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A naturally arising point mutation in the env gene of
HIV-1 activates the aberrant inclusion of the cryptic
exon 6D into most viral messages, leading to inefficient
viral replication. We set out to understand how a sin-
gle nucleotide substitution could cause such a dra-
matic change in splicing. We have determined that the
exon 6D mutation promotes binding of the SR protein
SC35 to the exon. Mutant exon 6D sequences function
as a splicing enhancer when inserted into an enhan-
cer-dependent splicing construct. hnRNP H family
proteins bind to the enhancer as well; their binding is
dependent on the sequence GGGA located just down-
stream of the point mutation and depletion—
reconstitution studies show that hnRNP H is essential
for enhancer activity. A polypurine sequence located
further downstream in exon 6D binds SR proteins but
acts as an exonic splicing silencer. hnRNP H is
required for interaction of Ul snRNP with the enhan-
cer, independent of the point mutation. We propose
that SC35 binding to the point mutation region
may convert the hnRNP H-U1 snRNP complex into a
splicing enhancer.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) is a
complex retrovirus that is dependent on alternative
splicing to produce messenger RNAs encoding the various
viral proteins. During viral infection, >40 messages are
derived by alternative splicing from a single pre-mRNA
(Schwartz et al., 1990; Purcell and Martin, 1993). In
addition, approximately half of the RNA transcripts
remain unspliced and are used as viral genomes and as
mRNAs for the gag and pol genes. Alteration in the
complex splicing pattern generating the viral mRNAs can
dramatically affect HIV-1 infectivity and pathogenesis
(Gottlinger et al., 1992; Purcell and Martin, 1993; Wentz
et al., 1997).

Some HIV-1 isolates have the ability to include the
cryptic exon 6D, located in the env coding region, in
spliced messages (Benko ef al., 1990; Salfeld et al., 1990).
Comparisons of the sequences of HIV variants reveal that
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exon 6D is conserved in the IIIB family, while other
isolates lack one or both 6D splice sites (Gottlinger et al.,
1992). Inclusion of exon 6D in the viral mRNA results in
the production of the chimeric protein Tev (Tat—-Env—Rev
fusion protein) and p185P7” (Rev-related protein). Tev has
wild-type Tat transactivation activity and low but detect-
able Rev activity, while p18°7¢” has no known functional
activity (Benko et al., 1990; Salfeld et al., 1990). Exon 6D
5" and 3’ splice site sequences may also play a role in
partially spliced message stability through interactions
with the rev-dependent mRNA transport mechanism (Lu
et al., 1990; Hammarskjold et al., 1991).

In a previous study, Wentz et al. (1997) identified a
mutant HIV-1 isolate (HIV-1,,,;3 clone L1) related to the
HXB?2 strain. HIV-1,,53 clone L1 is characterized by an
abnormal predominance of mRNAs containing exon 6D.
The amount of unspliced mRNAs is dramatically reduced
and so are the spliced mRNAs coding for Tat, Rev, Env,
Vpu and Nef. This abnormal splicing pattern and altered
gene expression results in a dramatic decrease in viral
replication. A point mutation converting a U residue toa C
residue (U-to-C) within exon 6D is responsible for the loss
of balanced splicing and the predominance of exon 6D-
containing mRNAs (summarized in Figure 1). This point
mutation activates exon inclusion in vivo when mutant but
not wild-type exon 6D is inserted between exons 4 and 6 of
a cardiac troponin T (cTNT)-derived minigene. The point
mutation was proposed to disrupt an exonic splicing
silencer (ESS) within the 6D sequence (Wentz et al.,
1997). An additional sequence in exon 6D, downstream of
the putative ESS, resembles a purine-rich exonic splicing
enhancer (ESE). An experimentally induced point muta-
tion in this polypurine element interfered with exon 6D
inclusion in the three exon heterologous minigene (Wentz
et al., 1997). However, this same mutation of the
polypurine sequence in a proviral construct increased the
ratio of spliced to unspliced viral messages, indicating that
the polypurine run may be acting as an ESS in the viral
context (Wentz et al., 1997). The juxtaposition of these
two regulatory sequences is similar to bipartite splicing
regulatory elements observed in other alternatively spliced
genes (Caputi et al., 1994).

We set out to learn how a single base substitution in a
very rarely used exon could lead to such dramatic changes
in pre-mRNA splicing. To do this, we searched for protein
factors from HeLa cell nuclear extract that can assemble
onto exon 6D using RNA affinity chromatography. HeLa
cells represent a relevant system for the study of HIV-1
splicing regulation since the splicing pattern of the viral
pre-mRNA in HeLa and human T cells is almost identical
(Purcell and Martin, 1993). We have found that the point
mutation of exon 6D increases the functional interaction of
SR protein splicing factors, predominantly SC35, with
the viral substrate. This point mutation also increases the
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Fig. 1. Schematic representation of the splicing patterns of wild-type and U-to-C mutant HIV-1,,5,3 pre-mRNAs. The structure of the HIV-1 genome
is indicated, along with the location of the Rev response element (RRE). Coding exons are represented by open boxes. The main splice products for
the wild-type (HIV-1,,13) and mutant (HIV-1,,,;3, L1 derivate) pre-mRNAs are indicated, together with the 5" and 3” splice sites and their positions
in the viral transcript. The relative percentage of total HIV-1 messages representing the unspliced gag—pol messages are indicated for both viral clones
(Wentz et al., 1997). Shaded boxes represent untranslated regions present in the final messages. Figure based on Wentz et al. (1997).

binding of hnRNP H family members to the substrate. In
a heterologous splicing enhancer-dependent construct
derived from the Drosophila double-sex gene, the point
mutation in exon 6D serves as a splicing enhancer in
in vitro splicing assays. Mutation of three consecutive G
residues downstream of the point mutation interferes with
hnRNP H family binding to the substrate RNA and we
demonstrate that hnRNP H protein is essential for the
splicing enhancer activity of the mutant exon. Our data
indicate that the point mutation in exon 6D activates a
splicing enhancer whose function is dependent on both SR
proteins and hnRNP H activity.

