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Abstract: Inteins are naturally occurring protein elements that catalyze their own excision from within a
larger protein together with the ligation of the flanking “extein” sequences. Previously we reported the directed
evolution of an intein-based molecular switch in which intein splicing in yeast cells was made dependent
on the cell-permeable small molecule 4-hydroxytamoxifen (4-HT). Here we show that these evolved inteins
are effective means of rendering protein function and biological signaling pathway activation dependent on
4-HT in mammalian cells. We have characterized the generality, speed, and dose dependence of ligand-
induced protein splicing in murine NIH3T3 cells and in human HEK293 cells. Evolved inteins were used to
control in mammalian cells the function of Glil and a truncated form of Gli3, two transcriptional mediators
of the Hedgehog signaling pathway. Finally, we show that a complex biological process such as osteoblast
differentiation can be made dependent on 4-HT using the evolved intein system. Our findings suggest that
evolved small-molecule-dependent inteins may serve as a general means of achieving gene-specific, dose-
dependent, post-translational, and small-molecule-induced control over protein activity in mammalian
systems.

Introduction tems, each has significant limitations. Promoter-based systems
place expression of the protein of interest under the control of
a non-native promoter. While the structure of the resulting
protein is not affected by this change, the ability of endogenous
factors to interact with the promoter can be compromised,
potentially disrupting regulatory networks that normally control
target protein expression. In addition, promoter-based systems
typically require the expression of heterologous transcriptional
activators or repressors, some of which can interact with the
endogenous cellular machinery, resulting in toxiiy immu-
nogenicity?

Recombinase-based systems require concurrent expression of
a foreign small-molecule-dependent recombinase. In addition,
because protein expression induced by genetic recombination
requires that each individual cell undergo a relatively slow
recombination event, cell lines expressing a variety of small-
molecule-dependent Cre recombinases typically achieve target
protein activation in only<50% of cells after 48 h following

The study of mammalian signaling pathways and regulatory
networks is a persistent challenge due to their complexity and
to inherent limitations of methods used to study them. Although
methods that enable inducible and highly specific control over
a protein of interest without perturbing the structure of the
protein or its regulatory genetic elements would be ideal, many
approaches to modulating protein function in bacteria and yeast
which meet some of these goals cannot readily be applied to
mammalian systems.

Strategies for small-molecule-based regulation of protein
activity in mammalian cells that can be applied to arbitrary
proteins of interest include transcriptional control by regulatable
promoterd? and genetic modification by small-molecule-
responsive Cre recombinase fusion protéirffsWhile both
methods have been used successfully to probe biological sys-
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#Howard Hughes Medical Institute. cell lines have been developed that undergo higher levels of
(1) Rossi, F. M.; Blau, H. MCurr. Opin. Biotechnol1998 9, 451-456. . . . . .
(2) Saez, E.: No, D.; West, A.; Evans, R. Klurr. Opin. Biotechnol1997, 8, recombination, but their use requires longer periods of exposure
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interest in mammalian cells without requiring changes to the purchased from Clontech Laboratories. Alexa Fluor 488 anti-mouse
target protein’s promoter or the concurrent expression of antibody was purchased from Invitrogen. Alexa Fluor 680 anti-rabbit
heterologous proteins may prove useful for probing protein and 800 anti-mouse antibodies were provided by Li-cor Biosciences.

function. In addition, control of proteins at the post-translational Restriction enzymes were purchased from New England Biolabs.
Cell culture reagents were purchased from VWR and Invitrogen.

fveeel, d"\]/v?t(r)]n\f\:s iscthV\g':]ha:]hee:ti)r(])v;cg\[/)i?r()cz;c;h?;kemal)ellfenhance the\Nestern blots were visualized and quantitated using an Odyssey imager
P 9 Y P ’ (Li-cor Biosciences). Fluorescence activated cell sorting (FACS)

We recently described the directed evolution of an intein- 4naysis was performed using a MoFlo cell sorter (DakoCytomation).
based molecular switch that renders intein Splicing and therefore Fluorescence microscopy was performed on a Zeiss Axioskop (Zeiss).
target protein activity dependent on the presence of the cell- Sodium dodecy! sulfatepolyacrylamide gel electrophoresis and West-
permeable small molecule 4-hydroxytamoxifen (4-HT) in yeast ern blotting were performed using standard protocols.
cells1® Because the evolved intein-based switch is a 4-HT-  Plasmid Construction. To create a stably transfected cell line
dependent, self-excising protein element contained within a expressing a green fluorescent protein (GFRjein(3-2) fusion, the

target protein, its use does not require promoter modification encoding gene was cloned into pcDNA3.1/Hygro (Invitrogen). The
or any additional control elements. GFP-intein(3-2) gene was amplified by polymerase chain reaction

Other groups have also reported the use of inteins to modulate(PCR) with Vent polymerase (New England Biolabs) from p414Gal1-

. I . GFP-intein(3-2)° using oligonucleotides'S5CCGCCCTTAAGAT-
protein activity in eukaryotic cells. Umezawa and co-workers scaaGCAAAGGAGAAC-2 and 5-GCCGCCGCGGCCGCTTA-
have shown that splicing of the spBynechocystisp. DnaE  1TTGTAGAGCTCATCC-3. The resulting fragment was treated with
intein fused to the N- and C-terminal halves of luciferase Afiil and Notl (restriction sites underlined) and ligated indill- and
generates active luciferase in mammalian cells, albeit in an Not-digested pcDNA3.1/Hygro.

