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Photoactivatable fluorescent proteins have become an impor-
tant addition to the set of molecular probes used to under-
stand cellular function. Known as “molecular highlighters”,
their fluorescence is switched on by irradiation, thereby
enabling non-invasive tracking of protein trafficking and
dynamics.! They are also the basis for the imaging technique
called photoactivated light microscopy (PALM)® in which
multiple emitted photons are observed from individual active
fluorophores which are sequentially activated from a large
pool of inactive proteins and then photobleached. By locating
the center of the point spread function for these emitted
photons, it is possible to determine the location of the active
fluorophore at better resolution than the theoretical diffrac-
tion limit. Previous green fluorescent protein (GFP) mutants
exhibiting photomodulatory behavior have been reported
including Kaede® and KikGR™ whose emission wavelength
change irreversibly, Dronpa® whose fluorescence can be
reversibly activated with light, and photoactivatable GFP
(paGFP),['l whose excitation wavelength can be irreversibly
changed with light. For Kaede, KikGR, and Dronpa, the
precise three-dimensional structure of the fluorophore must
be preserved to maintain photoswitching behavior.*®l In
paGFP, the shift in excitation wavelength is

mediated by a light dependent decarbox-

Unfortunately, the sequence restrictions necessary to
maintain photomodulatory behavior are not always compat-
ible with the mutations necessary to produce other fluores-
cent protein variants including YFP®! and RFPI'” In
addition, Kaede, KikGR, and paGFP exist in two forms
with differing excitation and emission wavelengths, preclud-
ing the simultaneous use of these wavelengths for other
purposes. To address these problems, we have developed a
general strategy for photoactivating GFP based upon non-
natural amino acid mutagenesis'!! with the photocaged
tyrosine analogue o-nitrobenzyl-O-tyrosine (ONBY).!?
Replacing the fluorophore tyrosine 66 with ONBY yields a
GFP molecule that is non-fluorescent as observed for other o-
nitrobenzyl appended fluorophores including fluoresceine, ™
Texas Red,' and quantum dots.™™ An earlier nonnatural
variant of GFP was produced using a similar strategy,
however, the high pre-irradiation background fluorescence
and low protein yield made this unsuitable for use as a
molecular marker." Fast, time-resolved UV/Vis spectrosco-
py measurements indicate that the fluorescence quenching
likely occurs through photo-induced electron transfer (PET).
Irradiation at 365 nm is sufficient to remove the o-nitrobenzyl
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ientation of an internal hydrogen bond A N_mef . RE5 N
network, which changes the protonation q\ ° N\Res % N N-RY
state of the fluorophore and leads to an NO2 o B RE5
irreversible shift in the excitation maxi- GFP66ONBY 1 Z Photolyzed
mum from 397 nm to 475 nm. This mech- GFPBSONBY

anism of GFP photoactivation requires the
preservation of active-site residues His203,
His148, Ser205, and Glu222.
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Scheme 1. Uncaging of the non-fluorescent GFP660NBY by UV photolysis to generate
fluorescent protein.

group and restore fluorescence to GFP Tyr66—ONBY
(GFP660ONBY) (Scheme 1).