Results

The point mutation in exon 6D enhances
SR protein binding to the exon
In order to study how the point mutation in exon 6D
increased HIV-1 splicing, we tested whether the point
mutation activated or interfered with the binding of frans-
acting splicing factors to the exon. We first examined the
binding of the SR protein family of pre-mRNA splicing
factors to this region of exon 6D. Purine-rich sequences
have been shown previously to serve as binding sites for
SR proteins (Lavigueur et al., 1993; Dirksen et al., 1994;
Ramchatesingh ef al., 1995), and we tested whether the
exon 6D polypurine sequence helped to recruit SR proteins
to exon 6D. We also tested whether the U-to-C or other
mutations at this position such as U-to-G and U-to-A
affected splicing factor recruitment.

The binding of proteins from HeLa cell nuclear extract
to 60 nucleotide RNAs containing the wild-type exon 6D
sequence or the U-to-C, U-to-G and U-to-A mutant
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exon 6D sequences was assayed. A mutation in the
polypurine sequence, and a double mutation of both the
U-to-C and polypurine sequences were also tested
(Figure 2A). A control 60mer substrate RNA containing
no known splicing factor binding sites was also tested
(Caputi et al., 1999). These RNAs were covalently linked
to agarose beads and the RNA-linked beads were
incubated in HeLa cell nuclear extract and then washed
extensively. Proteins remaining bound to the beads were
eluted in SDS-containing buffer and loaded onto
SDS-PAGE gels. The gels were transferred to nitrocellu-
lose and probed with mAb104, which recognizes all the
members of the SR protein family (Roth et al., 1991), and
with monoclonal antibodies specific for SC35 and ASF/
SF2. A control lane containing 10 ul of total nuclear
extract is also included in these immunoblot experiments.
Based on calculations described previously, the amount of
nuclear extract loaded in the control lane is roughly a
quarter of the nuclear extract from which the eluted
proteins were derived in each experiment (Caputi et al.,
1999; Caputi and Zahler, 2001).

The results of the RNA affinity chromatography assay
indicate that SR proteins and SC35 in particular assemble
on exon 6D. The U-to-A mutation and more dramatically
the U-to-C and U-to-G mutations increase binding of SR
proteins to the exon (Figure 2B, lanes 1-4). This suggests
that the point mutation leads to an increased binding of SR
proteins to the exon 6D sequence, consistent with the role
of this mutation in enhancing splicing in vivo (Wentz et al.,
1997). Mutation of the polypurine sequence decreases SR
protein recruitment to the substrate (Figure 2B, lane 5).
The substrate RNA containing both the U-to-C mutation
and the mutation in the polypurine element binds SR
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Fig. 2. SR protein assembly onto exon 6D sequences. (A) Graphic
representation of exon 6D and the location of the substrates used in the
RNA affinity chromatography assay. The sequence of the wild-type
substrate RNA used in the experiment is indicated together with PPE
and U-to-C, U-to-A and U-to-G mutations. (B) SR protein binding to
the exon 6D substrates. Exon 6D and control RNA substrates were
covalently linked to agarose beads and incubated in HeLa cell
nuclear extracts. Proteins bound to the substrates were eluted and
immunoblotted with antibodies specific for all SR proteins (mAb 104)
or antibodies specific for the SR proteins SC35 (mAb 532) and SF2/
ASF (mAb AK-96). Lanes 1-7 contain the proteins eluted from beads
covalently linked to the substrate RNAs indicated. Lane 8 contains

10 pl of HeLa cell nuclear extract.

proteins much more strongly than the polypurine mutant
alone (Figure 2B, lanes 5 and 6). This result indicates that
the U-to-C mutation activates SR protein assembly onto
exon 6D, which is more easily seen when the polypurine
element binding site for SR proteins is eliminated from the
substrate RNA.

Mutant exon 6D sequences act as SR protein-
dependent splicing enhancers in an enhancer-
dependent splicing substrate

We next sought to determine whether either of these two
SR protein interaction sequences in exon 6D functioned as
splicing enhancers. SR protein-dependent splicing enhan-
cers have been identified in many alternatively spliced
exons (Sun et al., 1993; Ramchatesingh ef al., 1995). To
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Fig. 3. In vitro splicing of the dsx—exon 6D substrates. (A) Schematic
representation of the dsx—exon 6D splicing substrates. Dsx exonic
sequences: dark boxes; ASLV and exon 6D sequences: light boxes.
U-to-C, U-to-G, U-to-A and PPE mutations are indicated. (B) In vitro
splicing reactions. The radiolabeled pre-RNA substrates indicated were
spliced in in vitro splicing reaction mixtures containing HeLa cell
nuclear extract. Purified HeLa cell SR proteins (200 ng) were added
where indicated. After 2 h of incubation at 30°C, the RNAs were
recovered and separated on a 6% polyacrylamide—8 M urea gel. RNA
precursors and spliced products are indicated by the schematics on
the left.

