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The use of small molecules that turn specific proteins on or off
provides a level of temporal control that is difficult to achieve using
standard genetic approaches. Consequently, the development of
small molecule switches of protein function is a very active area
of chemical biology, sometimes referred to as chemical genetics.1

Most studies in this area rely on the identification of small molecules
that bind directly to the active site of a target protein, thereby acting
as agonists or antagonists of function. Strategies have also been
described in which the small molecule triggers a change in the
secondary, tertiary, or ternary structure of the protein, in so doing
changing the functional state of the molecule.2 Another approach
to this problem would be to alter the primary structure of a target
protein in response to a small-molecule trigger; a dramatic change
in primary sequence would be directly coupled to function. In
principle, this can be achieved by harnessing protein splicing, a
posttranslational editing process that results in the precise removal
of an internal domain (termed an intein) from two flanking
sequences termed the N- and C-exteins.3 In this communication
we introduce a technique that allows protein splicing to occur only
in the presence of the small molecule, rapamycin. This approach
is expected to be independent of the nature of the two exteins and
so should provide a general vehicle for controlling protein function
using small molecules.

The principle of our conditional protein splicing system is
outlined in Figure 1A. In essence, the approach integrates two
established technologies; protein trans-splicing4-7 and small-
molecule-induced protein heterodimerization.8 Trans-splicing refers
to the observation that protein splicing can be triggered by
reconstituting inactive N- and C-terminal halves of an intein. Both
artificial4-6 and natural7 split intein systems are available, and these
have facilitated a variety of protein engineering6 and two-hybrid9

strategies. The FKBP12/FRB heterodimerization system1,8 might
provide a mechanism by which to control protein trans-splicing
through the addition of the bidentate ligand, rapamycin, which binds
to the FKBP and FRB protein domains simultaneously. Accord-
ingly, fusing each half of a split intein to either FKBP or FRB will
allow the two intein fragments to be brought together in response
to the dimerizer molecule. Provided the juxtaposition of the intein
fragments in the resulting heterodimer is compatible with functional
complementation, this should lead to the splicing together of the
flanking extein sequences (Figure 1A). This strategy requires that
the individual intein fragments have a low affinity for one another,
a criterion that should be met by using an artificially split
Saccharomyces cereVisiae VMA intein.10

A series of model proteins were designed to test the conditional
protein splicing system. Each was composed of one-half of a split
VMA intein (VMA N or VMAC),11 either FKBP or FRB and, as
model N- and C-exteins, either maltose binding protein (MBP) or

a polyhistidine-containing sequence (His), respectively. Included
in one pair of constructs was a peptide-linker sequence between
the intein fragment and the corresponding dimerization domain.
This linker was inserted to explore the steric constraints associated
with intein complementation. The domain architectures of the four
fusion proteins,1-4, are shown in Figure 1B. Each of the fusion
proteins was overexpressed inEscherichia coliand purified from
the soluble fraction by a combination of affinity and ion-exchange
chromatography.12

In initial proof-of-principle studies, the complementary fusion
proteins,1 and2, were combined under physiological conditions
in the presence or absence of a slight molar excess of rapamycin.13

In the absence of the small molecule, no reaction was observed
after 2.5 h at 25°C (Figure 2A, lane a). In contrast, addition of the
dimerizer to the mixture resulted in depletion of the starting
materials and the generation of three new components whose
migration pattern on SDS-PAGE was consistent with the expected
reaction products (Figure 1C), MBP-His (5), VMA N-FKBP (6)
and FRB-VMA C (7) (Figure 2, lane b). Further analysis of the
reaction mixture by MALDI-MS14 and Western blotting using an
anti-His-tag antibody (Figure 2B, lanes e and f) confirmed the
identity of the products. Similar results were obtained using
constructs3 and4 that lack the linker regions between the intein
and dimerizer domains (Figure 2A, lanes c and d, and Figure 2B,
lanes g and h). The observation that efficient intein complementation
can occur in the absence of the peptide linkers is somewhat
surprising given that the N- and C-termini of FKBP and FRB are
∼35 Å apart in the complex.15 The most likely explanation for this
finding is that the first several residues in the VMAC fragment,
which lie out with the core intein domain,16 are unstructured in the
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Figure 1. (A) Principle of the approach. (B) Constructs used in this study.
(C) Products of the conditional trans-splicing reaction. Calculated molecular
masses are 45.2 kDa (5), 34.2 kDa (6), 20.0 kDa (7), 33.3 kDa (8), and
19.1 kDa (9).
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trans-intein complex and are thus able to bridge the distance
between the FKBP and FRB termini.

