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ABSTRACT

SR proteins regulate alternative splicing by binding to exonic sequences where, via an arginine/serine-rich splicing activation
domain, they enhance the binding of the spliceosome to the adjacent splice sites. Here, a system is described in which a nontoxic
derivative of the small molecule rapamycin is used to control pre-mRNA splicing in vitro. This involves the rapamycin-
dependent recruitment of a splicing activation domain located on one protein to a second protein bound to the pre-mRNA.
These results provide a new approach to explore for regulating gene expression in vivo with small molecules by controlling

pre-mRNA splicing.
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The ability to regulate gene expression with small molecules
has numerous experimental and therapeutic applications.
Many systems have been developed to regulate gene expres-
sion by using small molecules to activate transcription (Pol-
lock et al. 2002). One small molecule that has been widely
used for these approaches is rapamycin. Rapamycin can
simultaneously interact with two proteins called FK506
binding protein (FKBP) (Standaert et al. 1990) and the
rapamycin binding domain (FRB) of FRAP (FKBP rapamy-
cin-associated protein) (Chen et al. 1995), which do not
normally interact with one another. By fusing other pro-
teins to FKBP and FRB, the association of the proteins can
be controlled with rapamycin. For example, rapamycin has
been used to regulate transcription by modulating the as-
sociation of a DNA binding domain with a transcription
activation domain, each of which were fused to either FKBP
or FRB (Ho et al. 1996; Rivera et al. 1996; Liberles et al.
1997).

One of the main problems with using rapamycin to con-
trol gene expression in vivo is that it is toxic to cells due to
its ability to inhibit cell proliferation. The interaction of
rapamycin with FRAP inhibits the kinase activity of FRAP,
which in turn inhibits the translation of specific mRNAs
and arrests cells at the G1 phase of the cell cycle (Brown and
Schreiber 1996). To circumvent this, a nontoxic derivative
of rapamycin, called rapamycin*, has been synthesized
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(Liberles et al. 1997). Rapamycin* contains a methylallyl
group at the C16 position and is not toxic because it does
not bind to FRAP (Liberles et al. 1997). A compensatory
mutant of FRB that can bind to rapamycin* was isolated in
a three-hybrid screen and is referred to as FRB* (Liberles et
al. 1997). Thus, by using rapamycin* and FRB*, one can
circumvent the toxicity issues surrounding rapamycin.

Alternative splicing is a prevalent mechanism by which
metazoans regulate gene expression (Black 2000; Graveley
2001). In fact, as many as 74% of human genes may encode
alternatively spliced mRNAs (Johnson et al. 2003). An im-
portant group of splicing regulators is the serine/arginine-
rich (SR) protein family (Graveley 2000). SR proteins regu-
late alternative splicing by binding to exons where they
promote the binding of the general splicing machinery to
flanking introns. All SR proteins contain one or two N-
terminal RNA binding domains and a variable length C-
terminal domain rich in arginine and serine residues called
the RS domain. The RNA binding and RS domains are
modular and can be interchanged between different SR pro-
teins (Chandler et al. 1997). Moreover, when fused to a
heterologous RNA binding domain, an RS domain is suf-
ficient to activate splicing of a pre-mRNA containing a
binding site for the hybrid protein (Graveley and Maniatis
1998). Thus, RS domains function as modular splicing ac-
tivation domains.

The modular nature of SR proteins and the ability of
rapamycin to function as a heterodimerizer suggested that a
system could be developed in which rapamycin could con-
trol splicing. In this system, rapamycin would regulate the
association of one protein containing an SR protein RS
domain fused to FRB with a second protein containing an
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RNA binding domain fused to FKBP (Fig. 1A,B). By using
a pre-mRNA substrate containing an enhancer-dependent
intron and a binding site for the heterologous RNA binding
protein, splicing could be rendered rapamycin dependent.

