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The sequence complementarity between HIV-1
5’ splice site SD4 and U1l snRNA determines the
steady-state level of an unstable env pre-mRNA
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ABSTRACT

HIV-1 env expression from certain subgenomic vectors requires the viral regulatory protein Rey, its target sequence

RRE, and a 5’ splice site upstream of the  env open reading frame. To determine the role of this splice site in the
5’-splice-site-dependent Rev-mediated  env gene expression, we have subjected the HIV-1 5 ' splice site, SD4, to a
mutational analysis and have analyzed the effect of those mutations on env expression. The results demonstrate that
the overall strength of hydrogen bonding between the 5 " splice site, SD4, and the free 5 ' end of the U1 snRNA
correlates with  env expression efficiency, as long as  env expression is suboptimal, and that a continuous stretch of

14 hydrogen bonds can lead to full ~ env expression, as a result of stabilizing the pre-mRNA. The U1 snRNA-mediated
stabilization is independent of functional splicing, as a mismatch in position +1 of the 5’ splice site that led to loss
of detectable amounts of spliced transcripts did not preclude stabilization and expression of the unspliced env
mMRNA, provided that Rev enables its nuclear export. The nucleotides capable of participating in U1 snRNA:pre-mRNA
interaction include positions —3 to +8 of the 5’ splice site and all 11 nt constituting the single-stranded 5 "end of Ul
snRNA. Moreover, env gene expression is significantly decreased upon the introduction of point mutations in several
upstream GAR nucleotide motifs, which are mediating SF2/ASF responsiveness in an in vitro splicing assay. This
suggests that the GAR sequences may play a role in stabilizing the pre-mRNA by sequestering U1 snRNP to SDA4.

Keywords: envelope; ESE; HIV-1; RNA splicing; RNA stability; U1 snRNA

INTRODUCTION Zhang & Rosbash, 1999; Del Gatto-Konczak et al.,
2000). Beside its role in the splicing reaction, the in-
tegrity of a 5’ splice site is important for nuclear pre-
mMRNA stability as has been shown by point mutations
within the 5’ splice site of, for example, the HIV-1 tat/
rev intron (Lu et al., 1990) or polyoma virus late tran-
scripts (Barrett et al., 1995) leading to a decrease in the
accumulation of unspliced transcripts. Moreover, bind-
ing of sSnRNPs leads to nuclear retention of the RNA
and it is generally recognized that completion of the
splicing reaction removes this obstacle to RNA nucleo-
cytoplasmic export (Chang & Sharp, 1989; Legrain &
Rosbash, 1989; Hamm & Mattaj, 1990; Huang & Car-
michael, 1996).
There remains a conceptual problem of how the nu-
cleocytoplasmic export of unspliced RNA equipped with
. . o o . suitable snRNP binding sites occurs. This is the case
Reprint requests to: Heiner Schaal, Institut fur Medizinische Mi-

krobiologie und Virologie, Geb. 22.21, Universitatsstr. 1, D-40225 for the nUCIeOC_ytOplasmlc export of a Va”et_y of retro-
Dusseldorf, Germany; e-mail: schaal@uni-duesseldorf.de. and pararetrovirus mRNAs (Cullen, 1992; Kiss-Laszlo

421

Most eukaryotic primary transcripts contain introns that
have to be removed prior to their nucleocytoplasmic
export to ensure translation of a continuous open read-
ing frame (ORF). Splicing takes place in two catalytic
steps within a large multicomponent complex, the splice-
osome (for reviews, see Moore et al., 1993; Burge et al.,
1998; Reed, 2000). One of the earliest steps in splice-
osome assembly is the duplex formation between the
free 5’ end of the U1 snRNA and the 5’ splice site. The
RNA duplex is not only stabilized through its hydrogen
bonding but almost certainly through additional inter-
actions of protein components with the pre-mRNA also
in the vicinity of the 5’ splice site (Puig et al., 1999;
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& Hohn, 1996; Bodem et al., 1997). The overlapping of
their genes entails that one and the same sequence
may be part of an intron or of an exon, depending on
which gene is being expressed. To enable the use
of their full genomic potential, the excision of introns
has to be restrained by regulatory processes, for in-
stance, through inefficient 3’ splice sites (Katz & Skalka,
1990; Fu et al., 1991; McNally & Beemon, 1992; Staffa
& Cochrane, 1994; Dyhr-Mikkelsen & Kjems, 1995;
O'Reilly et al., 1995; Zhang & Stoltzfus, 1995; Si et al.,
1997) or cis-acting splicing enhancer/silencer ele-
ments (Amendt et al., 1995; Staffa & Cochrane, 1995;
Wentz et al., 1997; Si et al., 1998; Caputi et al., 1999).
In the case of HIV-1, the predominant cytoplasmic ap-
pearance of the unspliced env mRNA, which contains
the tat/rev intron (Fig. 1), is regulated by the viral pro-
tein Rev through interaction with its RNA target se-
guence the Rev responsive element (RRE; for a review
see Emerman & Malim, 1998; Hope, 1999). By utilizing
a non-mRNA export pathway that is coupled to the
Ran-GTPase cycle, Rev counteracts the splicing path-
way and nuclear retention (Fischer et al., 1999).
Rev-mediated env expression was originally sug-
gested to inhibit splicing directly depending on ineffi-
cient splice signals (Chang & Sharp, 1989), which would
also imply a less efficient nuclear retention signal. How-
ever, in HIV-1, the 5" splice site SD4 of the second
intron of the tat/rev transcript, that is, upstream of the
env OREF, turned out to be highly efficient, whereas the
3’ splice site, SA7, is suboptimal (McNally & Beemon,
1992; Staffa & Cochrane, 1994; Dyhr-Mikkelsen &
Kjems, 1995; O'Reilly et al., 1995; Si et al., 1998). Lu
et al. (1990) have conclusively shown that the cyto-
plasmic expression of an SV40 late promoter driven 3’
subgenomic HIV-1 fragment requires that the 5’ splice
site be effectively recognized by Ul snRNA and that
binding of U1 snRNA affects the steady-state level of
env mRNA. In other experimental systems, deletion of

ORFs X tat 1
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SD 4 SAT

FIGURE 1. Schematic drawing of the positions of the 5" and 3’ splice
sites flanking the tat/rev intron of the HIV-1 transcript synthesized
from the env expression vector SV E/X tat™ rev™. The EcoRlI-Xhol
fragment of pNLA1 (Strebel et al., 1987) was cloned into the SV40
early expression vector pSVT7 (Bird et al., 1987). ORFs indicated as
open boxes are translationally silent due to their mutated transla-
tional start codons “X". Based on SV E/X tat™ rev™, the mutant
vectors are named according the position of the 5’ splice site that is
mutated and the substituted nucleotide. The first nucleotide of the
intron is defined as +1. In SD4 ", only the 3 nt of the tat exon 1 stop
codon are complementary to the U1 snRNA.
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the 5’ splice site did not abolish Rev-mediated cyto-
plasmic appearance of RRE-containing RNAs (Emer-
man et al.,, 1989; Felber et al., 1989; Fischer et al.,
1994, 1999; Nasioulas et al., 1994). This suggested to
us that the splice site also serves an RNA protective
function for the 5’-splice-site-dependent Rev-mediated
env gene expression.

