequencing-based approaches to identify the
binding targets of several hnRNP proteins on HIV-1 RNAs in cells and how these binding
events directly affect alternative splicing of viral mRNAs in a native context. In contrast

FIG 12 Mutation of hnRNP H1 binding sites alters HIV-1 gene expression and replication. (A, B) MT4 T cells were infected with the
indicated VSV-G-pseudotyped hnRNP H1 mutant viruses at an MOI of 0.5 IU/cell in the absence and presence of 5 �M nevirapine (Nev).
(A) Gag, Vif, Nef, Env, and actin protein levels in cell lysates were analyzed by immunoblotting 2 days later. (B) Mean values � SEM
from quantitation of Western blots from 4 independent experiments are shown. A paired t test was performed to assign statistical
significance. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. (C) MT4 cells were infected with WT and mut5 viruses at an MOI
of 0.001 IU/cell, and virus spread was monitored using a quantitative PCR-based reverse transcriptase (RT) activity assay over 7 days.
Data are representative of those from 4 independent replication experiments. (D) CEMx174 cells were infected with hnRNP H1 site 5
mutant virus. WT HIV-1NL4-3 was added to the established infection. Culture supernatant was harvested daily to sequence viral RNA
and infect fresh cells. (E) H9 cells were infected as described in the legend to panel D. Supernatant was harvested every 4 days, and
viral RNA was sequenced.
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to previous studies, CLIP-seq experiments revealed that members of the hnRNP A/B
family bind broadly throughout viral RNA, in part by targeting frequently occurring
AGG motifs. In contrast, hnRNP H1 bound to discrete G-rich sequence elements, often
consisting of two or more copies of a GGGG sequence. As such, it would be expected
that the viral genome contains far more numerous hnRNP A/B binding sites than hnRNP
H1 binding sites, which is indeed what we observed.

Binding of hnRNP H1 at the most frequently bound site (site 5), near A1, enhanced
splicing at this site. Indeed, mutations at this site led to a significant decrease in the use
of A1 and Vif expression. While hnRNPs are generally thought to repress splicing at
nearby sites, many act in a context-dependent manner and can exhibit splice enhancer
or silencer activities (56). While we cannot exclude the possibility that the mutations
employed herein inadvertently introduced an inhibitor element at site 5, the fact that
the mutations phenocopied the effect of hnRNP H1 depletion, at least in terms of A1
usage, argues against this possibility.

Our finding that the hnRNP A1 and A2/B1 proteins bound to many sites on HIV-1
seems at odds with the notion that specific binding of these proteins to ESS and ISS
elements controls splicing. However, hnRNPs can repress the assembly of spliceosomes
through multimerization along exons (57). Therefore, the broad binding pattern of
hnRNP A1 and A2/B1 proteins on viral RNA may, in part, be the result of an initial
interaction with high-affinity binding sites (e.g., ESS or ISS elements), followed by
oligomerization at lower-affinity binding sites. It is also possible that not all binding
events identified by CLIP-seq are relevant to splicing regulation but reflect other roles
for hnRNPs. Indeed, hnRNP proteins have known regulatory roles in the retention of
unspliced viral genomic RNA in the nucleus (12, 13); in the nuclear export of viral/
cellular RNAs (14); in mRNA translation, storage, degradation; and in stress responses
(14, 15, 17, 18, 58). While at steady state the majority of hnRNP/SR proteins are localized
in the nucleus, many hnRNP/SR proteins shuttle between the nucleus and the cytosol
(16, 59). Because the CLIP-seq experiments were done using whole-cell lysates, it is
possible that some of the binding events documented herein may serve roles other
than splicing regulation.

Several previous studies have identified hnRNP H1 binding sites on HIV-1 RNA.
Notably, however, none of these previously reported sites was bound at high levels by
hnRNP H1 in our CLIP-seq experiments. For example, the proposed hnRNP H1 binding
sites within tat exon 2 (32) and tev-specific exon 6D in certain HIV-1 isolates (33)
consists of only one GGG element and no surrounding A-rich sequences. Notably, in
vitro binding experiments previously revealed a preference for the presence of multiple
copies of three or more G-rich sequences interspersed with other nucleotides for
high-affinity binding for all members of the hnRNP H family (35). We found that the
affinity of HqRRM1,2 toward the CLIP-seq-derived binding site 5, which contains three
high-affinity binding sites for hnRNP H1, was similar to that toward the isolated G-rich
sequence elements studied in vitro. This perhaps suggests that the ability of hnRNP H1
to bind to target sequences is driven not only by the affinity of individual RRMs but also
by the avidity gained by multivalent interactions, which might explain why site 5 within
the viral genome constitutes a primary binding site for hnRNP H1. Although hnRNP H1
did not bind A-rich sequences in vitro, the surrounding A-rich sequences may serve to
maintain the hnRNP H1 binding G nucleotides in a single-stranded conformation,
allowing easier access to hnRNP H1. Future structural studies will be crucial in deter-
mining how G-rich repeats affect RNA structure and how hnRNP H1 gains specificity for
target sequences, given the apparent modest affinity of individual RRM binding in vitro.

