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Small-molecule-inducible gene-expression systems are avail-
able in a variety of cell types including bacterial cells, yeast
cells, and mammalian cells.! They have been used for
conditional protein expression in higher organisms ranging
from plants to mice.””! These systems are typically composed
of a natural receptor taken from one organism and trans-
ferred into a second organism, in conjunction with a natural or
unnatural small-molecule ligand that is orthogonal to all
endogenous molecules of the organism of interest. Exposure
of the organism to the small molecule typically activates gene
expression, a process that has found application in the
production of recombinant proteins, the programing of
biological processes, and the study of gene function. Although
this technique enables temporal control over gene function on
a minute-to-hour timescale, it does not permit spatial control.

A highly efficient way to simultaneously achieve spatial
and temporal control over biological processes is the appli-
cation of photocaging.”! The term “caging” defines the
installation of a photoremovable group on a biologically
active molecule, thus rendering the molecule inactive. Caging
groups have been installed on small molecules, oligonucleo-
tides, peptides, and proteins. Irradiation with UV light
removes the caging group and restores biological activity.
Recently, this approach has been applied to the light
activation of small-molecule inducers of protein expression.
Both reported systems, that is, the doxycycline and the
nuclear hormone (for example, estradiol) conditional-gene-
expression systems,*! are restricted to eukaryotic cells.

Here we report a light-inducible gene-expression system
which can be used in bacterial cells, plants, and mammalian
organisms. It is based on the lactose (lac) repressor which
binds to the lac operator (lacO), thereby inhibiting RNA
polymerase from performing gene transcription.”® In pres-
ence of the small-molecule effector isopropyl-p-p-thio-gal-
actoside (IPTG), the repressor is released from the DNA
through an allosteric binding event, which results in a
conformational change and leads to gene expression
(Figure 1).

[*] D.D. Young, Prof. Dr. A. Deiters

North Carolina State University

Department of Chemistry

Campus Box 8204, Raleigh, NC 27695-8204 (USA)

Fax: (+1)919-515-5079

E-mail: alex_deiters@ncsu.edu

Homepage: http://www4.ncsu.edu/ ~ adeiter/index.html

D.D.Y. thanks the US Department of Education for a GAANN
Biotechnology Fellowship. This research was supported in part by
research grant no. 5-FY05-1215 from the March of Dimes Birth
Defects Foundation.

@ Supporting information for this article is available on the W\WW
under http://www.angewandte.org or from the author.

[7‘: *

T IWILEY

/) InterScience*

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lac repressor é

Figure 1. IPTG-induced expression of an open reading frame (ORF)
through formation of the IPTG/lac repressor complex.

ORF

The crystal structure of the Lacl/TPTG complex (Protein
Data Bank file no. ILBH) reveals interactions between the
small molecule and the protein in a tight binding pocket, as
well as four essential hydrogen bonds between the 4-OH
group and Arg197, the 3-OH group and Arg197, and also the
2-OH group and Asp274 and Asn246 (see the Supporting
Information).”” We speculated that disruption of the hydro-
gen-bond network through the installation of a sterically
demanding caging group on IPTG would inhibit the forma-
tion of the Lacl/IPTG complex and thereby inhibit gene
expression. If the installed group is removable through
irradiation with UV light, IPTG can be generated in a
spatiotemporal manner, thereby enabling spatiotemporal
control over protein expression. In order to achieve this, the
caged IPTG 1 was synthesized in a single step (78 % yield) by
the reaction of IPTG with 6-nitropiperonal (see the Exper-
imental Section), which furnished selective dioxolan forma-
tion at the 4- and 6-hydroxy groups. This is in accordance with
the results of NMR experiments and previous observations in
similar reactions.”! The caged IPTG 1 is nontoxic to bacterial
cells and no degradation was observed under physiological
conditions. Irradiation of an aqueous solution of 1 (< 0.5 mM,
£36s = 4533 cm~'M™") with nonphotodamaging UV light (hand-
held UV lamp, 365nm, 0.5 Wcm?) for 5min leads to
quantitative formation of the ester 2, as a 1:1 mixture of
regioisomers (4-OH/6-OH, Scheme 1 shows the 4-OH ester).
The half life for the conversion 1—2 after irradiation depends
on the concentration of 1 and amounts to 11 s at a concen-
tration of 0.1 mM, 5.1 min at 0.5 mM, or 11.8 min at 1.0 mm
(see the Supporting Information). This facile photolytic
conversion of a 1,3-dioxane is in remarkable contrast to
previous observations with bromohydroxycoumarin caged
diols.”! The quantum yield (¢ = 0.131) for the photochemical
conversion of 1into 2 has been determined by 3,4-dimethoxy-
nitrobenzene actinometry.'”! The ester 2 is stable in an
aqueous solution; however, as observed for other carbohy-
drate esters, 2 is hydrolyzed to IPTG by the esterases found in
a cellular environment (#;,, = 63 min & 2 min, see the Support-
ing Information). The growth of bacterial cells exposed to
0.5 mM concentrations of 1 and 2 revealed that the com-
pounds do not reduce growth rates, are nontoxic, and are
easily taken up by the cells (see the Supporting Information).
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Scheme 1. Light irradiation of caged IPTG 1, followed by intracellular
hydrolysis of the ester 2 to yield IPTG.