A starting point for the design of our experiments was
the observation by Lu et al. (1990) that a mutation in
position +5 of SD4 prevented env expression and could
be compensated by a mutation in the corresponding
nucleotide of the U1 snRNA. The present analysis does
not focus primarily on compensatory effects in Ul
snRNA, but on the nucleotides within SD4 and the ex-
tent of base-pairing to U1 snRNA. Here, we demon-
strate that the sequence of the HIV-1 5’ splice site SD4
and of an upstream exon splicing enhancer (ESE) has
profound and predictable effects on the steady-state
poly(A)* RNA levels expressed from vectors in which
SD4 is the 5’ splice site closest to the cap. Moreover,
we show that the U1 snRNP association stabilizes the
pre-mRNA in a process independent of splicing.

RESULTS

Hydrogen bonding between the HIV-1
5’ splice site SD4 and U1 snRNA
determines Env expression

To investigate the role of a 5’ splice site for Rev func-
tion, we analyzed the Rev-dependent env expression
of an SV40-based env expression vector containing
mutations in SD4 (Fig. 1). The env expression vector
SV E/X tat™ rev™ used in our study (Fig. 1) contains
the EcoRI-Xhol fragment of pNLA1 (Strebel et al., 1987)
encompassing the downstream half of the HIV-1 geno-
mic sequence. The vector possesses the expression
potential for Vpu and Env, but not for Tat and Rev be-
cause of point mutations in their translational start co-
dons. The mutation of the tat AUG was introduced to
exclude the translational inhibition of the downstream
vpu and env AUGs by the strong tat AUG (Schwartz
et al., 1990). The mutation of the rev AUG was de-
signed to exclude variable rev expression as a cause
for different efficiency of env expression. Equal Rev
levels were provided by cotransfection with a Rev ex-
pression vector. All transfection experiments were per-
formed in HelLa cells under nonreplicative conditions.

To determine the minimal number of neighboring hy-
drogen bonds between SD4 and Ul snRNA that are
necessary for env expression, we analyzed the parent
construct with the authentic SD4 sequence and two
mutant SD4 sequences, containing mismatches in po-
sition +7 (7C) and +6/+7 (6A7C) (Fig. 2). This re-
duces the complementary bases to U1 snRNA from 7
in SD4 to 6 and 5 in the mutant plasmids and the
hydrogen bonds from 16 in SD4 to 14 and 12, respec-
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FIGURE 2. Immunoblot analysis (left) of glycoproteins expressed in Hela cells transfected with env expression vectors
carrying mutations of the tat/rev 5’ splice site, SVcrev, and pGL3-control. For each plasmid, transfection using the trans-
fection reagent FuGene™6 was done with each 1 ug of the env expression vector, 1 ug SVcrev, and 0.5 ug pGL3-control.
The mutations of the tat/rev 5’ splice site are depicted on the right, given the position and the substituted nucleotide. A
synonymous homenclature with respect to the continuous stretch (cs) of formed hydrogen bonds starting at the position of
the c¢s on SD4 and the number of hydrogen bonds indicated by the superscript is given in brackets. Column H states the
number of predicted hydrogen bonds. In the sketch in the middle, the hydrogen bonds that are predicted to form between
the tat/rev 5’ splice site and U1l snRNA are shown as circles (mismatch: open circle; 2: two hydrogen bonds; 3: three

hydrogen bonds).

tively. In addition, we analyzed a construct containing
mutations in positions —1 and +8 (—1G8U) in SD4,
increasing the complementary bases to nine and the
hydrogen bonds to 21. Immunoblot analysis of cells
transfected with these constructs showed wild-type env
expression from the 7C and —1G8U constructs, but
severely affected expression from mutant 6A7C. This
implies that the minimal number of adjacent base pair-
ings is six, and that the number of adjacent hydrogen
bonds necessary for wild-type env expression is greater
than 12.

To determine the position of the hydrogen bonds en-
abling env expression, we constructed additional 5’
splice site mutants with a continuous stretch (cs mu-
tants) of 14 to 16 potential hydrogen bonds with Ul
snRNA, shifted towards the 5’ direction of the splice
site (Fig. 3A, cf. also Fig. 3B). Transfection experiments
with these mutants show that the positions —2 (cf. mu-
tant cs —2'4, i.e., base pairing extended to splice site
position —2, 14 predicted hydrogen bonds) and —3
(cf. mutant cs —3*°) are capable of compensating for
mismatches in positions +5 and +6, indicating that
they can participate in Ul base pairing. In contrast,
mutant cs —416 has lost its ability to express env, pos-
sibly due to a lack of base pairing in position —4, re-
sulting in a reduction of hydrogen bonds from 16 to 13.
This was confirmed by efficient env expression from
the mutant with one match added to the stretch —4€ in
position +3 (cs —48), but loss of env expression by
introducing a mismatch at position —4 (cs —3*3). Taken

together, these findings confirm that six is the minimum
number of adjacent base pairings and 14 is the mini-
mum number of hydrogen bonds that is required for
glycoprotein expression in our experimental system.