Mutations introduced within the majority of individual hnRNP H1 binding sites
modestly affected splicing. However, we noted that simultaneous mutation of all eight
prominent hnRNP H1 binding sites led to a greater decrease in splice acceptor use. It
is thus possible that a single hnRNP H1 molecule might bind at multiple positions on
a single mRNA. This notion is consistent with the model that hnRNPs can loop out
entire exons (60), which would require a minimum of two binding sites surrounding the
exon. Previously, we showed that the N-terminal HqRRM1,2 didomain of hnRNP H1
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exists in a conformational equilibrium between compact and extended structures (54).
The compact structure has both qRRMs juxtaposed, generating a continuous RNA-
binding surface that would accommodate only a single isolated G-tract element.
Conversely the extended conformer may bind transcripts with multiple G tracts sepa-
rated by short linker sequences. In particular, site 5, which shows a robust contribution
to splicing, contains tandem 6-mer G tracts connected by a 5=-ATT-3= linker. Similarly,
others have shown that hnRNP H1 binds transcripts containing bipartite G-tract cores
separated by a spacer of 0 to 4 nucleotides (61).

Together, our studies reveal the precise locations of elements on HIV-1 RNAs that are
bound by hnRNPs and how these binding events regulate HIV-1 splicing. In doing so,
we have revealed an unexpected splicing enhancer activity for hnRNP H1 and its
cis-acting regulatory target element that modulates Vif expression. Finally, these studies
provide a framework to further investigate how numerous trans-acting proteins and
cis-acting RNA elements regulate HIV-1 alternative mRNA splicing both in a compre-
hensive manner and in greater detail.

MATERIALS AND METHODS
Cell culture, transfection, and infections. HeLa cell-derived TZM-bl MT4, H9, and CEMx174 cells

(NIH AIDS Reagent Program) and HEK293T cells (ATCC CRL-11268) cells were maintained under standard
conditions. Full-length HIV-1 infectious DNA plasmid clones and derivatives thereof were transfected into
HEK293T cells either alone or together with a VSV-G-expression vector at a ratio of 4:1 using polyeth-
ylenimine (PolySciences). To generate HEK293T cells stably expressing 3�HA-tagged hnRNPs, cells were
transduced with VSV-G-pseudotyped retroviral vectors. Following selection in medium supplemented
with 50 �g/ml hygromycin, single-cell clones were subsequently isolated. For CLIP experiments, HEK293T
cells stably expressing 3�HA-tagged hnRNPs were grown in 15-cm dishes and transfected with 30 �g of
proviral plasmids using polyethylenimine (PolySciences). In other experiments, HEK293T cells grown in
24-well cell culture dishes were transfected with siRNA duplexes against hnRNPs using the Lipofectamine
RNAimax reagent (Life Technologies). At 1 day post-siRNA transfection, cells were infected with VSV-G-
pseudotyped HIVNL4-3 or HIV-1NDK, and viral gene expression was analyzed 2 days later.

Antibodies. Antibodies were as follows: mouse monoclonal anti-HA.11 (catalog number MMS-101R;
Covance), mouse monoclonal anti-hnRNP A1 (catalog number SC-32301; Santa Cruz), mouse monoclonal
anti-hnRNP A2/B1 (catalog number SC-374053; Santa Cruz), goat polyclonal anti-hnRNP H1 (catalog
number SC-10042; Santa Cruz), mouse monoclonal hnRNP K (catalog number SC-28380; Santa Cruz), and
mouse monoclonal anti-HIV-1 p24CA (catalog number 183-H12-5C; NIH AIDS Reagent Program).

Plasmids. Full-length viral DNA plasmids pHIV-1NL4-3 (NIH AIDS Reagents Program) and pHIV-1NDK

were described previously (62, 63). N- and C-terminally 3�HA-tagged hnRNPs were cloned into the
pCR3.1 and pLHCX (Clontech) vector backbones. hnRNP H1 binding site mutations were generated on
the pHIV-1NL4-3 viral DNA backbone by overlap-extension PCR (Table 1).

CLIP-seq experiments. CLIP-seq experiments were conducted as described previously (44). Briefly,
HEK293T cells expressing 3�HA-tagged hnRNPs were transfected with viral DNA plasmids and grown in
the presence of 4-thiouridine. Cells were washed and UV cross-linked at 365 nm. Following lysis,
hnRNP-RNA complexes were immunoprecipitated using antihemagglutinin (anti-HA) monoclonal anti-
bodies. Cross-linked RNA was end labeled with [�-32P]ATP and T4 polynucleotide kinase. Then, protein-
RNA adducts were separated by SDS-PAGE, transferred to nitrocellulose membranes, exposed to film, and
excised from the membranes, and the RNA was purified following proteinase K digestion. The RNA was
sequentially ligated to 3= and 5= adapters, reverse transcribed, and PCR amplified, and the resulting DNA
library was subjected to sequencing using Illumina platforms. The remainder of the data analysis was
followed as detailed before (44), using the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit), the
Bowtie algorithm (64), and the PARalyzer tool (65). The resulting reads were mapped to the human
genome (hg19) or viral genome (pHIV-1NL4-3 or pHIV-1NDK) containing a single repeat (R) region using the
Bowtie algorithm by allowing two mismatches (-v 2 -m 10 – best strata). Reads that mapped to the
human genome were further clustered by PARalyzer using default settings and annotated using an
in-house script. Motif analysis within binding sites was assessed using the cERMIT algorithm (46).