unregulated mannét. Perrimon and co-workers developed a C-terminally Flag-tagged Glil-intein and Gli3T-intein expression

temperature-sensitivBaccharomyces cearsiae VMA intein vectors were constructed from p3XFlag-CMV-14-Glil and p3X-Flag-
and used it to control the activity of the yeast Gal80 transcription CMV-14-GIi3T. An Xhd restriction site was introduced into the Gli1
factor in both yeast anBrosophila meIanogastéF Muir and gene by silent mutation of the Ser 279 codon. Xhd restriction

co-workers engineered a split VMA intein in which each half site was removed from the Gli3T gene by silent mutation of the Leu
of the intein is fused to FKBP or FRB domaikis15 Rapamycin 728 codon, whileEcaRl and Xhad restriction sites were added by

induces dimerization of the FKBP and FRB domains. which silent mutation of the Glu 512 and Ser 521 codons, respectively. All
unites the intein halves and enables splicing Rap’amycin- mutagenesis was performed using standard protocols for QuikChange

o - " site mutagenesis (Stratagene). Gene fragments encoding intein(3-2) and
dep.er.ld.ent splicing In this system has be.en shown to mediatetein(2-4) were amplified by PCR from p414Gal1-GFP-intein(3-2) and
the joining of two epitope tags in mammalian c#llas well as  pa14Gal1l-GFP-intein(2-49. Fragments were amplified using oligo-
the removal of an inhibitory peptide from a protein kinase nucleotides 5GCCGCCGAATTCTGCCTTGCCGAGGGTACCCG-
A—split intein fusion using purified proteins in solutiéhTarget 3" and B-GCCGCCCTCGAGCAACCTCCCCAATGGCAGTTGTGC-
proteins for which inhibitory peptides are not known or that ACGACAACC-3 (for Glil) or 5-GCCGCCCTCGAGAACAATCA-

are not stable when separated and expressed as two intein-fuselGCCAGCGGCAGTTGTGCACGACAA-3 (for GIi3T). Fragments
halves, however, may prove difficult to manipulate using a split Were digested wittEcoRl and Xhd and ligated into the appropriate

intein system. Regulated inteins have not yet been reported toE¢R!- andXhd-treated vectors. S
control native protein function in mammalian cells. Genes encoding nonsplicing Cy#&la mutants of Glil-intein(3-2)

and Gli3T-intein(3-2) were constructed by mutating the Cys-encodin
Here we show that the evolved small-molecule-dependent (3-2) y g 4 g

inteinto f h o ‘ .~ codon at the C-terminus of the intein (TGC) to one encoding Ala (GCC).
intein'® confers 4-HT dependence on the activities of proteins ., . genes encoding Flag-tagged Gli1, Glil-intein(3-2) and Gli1-

in murine and human cells in a dose-dependent and fairly rapid jein(2-4), were also cloned into pCAGESor expression in 10T1/2
manner. We demonstrate that native mammalian proteins cgs.

controlled by the evolved intein are able to perform their  cell Culture. HEK293 cells were cultured in Dulbecco’s modified
endogenous biological functions in mammalian cells. Further, Eagle medium (DMEM):F12 medium with 10% fetal bovine serum,
we show that the evolved intein can render a complex processwhile NIH3T3 and 10T1/2 cells were cultured in DMEM with 10%
such as osteoblast differentiation dependent on 4-HT. Our resultscalf serum according to standard protocols. Transient transfections were
validate the use of evolved small-molecule-dependent inteins performed using Lipofectamine2000 (Invitrogen) following the manu-

as tools to introduce post-translational control elements into facturer’s protocol. To generate a stably transfected cell line expressing
signaling pathways in mammalian cells. GFP-intein, HEK293 cells were plated in a 10 cm dish coated with

Matrigel (BD Biosciences). Cells were transfected with pcDNA3.1-
Experimental Section GFP-intein(3-2) using the ProFection calcium phosphate transfection
system (Promega) following the manufacturer’s protocol. Seventy-two
General. 4-Hydroxytamoxifen, Leptomycin B, N-terminal Sonic  hours after transfection, cells were replated onto three 10 cm dishes in
Hedgehog peptide (nShh), anti-3X Flag antibody, and faétin media containing 15Q:g/ulL Hygromycin B (EMD Biosciences).
antibody were purchased from Sigma-Aldrich. Anti-GFP antibody was Resistant clones were replated individually and analyzed by Western
blot using an anti-GFP antibody.

