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become important tools in biological research

as they permit highlighting of subpopulations of
a given protein with optical methods in living cells (7).
There are three types of photosensitive FPs: photoacti-
vatable, photoconvertible, and photoswitchable FPs.
Photoactivatable FPs are those that are transferred from
a dark to a bright state with light. Examples are photoac-
tivatable GFP (PA-GFP) and the recently introduced pho-
toactivatable mCherry (PA-mCherry1) (2, 3). In contrast,
photoconvertible proteins such as Kaede, EosFP, and
Dendra change their emission wavelength upon photo-
stimulation, whereas the photoswitchable Dronpa can
reversibly be turned on and off with specific illumination
(4-7). Examples for the use of these three classes of op-
tical highlighters are the measurement of protein diffu-
sion across the nuclear envelope (2), the characteriza-
tion of the recycling of GPCRs (8) and the shuttling of G
proteins (9), the visualization of the trafficking of trans-
porters (10), and their application for super-resolution
techniques such as PALM (photoactivated localization
microscopy) (1, 3). Despite their success in biological re-
search, photosensitive FPs have certain limitations.
Compared to regular FPs, the existing color palette is lim-
ited and among the photoactivatable FPs only PA-GFP
and PA-mCherry1 are spectroscopically distinguishable
(3). Furthermore, most photoconvertible proteins such
as Kaede or EosFP show a dual shift of both excitation
and emission wavelengths, which makes their applica-
tion in measurements of fast kinetic processes difficult.
This problem has recently been addressed by the intro-
duction of photoconvertible Phamret, which is a fusion
protein of cyan FP (CFP) and PA-GFP (11). As the pre- and
postphotoconverted forms of Phamret have the same
excitation wavelengths, it is ideally suited for studying
fast dynamic processes. However, drawbacks are its

P hotosensitive fluorescent proteins (FPs) have
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ABSTRACT Photosensitive probes are powerful tools to study cellular pro-
cesses with high temporal and spatial resolution. However, most synthetic fluoro-
phores suited for biomolecular imaging have not been converted yet to appropriate
photosensitive analogues. Here we describe a generally applicable strategy for
the generation of photoactivatable and photoconvertible fluorescent probes that
can be selectively coupled to SNAP-tag fusion proteins in living cells. Photoactivat-
able versions of fluorescein and Cy3 as well as a photoconvertible Cy5-Cy3 probe
were prepared and coupled to selected proteins on the cell surface, in the cytosol,
and in the nucleus of cells. In proof-of-principle experiments, the photoactivat-
able Cy3 probe was used to characterize the mobility of a lipid-anchored cell sur-
face protein and of a G protein coupled receptor (GPCR). This work establishes a
generally applicable strategy for the generation of a large variety of different pho-
tosensitive fluorophores with tailor-made properties for biomolecular imaging.
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size of 53 kDa and the relatively modest change in the
ratio of the fluorescence intensities at the two emission
wavelengths (about 12-fold). The size and oligomeric
state is also an issue for some of the other photocon-
vertible proteins, such as tetrameric Kaede, as FP-
induced oligomerization can affect the function or local-
ization of the fusion protein (12). Finally, the investiga-
tion of different properties of a given protein will often
require the use of different highlighter proteins, thereby
requiring the generation and characterization of multiple
fusion proteins for each protein of interest. It would be
desirable if a single photosensitive FP would be ideally
suited for most, if not all, potential applications.