Central mismatches in the SD4 sequence
complementary to U1 snRNA
affect env expression

To determine the requirement for env expression of a
discontinuous stretch of hydrogen bonds, we intro-
duced point mutations in the center of the SD4 se-
guence at positions +3, +4, or +5. In these mutants,
env expression is obliterated (Fig. 4A), despite the fact
that the total number of hydrogen bonds in the mutants
3U and 4C equals the minimum of 14 as determined for
a continuous stretch of hydrogen bonds (Figs. 2 and 3).
Thus, in the case of discontinuous stretches of hybrid-
ization potential, more than 14 hydrogen bonds are
required. Introduction of additional mutations to allow
hydrogen bonding with U1 snRNA at positions +8
(Fig. 4B) or —1 (Fig. 4C) or both (Fig. 4D) can in
some instances compensate for the mismatch. The
suboptimal hydrogen bonding of mutant 4C (Fig. 4A)
with seven hydrogen bonds on either side of the mis-
match, can be compensated by prolonging the base-
pairing region by 1 nt on either the 5’ or 3’ side (mutant
4C8U, Fig. 4B, and —1G4C, Fig. 4C). With fewer than
seven hydrogen bonds on one side of the mismatch,
for example, in mutant 5U, additional hydrogen bonds
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FIGURE 3. A: Immunoblot analysis (left) of glycoproteins expressed in Hela cells transfected with SVcrev, pGL3-control,
and env expression vectors carrying mutations in the tat/rev 5’ splice site. See Figure 2 for an explanation. B: Hybridization
of sequences of the tat/rev exon/intron border with the 5" arm of U1 snRNA (according to Branlant et al., 1981).

on both the 5’ and the 3’ side are necessary to restore
env expression (—1G5U8U, Fig. 4D). In conclusion,
6—12 hydrogen bonds on either side of the mismatch
are necessary for env expression, and the exact num-
ber of hydrogen bonds on each side depends on the
strength of the base pairing on the opposite side of the
mismatch.

To prove that the observed correlation between env
expression and the potential number of hydrogen bonds
is due to the RNA duplex formation between the Ul
snRNA and SD4, we repeated the transfection exper-
iment with some of the 3U mutants (cf. Fig. 5, lanes wt
Ul and 3U mutants in Fig. 4A-D), but with coexpres-
sion of a suppressor U1 snRNA matching the 3U mu-
tation (Fig. 5, lanes 6A U1). As predicted, env expression
was increased for all 3U mutants when this suppressor

Ul snRNA was coexpressed. Moreover, for the two
mutants with five hydrogen bonds on one side of the
mismatch (mutants 3U and 3U8U), but different num-
bers of hydrogen bonds on the opposite side, env ex-
pression increased with an increased total number of
hydrogen bonds. On the contrary, for the other two
mutants that have eight instead of five hydrogen bonds
on one side of the 3U mismatch (mutants —1G3U and
—1G3U8U), the correlation between env expression
and total number of hydrogen bonds disappears. This
shows that maximal env expression can already be
obtained when forming an RNA duplex with a less than
maximum number of hydrogen bonds. Thus, the con-
tribution of any single nucleotide, for example, position
+8, to the formation of the RNA duplex only becomes
important if env expression is suboptimal.
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FIGURE 4. Immunoblot analysis (left) of glycoproteins expressed in HeLa cells transfected with SVcrev, pGL3-control, and
env expression vectors carrying mutations in the tat/rev 5’ splice site. See Figure 2 for an explanation. A cellular protein
cross reacting with the mAb is marked with an asterisk. Column H: Number of hydrogen bonds at either side of the unpaired

nucleotide.

Beyond identification of the hydrogen bonding pat-
terns suitable for env expression, our data indicate that
a mismatch in position +4 is more readily compen-
sated by extending the flanking base pairing than a
mismatch in position +3 or +5 (Fig. 4). To analyze
whether this is due to a favorable distribution of hydro-
gen bonds in the mutant 4C, or to a preference for
hydrogen bonding of position +3 as compared to po-
sition +4, we constructed two additional 3U mutants
with an arrangement of hydrogen bonds that is similar
to that of the 4C mutants (Fig. 6). The immunoblot
analysis of these constructs shows that the 4C mutant
with seven hydrogen bonds at the 5’ side and nine at
the 3’ side of the mismatch expresses higher amounts
of Env than the 3U mutant with eight and nine hydro-
gen bonds (Fig. 6, cf. mutants 4C8U and —1G3U). The

same result could be obtained in the comparison of
mutants with 10 and 7 hydrogen bonds on the 5’ and
3’ sides of the mismatch (Fig. 6, cf. —1G4C and
—2A—-1G3U7U). In all cases, the mismatch in position
+4 is more readily compensated than a mismatch in
position +3. This finding suggests that the position of
the mismatch or the positions of the compensatory
matches also exert an influence on env expression,
albeit to a lesser extent than the total number of hy-
drogen bonds. Additionally, comparison of two mis-
match mutants, both of which can form an RNA duplex
with a discontinuous, but identical total number of 17
hydrogen bonds (mutants —1G3U and —2A—-1G3U7U),
suggests that the length of a single continuous stretch
of hydrogen bonds is the primary determinant for env
expression the closer it approximates the critical num-
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FIGURE 5. Immunoblot analysis (left) of glycoproteins expressed in HeLa-T4™" cells transfected with SVcrev, pGL3-control,
env expression vectors carrying mutations in the tat/rev 5’ splice site, and the expression plasmid coding for wt U1 snRNA
(wt U1) or 6A U1 snRNA (6A U1). See Figure 2 for an explanation. Column H: Number of hydrogen bonds at either side of

the unpaired nucleotide.

ber of hydrogen bonds that, in itself, would be sufficient
for env expression (Fig. 6, cf. mutants —1G3U and

—2A—1G3U7U).

Complementarity of the 5

" splice site to

Ul snRNA is essential for RNA stability

To evaluate the splicing efficiency of the mutants in
vivo, we performed northern blot analyses of transient
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transfected Hela cells in the presence and absence of
Rev (Figs. 7 and 8).
Analysis of the mutants containing continuous stretch

complementary to U1 snRNA shifted towards the 5’
end of the splice site (Fig. 3A) revealed that all of the
mutants with more than 13 hydrogen bonds (cs + 14,
cs — 2% cs — 3% cs — 4% Janes 1-3 and 6) are
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spliced efficiently if the continuous stretch starts at po-
sition —3 or at a position further downstream (Fig. 7).