Photochemical induction of liquid-culture expression of a
[-galactosidase reporter showed a strong dependence of the
expression on UV irradiation. It is important to note that this
photochemical induction is only possible in cells which
express the lac repressor. A pUC19 plasmid containing the
lacZ gene under the control of the lac operator was utilized to
perform a Miller assay in BL21(DE3) cells,!"!! thus allowing
quantification of the regulation of gene expression through
caged IPTG. Cells were grown to an optical density (at
600 nm, ODygy) of 0.6, then induced with either IPTG or
caged IPTG (to a final concentration of 0.5 mm), and either
irradiated or kept in the dark. After 6 h, cells were lysed and
treated with o-nitrophenyl galactopyranoside and the absorb-
ance of the lysates was measured at 420 and 550 nm
(Figure 2). The noninduced control and the cells growing in
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Figure 2. -Galactosidase (Miller) assay showing that, in the presence
of 1, lacZ expression is only observed in cells which have been
irradiated with light at 365 nm (5 min, 25 W) or were incubated with
IPTG. In the absence of the small-molecule inducer, minimal protein
expression is observed. The concentration of the small molecule was
0.5 mwm in all cases.

the presence of caged IPTG 1 displayed no f-galactosidase
activity, thereby demonstrating that installation of a caging
group on the 4- and 6-OH groups completely disrupts binding
of IPTG to the lac repressor. Additionally, irradiation of a
bacterial culture with UV light in the absence of any small
molecule failed to induce (-galactosidase expression. Brief
irradiation with nonphotodamaging UV light (365 nm,
15 min, 25 W, hand-held UV lamp) of cells grown in presence
of 1 (0.5mwm) led to rapid decaging and levels of protein
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expression that were comparable to a standard IPTG
induction (Figure 2).

An application of the developed light-inducible gene-
expression system was demonstrated by bacterial lithography.
Here, the synthetic small molecule 1 functions as a light
sensor to transform a lawn of bacteria into a biological film.
The resolution of such a film has been estimated to be
15 megapixelscm?; however, this theoretical limit might be
diminished through IPTG diffusion. For bacterial lithog-
raphy, the lacZ reporter gene was used to convert colorless 5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-gal) into
a blue dye. Hence, a negative image is obtained where
irradiated regions are dark and nonirradiated regions remain
white. The same pUC19 plasmid was employed as before in
BL21(DE3) cells. Cells were seeded on agar surfaces pre-
treated with caged IPTG 1 and X-gal; this was followed by
immediate irradiation for only 30 s at 365 nm (25 W). A mask
blocking one half of the plate was used to demonstrate spatial
control over gene expression. After 12 h of incubation at
37°C, only cells on the irradiated half of the plate showed a
blue color and hence [-galactosidase activity (see the
Experimental Section and Figure 3). To obtain a positive