An alternative approach to generate photosensitive
proteins is the specific labeling of proteins with photo-
sensitive synthetic fluorophores. Different methods that
permit a specific labeling of fusion proteins with syn-
thetic probes in living cells exist (13) and various syn-
thetic fluorophores that are either photoactivatable or
photoconvertible have been described in the past
(14-18). A first example of how this approach can be
used for the generation of photosensitive proteins was
the labeling of SNAP-tag fusion proteins with photocon-
vertible nitro-benzospiropyran (nitro-BIPS) derivatives by
the group of Marriott (19). SNAP-tag is a 20 kDa protein
that can be specifically labeled with O®-benzlyguanine
(BG) derivatives, and a BG derivative of nitro-BIPS per-
mitted the attachment of the photoconvertible probe to
a fusion protein of SNAP-tag with GFP in living cells.
However, to exploit the enormous potential of a combi-
nation of protein labeling technologies with synthetic
photosensitive fluorophores, additional photosensitive
fluorophores that can be derivatized with substrates for
protein labeling are needed. Up to now, most photosen-
sitive fluorophores are photoactivatable fluorophores
that are fixed in a nonfluorescent configuration through
the derivatization with a photocleavable group (i.e., cag-
ing). Caged versions of coumarin, fluorescein, and rho-
damine have been previously reported (14, 15, 18).
However, this strategy is not readily applicable for a
number of fluorophores that are well-suited for biomo-
lecular imaging such as the cyanine dyes or the Alexa
fluorophores, for which no caged versions have been
described so far. Furthermore, caging of fluorescein and
rhodamine requires the attachment of two photocleav-
able groups, which complicates the uncaging process.
An alternative strategy to generate photoactivatable flu-
orophores that addresses the aforementioned short-
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comings is to connect a fluorophore and a quencher
through a photocleavable linker (20). Fluorophores and
quenchers are chosen such that the emission spectrum
of the donor overlaps with the absorption spectrum of
the acceptor (quencher). This condition is required to en-
sure an efficient intramolecular quenching of the fluoro-
phore by dynamic quenching mechanisms (21). Here
we apply this strategy for the generation of photoactivat-
able and photoconvertible fluorophores that can be
specifically attached to SNAP-tag fusion proteins
(Figure 1, panel a). The photosensitivity of the probes
is based on photocleavage of a linker between a
quencher or a second fluorophore and the fluorophore
of interest. The molecules furthermore contain a BG moi-
ety for attachment to SNAP-tag fusion proteins. Follow-
ing this design principle, photoactivatable versions of
fluorescein and Cy3 (Q-Fl and Q-Cy3) and a photocon-
vertible Cy5-Cy3 probe are introduced. The fluorescence
properties of the molecules were characterized in vitro
and in living cells, and their applicability was tested by
measurement of the lateral mobility of the cell surface
fusion proteins SNAP-glycosylphosphatidylinositol an-
chored protein (SNAP-GPI) and SNAP-neurokinin-1
(SNAP-NK1) receptor. This work establishes a generally
applicable strategy for the generation of energy transfer-
based photoactivatable and photoconvertible organic
probes that can be specifically attached to SNAP-tag fu-
sion proteins in living cells and whose emission wave-
lengths can be readily tailored by choosing appropriate
fluorophores.

RESULTS AND DISCUSSION

Design and Synthesis of the Probes. Following the
general strategy outlined in Figure 1, panel a, we devel-
oped two photoactivatable probes (Q-Fl and Q-Cy3) and
one photoconvertible probe (Cy5-Cy3). For the photoac-
tivatable probes we chose QSY7 as nonfluorescent ac-
ceptor because this quencher has a broad absorption
from 500 to 600 nm and was previously reported to be
a good quencher of BODIPY-TMR (see Supplementary
Figure 1 for adsorption spectra) (22). For the photocon-
vertible probe, Cy3 and Cy5 fluorophores were selected
because these dyes have already been used with suc-
cess for Forster resonance energy transfer (FRET) micros-
copy (23) and currently no photoconvertible FP exists
with such red-shifted emission and excitation wave-
lengths. For the photocleavable linker we focused on
4,5-dimethoxy-2-nitrobenzyl derivatives (DMNB) as they
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Figure 1. Design of photosensitive fluorophores for SNAP-tag labeling. a) Photoactivatable and photoconvertible probes
principle. b—d) Emission spectra of Q-Fl (b), Q-Cy3 (c), and Cy5-Cy3 (d) before (empty symbols) and after (filled sym-

bols) photoactivation (b, c) or photoconversion (d).

possess a high absorption coefficient in the UV region,
can be cleaved at wavelengths between 360 and 400
nm (24), and show a very fast release of the caged mol-
ecule upon irradiation, typically within microseconds
(24—26). The DMNB group has previously been success-
fully used in cellular applications (25, 26).