FIGURE 6. Immunoblot analysis (left) of glycoproteins expressed in HelLa cells transfected with SVcreyv, pGL3-control, and
env expression vectors carrying mutations in the tat/rev5’ splice site. See Figure 2 for an explanation. Column H: Number
of hydrogen bonds at either side of the unpaired nucleotide.
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FIGURE 7. Northern blot analysis of poly(A)* RNA isolated from
HelLa-T4™" cells transfected with SV E/X tat™ rev~ constructs with a
continuous stretch of complementarity to U1 snRNA starting at po-
sitions +1 to —4 (cf. Fig. 3) in the presence (+ Rev) and absence of
Rev (— Rev). Lanes 1: SV E/X tat™ rev™ cs +1; lanes 2: SV E/X
tat™ rev cs —2%*; lanes 3: SV E/X tat™ rev™ ¢s —3°; lanes 4: SV
E/X tat” rev™ cs —4'%; lanes 5: SV E/X tat™ rev™ cs —3%3; lanes 6:
SV E/X tat™ rev™ cs —418, us: unspliced transcript; s: spliced tran-
script; rev: cross-hybridization signal with the transcript of the co-
transfected Rev expression plasmid; hgh: human growth hormone
transcript visualizing transfection efficiency.

However, the steady-state level of total poly(A) " mMRNA
decreases with those mutants whose continuous stretch
of hydrogen bonding ends at position +3 (cs — 3*° and
cs — 4'8; lanes 3 and 6), indicating that a continuous
stretch of 15 hydrogen bonds, starting at position —3,
would not be sufficient for an efficient stabilization.
In the absence of Revy, the spliced RNA is detected
whereas in the presence of Rev, most of the RNA is
unspliced. Neither spliced nor unspliced RNA is detect-
able with cs — 4%¢ and cs — 33 (lanes 4 and 5) obvi-
ating any conclusion regarding the minimal requirements
of hydrogen bonds for the splice function in these un-
stable transcripts.

To analyze mutants with discontinuous complemen-
tarity to U1 snRNA, mutants derived from the 3U con-
struct were chosen (Fig. 4). In the presence of Rev, the
poly(A)* steady-state levels of unspliced env mRNAs
correlate with Env formation (cf. Fig. 8, lanes 1-6
“+Rev”, and Fig. 4), and the amount of spliced mRNA
appears to be a constant proportion. Thus, the SD4
mutations strongly influence the poly(A)* steady-state
levels of unspliced env mRNAs. In the absence of Rey,
the spliced form of mRNA is dominating but the influ-
ence of the SD4 mutations on mRNA levels is compa-
rable to those formed in the presence of Rev (Fig. 8,
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FIGURE 8. Northern blot analysis of poly(A)" RNA isolated from
HelLa-T4" cells transfected with SV E/X tat™ rev~ constructs with a
mismatch in the stretch of complementarity to U1 snRNA in position
+3 (cf. Fig. 4) in the presence (+ Rev) and absence of Rev (— Rev).
Lanes 1: SV E/X tat™ rev™; lanes 2: SV E/X tat™ rev™ 3U; lanes 3:
SV E/Xtat™ rev™ 3U8U; lanes 4: SV E/X tat™ rev™ —1G3U; lanes 5:
SV E/X tat™ rev- —1G3U8U; lanes 6: SV E/X tat™ rev™ —1G8U. us:
unspliced transcript; s: spliced transcript; hgh: human growth hor-
mone transcript.

cf. lanes 1-6 “—Rev” and “+ReVv"), suggesting that the
stabilization of the RNA is independent of the splicing
reaction. No subgenomic HIV-1 specific RNA was de-
tected in cells transfected with mutants 3U (Fig. 8,
lanes 2) and 3U8U (Fig. 8, lanes 3), neither in the
presence nor absence of Rev (Fig. 8, lanes 2 and 3),
implying that insufficient hydrogen bonding with Ul
SnRNA leads to nuclear degradation.

Similar results were also obtained with another two
series of vectors that differed only in the presence of an
RRE within the intron of their model transcription unit
(data not shown). Furthermore, this indicates that the
5’-splice-site-mediated RNA stabilization mechanism is
dependent neither on the RRE nor on the Rev/RRE
interaction.

Nucleotide G in position +1 of the 5’ splice
site is obligatory for the splice function,
but not for RNA stabilization

To address the question of whether the splice function
of the 5’ splice site is a prerequisite for the function as
a stabilizing element, we dissected these two functions
by including the position +1 in the mutational analysis
of the SD4 sequence. Because the dinucleotide GT in
position +1 and +2 is highly conserved in functional 5’
splice sites among the U2-type introns and because
we have shown that at least 14 hydrogen bonds should
be sufficient to stabilize the RNA, we mutated the gua-
nine in position +1 to a cytosine but retained the po-
tential for the formation of 13 to 23 hydrogen bonds to
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FIGURE 9. Immunoblot analysis (left) of glycoproteins expressed in HelLa cells transfected with SVcreyv, pGL3-control, and
env expression vectors carrying mutations in the tat/rev 5’ splice. See Figure 2 for an explanation. Column H: Number of

hydrogen bonds at either side of the unpaired nucleotide.

U1 snRNA from position —3 to +8 (Fig. 9). These al-
tered SD4 sequences were introduced into the env ex-
pression vector SV E/X tat™ rev™ and analyzed for their
influence on Rev-dependent env expression and their
splicing pattern. The immunoblot analysis (Fig. 9) shows
that a mutation in position +1 in the context of extended
flanking complementarity yielded moderate env expres-
sion (Fig. 9, mutants GTI and GTV), indicating that the
G in position +1 is not obligatory for RNA stabilization.

The northern blot analysis of the corresponding RNAs
(Fig. 10) shows that the levels of steady-state poly(A) *
unspliced RNAs synthesized in the presence of Rev
parallels the levels of Env expression shown in Fig-
ure 9. In the absence of Rey, spliced RNA is only de-
tected for the wild-type SD4 (Fig. 10, lane 1), but not in
any of the constructs containing a mutation at position
+1 (Fig. 10, lanes 2-5 “—ReVv").

These results imply that the presence of G in position
+1 of the 5’ splice site is essential for splicing, but not
for the other function of the 5’ splice site in RNA pro-
tection. This hypothesis was substantiated by the ob-
servation that in cotransfection experiments with a
suppressor U1 snRNA that does not allow hybrid for-
mation in position +1, but in all other positions of the 5’
splice site, the env expression from mutant SV E/X
tat™ rev™ GTIIl was restored (data not shown).

Efficient 5 '-splice-site-dependent
Rev-mediated env gene expression
requires a sequence upstream of SD4

In the course of studying gene expression, we con-
structed a variety of env expression vectors all carrying

- Rev + Rev
E_>I E_>|
< < < <t
OFEEFEEFEF QO QOFEE O
w OO0 0 w w OO0 0 w
2]
us e . ]

s B
hgh .'...