test whether the U-to-C mutation functioned as an SR
protein-dependent ESE, we inserted the central portion of
exon 6D analyzed in Figure 2 into the downstream exon of
an enhancer-dependent splicing reporter substrate derived
from the Drosophila melanogaster dsx gene (Graveley
et al., 1998) (Figure 3A). Variants of the exon 6D
sequence containing the U-to-C mutation, mutation of the
polypurine element or both mutations were tested. As
controls we utilized the dsx-AE and the dsx-ASLV
constructs (Graveley et al., 1998). The dsx-AE construct
does not contain splicing enhancer sequences. It is
inefficiently spliced in HeLa nuclear extract and additional
SR proteins do not dramatically improve this very low
level of splicing (Figure 3B, lanes 1 and 2). In dsx-ASLV a
strong SR-dependent ESE derived from the avian
sarcoma-leukosis virus (ASLV) has been inserted into
the downstream exon of the dsx substrate. This substrate
splices efficiently in HeLa nuclear extracts and the splicing
efficiency is increased by the addition of exogenous SR
proteins to the reaction mixture (Figure 3B, lanes and 4).
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Fig. 4. In vitro splicing of the dsx—exon 6D substrates in HeLa S100 extracts complemented with SR proteins. The radiolabeled pre-RNA substrates
indicated were spliced in in vitro splicing reaction mixtures containing HeLLa S100 extract. Normalized amounts (~200 ng) of each SR protein
preparation were added to the splicing mixture as indicated. After 2 h of incubation at 30°C, the RNAs were recovered and separated on a 6%
polyacrylamide—8 M urea gel. RNA precursors and spliced products are indicated by the schematics on the left.

The substrate containing the wild-type exon 6D se-
quence gave no detectable splice product (Figure 3B,
lanes 5 and 6), indicating that this substrate may contain
splicing inhibitory sequences since it is a weaker splicing
substrate than the dsx-AE parent substrate (Figure 3B,
lanes 1 and 2). Splicing is activated in the substrate
containing the U-to-C mutation in dsx-6DC and the level
of splicing increases upon addition of SR proteins to the
splicing mixture (Figure 3B, lanes 7 and 8). The substrate
dsx-6DG containing the U-to-G mutation is also spliced
efficiently (Figure 3B, lanes 9 and 10) while splicing of the
substrate dsx-6DA carrying the U-to-A mutation can be
detected only upon addition of exogenous SR proteins to
the splicing mixture (Figure 3B, lanes 11 and 12).

Mutation of the polypurine sequence combined with the
upstream wild-type U or mutated C increases splicing
efficiency of the upstream intron in these substates
(Figure 3B, lanes 13-16). This indicates that the
polypurine sequence, which has SR protein recruitment
activity, is serving as a splicing silencer in this context.
The dsx-6DC PPE Mut substrate, which has both the U-to-
C mutation and the polypurine sequence, has the strongest
level of splicing activity of any of the exon 6D-derived
substrates (Figure 3B, lanes 15 and 16). These data
indicate that the U-to-C mutation activates an SR protein-
dependent splicing enhancer while the polypurine elem-
ent, although involved in recruiting SR proteins to the
same exon, functions as an exonic splicing silencer.

SC35 activates exon 6D splicing

The result of the RNA affinity chromatography assay
(Figure 2B) indicates that a 30 kDa species of SR protein
is the predominant family member to assemble on the U-
to-C mutant exon 6D. SC35 and ASF/SF2 are SR proteins
of ~30 kDa; both are present in roughly equal amounts in
HeLa NE and both are recognized by mAb104. Analysis of
the single SR proteins shows that binding of both SC35
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and SF2 to exon 6D is increased by the U-to-C mutation
(Figure 2B). However, a much larger fraction of the total
SC35 in nuclear extract assembles onto the exon 6DC PPE
Mut substrate RNA than the fraction of total SF2 that
assembles onto this same substrate (Figure 2B, lanes 6 and
8). This suggests that SC35 has a higher affinity than SF2
for exon 6D.

To determine whether individual SR proteins have
distinct activity in promoting the splicing of the exon 6D
substrates, we complemented splicing-deficient HeLa
S100 cytoplasmic extracts with single SR proteins. SR
proteins are absent from this splicing-deficient S100 and
addition of SR proteins to the extract can complement this
deficiency to allow in vitro splicing to occur (Krainer et al.,
1991). We purified total SR proteins from HeLa cells and
individual SR proteins from calf thymus according to our
published protocol (Zahler, 1999). The SC35 purified from
calf thymus contains >95% SC35 with only a trace of SF2
detectable.

As a first step, we normalized the amount of the
different SR proteins added to the HeLa S100 splicing-
deficient extract such that equal amounts of spliced human
[-globin first intron substrate were generated with each SR
protein added. These levels of SR proteins were picked so
that the B-globin substrate splicing was below the max-
imum achievable in these extracts (Figure 4, lanes 2-6).
We next tested these B-globin-normalized levels of SR
proteins for activation of splicing of the dsx-6D splicing
reporter substrates. Splicing of the dsx-6DU substrate was
not activated by complementation of the S100 extracts by
total SR proteins or by any of the single SR proteins
(Figure 4, lanes 8-12). Only the total HeLa SR protein
preparation and purified SC35 were able to efficiently
complement the HeLLa S100 extract and activate splicing
of the dsx-6DC, dsx-6DU PPE Mut and dsx-6DC PPE Mut
substrates (Figure 4, lanes 14, 15, 20, 21, 26 and 27).
SRp70, SRp55 and SRp40 were unable to stimulate
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Fig. 5. Analysis of hnRNP H/H'/F/2H9 and A1 assembly onto exon 6D.
Sequences of the various substrates used in this RNA affinity
chromatography experiment are indicated at the top. Location of the
U-to-C, GGGA sequence and PPE mutations are indicated in order
from left to right. RNA substrates were covalently linked to agarose
beads and incubated in HeLa cell nuclear extracts. Proteins bound to
the substrates were eluted and immunoblotted with antibodies specific
for the single hnRNPs indicated and SC35. Lane 8 contains 10 pl of
HeLa cell nuclear extract.

splicing of any of the exon 6D substrate RNAs (Figure 4,
lanes 16-18, 22-24 and 28-30) even though they
complement the S100 extract to activate splicing of the
B-globin substrate with the same efficiency as SC35
(Figure 4, lanes 2-6).