Figure 3. Bacterial lithography with UV irradiation at 365 nm for 30 s
while the left half of the Petri dish (f10 cm) is blocked. Two different
reporter genes were employed, namely lacZ (left) and GFP (right), to
deliver negative and positive images, respectively.

image, an identical experiment was performed with green
fluorescent protein (GFP) as the reporter. Here, Escherichia
coli cells transformed with a pGFPuv plasmid were seeded on
agar plates pretreated with caged IPTG and the plates were
irradiated as before and incubated at 37°C for 12 h. Plates
were analyzed for fluorescence on a Storm 480 Phosphor-
Imaging system, with the results indicating a spatially
restricted expression of GFP (Figure 3) and revealing a
positive image. In both cases, spatial control of gene
expression is observed, with minimal diffusion of irradiated
IPTG. The short exposure time is advantageous over the 12—
15h of light exposure required for previously reported
bacterial lithography methods.['”!

In summary, we have achieved light-controlled activation
of gene expression in bacterial cells in a spatiotemporal
fashion. Due to the widespread application of the lac
repressor in biotechnology, broad utilization of the developed
methodology is expected. Moreover, since the lac repressor is
also functional in plant cells, mammalian cells, and higher
organisms,””) this approach has the potential to provide a
general solution for temporal and spatial control over gene
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function in more complex biological environments. Impor-
tantly, it could allow for a photochemical regulation of
bacterial quorum sensing,’®! thereby providing detailed
information on the mechanism of biofilm formation through
cell-to-cell communication. Additional applications range
from the creation of biological materials with certain spatial
patterns to the study of genetic circuits™ in developmental
model organisms.

Experimental Section

Synthesis of 1: Isopropyl-p-D-thio-galactoside (50 mg, 0.18 mmol) was
dissolved in dimethylsulfoxide (DMSO; 0.5 mL) at 0°C. 6-Nitro-
piperonal (103 mg, 0.53 mmol) and concentrated H,SO, (0.2 mL)
were added, and the reaction was allowed to warm to room
temperature. After 24 h, the reaction was quenched with water
(0.5mL), the layers were separated, and the organic layer was
extracted with ethyl acetate (3 x2 mL). The combined organic layers
were dried and concentrated, and the residue was subjected to column
chromatography on SiO, (EtOAc/hexanes 5:1) to yield a yellow solid
(56 mg, 0.13 mmol, 78%): "H NMR (300 MHz; CDCl,;): 6 =7.40 (s,
1H),7.33 (s, 1H), 6.16 (s, 1 H), 6.10 (s, 2H), 4.40 (d, *J(H,H) = 9.3 Hz,
1H), 4.29 (m, 2H), 4.08 (m, 2H), 3.70 (m, 2H), 3.50 (m, 1H), 3.25
(septet, *J(H,H) = 6.9 Hz, 1H), 1.39 ppm (d, *J(H,H) =6.9 Hz, 3H),
1.37 ppm (d, */(H,H) =6.9 Hz, 3H); ®C NMR (75 MHz; CDCL,): 6 =
151.79, 148.30, 128.94,107.77,105.43, 103.32, 96.89, 85.81, 76.25, 74.04,
70.39, 70.20, 69.91, 35.64, 24.53, 24.34 ppm; HRMS (FAB): m/z calcd.
for C;;H;NO,S: 416.1015, found: 415.0984.

Spatial control of protein expression: Ampicillin-resistant con-
structs pUC19 or pGFPuv with the lacZ or the gfp gene, respectively,
under the control of the lac repressor in BL21(DE) cells, were grown
to log phase for 12h at 37°C in Luria—Bertani broth containing
20 uygmL~" of ampicillin (LB/Amp). Bacteria (100 pL, ODg = 1.1)
were then spread as lawns on LB/Amp agar plates (10 cm), which
were pretreated with caged IPTG (10 mmM, 40 uL) and X-gal (2% in
N,N-dimethylformamide (DMF), 40 puL) in the case of lacZ expres-
sion. One half of the plate was covered with a mask, and the plate was
irradiated for 30 seconds at 365 nm. After the brief irradiation, the
bacteria were grown for 12 h at 37°C, and the plates were imaged.