To test this, the MS2 coat protein, an RNA binding do-
main with a high degree of specificity to a small RNA hair-
pin loop (Graveley and Maniatis 1998) was fused to three
FKBP domains (MS2-F3) and separately, the RS domains
from two different human SR proteins (9G8 or SC35) were
fused to FRB* (FRB*-RS**® and FRB*-RS*“*®). The MS2-F3
and FRB*-RS proteins were expressed in and purified from
Escherichia coli and baculovirus-infected Sf9 cells, respec-
tively. To test whether rapamycin* could control pre-mRNA
splicing, in vitro splicing assays were conducted in HeLa cell
nuclear extract using a pre-mRNA substrate (IgM-MS2)
containing an intron from the human IgM pre-mRNA and
a single MS2 binding site in the downstream exon (Graveley
and Maniatis 1998). This pre-mRNA is not spliced in
nuclear extract alone (Fig. 2A, lane 1), but is efficiently
spliced (30% splicing) when a control protein containing a
potent RS domain from the SR protein 9G8 directly fused to
MS2 (MS2-RS%%®) is added to the reaction (lane 2). Addi-
tion of MS2-F3, FRB*-RS*®®, or FRB*-RS*“** alone or in
combination did not activate splicing (lanes 3-5,7,8). How-
ever, in the presence of rapamycin*, MS2-F3, and either
FRB*-RS protein, splicing of the IgM-MS2 pre-mRNA was
observed (lanes 6,9). The efficiency of splicing observed
with FRB*-RS%C*° (6.5%) and FRB*-RS°®® (18%) correlates
well with the previous observation that the RS domain of
9G8 is more potent than the SC35 RS domain (Graveley et
al. 1998). Interestingly, the efficiency of splicing that occurs
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FIGURE 1. Experimental design. (A) In the absence of rapamycin*, the FRB*-RS fusion
protein is not recruited to the RNA. As a result, splicing of the intron does not occur. (B) In
the presence of rapamycin*, the FRB*-RS fusion protein is recruited to the RNA via the MS2-F3
protein and splicing of the intron occurs. (C) The structure of rapamycin*. (D) The structure
of FK506. The surface of each molecule that interacts with FKBP is indicated.
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in the presence of MS2-F3, FRB*-RS’“®, and rapamycin*
(18%) is lower than that observed in the presence of MS2-
RS%S® (30%). This is likely due to the fact that three mol-
ecules (FRB*-RS*“®, MS2-F3, and rapamycin®) need to si-
multaneously interact with one another and bind the RNA
to activate splicing whereas the MS2-RS*“® protein simply
needs to bind RNA. Although the MS2 protein has three
FKBP modules fused to it, it is not clear whether all three
modules can simultaneously be bound by rapamycin* and
FRB*-RS’“®. Thus, it is possible that the three FKBP mod-
ules simply increase the probability of a productive recruit-
ment of an RS domain rather than recruiting multiple RS
domains. Splicing of the pre-mRNA is dependent upon
dimerization of the MS2-F3 and FRB*-RS proteins because
a preincubation with the small molecule FK506 (Fig. 1D),
which acts as a competitive inhibitor by binding to FKBP
but not FRB¥, inhibits the ability of rapamycin* to activate
splicing (Fig. 2B, lanes 4,5). Analysis of the splicing reac-
tions by native gel electrophoresis demonstrates that the
addition of rapamycin* enhances the early stages of spli-
ceosome assembly, but that this effect can be inhibited by
FK506 (Fig. 2C). Together, these results demonstrate that
rapamycin® can be used to control splicing by regulating the
recruitment of a splicing activation domain to the pre-
mRNA, which in turn enhances spliceosome assembly.
The ability to manipulate gene expression has a large
number of experimental and clinical uses. A tremendous
amount of work has focused on the use of antisense (Es-
tibeiro and Godfray 2001; Petersen and Wengel 2003; Vacek
et al. 2003), ribozyme (Lewin and Hauswirth 2001) and,
more recently, RNA interference (Clayton 2004) to modu-
late gene expression. While all of these
have been shown to be useful, they are
primarily used to inactivate gene expres-
sion. In contrast, the ability to regulate
gene expression with small molecules at
the level of transcription, and now pre-
mRNA splicing, can be used to activate
and fine-tune the expression of the tar-
get gene. These approaches have tre-
mendous experimental and clinical po-
tential. For example, in transgenic ani-
mals that express DNA binding and
transcription activation domains sepa-
rately fused to proteins that bind to
small molecules, the expression of trans-
genes can be reversibly regulated by oral
or intravenous administration of the
small molecule (Rivera et al. 1996; Pol-
lock et al. 2002). Such systems can be
used for experimental purposes by de-
signing them to examine gene function
at a specific time in development. Alter-
natively, similar approaches can be used
to fine-tune the expression levels of pro-
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FIGURE 2. Small-molecule-dependent pre-mRNA splicing. The IgM-MS2 pre-mRNA was incubated in the presence or absence of MS2-RS*“%,
FRB*-RS°“®, FRB*-RS%“*°, MS2-F3, rapamycin*, or FK506 as indicated and resolved on either a denaturing polyacrylamide gel (A) or a native
polyacrylamide gel (B). The concentrations of rapamycin* and FK506 used in the experiments are as follows: (A, lanes 6,9) 200 nM rapamycin*;
(B, lane 3) 200 nM rapamycin*, (lane 4) 500 nM rapamycin*, (lane 5) 5 uM FK506 and 500 nM rapamycin*; (C, lane 6) 500 nM rapamycin*,

(lane 7) 5 uM FK506 and 500 nM rapamycin*.

teins in gene therapy settings. The demonstration that pre-
mRNA splicing can be controlled in vitro with rapamycin*
provides a new approach to explore for regulating gene
expression in vivo with small molecules.

MATERIALS AND METHODS

The MS2-RS*“® protein was described previously (Graveley and
Maniatis 1998) and was purified from baculovirus-infected Sf9
cells. To produce the FRB*-RS”“® and FRB*-RS*“** proteins, re-
combinant baculoviruses were generated that encoded amino ac-
ids 2025-2114 of human FRAP (Chen et al. 1995) containing
mutations that can accommodate rapamycin* (Liberles et al. 1997)
and the RS domains of either 9G8 or SC35 (Graveley and Maniatis
1998). The proteins were His-tagged at the N terminus. S9 cells
were infected with the viruses and the proteins purified under
native conditions as described (Graveley and Maniatis 1998).

To produce the MS2-F3 protein an expression vector was gen-
erated by ligating a XhoI-Sall fragment encoding three FKBP
domains from plasmid pBJ5-E'F3E (Belshaw et al. 1996) into
PRSET-H,-MS2 (Graveley and Maniatis 1998). The plasmid was
transformed into E. coli (BL21(DE3)) and expression induced with
IPTG. The protein was purified under native conditions as de-
scribed (Graveley and Maniatis 1998).

The IgM-MS2 pre-mRNA was described previously (Graveley
and Maniatis 1998) and was synthesized with SP6 RNA polymer-
ase in the presence of >*P-UTP. The RNA was gel purified prior to
use. In vitro splicing was performed essentially as described (Grav-
eley and Maniatis 1998) except that the reactions were supple-
mented with rapamycin* and or FK506 at the designated concen-
trations. The splicing reactions were resolved on either denaturing
polyacrylamide or native polyacrylamide gels.
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