Analysis of hnRNP binding to the exon 6D
regulatory sequences

We next sought to determine whether other RNA binding
proteins known to play a role in regulation of alternative
splicing interact specifically with the exon 6D regulatory
sequences. hnRNP Al has been shown to regulate
alternative splicing of a variety of cellular and viral
substrates in a manner opposite to the effects exerted by
SR proteins (Mayeda and Krainer, 1992; Mayeda et al.,
1993; Caceres et al., 1994; Caputi et al., 1999; del Gatto-
Konczak et al., 1999). If the U-to-C mutation disrupts an
ESS, one possibility is that it disrupts an hnRNP Al
binding site. A variety of substrate RNAs containing
exon 6D sequences with combinations of mutations were
immobilized to beads and incubated in HeLa cell nuclear
extract. Proteins bound to the beads were identified by
immunoblotting (Figure 5). hnRNP A1l bound equally to
all six of the different exon 6D substrates tested, indicating
that none of these mutations affect the level of hnRNP Al
binding.

Members of the hnRNP H group, hnRNP H, hnRNP H’,
hnRNP F and hnRNP 2H9, are involved in mRNA
processing and exhibit extensive sequence homology
(Honore, 2000). They share a common structure of two
or three repeats of a similar RNA binding domain named
the quasi RNA recognition motif (QRRM) and two
glycine-rich auxiliary domains (Matunis et al., 1994;
Honore et al., 1995; Mahe et al., 1997). Members of the
hnRNP H group have been shown to be involved in
splicing regulation as components of both splicing
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enhancer and splicing silencer complexes (Min et al.,
1995; Mahe et al., 1997; Chen et al., 1999; Chou et al.,
1999). We have determined that hnRNPs H/H'/F/2H9 have
similar binding affinity for specific RNA sequences; the
core of the sequence bound by all of these proteins is
GGGA (Caputi and Zahler, 2001). A GGGA element is
present three nucleotides downstream of the U-to-C
mutation in exon 6D and we tested whether hnRNP H
proteins interact with this sequence in exon 6D.

Specific binding of hnRNP H family members can be
detected in substrates that contain the intact GGGA
sequence, while the binding of the hnRNP H family
members to the control substrate RNA (Figure 5, lane 7) is
equivalent to the binding of these proteins to the two
mutant substrates containing disruptions of the GGGA
sequence (Figure 5, lanes 5 and 6). This is consistent with
the GGGA sequence being the core of the binding
sequence for hnRNP H proteins on exon 6D. The binding
of hnRNPs H/H’/F/2H9 onto the exon 6D substrate
increases with the U-to-C mutation. hnRNPs H/H’/F/2H9
can all be detected as assembling specifically onto the
wild-type exon 6D sequences and also onto the U-to-C
mutants and the polypurine sequence mutants. However,
we can detect a 2- to 3-fold increase in the recruitment of
the members of the hnRNP H group to the substrates
carrying the U-to-C mutation (Figure 5, lanes 2 and 4) over
substrates with the wild-type U at this location (Figure 4,
lanes 1 and 3). Mutation of the GGGA sequence leading to
loss of hnRNP H family binding has no effect on the
efficiency of SR protein binding to exon 6D (Figure 5,
lanes 5 and 6 compared with lanes 1 and 2).

HnRNP H is required for exon 6D splicing

We next investigated the role of hnRNPs of the H group in
the regulation of exon 6D splicing. To do this, we created
dsx—exon 6D splicing substrates in which the GGGA
sequence that is required for hnRNP H family binding
to exon 6D is mutated (Figure 6A), and tested these
substrates in in vitro splicing reactions (Figure 6B). The
dsx—exon 6D substrates carrying the U-to-C mutation and
the substrates carrying the mutated PPE are capable of
being spliced in HeLa cell nuclear extract, while the dsx-
6DU substrate containing the wild-type exon 6D sequence
does not splice (Figures 3B and 6B, lanes 1-8). When the
GGGA sequence was mutated in these substrates, the
splicing efficiency dropped dramatically (Figure 6B,
lanes 9-16). Addition of SR proteins to the splicing
reaction did not detectably improve splicing efficiency
(Figure 6B, lanes 10, 12, 14 and 16). These results indicate
that the GGGA sequence is an essential part of the
complex enhancer regulating exon 6D splicing.

To test whether hnRNP H is an essential component of
the exon 6D splicing enhancer complex, we used RNA
affinity chromatography to make an hnRNP H-depleted
HeLa cell nuclear extract. This was accomplished by
incubating HeLa cell nuclear extract with agarose beads
containing a 40 nucleotide RNA whose sequence consists
of five eight-base repeats of the hnRNP H family binding
site from the rat B-tropomyosin exonic splicing silencer
(Chen et al., 1999). After two consecutive rounds of
incubation of this extract with the beads, >90% of
hnRNP H family proteins were removed from the extract
(Figure 7D and data not shown). This extract was then
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Fig. 6. In vitro splicing of the dsx—exon 6D substrates containing the mutated GGGA sequence. (A) Schematic representation of the dsx—exon 6D
splicing substrates with mutations in the GGGA sequence. Dsx exonic sequences are shown as dark boxes and exon 6D sequences as light boxes. The
sites of the U-to-C, GGG and PPE mutations are indicated. (B) In vitro splicing reactions. The radiolabeled pre-mRNA substrates indicated were
added to splicing reaction mixtures containing HeLa cell nuclear extract and either 0 or 200 ng of total HeLa SR proteins. After 2 h of incubation at
30°C, the RNAs were recovered and separated on a 6% polyacrylamide—8 M urea gel. RNA precursors and spliced products are indicated by the
schematics on the left. (C) The radiolabeled pre-mRNA substrates indicated were added to splicing reaction mixtures containing HeLa cell nuclear
extract (lanes 1 and 6) or hnRNP H-depleted HeLa cell nuclear extract (lanes 2—5 and 7-10). Reaction mixtures were also complemented with 200 ng