(10) Buskirk, A. R.; Ong, Y.-C.; Gartner, Z. J.; Liu, D. Rroc. Natl. Acad. FACS Analysis. Stably transfected HEK293 cells expressing GFP-
Sci. U.S.A2004 101, 10505-10510. L S . e
(11) Ozawa, T.. Kaihara, A.; Sato, M.; Tachihara, K.; Umezawahial. Chem. intein(3-2) were grown in six-well plates with the specified concentra-
2001, 73, 2516-2521. tions of 4-HT for 24 h. Cells were then trypsinized and resuspended in
(12) Zeidler, M. P.; Tan, C.; Bellaiche, Y.; Cherry, S.7dt¢a, S.; Gayko, U.; ; ; 0 ;
Perrimon. N Nat, Biotechnol 2004 22, 871—876. 500uL of phosphate buffered sallne_ with 1% fetal bovine serum and
(13) Mootz, H. D.; Muir, T. W.J. Am. Chem. So@002, 124, 9044-9045. 75 U/mL DNase (New England Biolabs). At least*1€ells were
(14) Mootz, H. D.; Blum, E. S.; Tyszkiewicz, A. B.; Muir, T. W. Am. Chem. analyzed for each sample.

Soc.2003 125 10561-10569.
(15) Mootz, H. D.; Blum, E. S.; Muir, T. WAngew. ChemInt. Ed.2004 43,
5189-5192. (16) Niwa, H.; Yamamura, K.-l.; Miyazaki, J.-Gene1991, 108 193-199.
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Luciferase Assays.NIH3T3 cells were plated in a 24-well plate A AHT B 186
containing 5x 10 cells per well. Eighteen hours after plating, cells am - I untransfected
were transiently transfected with a total of 800 ng of DNA, including —— 0.0pM4-HT

300 ng of ptA\136-GL3 luciferase reporte€rand 100 ng of pS\B- 74kDa [EEASS 93 ‘ —— 1OuMAHT
3

Count

galactosidase transfection control (Promega). The control transfection 27 kDa

contained 100 ng of p3XFlag vector with no encoding gene. Trans- 46
fections to express Glil, Glil-intein(3-2), Glil-intein(2-4), and non- 0
splicing mutant Glil-intein(3-2) contained 100 ng of the corresponding 10° 10’ 10? 10
p3XFlag expression vector. Transfections to express Gli3T, Gli3T- Fluorescence
intein(3-2), Gli3T-intein(2-4), and nonsplicing mutant Gli3T-intein-  Figure 1. Evolved intein(3-2) mediates 4-HT-dependent splicing in
(3-2) contained 10 ng of the corresponding p3XFlag expression vector, Mammalian cells. HEK293 cells stably expressing GFP-intein(3-2) were

: : for 24 h in the absence or presence oM 4-HT. (A) Cells were
as well as 100 ng of p3XFlag-Glil. pSK Bluescript (Stratagene) was grown - . )
. . . lysed and lyzed by Western blot with ti-GFP antibody. (B) Cell
added to each transfection mixture to bring the total DNA content to ysed and analyzec by Tiesiern bio? with an ant antibody. (B) Cells

: . . were analyzed by FACS, and fluorescence histograms were compared to
800 ng. Forty-eight hours after transfection, the medium was changed that of untransfected HEK293 cells.

to DMEM with 0.5% calf serum, containing 4-HT where appropriate.

After an additional 48 h, cells were collected and assayed as previouslywere grown in the absence of 4-HT, they exhibited less than a
described” Luciferase activity values were normalizedfigalactosi- 2-fold increase in fluorescence over the background fluorescence
dase activity values to correct for variations in numbers of transfected ot yntransfected cells. When grown in the presence ol

cells. Note that, although NIH3T3 cells contain Glil- and Gli3-encoding -HT, however, these cells exhibited a 10-fold increase in

genes, the level of CMV promoter-driven overexpression of transfected fluorescence, indicating that the spliced GFP generated upon
Glil and GIi3T in this standard assay is much greater than endogenous ’ . .
Glil or Gli3 levels 4-HT treatment can adopt a conformation leading to fluorescence

Immunohistochemistry. HEK293 cells were plated on Matrigel- _(Fig_ure 1B). Together, these res_ults demonstrate that evolved
coated glass coverslips in a six-well plate and transiently transfected INt€iN(3-2) can render target protein structure dependent on 4-HT
with 4 ug of the specified p3XFlag expression vector. After growth in in mammalian cells and that protein generated upon intein
the absence or presence ofil 4-HT for 48 h, cells were fixed with splicing can retain its activity.
methanol and treated with anti-3XFlag antibody, Alexa 488 anti-mouse  4-HT-Dependent Splicing Mediated by Intein(3-2) Is Dose-
antibody, and 46-diamidino-2-phenylindole (DAPI) following standard ~ Dependent and Occurs in Hours.The dose dependence of
protocols. For cells treated with Leptomycin B (LMB), 5 nM LMB  the evolved intein may be of particular value when probing
was addd 2 h prior to fixation. proteins with concentration-dependent functions. To evaluate

Alkaline Phosphatase AssayslOT1/2 cells were plated in 96-well  he dose dependence of protein activation in mammalian cells,
plates containing X0cells per well. Twenty-two hours after plating, 1593 celis stably expressing GFP-intein(3-2) were subjected
cells were transiently transfected with 200 ng of the appropriate 10 0.25-2 uM 4-HT for 24—48 h prior to analysis by FACS

pCAGGS expression vector or an empty pCAGGS vector as a control. , . . . .
Eight hours after transfection, fresh medium was added that contained(F'gure 2A). A fairly linear dependence of median fluorescence