12345 12345

FIGURE 10. Northern blot analysis of poly(A) " RNA isolated from
HelLa-T4" cells transfected with the env expression vector SV E/X
tat” rev™ and the splice function mutants in the presence (+ Rev)
and absence (— Rev) of Rev. Lanes 1: SV E/X tat™ rev™; lanes 2: SV
E/X tat™ rev™ GTIII; lanes 3: SV E/X tat™ rev™ GTI; lanes 4: SV E/X
tat™ rev- GTV; lanes 5: SV E/X tat™ rev- SD4". us: unspliced
transcript; s: spliced transcript; hgh: human growth hormone tran-
script.
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SD4 but with HIV-1 sequences of different length up-
stream of SD4. Unexpectedly, two of these env expres-
sion plasmids, which differed only in the presence of 35
nt upstream of SD4 (SVrev, SVsac-sma, Fig. 11A),
showed striking differences in env expression (Fig. 11B,
cf. lanes 3 and 4). The 35-nt region, which is within the
coding sequence for tatand rev, encompasses a purine-
rich region, containing several GAR nucleotide motifs,
known to be target sequences for SR proteins (La-
vigueur et al., 1993; Xu et al., 1993; Elrick et al., 1998).
To exclude the possibility that the difference in env
expression is due to a distance effect, we mutated four
of the GAR nucleotide motifs to CAR within the paren-
tal construct SV E/X tat™ rev™ (SV E/X tat™ rev™
GAR ™), thereby maintaining the distance between the
cap structure and SD4 (Fig. 11A). The immunoblot analy-
sis of HeLa-T4* cells that were transfected with these
constructs shows that env expression from SV E/X
tat™ rev- GAR™ also is decreased to the same extent
as from the deletion construct (SVsac-sma; Fig. 11B,
cf. lanes 5 and 4). This decrease in env expression
was caused by a decrease in the steady-state level
of the glycoprotein mRNA as shown by northern blot
analysis (Fig. 11C). We can conclude that the mRNA
steady-state level was independent of the length of the
leader of the glycoprotein mRNA, and that the GAR
motifs located 5’ to SD4 are a requirement for an effi-
cient 5'-splice-site-dependent Rev-mediated env gene
expression.

Mutation of the GAR motifs upstream of
SD4 impairs the splicing efficiency and
the responsiveness to recombinant
SF2/ASF in vitro

The resemblance of the GAR nucleotide motifs with
SF2/ASF binding sites in previously characterized exon
splicing enhancers (ESE) allowed us to investigate their
role in splicing. To this end, we introduced the GAR
mutations into SV-SD4/SA7-pA (SV-GAR~ SD4/SA7-
pA) and performed an in vitro splicing reaction. Mutat-
ing the GAR sequences caused a fourfold decrease in
splicing in the presence of exogenously added recom-
binant SF2/ASF protein as measured by lariat forma-
tion, whereas the splicing was highly inefficient in the
absence of SF2/ASF independent of the GAR motif
(Fig. 12). This suggests that the GAR motifs do func-
tion as an ESE, and that the effect is mediated by
SF2/ASF, possibly by stabilizing the interaction of Ul
SNRNP with the SD4 site.

DISCUSSION

Previous transfection experiments with subgenomic
HIV-1 expression vectors have led to contradictory con-
clusions regarding the requirement of a 5’ splice site
upstream of the env ORF for env expression. Several
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FIGURE 11. A: Nucleotide positions of the 5’ ends of the HIV-1
leader sequences present in the env expression vectors. The se-
quence between nt 5964 and nt 6000 is shown beneath. The mu-
tated G residues of the GAR nucleotide motifs within the SV E/X tat™
rev- GAR™ leader are underlined. The translational start codon of
rev is indicated in bold. B: Immunoblot analysis of glycoproteins
expressed in HeLa-T4" cells transfected with env expression vec-
tors carrying different sequences upstream of the tat/rev 5’ splice
site. In addition to 1 ng of env expression vector (lanes 1 and 2: SV
E/X tat™ rev;lane 3: SVrev; lane 4: SVsac-sma; lane 5: SV E/X tat™
rev- GAR™), HeLa-T4" cells were cotransfected with 1 ug SVcrev
(lanes 2, 4, and 5), and 0.5 wg pGL3-control. The positions of gp160
and gp120 are indicated. C: Northern blot analysis of poly(A)* RNA
isolated from HeLa-T4" cells transfected with the env expression
vectors as indicated in B. us: unspliced transcript; s: spliced tran-
script; hgh: human growth hormone transcript.
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FIGURE 12. In vitro splicing of pre-mRNA produced from SV-SD4/
SAT7-pA, containing wild-type GAR motifs (GAR), and SV-GAR ~SD4/
SA7-pA, containing four point mutations in the GAR region (GAR ™)
(cf. Fig. 11A). The splicing was performed in the absence and pres-
ence of exogenously added recombinant SF2/ASF protein as indi-
cated above the lanes. The splicing efficiency, measured as [lariat
RNA species]/[pre-mRNA], was quantitated by Phosphorimager and
denoted underneath.

studies have focused on Rev as a prerequisite for splice
suppression and nuclear export of env mRNAs, with
the conclusion that the integrity of the 5 splice site is
necessary for Rev-mediated gene expression (Chang
& Sharp, 1989; Lu et al., 1990; Stutz & Rosbash, 1994).
In the study by Lu et al. (1990), the participation of the
5’ splice site was established by the demonstration
that a mutation in the 5’ splice site in position +5 could
be detrimental to env expression, but could be offset by
a compensatory mutation in an U1 snRNA. It should be
pointed out that a mismatch in position +5 should not
necessarily be detrimental to env expression, because
the same +5 mismatch is found in the 5’ splice site
SD2 of natural isolates that are able to use SD2 to
generate alternatively spliced env mRNAs. Others have
refuted the need for splice sites in Rev-mediated gene
expression based on the successful nuclear export of
intronless RRE-containing mRNAs (Fischer et al., 1994;
Nasioulas et al., 1994).