Received: January 5, 2007
Published online: April 25, 2007

Keywords: bacterial cells - caged compounds - gene expression -
photochemistry - proteins

[1] a) A.R. Buskirk, D.R. Liu, Chem. Biol. 2005, 12, 151-161,
b) L. A. Banaszynski, T. J. Wandless, Chem. Biol. 2006, 13, 11—
21.

[2] a) H. L. Heine, H. S. Leong, F. M. Rossi, B. M. McManus, T. J.
Podor, Methods Mol. Med. 2005, 112, 109-154; b) M. Lewan-
doski, Nat. Rev. Genet. 2001, 2, 743-755; c¢) M. Padidam, Curr.
Opin. Plant Biol. 2003, 6, 169-177.

[3] a) D. D. Young, A. Deiters, Org. Biomol. Chem. 2007, 5, 999 -
1005; b) X. Tang, 1. J. Dmochowski, Mol. BioSyst. 2007, 3, 100 -
110; c¢) G. Mayer, A. Heckel, Angew. Chem. 2006, 118, 5020 -
5042; Angew. Chem. Int. Ed. 2006, 45, 4900-4921; d)G.
Dorman, G. D. Prestwich, Trends Biotechnol. 2000, 18, 64-77,
e) K. Curley, D. S. Lawrence, Pharmacol. Ther. 1999, 82, 347 -
354; ) S. R. Adams, R. Y. Tsien, Annu. Rev. Physiol. 1993, 55,
755-784.

[4] a) S. B. Cambridge, D. Geissler, S. Keller, B. Curten, Angew.
Chem. 2006, 118, 2287-2289; Angew. Chem. Int. Ed. 2006, 45,
2229-2231; b) K. H. Link, Y. Shi, J. T. Koh, J. Am. Chem. Soc.
2005, 727, 13088-13089; c) Y. Shi, J. T. Koh, ChemBioChem
2004, 5, 788 -796.

[5] J. M. Vilar, C. C. Guet, S. Leibler, J. Cell Biol. 2003, 161, 471 -
476.

[6] C.E. Bell, M. Lewis, Curr. Opin. Struct. Biol. 2001, 11, 19-25.

[7] M. Lewis, G. Chang, N. C. Horton, M. A. Kercher, H. C. Pace,
M. A. Schumacher, R. G. Brennan, P. Lu, Science 1996, 271,
1247 -1254.

[8] K. Tatsuta, M. Kitagawa, Tetrahedron Lett. 1995, 36, 6717 - 6720.

[9] W.Y. Lin, D. S. Lawrence, J. Org. Chem. 2002, 67, 2723 -2726.

[10] a)J. Y. Zhang, H. Esrom, 1. W. Boyd, Appl. Surf. Sci. 1999, 139,
315-319; b) L. Pavlickova, P. Kuzmic, M. Soucek, Collect.
Czech. Chem. Commun. 1986, 51, 368 —-374.

[11] J. H. Miller, Experiments in Molecular Genetics, Cold Spring
Harbor Laboratory, Cold Spring Harbor, 1972.

[12] A. Levskaya, A. A. Chevalier, J. J. Tabor, Z. B. Simpson, L. A.
Lavery, M. Levy, E. A. Davidson, A. Scouras, A. D. Ellington,
E. M. Marcotte, C. A. Voigt, Nature 2005, 438, 441 —442.

[13] a) D.J. Musk, Jr., P. J. Hergenrother, Curr. Med. Chem. 2006, 13,
2163-2177; b) B. C. Gorske, H. E. Blackwell, Org. Biomol.
Chem. 2006, 4, 2050.

[14] B. L. Bassler, Cell 2002, 109, 421 -424.

[15] J. Hasty, D. McMillen, J. J. Collins, Nature 2002, 420, 224 -230.

www.angewandte.de

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2007, 119, 4368 —4370


http://www.angewandte.de