14M 4-HT or 50 nM nShh where specified. Five days after transfection, O 4-HT concentration was observed over the range tested.
cells were lysed by freeze¢haw and assayed using pNPP alkaline Furthermore, for all samples, the level of fluorescence in
phosphate liquid substrate (Sigma). Reactions were incubated for 1 hindividual cells was relatively uniform across the cell population
at 37 and measured by spectrophotometer. (Figure 2B). These results demonstrate that the evolved intein
can mediate a dose-dependent response in which increasing
amounts of 4-HT induce increasing concentrations of active
Evolved Intein Mediates Small-Molecule-Dependent Splic-  protein within each individual cell. This graded response
ing of GFP in Mammalian Cells. Given the significant differ- contrasts with the type of dose dependence observed in Cre
ences between yeast and mammalian cells, we first evaluatedecombinase-based protein activatfom which altering the
the ligand dependence and splicing ability of the previously amount of small molecule changes the proportion of cells
yeast-evolved inteit8in mammalian cells. We used the final  undergoing recombination but does not result in intermediate
and penultimate intein variants, intein(3-2) and intein(2-4), levels of protein activity within individual cells.
respectively, in the experiments described below. GFP-intein-  To evaluate the speed of intein-mediated protein activation,
(3-2) consists of a FACS-optimized GFP mutdnwith Ala- we observed the time dependence of 4-HT responsiveness using
intein(3-2)-Arg inserted in place of GFP residues Q09 as GFP-intein(3-2). When cells stably expressing GFP-intein are
previously describet? We generated a stably transfected line treated with 4-HT, spliced protein can be detected by Western
of HEK293 cells that expresses GFP-intein(3-2) under the blot within 2 h and reaches its maximum concentration within
control of the CMV promoter and followed protein splicing in 24 h (Figure 2C). In the absence of 4-HT, less than 0.5% of
the presence and absence of 4-HT. In the absence of 4-HT, onlyprotein detected is spliced, while¢ 2h (the earliest time point
unspliced GFP-intein(3-2) protein was detected by Western blot. measured), 5% of protein is spliced. Western blot quantitation
In contrast, when these cells were grown in media containing 1 of three separate trials (representative shown in Figure 2C)
uM 4-HT, approximately 40% of GFP-containing protein was indicates that, after 24 h, the amount of spliced protein remains
spliced GFP (Figure 1A). relatively constant at 3040% of total protein detected. These
To determine whether GFP generated by evolved intein- findings indicate that intein(3-2) splicing in the presence of 4-HT
mediated splicing is active in mammalian cells, we used FACS takes place on a time scale of hours.
to analyze cells stably expressing GFP-intein(3-2). When cells  Evolved Inteins Mediate Splicing of Mammalian Tran-
scription Factors. To determine whether evolved inteins could
(17) Nybakken, K., Vokes, S. A, Lin, T.-Y.; McMahon, A. P.; Perrimon, N. - contro| the activity of native proteins in living mammalian cells,

Nat. Genet2005 37, 1323-1332. . . Cor . .
(18) Cormack, B. P.; Valdivia, R. H.; Falkow, &ene1996 173 33—38. we inserted evolved inteins into the murine transcription factor

10

Results
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intein(3-2) were grown for 24 h in-62.0 uM 4-HT. Fluorescence was
measured by FACS. The red spot represents the median fluorescence o 140
untransformed cells. Data points and error bars reflect the mean and standarc™ _
deviation, respectively, of three independent trials. (B) The fluorescence § 1204
histograms of the cell populations described in (A) show that increasing g 100,
concentrations of 4-HT induce increasing amounts of protein splicing o
throughout the cell populations. Individual histograms are normalizedtoa & 80/
total cell count of 2x 108, (C) HEK293 cells stably expressing GFP-intein- %
(3-2) were treated with kM 4-HT for the indicated time periods and 3 60
analyzed by Western blot using an anti-GFP antibody. g 40 |
[}
©
. . . - 201
Gli1 and into a C-terminally truncated form of the transcription &
factor Gli3 (Gli3T). Glil and Gli3 are key mammalian 0-
transcriptional mediators of Hedgehog signalfrand play key 1M 4HT — - - - -+ - 4+ - 4
roles in developmental processes, including spinal cord pat- expression 2 5 % E i i f § ‘g ‘g
terning® and limb developmerit-??2 Glil is a transcriptional ~ vectors): § & 6 ¥ ¥ 5 5 & «
. S . . © A~ R ~ R ~ R S
activatorZ2 while Gli3T is an engineered version of the repressor = 8 8 & &8 £ £
form of the GIli3 transcription factc¥ Separate constructs were © I I ¥ % % %
generated for both Glil and GIi3T containing either intein(3-2) & & 5 5 =+ =+
or intein(2-4) preceding a zinc-coordinating cysteine in the & 5

highly conserved DNA binding domain present in both tran-
scription factors (Cys 273 in Glil, Cys 515 in Gli33)In these Figure 3. 4-HT-dependent splicing of evolved inteins generates active Glil

. . . . and GIi3T in mammalian cells. (A,B) HEK293 cells were transiently
anSthtS' protein splicing ther.efore. generates Glil or G“_?’T transfected with Flag-tagged Glil- and Gli3T-intein expression vectors,
with primary structures that are identical to those of the native grown for 24 h in the absence or presence @M 4-HT, and analyzed by
proteins. Western blot using an anti-Flag antibody. (C) NIH3T3 cells were transiently