In retrospect, these experiments and their interpre-
tation were complicated by different experimental sys-
tems and the simultaneous consideration of the effect
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of splice sites in promoting pre-mRNA stability and Rev
response. Our findings indicate that for the intrinsically
unstable subgenomic HIV-1 env transcripts, the major
5’ splice site SD4 and its hybridization potential to U1
snRNA are essential for prevention of RNA degrada-
tion, and that this function is independent of splicing. In
addition, we have found that, under our experimental
conditions, both the steady-state level of the glycopro-
tein mMRNA and consequently efficient glycoprotein ex-
pression requires a purine-rich sequence upstream of
the U1l snRNA binding site. This element, which has
not been characterized previously, may function by sta-
bilizing U1 snRNP binding. It consists of several GAR
motifs similar to consensus binding sequences of ASF/
SF2 (Tacke & Manley, 1999) that has been shown to
interact with components of U1 snRNP and enhance
binding of U1 snRNP to the 5’ splice site (Kohtz et al.,
1994, Fig. 11). Our in vitro finding, showing that muta-
tion of the putative SF2/ASF binding site led to a de-
crease in the efficiency of the splicing reaction in the
presence of increased SF2/ASF concentrations, strongly
supports this hypothesis.

It may be hypothesized that the observations regard-
ing RNA protection can be extended to other most 5'-
located 5’ splice sites. Thus, in the case of HIV-1, it is
conceivable that the major 5’ splice site SD1 of the
primary mRNA plays a role similar to SD4 in transcripts
of subgenomic constructs, based on the observation
that, in the genomic RNA, SD1 is in a comparable po-
sition relative to the transcriptional start site. If this were
the case, any mutation of the major 5’ splice site might
not only interfere with the splicing pattern, but also
decrease the stabilization of the primary transcript. This
would complicate the interpretation of experiments in-
volving mutations of this 5’ splice site, for instance, in
the reported splice-site-regulated inactivation of the
HIV-1 5’ LTR poly(A) site (Ashe et al., 1995, 1997).

The general observation that many genes require
the presence of an intron within the transcription unit of
expression vectors to obtain efficient expression has
been a matter of discussion since 1979 (Gruss et al.,
1979; Hamer & Leder, 1979). Recently, a comparison
between the export rates of various pre-mRNAs and
their transcribed cDNA counterparts revealed that
pre-mRNA splicing can affect the efficiency of mRNA
transport (Luo & Reed, 1999). This might include the
placement of spliceosome signature proteins at exon—
exon junctions as a consequence of splicing. Some
proteins, which may be essential components of the
nucleocytoplasmic intron-dependent mRNA export path-
way, may become associated stably with spliceosome-
released mRNA, (Le Hir et al., 2000; Kataoka et al.,
2000). In view of our experiments, the stabilizing func-
tion of a 5’ splice site may contribute to an increased
gene expression prior to and distinct from the splicing
step. This is supported by our finding that env ex-
pression can be detected in the absence of the splice
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function of SD4, provided that Rev activates a nucleo-
cytoplasmic export pathway of unspliced mRNA.

The mutational analysis of the 5’ splice site se-
quence revealed that, in general, positions —3 to +8
can participate in base-pairing to U1 snRNA. The in-
ability of position —4 to compensate for mismatches is
compatible with results that show that this position in
U1 snRNAis engaged in the internal base pairing within
the lower stem of the Ul snRNA (Fig. 3B; Branlant
et al., 1981). Lack of conservation at positions +7 and
+8 within the pre-mRNA suggests that these positions
are not normally participating in the hybridization with
the Ul snRNA (Burge et al., 1998). However, these
positions can contribute to the formation of the RNA
duplex based on the observation that some of our
mutants even require an obligatory participation of po-
sition +7 and +8 for env pre-mRNA protection. A func-
tional implication of these positions has recently been
described also for a mutated RSV U1 snRNA binding
sequence (Hibbert et al., 1999). Lack of bias towards a
consensus nucleotide in these two positions suggests
that the central nucleotides of most of the U1 snRNA
target sequences are sufficient if not optimal for hybrid
formation.

Reliable predictions of U1 snRNA target sequences
cannot be based only on sequence compilations of
exon/intron borders (Mount, 1982; Padgett et al., 1986;
Shapiro & Senapathy, 1987; Burge et al., 1998). Rather,
the ability of the sequence to participate in pre-mRNA
protection depends more on its capacity to form a hy-
drogen bonding pattern with the single-stranded 5’ re-
gion of Ul snRNA than on the particular nucleotide
sequence involved. It remains to be established how
important the Ul snRNP-mediated stabilization phe-
nomenon is for expression of cellular genes.

