
Subscriber access provided by American Chemical Society

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Communication

Simultaneous Triggering of Protein Activity and Fluorescence
Jean-Philippe Pellois, Michael E. Hahn, and Tom W. Muir

J. Am. Chem. Soc., 2004, 126 (23), 7170-7171• DOI: 10.1021/ja0499142 • Publication Date (Web): 21 May 2004

Downloaded from http://pubs.acs.org on March 31, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 4 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja0499142


Simultaneous Triggering of Protein Activity and Fluorescence

Jean-Philippe Pellois, Michael E. Hahn, and Tom W. Muir*

Laboratory of Synthetic Protein Chemistry, The Rockefeller UniVersity, New York, New York 10021

Received January 6, 2004; E-mail: muirt@rockefeller.edu

The characterization of molecular processes as they occur inside
cells is essential to a comprehensive understanding of living
organisms. Although several genetic and chemical approaches have
been employed successfully to undertake such a challenge, there
is still a need for the development of new methodologies.1 For
example, to determine the exact site, timing, and kinetics of cellular
events, ideal tools would provide for real-time monitoring of the
location of a specific protein, spatial and temporal control of its
activity, and facile differentiation between its active and inactive
state. We reasoned that if protein photocaging2 and fluorescence
labeling were combined, one might achieve these desirable features.
Our approach consists of modifying a fluorescently labeled protein
with a photocleavable group that can both suppress the protein
activity and quench its fluorescence. Photocleavage of this caging
group results in the simultaneous restoration of protein activity and
luminescence of the fluorescent tag. This strategy was applied to
Smad2, a key protein involved in the transforming growth factorâ
(TGF-â) signaling pathway.

TGF-â signaling is involved in various cellular processes,
including cell proliferation, differentiation, and apoptosis.3 Signaling
from the cell membrane to the nucleus is mediated by Ser/Thr
kinases and the Smad family of proteins. Specifically, the binding
of a particular ligand to transmembrane receptors leads to the
phosphorylation of Smad2, a receptor-regulated Smad, on the last
two serine residues of the C-terminal sequence CSSMS (residues
463-467). Phosphorylation results in the release of Smad2 from
the membrane-anchored protein SARA, binding to the co-mediator
protein Smad4, translocation into the nucleus, and regulation of
target gene expression. The crystal structure of a phosphorylated
Smad2, along with biochemical characterization of the protein
prepared by semi-synthesis, revealed a homotrimeric arrangement
directly mediated by the phosphoserines.4 Structural analysis of the
homotrimer showed that the C-terminal carboxylate contributes
significantly to the stabilization of the complex by making several
hydrogen bonds with neighboring residues. Covalent attachment
of a caging moiety at this site could therefore disrupt these
interactions and maintain the phosphorylated protein in an inactive
SARA-bound state, while irradiation with UV light and subsequent
cleavage of the caging group would unmask the active trimeric
Smad2. A photochemical trigger that mimics the critical biochemical
event of serine phosphorylation involved in the signaling pathway
would therefore be obtained. Furthermore, the protein structure also
suggests that the side chain of Met466 is not involved in any
interactions, therefore offering a convenient site for the introduction
of a noninvasive fluorescent tag.

Expressed protein ligation (EPL)5 was used to synthesize a
protein that contains two phosphates, a fluorescent probe, a
fluorescence quenching molecule, and a photocleavable linker
(Figure 1). The linker 4-[4-(1-hydroxyethyl)-2-methoxy-5-nitro-
phenoxy]butanoic acid (photolinker, pl) was chosen as a bifunctional
caging group.6 Preliminary analysis on model peptides demonstrated
that fluorescein (Fl) and dabcyl (Dab) were a suitable pair for

efficient fluorescence quenching (data not shown). The peptides
H-CSSMS-OH (1), H-CSpSMpS-OH (2), H-CSpSK(Fl)pS-OH (3),
H-CSpSMpS-pl-K-NH2 (4), and H-CSpSK(Fl)pS-pl-K(Dab)G-NH2
(5) were synthesized using modified Fmoc solid-phase peptide
synthesis and purified by reversed-phase HPLC (RP-HPLC) (see
Supporting Information for synthesis details). A C-terminal-
truncated Smad2 thioester (MH2 domain, residues 241-462) was
prepared as previously reported.4 An excess of SARA (residues
665-721) was added to the protein, and the Smad2/SARA complex
was purified by ion-exchange chromatography. The ligation reac-
tions7 between the thioester and the different peptides were
monitored by a combination of RP-HPLC, SDS-PAGE, and mass
spectrometry and were found to be complete in 12-24 h. The
proteins (labeled1-5 according to the corresponding peptide
number, Table 1) were then purified by gel filtration chromatog-
raphy.