total HeLa SR proteins or 200 ng of recombinant hnRNP H as indicated.

used to test for splicing activity of the dsx-ASLV and dsx-
6DC PPE Mut substrates. For dsx-ASLV, the depleted
extract showed a reduction in splicing activity (Figure 6C,
lanes 1 and 2) that could be restored to full activity by
addition of 200 ng of total SR proteins (lanes 3 and 5). In a
previous study, we showed that depletion of extracts by
RNA affinity chromatography led to a reduction in general
splicing activity because of non-specific loss of some SR
proteins (Caputi et al., 1999). For the dsx-ASLV construct,
addition of 200 ng of recombinant hnRNP H had no effect
on splicing activity (lane 4). We complemented with
200 ng of recombinant hnRNP H because we determined
that this is the amount of hnRNP H found in 15 pl of our
HeLa cell nuclear extract (data not shown). In contrast, the
enhancer substrate derived from the 6D exon showed a
requirement of at least one hnRNP H family member for
splicing to occur. Depletion of hnRNP H from the nuclear
extract leads to a loss of splicing activity (lane 7) that can
only partially be rescued by addition of SR proteins
(lane 8). Addition of recombinant hnRNP H alone shows
significant rescue of the splicing enhancer activity (lane 9)
and addition of both SR proteins and hnRNP H leads to full
restoration of splicing activity (lane 10). The activation of
exon 6D splicing at a low level by addition of SR proteins
alone (lane 8) may be due to the presence of residual trace
amounts of hnRNP H in the depleted extract (data not
shown). Altogether, these results indicate that hnRNP H is
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essential for the exon 6D splicing enhancer activity. We
also looked at the level of hnRNP H in HeLa S100 extract
given that the enhancer functions in that extract as well
(Figure 4). hnRNP H in S100 is found at ~20% of the level
found in an equivalent volume of HeLa nuclear extract
(data not shown). Given the high affinity of hnRNP H for
the GGGA sequence, it makes sense that splicing of
exon 6D substrates can be detected in S100 extracts
as well.

U1 snRNP assembly onto exon 6D is dependent on
hnRNP H activity
Spliceosome assembly onto the pre-mRNA proceeds in a
stepwise fashion. The first detectable pre-spliceosomal
complex is named early or E complex (Reed and
Palandjian, 1997). It is characterized by the binding of
the Ul snRNP to the 5" splice site and the U2 auxiliary
factor heterodimer (U2AF65/35) to the 3’ splice site
sequences. SR proteins are also present in the E complex
and are required for its formation (Moore et al., 1993;
Graveley, 2000). SR proteins have been shown to interact
directly with the 35 kDa subunit of the U2AF heterodimer
(U2AF35) and with the Ul snRNP-specific Ul-70K
protein (Wu and Maniatis, 1993).

We investigated whether enhanced binding of SR
proteins in the U-to-C mutants was promoting exon 6D
splicing by recruitment of U2AF65/35 and Ul snRNP to
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Fig. 7. Assembly of components of the Ul snRNP onto exon 6D
requires hnRNP H and is independent of the 5" end of Ul snRNA.

(A) Schematic representation of exon 6D 100mer RNA substrates used
in this RNA affinity chromatography experiment. Position of the
branch point (bp), polypyrimidine tract (ppy), U-to-C mutation (U/C),
GGG sequence, polypurine element (PPE) and 5 splice site (5'ss) are
indicated. The GGG and polypurine mutations are the same as those
used previously (see Figure 5A). The 3’ splice site mutation changes
the final bases of the intron and first base of the exon from
ccactctgtgttagT to agactgtgtaataaA. The 5’ splice site mutation changes
the last three bases of the exon and the first three bases of the intron
from GAGgta to AAGctt. (B) The exon 6D substrates indicated were
covalently linked to agarose beads and incubated in HeLa nuclear
extracts. Proteins bound to the substrates after washing were eluted and
immunoblotted with antibodies specific for hnRNP H, Ula protein, the
Sm epitope and U2AF 35. Lane 11 contains 10 pl of HeLa cell nuclear
extract. (C) HeLa cell nuclear extract (lanes 1 and 2) or HeLa cell
nuclear extract treated with an antisense oligonucleotide to the 5" end
of Ul snRNA and RNase H (lanes 3 and 4) were incubated with
agarose beads containing the 5” splice junction region of the human
B-globin gene first exon (lanes 1 and 3) or the 6D5’U substrate (lanes 2
and 4). Proteins bound to the substrates after washing were eluted and
immunoblotted with an antibody specific for Ula protein. (D) The
6D5’U substrate RNA was bound to beads and incubated in 250 pl

of either HeLLa nuclear extract (lane 1), HeLLa nuclear extracted
depleted of hnRNP H proteins (lane 2) or hnRNP H-depleted extract
complemented with 3 ug of recombinant hnRNP H (lane 3). Proteins
bound to the substrates after washing were eluted and immunoblotted
with antibodies specific for the hnRNP H or Ula protein. Lane 4
contains 10 ul of hnRNP H-depleted HeLa nuclear extract and lane 5
contains 10 pl of HeLa nuclear extract.