When HEK293 cells were transiently transfected with each transfected with the indicated expression vectors, as well as a luciferase

S . S ; reporter vector and A-galactosidase transfection control vector. The con-
of _th_e Glil-intein or Gl'?’T"nte'n fusions, 4-HT-dependent trol expression vector contains no gene, Glil-(2-4) and Glil-(3-2) refer
splicing was observed via Western blot (Figure 3A,B). The to the Glil-intein constructs, and Glil-(3-2)mut refers to the -€ia

amount of Sp]iced protein generated in the presence of 4-HT mutant of Glil-intein(3-2). The luciferase activity resulting from the con-
trol vector in the absence of 4-HT is defined as 1. (D) NIH3T3 cells

(19) Koebernick, K.; Pieler, TDifferentiation 2002, 70, 68—76. were transiently transfected with the indicated expression vectors, the

(20) Bai, C. B.; Stephen, D.; Joyner, A.Dev. Cell 2004 6, 103-115. luciferase reporter vector, and /agalactosidase control vector. Gli3T-

(21) te Welscher, P.; Zuniga, A.; Kuijper, S.; Drenth, T.; Goedemans, H. J.; (2-4) and GIli3T-(3-2) refer to the Gli3T-intein constructs, and Gli3T-
Meijlink, F.; Zeller, R. Science2002 298, 827—830. (3-2)mut refers to the CysAla mutant of Gli3T-intein(3-2). Luciferase

(22) Barna, M.; Pandolfi, P. P.; Niswander, Nature 2005 436, 277—281.

e " ! ! . acitivty induced by Glil is defined as 100. For all luciferase assays,
(23) g?g%‘?&{‘%ﬂ%%gg \ggggéig&%v\éirt, R.; lannaccone, P.; Walterhouse, luciferase activity was normalized f#galactosidase activity. Bar heights
(24) Wang, B.; Fallon, J. F.; Beachy, P. Bell 200Q 100, 423-434. and error bars reflect the mean and standard deviation, respectively, of two
25) Pavletich, N. P.; Pabo, C. Gciencel993 261, 1701-1707. or three Independent trials.

letich b i th independent trial
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was approximately 5060% of the total Glil or Gli3T protein  that occur in the absence of 4-HT, and not to any residual
detected, but in the absence of 4-HT was onyl0% of total activity of unspliced protein.