To produce photoactivatable o-nitrobenzyl photocaged
GFP (cGFP), we started with the stabilized GFP variant
“1041”," which should be capable of folding in spite of the
added bulk from introducing the o-nitrobenzyl group into the
fluorophore pocket. GFP “10+41” (referred to hereafter as
WT) was placed into a pET vector, and a C-terminal
hexahistidine tag was added. Finally, fluorophore tyrosine
66, encoding the chromophore tyrosine residue was mutated
to ONBY. This was accomplished by converting the codon for
Tyr66 to the amber stop codon, TAG, through site directed
mutagenesis to afford pET GFP66TAG. This plasmid was co-
transformed into E. coli BL21(DE3) cells with plasmid
pSUPAR-ONBY-A10," containing the aminoacyl tRNA
synthetase (aaRS) evolved to aminoacylate ONBY and an
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amber suppressor tRNA, both derived from the Methano-
coccus jannaschi tyrosyl tRNA/aaRS pair. Cells were grown
to ODgy, = 0.7 in Terrific Broth and ONBY was added to a
final concentration of 0.2 mm, and protein production was
induced by the addition of 1mm IPTG (isopropyl-f-p-
thiogalactopyranoside). After 20 h, the cells were harvested
by centrifugation at 5000 x G, lysed and GFP was purified
using Ni-NTA affinity chromatography. For WT GFP, protein
yields were 62mgL™'; GFP660ONBY was produced at
38 mgL~". To verify the identity of each protein, both were
subjected to liquid chromatography coupled electrospray
ionization mass spectrometry. For WT GFP, the expected
mass was 26 675 and observed mass 26675, while cGFP had a
calculated mass of 26809, with observed mass 26810 (Sup-
porting Information, Figure S1). In Figure 1a and c, it can be
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Figure 1. GFP660ONBY is non-fluorescent until irradiation with 365 nm
light. a) GFP660ONBY purified using Ni—-NTA was irradiated using a
Spectra Physics 500 Watt lamp with a 365 nm filter for the indicated
lengths of time and then visualized using a UV transilluminator.

b) UV/Vis absorbance spectra of GFP660NBY upon photolysis.

c) Emission spectra of photolyzed GFP660NBY excited at 387 nm
(top) and 486 nm (bottom). For b) and c), samples were photolyzed at
365 nm for 3 (black), 23 (brown), 43 (purple), and 60 min (red) using
a 4 Watt UVP lamp.

seen that fully caged GFP660ONBY protein is practically non-
fluorescent with excitation at either 387 or 486 nm (fluores-
cence quantum yield 0.006; for details see Supporting
Information). However, irradiation with 365 nm light is
capable of restoring fluorescence. In Figure 1b, the absorp-
tion spectrum of photolyzed GFP660ONBY exhibits a bath-
ochromic shift of around 100 nm to 486 nm, an absorbance
typical for GFP. The ¢,4; for cGFP increases at least 100 times
upon photolysis. Thus the relative brightness at 486 nm, which
is defined as &, Ppge, increases at least 4 orders of
magnitude during photoactivation. The actual change in
relative brightness is probably greater than this because the
measured OD,g, of cGFP is greater than the real absorbance
due to trace amounts of activated cGFP produced during
purification, and experimental manipulation. In addition
there is an isosbestic point at 417 nm, which demonstrates
that activated GFP is stable to the 365 nm radiation necessary

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for photoactivation. The uncaged cGFP shows nearly identi-
cal photophysical properties compared to WT GFP. Both
have the same fluorescence spectra and the fluorescence
lifetimes are similar (2.4 ns and 2.7 ns, respectively).

The mechanism of uncaging involves photoexcitation of
the o-nitrobenzyl group with UV light (365 nm) and cleavage
of the o-nitrobenzyl group from the protein (Scheme 1).")
Fluorescence activation occurs on a timescale faster than 1s,
comparable to rates of other photoactivatable GFP variants.[!
The photoactivation quantum yield, ¢p,, is around 0.0003.
This quantum yield, which is lower than for other photo-
activatable GFPs, is probably due to other competing
chromophores and because the photochemistry of this
reaction requires excitation of the o-nitrobenzyl group
rather than excitation of the benzylidene imidazolinone,
typical for other photoreactive fluorescent proteins. To
compensate for the lower quantum yield, more intense
365 nm light or longer irradiation times can be used.