To confirm that rapamycin elicits its effect on splicing by
inducing the heterodimerization of FKBP and FRB, the trans-
splicing experiments were repeated in the presence of the FK506
analogue, ascomycin, which binds tightly to the same pocket in
FKBP as rapamycin, but does not interact with FRB.17 Inclusion
of a 10-fold molar excess of ascomycin compared to rapamycin
was found to reduce the level of protein splicing by about 3-4-
fold using constructs1 and2 or 3 and4 (Figure 2C, lanes i and j
and data not shown). This result provides compelling evidence that
the dimerizer is acting at the level of FKBP/FRB and not through
some other mechanism.

Kinetic experiments were conducted to determine the rate of
product formation in the presence or absence of dimerizer.
Constructs3 and4 were combined with or without rapamycin, and
the trans-splicing reaction was monitored over time by Western
blotting. As shown in Figure 3, the level of product (5) formation
in the absence of rapamycin was extremely small (estimated from
Western blotting to be below 0.2% after 1.5 h). In contrast, the
reaction went to ca. 50% completion in the presence of the dimerizer
at the same time-point. Thus, inclusion of the dimerizer results in
ag250-fold induction of splicing over background. Consistent with
previous kinetic studies on protein trans-splicing,18 the data for the
rapamycin-induced reaction could be fit to a simple first-order
function to give akobs of 1.9 × 10-4 s-1. This rate constant is
comparable to the reported protein trans-splicing reactions observed
for the Ssp DnaE intein (kobsof 6.6× 10-5 s-1),18 where the ligation
step is rate determining. Importantly, the half-life of the trans-
splicing reaction in the presence of rapamycin was on the order of
60 min. This suggests that our conditional trans-splicing strategy
will be a practical tool for triggering changes in protein structure
and function on a biologically useful time-scale.

To our knowledge, this work represents the first time that protein
splicing has been controlled by using a small molecule. This

“conditional” protein splicing is made possible by fusing each half
of an artificially split intein to the complementary components of
a protein heterodimerization system. The current strategy employs
a split VMA intein and the FKBP/FRB heterodimerization pair;
however, other protein trans-splicing4-6 and three-hybrid systems19

could, in principle, be used. While the present study involves model
exteins, there is every reason to expect, on the basis of the known
promiscuity of inteins,3 that the approach will be quite general. It
is also important to note that our conditional protein splicing system
results in both a ligaton step (i.e., between the two exteins) and
two cleavage steps (i.e., between the exteins and the intein
fragments). In principle, any one of these events could be used to
modify or regulate the function of a protein of interest either in
vitro or in vivo. Studies along these lines are currently underway
in our laboratories.
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Figure 2. Analysis of reactions of1 and2 (lanes a,b and e, f) and3 and
4 (lanes c, d and g, h) by Coomassie-stained SDS-PAGE (A), and Western
blotting using an anti-His-tag antibody (B). Panel (C) shows a competition
experiment with3 and4 in the absence (lane i) or presence (j) of a 10-fold
excess of ascomycin. Arrows indicate the assignment of the bands. (*)
contaminants)

Figure 3. Time-course of the reaction of3 and 4 with and without
rapamycin. Formation of the product5 was determined from Western
blotting analysis using the program Scion Image.
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