Gli1 or GIi3T protein produced. These results demonstrate that  The high sensitivity and quantitative nature of the luciferase
insertion of evolved intein(3-2) or intein(2-4) into Glil and assay enables a more detailed comparison of the activities of
Gli3T confers 4-HT-dependent control over each protein’s intein(3-2) and intein(2-4). Consistent with their properties
primary structure. in yeast!? intein(3-2) generates greater quantities of spliced
4-HT-Dependent Splicing Generates Active Glil and  protein in the presence of 4-HT than intein(2-4), although the
Gli3T in Mammalian Cells. To analyze the activity of the Glil-  activity of either intein-containing transcription factor in the
and Gli3T-intein fusions, we used an established luciferase- presence of 4-HT is lower than the activity of the wild-type
based reporter ass&yMurine NIH3T3 cells were co-transfected  transcription factor (Figure 3C,D). Intein(2-4) leads to a smaller
with either Glil-intein or Gli3T-intein expression vectors and amount of background splicing in the absence of 4-HT than
a reporter construct containing the consensus Gli binding does intein(3-2) in mammalian cells. This background splicing
sequence from the promoter phtched an endogenous target  causes a 2-fold increase in luciferase production over the control
of Gli regulation?® upstream of the firefly luciferase gene. in cells expressing Glil-intein(3-2), but no observable increase
Without 4-HT treatment, cells transfected with Glil-intein(2- in cells expressing Glil-intein(2-4). The background splicing
4) exhibited no significant increase in luciferase activity over of Gli3T-intein(2-4) and Gli3T-intein(3-2) results in repression
cells transfected with a control expression vector that contains of Glil-induced luciferase production by 20% and 25%,
no gene (Figure 3C). Cells transfected with Glil-intein(3-2) respectively. This background repression is surprising, given
exhibited a 2-fold increase in luciferase production over the that no spliced protein is observed in the absence of 4-HT by
control in the absence of 4-HT. In the presence gM 4-HT, Western blot. Gli3T may be a sufficiently potent transcriptional
Glil-intein(2-4) induced approximately 25% as much luciferase repressor that very low concentrations of active Gli3T may
production as wild-type Glil, while Glil-intein(3-2) induced produce significant measurable effects in the luciferase reporter
approximately 35% as much. As controls, no luciferase produc- assay.
tion was observed in response to 4-HT in cells not expressing  gpjiced Gli1-Intein and Gli3T-Intein Localize Identically
Glil-intein protein (Figure 3C), and 4-HT treatment of cells to Their Native Counterparts. Next we examined the subcel-
transfected with wild-type Glil had no effect on luciferase |yjar |ocalization of Glil and GIi3T containing the evolved
production (data not shown). These results demonstrate thalintein, HEK293 cells were transiently transfected with Flag-
expression of Glil-intein(2-4) or Glil-intein(3-2) results in  tagged Gli1, Gli3T, Glil-intein(3-2), or Gli3T-intein(3-2) and
4-HT-dependent transcriptional activation of the luciferase then fixed and stained with anti-Flag antibody (Figure 4).
reporter. Normally the repressor form of Gli3 is localized to the nucl&us,
To measure the activity of the intein-controlled GIi3T re- while Glil undergoes nuclear export as part of its regulatory
pressor, Gli3T-intein expression vectors were co-transfected with mechanism and can therefore appear in both the nucleus and
the reporter and a 10-fold excess of wild-type Glil expression the cytoplasn?® Consistent with these observations, Glil
vector (Figure 3D). Repression by native Gli3T decreases Glil- expressed in transfected cells appears broadly distributed
induced luciferase production by 80% (down to 20% of its throughout the nucleus and cytoplasm (Figure 4A), but addition
unrepressed level). In the presence of 4-HT, Gli3T-intein(2-4) of the small molecule LMB, a potent inhibitor of nuclear export,
and Gli3T-intein(3-2) decrease luciferase production by 50% |eads to accumulation of Glil in the nucleus (Figure 4B). GIi3T
and 70%, respectively, of its unrepressed level. Therefore, expressed in transfected cells is nuclearly localized (Figure 4C).
expression of Gli3T-intein(2-4) or Gli3T-intein(3-2) leads 10 | cells transfected with Glil-intein(3-2) or Gli3T-intein(3-
4-HT-dependent repression of luciferase production. These ) nrotein produced in the absence of 4-HT is cytoplasmically
results collectively show that the evolved inteins, upon small- gequestered, in contrast with the localization of native Glil and
molecule-triggered splicing, generate Glil and Gli3T proteins G)i31 (Figure 4A,C). We attribute cytoplasmic sequestration
that retain their native activities. in the absence of 4-HT to the interaction of Hsp90 with the
To determine whether protein splicing is necessary for the mytated estrogen receptor ligand-binding domain that exists
4-HT-dependent activity of the Glil- and Gli3T-intein fusions, \ithin the evolved inteif® even though in yeast cells we
we made mutants of Glil- and Gli3T-intein(3-2) in which the  gemonstrated that this interaction is not solely responsible for
nucleophilic cysteine at the C-terminus of the intein is mutated tpe 4-HT dependence of protein splicifgwhen cells trans-
to alanine. An analogous mutation in tRgrococcussB-D Pol fected with Glil-intein(3-2) were grown in the presence of 4-HT,
intein has been shown to completely eliminate splighghe protein appeared broadly distributed (Figure 4A). However,
nonsplicing mutant Glil-intein(3-2)mut induces no luciferase \yhen Glil-intein(3-2) transfected cells were grown in the
production in response to 4-HT (Figure 3C), and the nonsplicing presence of 4-HT and treated with LMB, nuclear localization
Gli3T-intein(3-2)mut does not repress luciferase repression yas observed (Figure 4B). When cells transfected with Gli3T-
significantly either in the absence or in the presence of 4-HT intein(3-2) were grown in the presence of 4-HT, the resulting
(Figure 3D). These results indicate that the small-molecule- protein localized to the nucleus (Figure 4C). The ability of Glil-

dependent transcription factor activity of the Glil- and Gli3T- ang Gli3T-intein(3-2) to localize correctly within the cell in the
inteins is contingent upon protein splicing. Furthermore, any

background activity of the Gli1 and Gli3T-inteins in the absence (28) shin, S. H.; Kogerman, P.; Lindtro E.; Toftgad, R.; Biesecker, L. G.

of 4-HT is most likely due to low levels of protein splicing Proc. Natl. Acad. Sci. U.S.A.999 96, 2880-2884. )
(29) Kogerman, P.; Grimm, T.; Kogerman, L.; Krause, D.; Umd&. B.;
Sandstedt, B.; Toftgard, R.; Zaphiropoulous, PNat. Cell Biol. 1999 1,
(26) Ingham, P. WEMBO 1998 17, 3505-3511. 312-319.
(27) Xu, M.-Q.; Perler, F. BEMBO 1996 15, 5146-5153. (30) Pratt, W. B.; Toft, D. OEndocrinol. Re. 1997, 18, 306—360.
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Figure 4. Glil-intein(3-2) and Gli3T-intein(3-2) localize identically to native protein in the presence of 4-HT. (A,B) HEK293 cells were transientbcteghsf

with Flag-tagged Glil or Glil-intein(3-2) and grown in the absence or presenceldf 4-HT for 48 h. (B) Two hours prior to fixation, 5 nM LMB was
added. (C,D) HEK293 cells were transiently transfected with Flag-tagged Gli3T, Gli3T-intein(3-2), or nonsplicing Gli3T-intein(3-2)mut anthghmv
absence or presence ofuM 4-HT for 48 h. All samples were fixed and stained with an anti-Flag antibody (false colored green) and DAPI, which stains
nuclei (false colored blue).