the exon 6D-flanking 3" and 5’ splice sites. To do this, we
immobilized to agarose beads RNA substrates of 100
nucleotides, containing the regulatory regions of exon 6D
and either the 3’ end of the upstream intron or the 5" end of
the downstream intron (Figure 7A). Beads containing wild-
type substrates or substrates with various mutations in the
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splicing regulatory regions were incubated in HeLa nuclear
extract. Proteins bound specifically to the RNA substrates
were identified by immunoblotting with antibodies specific
for the 35 and 65 kDa (data not shown) U2AF subunits, the
Ul snRNP-specific protein Ula, the Sm epitope on snRNP
core proteins and hnRNP H (Figure 7B).

Both U2AF subunits assemble onto the substrates
containing the 3’ end of the upstream intron (Figure 7B,
lanes 1-5) as long as the polypyrimidine tract is intact
(lane 2). Mutations to any of the splicing regulatory
elements in exon 6D, the U-to-C, the GGG and the
polypurine element, have no effect on U2AF recruitment.
The Ula component of the Ul snRNP and the Sm B/B’
core snRNP proteins can be detected assembling onto
substrates containing the 5" end of the downstream intron
(lanes 6—10). Surprisingly, this assembly occurs on the
substrate for which the presumed Ul snRNP-interacting
sequence, the 5’ splice site, is mutated (lane 7). Mutations
at the U-to-C site or the polypurine element do not affect
the level of Ul snRNP protein detected. However,
mutation of the GGG sequence, which is the interaction
site for hnRNP H, leads to a strong decrease in Ula and
B/B’ recruitment. Therefore, there is a strong correlation
between the ability to bind hnRNP H and the presence of
sequences downstream of the regulatory region (but not
the true 5’ splice site) with the ability to recruit Ul snRNP.
The U-to-C mutation increases hnRNP H binding to both
of the 100mer substrates (lanes 3 and 8).

We next chose to investigate further the finding that
components of the Ul snRNP could be detected interact-
ing with the exon 6D splicing enhancer in the absence of
the wild-type 5 splice site (Figure 7B, lane 7). Interaction
of Ul snRNP with a 5" splice site involves base pairing
between Ul snRNA and the 5 splice site region. To test
whether this base pairing was required for the interaction
of Ul snRNP with the substrate RNA, we cleaved off the
5" end of Ul snRNA by treating HeLa cell nuclear extract
with a DNA oligonucleotide complementary to the 5" end
of Ul snRNA and RNase H (Bruzik and Steitz, 1990). We
tested this Ul snRNP-inactivated extract for the ability to
assemble the Ul snRNP onto the 5" splice site of the first
intron of the human [-globin gene and the 5’ splice site of
the intron downstream of exon 6D in an RNA affinity
chromatography experiment (Figure 7C). In untreated
HeLa cell nuclear extract, Ula protein can be detected on
both of the B-globin and exon 6D 5" splice site substrates
(Figure 7C, lanes 1 and 2). In the Ul snRNP-inactivated
HeLa nuclear extract, the Ula protein can be detected at
only background levels on the B-globin 5" splice site
(lane 3) consistent with its inability to interact by base
pairing with the 5" splice site. In contrast, the exon 6D
5’ splice site substrate assembles the same level of Ula in
both the Ul snRNP-inactivated and untreated HeLa cell
extracts (lanes 4 and 2). This result suggests that assembly
of the Ul snRNP onto the exon 6D 5" splice site region
does not require interactions between the 5" end of Ul
snRNA and the 5’ splice site.

The results in Figure 7B point to a requirement for the
hnRNP H binding site in the recruitment of Ul snRNP
components to the exon 6D substrates containing the
5" end of the downstream intron (Figure 7B, lane 9). To
test whether hnRNP H was required for the observed
binding of Ula protein to these substrates, we compared
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Fig. 8. Exon 6D sequence alignments. The exon 6D splicing regulatory
region has been aligned in divergent HIV-1 isolates of the B subtype
(Myers et al., 1996). Lower-case bases indicate aligned nucleotides,
upper-case bases indicate misaligned nucleotides, dots indicate gaps.
Shaded areas indicate the elements of the exon 6D splicing regulatory
region (U-to-C mutation, GGGA sequence and polypurine element,
respectively, from left to right). The region coding for the variable V1
loop is also indicated. The HXB2 isolate, from which the exon 6D
sequence used in this study was derived, is underlined.

binding of Ula and hnRNP H to the exon 6D 100mer
substrate containing the 5" end of the downstream intron
using HeLa nuclear extract, hnRNP H-depleted HeLa
nuclear extract and hnRNP H-depleted HelLa nuclear
extract complemented with recombinant hnRNP H to the
level found in HeLa nuclear extracts (Figure 7D, lanes 1-3,
respectively). Ula binding decreases dramatically in the
hnRNP H-depleted extract (lane 2) and returns to the level
of the untreated extract (lane 1) when the hnRNP
H-depleted extract is complemented with recombinant
hnRNP H (lane 3). The slightly retarded mobility of the
recombinant hnRNP H in lane 3 is due to the presence of a
Hisg tag on the protein. These results indicate that Ul
snRNP assembly onto exon 6D substrates is dependent on
hnRNP H protein activity.