Competition assays. One million CEMx174 cells were infected with the mut5 virus, and after
infection was established, WT HIV-1NL4-3 was added to constitute �1% of the total viruses. Every day the
cells were washed and resuspended in 10 ml medium for an additional 2 h to harvest newly released
virus. Five milliliters of this supernatant was frozen, while the remaining 5 ml was used to infect 1 million
fresh CEMx174 cells. The cells were incubated for 4 h, washed, resuspended in 10 ml of medium, and
incubated for 24 h. This procedure was repeated daily. At the conclusion of the experiment, collected
samples were concentrated using a Lenti-X concentrator (TaKaRa), resuspended in 220 �l AVL buffer
from the QIAamp viral RNA minikit, and RNA extracted. Illumina sequencing library preparation was as
described previously (44), except that the reverse primer GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
TNNNNNNNNNNNNNNATTACTACTGCCCCTTCACC was used for the cDNA step and the primer GCCTCC
CTCGCGCCATCAGAGATGTGTATAAGAGACAGNNNNATTTCACCAGTACTACAGTTAAGGC was used as the
forward primer in the first PCR amplification step. Ten microliters of sample from amplification PCR 1 was
used as input for amplification PCR 2. The final amplicons were size selected using a BluePipppin system

Regulation of HIV-1 Alternative mRNA Splicing Journal of Virology

November 2019 Volume 93 Issue 21 e01048-19 jvi.asm.org 19

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
17

 M
ay

 2
02

2 
by

 1
28

.2
52

.2
12

.2
29

.

http://hannonlab.cshl.edu/fastx_toolkit
https://jvi.asm.org


(Sage Science) in a range of from 300 to 500 bp. Eluted amplicons were concentrated using AMPure XP
beads (Beckman Coulter), sequenced using 15% phiX, and overloaded at a cluster density of 1,475/mm.

Alternatively, 1 million H9 cells were infected first with the mut5 virus followed by WT HIV-1NL4-3, as
described above. At 4 days after the HIV-1NL4-3 inoculation and then every 4 days, cells were spun down,
the supernatant was harvested, and infected cells were resuspended in 10 ml medium. At the conclusion
of the competition, viral RNA was isolated as described above and prepared for sequencing as in the
second competition, with the BluePippin system size selection range being 400 to 700 bp.

Protein expression and purification. His6-tagged qRRM1, qRRM2, qRRM3, and qRRM12 domains
were overexpressed in Escherichia coli strain BL21(DE3). Cells were harvested in lysis buffer containing
20 mM Na2HPO4, 20 mM imidazole, 500 mM NaCl, 4 mM Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) at pH 8.0 and lysed by sonication at 4°C. Recombinant proteins in the cleared lysate were purified
using Ni-nitrilotriacetic acid agarose, the His6 tag was removed, and the proteins were further purified by
size exclusion chromatography with NMR buffer containing 20 mM sodium phosphate, 20 mM NaCl,
4 mM TCEP at pH 6.2.

Isothermal titration calorimetry. The binding affinities of qRRM1, qRRM2, qRRM3, and qRRM12 with
the G-tract RNA oligonucleotides were measured using a Microcal VP-ITC calorimeter. The protein and
RNA buffer solutions were exchanged to 20 mM sodium phosphate, 20 mM NaCl, 4 mM TCEP at pH 6.2
before use. All titrations were performed at 25°C.

NMR experiments. The NMR experiments were performed on a Bruker 800-MHz spectrometer at
32°C equipped with a cryoprobe. The 15N-labeled and 15N/13C-labeled samples for NMR experiments
were prepared in a buffer containing 20 mM sodium phosphate, 20 mM NaCl, 4 mM TCEP, and 10% D2O
at pH 6.2. Backbone assignments of qRRM12 were obtained from HNCA, HNCACB, HNCO, and HN(CA)CO.
For NMR titrations, the uniformed 15N-labeled HqRRM1,2 samples were prepared at a concentration of
90 �M in 20 mM sodium phosphate, 20 mM NaCl, 4 mM TCEP, and 10% D2O at pH 6.2. The unlabeled
5=-AGGGC-3= oligonucleotide was added to uniformly 15N-labeled HqRRM1,2 at molar ratios of 1:0:33,
1:0:66, 1:1, and 1:2.
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