presence of 4-HT further suggests that the Glil and Gli3T the Hedgehog pathway is activated by the presence of Sonic
generated upon 4-HT-dependent splicing retain their native Hedgehog (Shh) protein, which binds to an extracellular receptor
properties. to initiate a signaling cascade that results in the modulation of
To determine whether protein splicing is necessary for the Gli transcription factor activity. As Glil is a downstream
correct localization of proteins containing the evolved intein, component of the Hedgehog pathway, transfection of 10T1/2
the localization of the nonsplicing CysAla Gli3T-intein(3- cells with a construct expressing Glil induces osteoblast
2)mut was examined (Figure 4D). As with Gli3T-intein(3-2), differentiation in the absence of Shh. When cells are transfected
the nonsplicing mutant protein is cytoplasmically localized in with Glil-intein(3-2) or Glil-intein(2-4), however, osteoblast
the absence of 4-HT and nuclearly localized in the presence ofdifferentiation becomes dependent on 4-HT in the absence of
4-HT. Therefore, nuclear localization of Gli3T-intein(3-2) is not Shh (Figure 5). Importantly, in the presence of 4-HT, both Glil-
contingent upon protein splicing but is instead likely dependent intein(2-4) and Glil-intein(3-2) promote differentiation to the
on the abrogation of interactions with Hsp90 upon treatment same extent as wild-type Glil, even though the intein fusions
with 4-HT. generate only 25% and 35% as much activity, respectively, as
Evolved Inteins Render Gli-Mediated Osteoblast Dif- measured by the luciferase reporter assay. These results
ferentiation Dependent on 4-HT.The above results demon- demonstrate that the quantities and activity of Glil generated
strate that 4-HT-dependent splicing can be used to generatedy 4-HT-mediated splicing of Glil-intein are sufficient to fulfill
protein that is both active and correctly localized, but they do its endogenous role in osteoblast differentiation to an extent
not reveal if the amounts of active protein generated are comparable to that of wild-type Glil, and in a manner that is
sufficient to fulfill the proteins’ endogenous roles in their native Nno longer dependent on Shh.
biological contexts. We therefore next evaluated the function
of an intein-controlled mammalian protein in its endogenous
context. To achieve this goal, we used the well-characterized Comparison of Evolved Intein Properties in Yeast and
mouse embryonic 10T1/2 cell line as a test system for the Mammalian Cells. In this work we have shown that two
biological function of Glil-intein(3-2) and Glil-intein(2-4). evolved intein variants are capable of rendering mammalian
Activation of the Hedgehog signaling pathway causes 10T1/2 Protein activity dependent on a cell-permeable small molecule.
cells to differentiate into osteoblasts, which can be quantitatively /N general, the properties of the inteins in mammalian cells

Discussion

measured by the production of alkaline phosphathsenature, ~ Parallel their properties in yeast. Protein splicing is dependent
on 4-HT in both systems, and intein(3-2) generates more spliced
(31) Ruiz, I.; Altaba, A.Developmentl998 126, 3205-3216. product in the presence of 4-HT than intein(2-4). A graded dose-

8944 J. AM. CHEM. SOC. = VOL. 128, NO. 27, 2006



Inteins To Control Protein Activity in Mammalian Cells

ARTICLES

25
2 20 -
0.2
=%}
T ©
Sy 151
S S
oZ
22 10
S
el
<
Q. 5
0,
50 nM nShh: — + - — _
1 UM 4-HT: - - - - + _ +
Expresson S 2 s T § § 9
vector: 5 S g ¢ 2 2
© ° T & = =
0] O] 0] O]

Importantly, nonsplicing Glil-intein or Gli3T-intein mutants
demonstrate no activity by luciferase assay either in the presence
or in the absence of 4-HT (Figure 3C,D). These results indicate
that, while 4-HT releases proteins containing the evolved intein
from cytoplasmic sequestration, splicing is required for protein
activity. Therefore, 4-HT-dependent splicing of the evolved
intein rather than a 4-HT-mediated change in localization is
responsible for 4-HT-dependent activity of Glil- and Gli3T-
inteins in mammalian cells. This conclusion is consistent with
our earlier studies in yeast cells in which we proposed that
Hsp90 complexation may stabilize the unspliced protein but is
not responsible for the ligand dependence of splicing.

The possibility exists that intein splicing observed in the
absence of 4-HT may be triggered by endogenous estrogen.
However, growth in estrogen-free media did not affect the levels
of background splicing of Glil- and Gli3-intein(3-2) observed

Figure 5. Glil-intein renders osteoblast differentiation dependent on 4-HT. by Western blot (data not shown). The responsiveness of the

10T1/2 cells were transiently transfected and grown for 4 days in the absence

or presence of kM 4-HT. The control vector contains no gene, and Glil-
(2-4) and Gli1-(3-2) refer to the Glil-intein constructs. Differentiation was

evolved inteins to estrogen and estrogen analogues other than
4-HT will be the subject of future experiments, and selectivity

evaluated by measurement of alkaline phosphatase activity. Differentiation for 4-HT over estrogen could be optimized through further
induced by exogenous Shh peptide is shown for comparison. Bar heightsdirected evolution

and error bars reflect the mean and standard deviation, respectively, of three

independent trials.

Application of Evolved Ligand-Dependent Inteins to the
Study of Mammalian Signaling Pathways.The demonstration

dependent response to 4-HT is also observed in both yeast andhat an evolved intein inserted into Glil renders osteoblast

mammalian cells. These similarities of behavior further under-

differentiation dependent on 4-HT suggests the possibility of

score the generality of the evolved inteins, even though the target protein-specific, post-translational, small-molecule-de-

environment of the mammalian cell is significantly different
than the yeast cell environment used to evolve the inteins.