Preliminary gel filtration and RP-HPLC analyses showed that
proteins3 and4 were homotrimer and heterodimer,8 respectively
(proteins1 and2 were used as controls).9 Therefore, the fluores-
cently labeled M466K protein behaves in vitro as the wild-type
phosphorylated protein. In contrast, attachment of a bulky caging
group at the C-terminus of4 disrupted its activity (as compared to
2) even though it is phosphorylated. Importantly, UV irradiation
of 4 resulted in the formation of the active homotrimer (protein6,
Table 1).10

After establishing that both protein caging and labeling were
independently compatible with our design, we investigated the
biophysical properties of the protein containing the caging group,
the fluorophore, and the quencher. Before exposure to UV light,

Figure 1. (A) Schematic representation of the simultaneous triggering of
Smad2 activity and fluorescence. (B) Design of caged Smad2 (MH2 domain,
residues 241-467) based on a modified CSpSMpS peptide.

Published on Web 05/21/2004

7170 9 J. AM. CHEM. SOC. 2004 , 126, 7170-7171 10.1021/ja0499142 CCC: $27.50 © 2004 American Chemical Society



protein 5 was a heterodimer (Figure 2) and was essentially
nonfluorescent (Figure 3), due to efficient intramolecular quenching
of fluorescein by dabcyl. Irradiation with UV light resulted in
photolinker cleavage and homotrimer formation (Figure 2).11

Importantly, this was also accompanied by an approximate 26-fold
increase in fluorescence (Figure 3).12 The photolytic conversion
was characterized at high and low light intensities13 by monitoring
the fluorescence emission of the product. At low intensity, the
photolysis was first order with a rate constant of 4.0× 10-3 s-1

and an observed quantum yield of 0.03. Photolysis was quantitative
in less than 3 s when a high-intensity laser was used.14

In conclusion, we have shown that protein activity and fluores-
cence can be triggered simultaneously. By coupling fluorescence
to activity, an easily detectable fluorescent signal can be used as a
convenient read-out of the phototriggering of protein activity. This
general scheme can be used for caging proteins where the
C-terminus is vital for biochemical interactions but should also be
applicable to the caging of amino acid side chains. We are currently
in the process of using the caged protein to study the physical

behavior of Smad2 and the kinetics of the TGF-â signaling pathway
inside living cells.
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Table 1. Semi-Synthetic Proteins and Their Properties

protein C-terminal sequence
expected/

observed mass (Da)
oligomeric

statea

1 CSSMS 25358.8 /
25361.7( 3.1

heterodimer

2 CSpSMpS 25518.7 /
25526.0( 4.3

homotrimer

3 CSpSK(Fl)pS 25874.1 /
25878.0( 5.6

homotrimer

4 CSpSMpS-pl-K 25928.2 /
25930.6( 4.9

heterodimer

5 CSpSK(Fl)pS-pl-K(Dab)G 26590.8 /
26598.1( 4.3

heterodimer

6 CSpSMpS-pl-K
+ hνb

25518.7 /
25522.3( 7.2

homotrimer

7 CSpSK(Fl)pS-pl-K(Dab)G+ hνb 25874.1 /
25880.8( 2.9

homotrimer

a Determined by analytical gel filtration chromatography and RP-HPLC.
Homotrimer refers to Smad2 homotrimer, while heterodimer refers to
Smad2/SARA heterodimer.b Proteins were photolyzed at 325 or 365 nm.

Figure 2. (A) Gel filtration analysis of the oligomeric state of protein5
before and after irradiation with UV light. (B) RP-HPLC of proteins5 and
7: (i) 3 s irradiation at 325 nm with He-Cd laser, (ii) gel filtration
chromatography purification.

Figure 3. Fluorescence spectra of protein5 (1 µM) at varying UV
irradiation times. Samples were irradiated at either 325 or 365 nm, with
irradiances of 4.740 and 0.005 W/cm2, respectively. Fluorescence excitation
was performed at 488 nm.
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