Unlike most earlier GFP mutants with nonnatural fluo-
rophores, this protein exhibited practically no fluorescence
(fluorescence quantum yield 0.006; Figure 2b). The most
likely causes for this are either a lack of fluorophore
maturation in the photocaged protein, which is fully matured
only after photolysis, or quenching of the singlet state by the
o-nitrobenzyl group. To determine which of these mecha-
nisms is correct, we determined whether GFP660ONBY was
capable of forming a mature fluorophore by X-ray crystallog-
raphy. To produce protein sufficiently pure for crystal growth,
Ni-NTA purified protein was further purified using a
Pharmacia 10/10 monoQ column in 50 mm Tris buffer,
pH 8.0, and then eluted in a gradient from 0 to 1m NaCl
over 5 column volumes. Fractions judged to be completely
pure by SDS-PAGE analysis were combined and concen-
trated to 10 mgmL~". Crystallization of cGFP was accom-
plished by the hanging-drop vapor diffusion method. Hanging
drops containing 2 pL of protein solution at 10 mgmL ' and
2 uL. of buffer (0.1m HEPES, pH 7.0, 20% PEG 6k) were
equilibrated at 20°C against 1 mL of the same buffer in the
reservoir. Rodlike crystals formed after 2 weeks which
diffracted to 2.1 A. Data collection and refinement statistics
can be see in Table S1.

From the crystal structure (Figure 2a), it is apparent that
both the o-nitrobenzyl group and the benzylidene imidazo-
linone are both present. Thus, GFP6610NBY is still capable of
the backbone cyclization necessary for maturation of all
fluorescent proteins. Alignment of the cGFP structure with
the most closely related GFP shows near perfect overlap
except for f-strand 7. A four amino acid stretch from Asn145
to Asnl48 from this strand does not have well resolved
electron density because the tight packing of this B-strand
against the fluorophore in WT GFP is disrupted by the added
bulk of the o-nitrobenzyl group in cGFP. Although the actual
trace of residue 145-148 is not clear, it seems that a
rearrangement of residues in this region is necessary to
accommodate the o-nitrobenzyl group.

Given that the Y660ONBY mutant still forms the chro-
mophore, the non-fluorescent nature of cGFP probably
originates in efficient quenching of the singlet excited state.
The o-nitrobenzyl group sterically interferes with the tight
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Figure 2. GFP660ONBY fluorescence is likely quenched through photon
induced electron transfer to the o-nitrobenzyl group. a) His-tagged
GFP660ONBY was purified with affinity chromatography and crystallized
to yield crystals that diffracted to 2.1 A. Electron density from the X-ray
structure clearly shows the presence of the o-nitrobenzyl group and
cyclized backbone. b) Fluorescence excitation (blue) and emission
(red) spectra of caged GFP660ONBY in Tris buffer (pH 8) at room
temperature; caged GFP660ONBY is practically non-fluorescent (fluo-
rescence quantum yield =0.006) and shows only a short fluorescence
lifetime (0.14£0.06 ns).

packing of the f-sheet, against the fluorophore. This intimate
association is necessary to exclude water and O,, which are
both capable of quenching the excited state fluorophore.
However, the most likely cause for the low fluorescence
quantum yield is efficient intramolecular quenching by the o-
nitrobenzyl group. It is reported that o-nitrobenzyl groups
quench excited fluorophores through a photo-induced elec-
tron transfer from the S' excited fluorophore to the o-
nitrobenzyl group.”™?!! Because no transient absorptions in
the spectral range from 350 to 800 nm were observed in laser
flash photolysis experiments in the microsecond time scale,
this intramolecular electron transfer probably reverses fast to
the ground state of caged Y660ONBY (for details on laser
flash photolysis experiments see Supporting Information).
In conclusion, we have developed a photoactivatable GFP
appropriate for use as a molecular marker or in super
resolution imaging using nonnatural amino acid mutagenesis
with o-nitrobenzyl tyrosine whose fluorescence is activated on
the same timescale as proteins previously used for these
applications."”) Recent advances make it possible to utilize
this technology in both prokaryotic and eukaryotic cells.”

Angewandte
imemationaldiion. CEMI@

The o-nitrobenzyl group likely deactivates the excited
fluorophore through photon induced electron transfer. The
mechanism of photoactivation does not require the conserva-
tion of any other residues, and so it should be useful for
producing a variety of fluorescent proteins ranging from GFP
to RFP. Finally, the dark form of ¢cGFP is practically non-
fluorescent at any wavelength, unlike previous photoactivat-
able proteins, freeing up the rest of the visible spectrum for
other uses.
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