One difference observed between the evolved intein’s be-

havior in yeast and its behavior in mammalian cells is that

pendent, dose-dependent, and temporally controlled protein
activation in a transgenic mammalian system. Such a system
would enable control of target protein function to be decoupled
from natural upstream signaling partners. For example, a

spliced GFP appears to accumulate slower in mammalian cellstransgenic cell expressing Glil-intein(3-2) in place of Glil will
expressing GFP-intein(3-2) than in yeast expressing the samenot activate Glil in response to Shh but will do so in response

protein. While the onset of splicing is rapid in mammalian cells,
only 5% of detected protein is spliced after 2 h. In yeast, this
percentage is significantly high&t.This discrepancy may be
due to differences in the stability of the unspliced protein, its
folding ability, or its rate of degradation in the two cellular
contexts. Although the accumulation of spliced protein over a
24-hour period is consistent with the product accumulation
observed using an engineered rapamycin-deperndergintein
system in mammalian cell4further optimization of the evolved
intein’s activity in mammalian cells may be possible through
additional rounds of directed evolution.

Basis of Ligand-Dependent Activation of Glil-Intein and
Gli3T-Intein. The cytoplasmic sequestration of Glil-intein(3-
2) and Gli3T-intein(3-2) in the absence of 4-HT complicates

to 4-HT. Achieving small-molecule-dependent control over the
function of a specific protein in order to study cellular processes
is a central goal of chemical genetiésTraditional chemical
genetic approaches require the discovery of a small-molecule
activator or repressor of each protein of interest. The use of the
evolved intein confers 4-HT dependence on proteins of interest
in mammalian cells without requiring small-molecule synthesis
and discovery, albeit with the additional significant requirement
of genetic intervention.

The evolved intein is a particularly attractive tool for the study
of signaling pathways because it requires minimal disruption
of regulatory networks. No changes to the promoter or other
regulatory regions of the gene of interest are required. Many
signaling pathways involve feedback inhibition loops in which

the analysis of the mechanism of their evolved ligand-dependenta downstream product of the pathway represses transcription

activities. In contrast to GFP, Glil and GIi3T are active only in

of an upstream protein to attenuate the signal. An inducible

the nucleus. Therefore, it could be argued that cytoplasmic promoter can replace the endogenous promoter of an upstream
sequestration rather than the presence of the intein is responsiblesignaling protein in order to activate the signaling pathway on

for the lack of Gli1 and GIi3T activity in the absence of 4-HT.

demand, but natural feedback transcriptional repression in this

Indeed, the Hsp90-mediated cytoplasmic sequestration of proteincase cannot occur, precluding deactivation of the pathway by

fusions containing hormone receptor ligand-binding domains

its normal regulatory mechanism. In contrast, the evolved intein

has served as a basis for previously engineered small-moleculeexerts control over protein activity at the post-translational level.
dependent protein&,including the Cre recombinase variants As a result, feedback regulation of proteiimtein expression

described abové&.® However, the above results indicate that a

nonsplicing evolved intein mutant leads to cytoplasmic seques-

tration in the absence of 4-HT and localization identical to that
of native protein in the presence of 4-HT (Figure 4D).

can proceed normally because no changes to regulatory promoter
elements are required.

Because our results indicate that the evolved intein can exhibit
a linear dose-dependent response to varying concentrations of

(32) Picard, D.Methods EnzymoR00Q 327, 385-401.

(33) Mayer, T. U.Trends Cell Biol.2003 13, 270-277.
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4-HT in mammalian cells, it is well suited for studying the exhibited native-like function in the presence of 4-HT. Expres-
response of a pathway to different levels of target protein sion of Glil-intein fusions in embryonic mouse cells enables
activity. For example, transcription factors involved in stem cell 4-HT to induce a cellular response that mimics the effect of
differentiation have been shown to induce different cell fates Hedgehog pathway activation. These results collectively suggest
based on modest changes to their cellular concentrations. Smiththat evolved small-molecule-dependent inteins may provide a
and co-workers showed that a 50% increase in the expressiongeneral method for achieving small-molecule-dependent control
of Oct-4, a transcription factor involved in regulating pluripo- over protein activity in mammalian systems. The ability to
tency in embryonic stem cells, induces differentiation to control protein activity in a post-translational, rapid, dose-
endoderm or mesoderm, while a 50% decrease in expressiordependent, and gene-specific manner without requiring non-
causes de-differentiation to trophectodefnhikewise, Yama- native promoters or heterologous control elements could prove
moto and co-workers reported that complete inactivation of valuable in the study of mammalian proteins and signaling
GATA-1, a transcription factor required for erythroid dif- pathways.

ferentiation, both inhibits differentiation and induces apoptosis
in erythroid progenitor cells, while expression of GATA-1 at
5% of wild-type levels inhibits differentiation without inducing
apoptosis® While these studies required the generation of
multiple cell lines to achieve different levels of protein activity,
the use of the evolved intein may enable regulation of the level
of target protein activity in a single cell line simply by altering
the concentration of 4-HT in the medium.
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