MATERIALS AND METHODS

Oligonucleotides

Oligonucleotides were synthesized and purified as previously
described (Schaal et al., 1995). The oligonucleotides are as
follows: 135: 5'-GGTGTCGACATAGCAGAATAGGCGTTAC
TCGACAGAGGAGAGCAAGAA; 136: 5'-GTCTAGGATCTA
CTGGAGGCCTTTCTTGCTCTCCTCT, 164: 5'-ACAAATAG
GGGTTCCGCGCAC; 183: 5'-ATCCTGCAGGGCTTTAGGC
TTTGATCCC; 187: 5'-GATGAGCTCTTCGTCGCTGTCTCC
GCTTCTTC; 193: 5'-CAAAAGCCTTAGGGATCTCCTACG
GCAGGAAGAAGCGGAGACA; 229: 5'-ATCGAATTCTCC
TATGGCAGGAAGA; 770 (SD47): CATCAAGCTTCTCTAT
CAAAGCACTAATCCGTACCTGTAATGCAACCTATAATAGT;
421 (4C5U): 5’-CATCAAGCTTCTCTATCAAAGCAGTACTT
AGTACATGTAATGCA. For the following primers, which are
identical to 421 except for the underlined sequence, only
these nucleotides are shown; 444 (3U): AGCAGTTAGTAG;
445 (—1G3U): AGCGGTTAGTAG; 446 (5U): AGCAGTAAT
TAG; 542 (—1G4C8U): AGCGGTACGTAT, 676 (—1G8U):
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AGCGGTAAGTAT; 753 (—1G5U8U): AGCGGTAATTAT; 759
(—1G5U): AGCGGTAATTAG; 760 (—1G3U8U): AGCGGT
TAGTAT; 811 (5U8U): AGCAGTAATTAT; 812 (3U8U): AGC
AGTTAGTAT, 813 (4C): AGCAGTACGTAG; 814 (4C8U):
AGCAGTACGTAT; 815 (—1G4C): AGCGGTACGTAG; 883
(—1G4C5U8U): AGCGGTACTTAT; 884 (—1G3U7U): AGCG
GTTAGTTG; 893 (—2A —1G3U7U): AGAGGTTAGTTG; 900
(4U): AGCAGTATGTAG; 905 (6A7C): AGCAGTAAGACG:; 906
(7C): AGCAGTAAGTCG; 1013 (cs—416): CATCCTTAAGCT
TCTCTATCAACCAGGTTTCATGTACATGTAATGCA. For the
following primers, which are identical to 1013 except for the
underlined sequence, only these nucleotides are shown: 1014
(cs — 315): ACAGGTATCATG; 1015 (cs — 214): AGAGGTAA
CATG; 1018 (cs — 3'3): ACAGGTTTCATG; 1019 (cs — 418):
CCAGGTATCATG; 1001 (GTIV): AGCACTAAGTAG; 1000
(GTIIN): AGCACTAAGTAT; 954 (GTI): AGAGCTAAGTAT; 1016
(GTV): ACAGCTAAGTAT, 1171 (U1 GTIII): CGAAGATCTC
ATACTTACTGCGCAGGGGAGATACC; 775: 5'-AATTCTGA
ACACATGTCCGGTTCTAGACCTTAAGATCTTCGAA; 776:
5’-GATCTTCGAAGATCTTAAGGTCTAGAACCGGACATG
TGTTCAG; 777: 5'-CTGACATGTCCTGTGGTACCAAGTAG
GTTACCGTTACCCGGGTAAACGGATCCAAC; 778: 5'-GC
TCTAGACCGTTGGATCCGTTTA; 783: 5'-ATCGGTAACCA
GGAGCTGTTGATCC; 784: 5'-AGCGGTACCTGGTGCAG
AGAGAAA,; 787: 5'-GAGAAGCTTAAGCGTAGTCTGGGAC
GTCGTATGGGTATTGCTTTGATAGAGATGCTTGATGAGTC
TGACT; 800: 5'-TGAGGTTACCGTACTTTCTATAGTGAAT,
825: 5'-ATCCCCGGGGTCTCTGTCTCTCTC; 826: 5'-AGG
GAGCTCATCAGAACAGTCAGACTCATCAAG; 937: 5'-AAT
TCGAGCTCACTCTACCCGGGCAGCT; 938: 5'-GCCCGGG
TAGAGTGAGCTCG; 1067 (GAR™): 5'-GATGAGCTCTTGG
TCGCTGTCTGCGCTTGTTGCTGCCGTAGGAG; 1172: 5'-
GGCAGCAACAAGCGCAGACAGCGACCAAGAGCT; 1173:
5'-CTTGGTCGCTGTCTGCGCTTGTTGCTGC; 1130: 5'-CG
AAGATCTCATACTAACCTGGCAGGGGAGAT; 1131: 5'-ATC
CTCGAGCCTCCACTGTAGGATTAAC; 1132: 5'-GATCTCC
CGGGCTGCAGGATATCCTCGAGTGCA; 1133: 5'-CTCGA
GGATATCCTGCAGCCCGGGA.

PCR

PCR amplification of DNA fragments used in cloning proce-
dures was carried out under standard conditions using Pwo
DNA polymerase (Roche Molecular Biochemicals). Amplified
sequences were verified by automatic sequencing.

Recombinant plasmids

For the parent plasmid SV E/X tat™ rev—, the subgenomic
HIV-1 EcoRI-Xhol fragment of pNLAL (Strebel et al., 1987),
which is a cDNA derivative of pNL4-3 (Adachi et al., 1986),
was inserted into a modified multiple cloning site of pSVT7
(Bird et al., 1987) yielding SV E/X. To destroy the transla-
tional start codons of tat and rev, the Sall-Xholl fragment (nt
5785-5841; the nucleotides are numbered according to the
parent sequence HIV NL43 in the HIV databank of Myers
et al. (1995)) was substituted for a PCR-amplified fragment
with primers 135 and 136 resulting in an ATG GAG — AGG
CCT mutation (SV E/X tat™) and the Mstll-Sacl (nt 5954—
6004) fragment was substituted for a PCR-amplified frag-
ment with primers 193 and 187 resulting in an ATG — ACG
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mutation (SV E/X tat™ rev ™). For the 5’ splice site mutations,
the Hindlll-Kpnl fragment (nt 6026—6343) of SV E/X tat™
rev~ was substituted for a PCR product with a 5’ PCR primer
carrying the Hindlll-site and the desired mutation of SD4, for
example, 444 for the mutation 3U, and the 3’ PCR primer
183. For the construction of SVsac-sma, SVrev, and SV E/X
tat” rev- GAR™ the EcoRI-Sacl fragment (nt 5742—6004) of
SV E/X tat™ rev~ was substituted for a linker (937/938) and
a PCR-amplified fragment with primers 229 and 183 (SVrev)
or 164 and 1067 (SV E/X tat™ rev- GAR™) digested with
EcoRI and Sacl, respectively.

For the construction of the parent splice cassette vector
SV-SD4/SAT7-pA used in the in vitro splicing reaction, the
synthetic poly(A) site of pGL3 (Promega) was inserted up-
stream of the SV40 early promoter of pSVT7. Subsequently,
the EcoRI-BamH]I fragment of pSVT7 containing the multiple
cloning site and the SV40 poly(A) site was substituted for a
linker (775/776) containing unique Aflll and Bglll sites, which
were used to insert at the same time a second linker (777/
778) and the SV40 poly(A) site. The following fragments were
inserted into the new multiple cloning site: a PCR-amplified
tatexon 1 Sacl/Hindlll fragment with a haemagglutinin-tag at
its C terminus (826/787), the 5’ splice site SD4 flanked by
unique Hindlll and Afflll sites, the Afllll-Kpnl fragment of
PNLAL (nt 6054—6348) (for SV-SD4/RRE/SAT-pA, the PCR-
amplified RRE sequence (nt 7728-7992, 784/783) flanked
by Kpnl and BstEll), the PCR-amplified 3" splice site, SA7,
(nt 8315-8443, 800/825) flanked by BstEIll and Smal, and
the BamHI-Xbal fragment (nt 8465-8887) of SV E/X tat™
rev~. For the construction of SV-GAR™ SD4/SA7-pA, the
EcoNI-Sacl fragment of SV-SD4/SA7-pA was substituted for
an EcoNI-Sacl adaptor carrying the four GAR — CAR point
mutations (1172/1173).