Discussion

Properly balanced splicing of the single HIV-1 pre-mRNA
is essential for the viral life cycle and is dependent on the
host cell splicing machinery. A single nucleotide change
(U-to-C) in an HIV-1 isolate has been shown to induce an
abnormal splicing pattern in which the majority of mRNAs
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contain the tev-specific exon 6D (Wentz et al., 1997). The
abnormal splicing pattern leads to a dramatic decrease in
viral production and infectivity. The results presented here
demonstrate that a complex regulatory region promotes
exon 6D inclusion in HIV-1 messages. This region
consists of three distinct elements: the single nucleotide
U-to-C mutation, the GGGA sequence and a polypurine
element.

We determined that these elements are conserved in
other HIV-1 isolates. This is important because the HIV-1
viral isolate NL4-3, unlike the HXB2 strain, which we
have been referring to as the wild-type exon 6D strain in
this manuscript, does not contain a functional exon 6D 5
splice site and does not use exon 6D. When the U-to-C or
the PPE mutation was inserted into the NL4-3 exon 6D, an
overall increase in viral singly and multiply spliced
messages was observed (Wentz et al., 1997). This suggests
that the exon 6D splicing regulatory region may control
the overall splicing efficiency of the viral pre-mRNA, not
just the inclusion of exon 6D in the viral messages. The
exon 6D regulatory region is located in the highly variable
V1 loop of the env gene, which would make it seem
unlikely that there would be strong sequence conservation
of the regulatory elements (Myers et al., 1996). However,
analysis of this variable V1 loop region indicates that the
three elements that we have characterized in exon 6D are
highly conserved among different HIV-1 isolates of the
B subtype (Figure 8). This is consistent with a model in
which the exon 6D regulatory region is important for the
global regulation of HIV-1 splicing.

Previous studies showed that when exon 6D was
inserted as the central exon of a cardiac troponin T
(cTNT) three exon, two intron minigene, the mutation of
the polypurine element decreased splicing efficiency, thus
defining a splicing enhancer. However, when the poly-
purine element was mutated in the viral genome an
increase in multiply spliced messages was detected in
transfected cells, indicating that the polypurine element is
a splicing silencer in the viral context (Wentz et al., 1997).
Polypurine elements similar to the one present in exon 6D
are able to bind SR proteins and enhance splicing in
several systems (Humphrey er al., 1995; Ramchatesingh
et al., 1995). Here, we have shown that although the
exon 6D PPE promotes SR protein binding to the
substrate, it serves as a splicing silencer when the central
portion of exon 6D is inserted into the second exon of the
dsx enhancer—reporter substrate. This is in agreement with
the results obtained when the PPE was mutated in the viral
context (Wentz et al., 1997). Therefore, the splicing
context in which this polypurine element is found plays an
important role in determining whether it functions as an
ESE or an ESS.

It has been proposed previously that the U-to-C
mutation may interrupt an ESS element leading to relief
from splicing inhibition (Wentz et al., 1997). Our results
indicate that the U-to-C mutation creates an ESE. The
U-to-C mutation has the ability to promote assembly
of several SR proteins, and it has the highest affinity
for SC35. Functional binding sequences for several
SR proteins have been identified by selection affinity
experiments (Tacke and Manley, 1995; Liu et al., 1998;
Cavaloc et al., 1999). The U-to-C mutation changes the
exon 6D AGUAG sequence to AGCAG, which matches



the SC35 binding consensus sequence AGC(G)AG (Tacke
and Manley, 1995; Cavaloc et al., 1999). The mutation of
this same U to a G also matches the SC35 consensus
sequence and also efficiently enhances splicing (Figure 3B,
lanes 9 and 10). Changing this same U to an A stimulates
splicing only weakly (Figure 3B, lanes 11 and 12). These
data are all consistent with a model in which the U-to-C
mutation in exon 6D creates an SC35 binding site, which
in turn stimulates splicing of this exon.

We have characterized a third element of the exon 6D
splicing regulatory region, a GGGA sequence three
nucleotides downstream of the U-to-C mutation. The
core sequence capable of binding all members of the
hnRNP H family is GGGA (Caputi and Zahler, 2001).
Mutation of the GGGA sequence in exon 6D leads to loss
of hnRNP H group recruitment to exon 6D (Figure 5). This
loss of hnRNP H group binding is coupled with complete
loss of splicing in the dsx—exon 6D splicing substrates.
Depletion—reconstitution experiments indicate that
hnRNP H is essential for the function of the exon 6D
splicing enhancer (Figure 6). Mutation of the GGGA
sequence has no effect on SR protein recruitment to
exon 6D, while the U-to-C mutation does increase by 2- to
3-fold the amount of hnRNP H proteins that assemble on
exon 6D (Figure 5). One explanation for this result is that
the U-to-C point mutation improves the overall consensus
of hnRNP H group protein binding to this site character-
ized by the GGGA sequence at its core. Another possi-
bility is that, since the U-to-C mutation increases
recruitment of SR proteins to exon 6D, the SR proteins
help to recruit hnRNP H family proteins to exon 6D. While
mutation of the GGGA sequence eliminates hnRNP H
family binding, it does not decrease SR protein binding to
exon 6D, indicating that while SR protein binding to the
substrate may help in the binding of hnRNP H proteins, the
binding of SR proteins is not dependent on a cooperative
interaction with hnRNP H proteins.