For the construction of plasmid pUCBAUL, the Bglll-Pstl
fragment (nt 440—726) of the parent plasmid pUCBUL1 (kindly
provided by M.L. Hammarskjold) was substituted for a linker
(1132/1133) containing a unique Bglll, Pstl, and Xhol site.
For the 6A mutation, the Bglll-Xhol fragment (nt 440—464) of
pUCBAUL was substituted for a PCR-amplified fragment
(1130/1131), carrying a mutation T — Ain position 6 of the U1
snRNA. The sequences of all constructs are available on
request.

Cell culture and transfection

HelLa-T4™" cells (Maddon et al., 1986) were propagated and
transfected for northern blot analysis by electroporation as
described previously (Schaal et al., 1995) with minor modifi-
cations. Viable cells (3 X 10°; trypan blue exclusion) in 200 ulL
of detach medium (Eagle’s minimum essential medium sup-
plemented with 10 mM sodium bicarbonate and 25 mM
HEPES/NaOH, pH 7.3) were mixed with CsCl gradient-purified
plasmid DNA. The amount of DNA in cotransfection experi-
ments was kept constant by adding pSVT7 (Bird et al., 1987).
pXGHS5 (Selden et al., 1986) was included in all transfection
experiments to monitor transfection efficiency. The transfec-
tion volume was adjusted to 350 uL with detach medium. The
cells were exposed to a single pulse with a setting of 550
V/em and 960 uF (Bio-Rad gene pulser with capacitance
extender), and the cells were kept at room temperature for
5 min before being transferred to culture flasks containing
Dulbecco’s modified Eagle’s medium supplemented with 10%
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fetal calf serum. For western blot analysis, HeLa or Hela-
T4* cells were transfected with FUGENE™ 6 (Roche Mo-
lecular Biochemicals), and the transfection efficiency was
monitored by cotransfection of pGL3-control (Promega). The
medium was changed after 24 h, and cells were harvested
and prepared 48 h after transfection.

Western blot analysis

Cells were scraped from the culture flasks into the medium,
sedimented at 12,000 X g for 10 s, washed twice in PBS and
suspended in 200 uL of SDS-polyacrylamide gel electropho-
resis sample buffer (Laemmli, 1970). An aliquot of the PBS
washing step was analyzed for luciferase activity (luciferase
assay system, Promega). Protein concentration was mea-
sured by a Bradford Protein Assay (Bio-Rad) and adjusted in
each sample to equal amounts of luciferase activity and pro-
tein amount by adding extracts of mock transfected cells.
Samples were subjected to electrophoresis on SDS-7% poly-
acrylamide gel and transferred to a PVDF-membrane (Im-
mobilon™ P, pore size 0.45 um; Millipore) by electroblotting
with 70 V in transfer buffer (200 mM glycine, 25 mM Tris, 20%
methanol) for 1 h. Blots were blocked in PBS with 10% bo-
vine serum albumin (BSA), 10% Tween® 20, for 20 h. Protein
detection was performed in PBS, 1% BSA, 1% Tween® 20,
with a monoclonal mouse-anti-gp120 antibody (NEA-9305,
DuPont, 1:500 or 87-133/026, 1:5,000, kindly provided by
Dade Behring) for 1 h, washed four times, incubated with a
sheep-anti-mouse antibody conjugated with horseradish per-
oxidase (NA 931, Amersham, 1:1,000), washed four times,
rinsed with water, and visualized by a chemiluminescence
detection system (ECL™-system and ECL™ hyperfilm, Amer-
sham; Super Signal® ultra, Pierce).

Northern blot analysis

Total RNA was isolated 30 h after transfection by the single-
step method (Chomczynski & Sacchi, 1987) using RNA-clean
(Hybaid-AGS, Heidelberg). The poly(A) " RNA of 60-85 ug
total RNA was isolated with Dynabeads® oligo(dT)»s (Dynal,
Oslo), subjected to electrophoresis on a 1.2% agarose-1%
formaldehyde-gel and blotted onto a positively charged nylon
membrane (Roche Molecular Biochemicals). After UV cross-
linking (0.5 J/cm?), the membrane was hybridized with
digoxigenin- (DIG) labeled antisense RNA probes in a buffer
containing 50% (v/v) formamide, 5X SSC, 50 mM sodium
phosphate, 0.1% (w/v) N-lauroylsarcosine, 7% (w/v) SDS,
2% (w/v) blocking reagent (Roche Molecular Biochemicals),
50 ug yeast RNA/L at 68°C. To monitor transfection effi-
ciency and RNA loading, the membrane was hybridized with
a DIG-labeled antisense RNA probe specific for exon 5 of
human growth hormone (hGH) mRNA, which was synthe-
sized from 10 ug of the cotransfected plasmid pXGHS5 (Selden
et al., 1986). HIV-specific RNA was detected by a DIG-
labeled antisense RNA probe specific for the first coding exon
of tat (nt 5785-5960 Sall to Saul). Hybridization signals were
visualized by using an anti-Digoxigenin-AP-Fab fragments
(50 mU/mL; Roche Molecular Biochemicals) and chemi-
luminescence substrate (250 M CDP-Star™; Roche Mo-
lecular Biochemicals). The blots were exposed to ECL™-
films (Amersham).
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In vitro splicing

Radioactive labeled and capped transcripts, used for the in
vitro splicing analysis, were prepared as described previ-
ously (Kjems et al., 1991). In vitro splicing was performed in
a 25 pl reaction volume containing 2.5 pL of 10X splicing
buffer (5 mM ATP, 200 mM creatine phosphate, 25 mM MgCl,,
3.4 mM dithiothreitol, 4 U/uL RNasin (Promega), 2 uL of 400
ng/uL recombinant SF2/ASF protein in SF2/ASF buffer
(20 mM HEPES/KOH, pH 7.9, 42 mM (NH,4),SO4, 0.5 M
GuHCI, 0.5 mM DTT, 0.2 mM EDTA, 15% glycerol), 8 uL of
HelLa nuclear extract (Cell Culture Center, Belgium; Dignam
et al., 1983) and 2 ulL of [®2P]-labeled in vitro-transcribed
RNA (75,000 cpm), by incubation at 30 °C for 2.5 h. In some
reactions, the SF2/ASF proteins were omitted from the SF2/
ASF buffer. After phenol/chloroform extraction and ethanol
precipitation, samples were resuspended in formamide load-
ing buffer and incubated at 95 °C for 3 min followed by frac-
tionation on a 6% polyacrylamide gel containing 8 M urea,
75 mM Tris-borate, pH 8.3, and 1.5 mM EDTA. Gels were
subjected to autoradiography.
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