SR protein-dependent ESEs are thought to act by
recruiting U2AF and U1 snRNP to the flanking splice sites
of an alternatively spliced exon with weak consensus
splice junctions, thus promoting inclusion of the alterna-
tive exon. Our results show that U2AF and the Ul snRNP
assemble on the regions flanking exon 6D independent of
the U-to-C mutation. U2AF binding to a polypyrimidine
tract independent of a splicing enhancer has been
characterized previously (Kan and Green, 1999). We
demonstrated that hnRNP H interacting with the GGGA
element is required for assembly of Ul snRNP onto
exon 6D and that this assembly does not require that the 5’
end of Ul snRNA base pairs with the 5 splice site. That
this U1 snRNP interaction does not depend on the 5" end of
Ul snRNA or the presence of a 5" splice site is consistent
with the observation that the U-to-C mutation can
stimulate overall viral splicing in a provirus derived
from the NL4-3 HIV-1 isolate, which lacks a 5 splice site
downstream of exon 6D (Wentz et al., 1997). We propose
that hnRNP H interaction with the conserved GGGA
sequence functions to bring Ul snRNP to the pre-mRNA
through protein—protein interactions, but that this complex
is inactive in functioning as a splicing enhancer, perhaps
due to the function of the polypurine ESS. Binding of
SC35 to the U-to-C mutation may promote a change in this
hnRNP H-U1 snRNP complex that turns it into an active
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splicing enhancer complex which stimulates the overall
splicing of the HIV-1 pre-mRNA.

Materials and methods

Substrate RNA synthesis, immobilization of RNA on agarose
beads and RNA affinity chromatography assays

Substrate RNA synthesis from oligonucleotides, covalent linkage to
adipic acid dihydrazide—agarose beads and RNA affinity chromatography
assays were performed as described previously (Caputi et al., 1999;
Caputi and Zahler, 2001). The sequences of the substrates are indicated in
Figures 2, 4 and 7 except for the Cont 60 substrate whose sequence has
been described previously (Caputi ef al., 1999). The B-globin substrate
RNA used in the experiment in Figure 7C contains the last 21 nucleotides
of the first exon and the first 39 nucleotides of the first intron of the human
B-globin gene.

Plasmid constructs

Plasmids dsx-AE and dsx-ASLYV used as templates for generating in vitro
splicing substrates were a generous gift from Dr B.R.Graveley
(University of Connecticut) and Dr T.Maniatis (Harvard University). A
series of exon 6D-containing splicing substrates were constructed by
inserting pairs of kinased complementary annealing DNA oligonucleo-
tides into the Bstbl site of the dsx-AE plasmid.

Preparation of hnRNP H-depleted Hela cell nuclear extract

A 40 nucleotide hnRNP H group high-affinity binding substrate RNA
containing five repeats of the eight-nucleotide rat B-tropomyosin
hnRNP H binding site sequence GUGGGGAC was transcribed by T7
RNA polymerase from an oligonucleotide substrate. HeLa cell nuclear
extract (0.25 ml) was treated with two consecutive rounds of 5 nmol of
hnRNP H binding site RNA immobilized to agarose beads at 30°C for
15 min. Depleted extract was then used in pre-mRNA splicing and RNA
affinity assays. The depletion resulted in removal of >90% of hnRNP H
family proteins from the extracts.

snRNA inactivation in Hela cell nuclear extract

Experiments in which the 5" end of Ul snRNA was decapitated in HeLa
cell nuclear extract with antisense oligodeoxynucleotides were performed
as described by Bruzik and Steitz (1990). HeLa nuclear extract was
incubated at 30°C for 30 min in the presence of 13 uM oligodeoxy-
nucleotide (anti-Ul 5-TGCCAGGTAAGTAT) and 5 U of RNase H.

In vitro pre-mRNA splicing assays and SR protein
preparation

Capped, 3?P-labeled run-off transcripts were synthesized by in vitro
transcription using T7 RNA polymerase. HeLa cell nuclear and S100
extracts were prepared and splicing reactions were performed in a total
volume of 25 pl containing 15 pul of HeLa cell nuclear extract or S100 as
described (Mayeda and Krainer, 1999). The reaction mixtures were
incubated at 30°C for 2 h. RNAs recovered from the splicing reaction
mixtures were separated on an 8 M urea—6% polyacrylamide gel and
visualized with a Phosphorlmager (Molecular Dynamics). Total SR
proteins were prepared from HeLa cells and individual SR proteins were
prepared from calf thymus as described previously (Zahler, 1999).
Recombinant Hise-tagged hnRNP H protein (Chou et al., 1999) was
kindly provided by Dr M.Y.Chou and Dr Douglas Black.

Protein analysis

Proteins were separated on 12% polyacrylamide—SDS gels and visualized
by Coomassie Blue staining or electroblotted onto a nitrocellulose
membrane and probed with antibodies. mAb 4B10 against hnRNP Al
(Pifiol-Roma et al., 1988) was provided by Dr G.Dreyfuss (University of
Pennsylvania). mAb IS-2H9 against hnRNP 2H9 (Mahe et al., 1997) was
provided by Dr J.P.Fuchs (INSERM, Strasbourg, France). Rabbit
polyclonal anti-hnRNP H/H” and F antisera (Min et al., 1995; Chou
et al., 1999) were provided by Dr D.L.Black (University of California,
Los Angeles). Rabbit polyclonal anti-U2AF* and anti-U2AF% antibodies
were provided by Dr T.Maniatis (Harvard University). Anti-SF2/ASF
mAb AK-96 was provided by Dr A.R.Krainer (Cold Spring Harbor
Laboratories). Rabbit polyclonal anti-Ula antibody was provided by
Dr I.Mattaj (EMBL, Heidelberg). Anti-SC35 monoclonal antibody
mAb 532 was provided by Dr J.Stevenin (INSERM, Strasbourg,
France). Immunoblots were stained using the appropriate horseradish
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peroxidase-conjugated secondary antibody and detected using the
ECL chemiluminescence kit (Pierce).
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