The synthesis of our probes is summarized in
Figure 2. Starting from commercially available 4,5-
dimethoxy-2-nitrobenzaldehyde 4, intermediate 9 was
obtained as a mixture of diastereomers in 5 steps. Com-
pound 9 is an important intermediate as it contains
three different functional groups for modification: an
azide group for click chemistry, a carboxyl group for cou-
pling to a BG derivative, and a protected amino group
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that can be used to attach the fluorophore of interest.
Accordingly, BG-NH, was coupled to the carboxyl group
of 9, which provided compound 10. The donor was then
attached to 10 after deprotection of the Fmoc group.
For the final step of the synthesis, the attachment of the
acceptor was accomplished via click chemistry.

The final photosensitive SNAP-tag substrates, photo-
activatable fluorescein 1 (hereafter called Q-Fl), photo-
activatable Cy3 2 (hereafter called Q-Cy3), and the pho-
toconvertible Cy5-Cy3 pair 3 (Cy5-Cy3), were then
evaluated for applications in biomolecular imaging.

In Vitro Characterization of the Probes and Their
SNAP-Tag Conjugates. The fluorescence properties of
the probes before and after coupling to SNAP-tag were

VOL.5 NO.5 ¢ 507-516 + 2010

509



510

_~_-SiMeg

Ng

i) Og, MeOH i) TSCI, CH,Cl i) CDI, THF
MEOIICHO _TiCl, GH:Olp II “oH i) NaBH, " Q\/&OH ii) NaNg, DMF €€ oH 1) Fmoc-lys-NH (12)
—_—
MeO NO, T Teen n e MeO NO, 42%
4 8
N Ne i) PraNH
HN _Fmoc BG-NH2 (13) \ o HN,Fmoc o
EDC, HOBt H H HM©/\ ii) Donor
MeO. ’
/\/\/\If DMF MeO. O)Lu/\A/WN(\/\OWN )N\)IN\>
—_—
[e] e} X
N
Heo No 8% Meo NO: HN™NT R = -COOH for fluorescein
9 10 - activated NHS ester for Cy3
\0
pee™
X
)
N u
N. O' <
° o Ny «°
H cceptor
MeO JC N N ﬁ\ N
o /\/V\n/ (\/\OW )N\)I N\> /\/\/\[fN MOW N
MeO NO, o HoNT N H Click chemistry S
1 N

e
o o o HOGS
990
S}
O coo

OH
o HW

Fluorescein

Qsy7

Cy5

Ot

803H

o Cy3 o

SO3H

Figure 2. a) Synthesis of photoactivatable and photoconvertable probes. b) Structures of acceptor and donor dyes used in the synthesis. TsCl =

benzotriazole, iPr,NH = diisopropylamine, DMF = N,N-dimethylformamide, THF =

investigated in vitro first. The fluorescence intensity of
the three probes with BG was measured before and af-
ter cleavage of the linker with 365 nm light. Prior to pho-
tocleavage, a very weak fluorescence signal was mea-
sured from the nonphotoactivated probes, whereupon
the illumination produced a large fluorescence increase
of the energy donor (Fl, Cy3) and a large decrease of
Cy5 emission for the photoconvertible probe (Figure 1,
panels b—d). Linker cleavage resulted in a 60-fold and
70-fold increase in fluorescence intensity for Q-Fl and
Q-Cy3, respectively (Figure 1, panels b and c). For Cy5-
Cy3, the increase of Cy3 and decrease of Cy5 emissions
upon irradiation resulted in a 60-fold increase of the
Cy3/Cys5 ratio (Figure 1, panel d).

The reactivity of all three derivatives toward SNAP-
tag was then tested. We found that these substrates re-
acted readily with SNAP-tag, although at a rate lower
than that of simple BG derivatives (Supplementary Fig-
ures 2 and 3). The second-order rate constants for the re-
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p-toluenesulphonyl chloride, CDI = 1,1'-carbonyldiimidazole, EDC = N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide, HOBt =1-hydroxy-
tetrahydrofuran.

action of SNAP-tag with Q-Fl and Q-Cy3 were measured
tobe k= 600 M~? s~1, with Cy5-Cy3 k= 4,500 M~ s 2,
and for the reaction with a simple BG-Cy3 derivatives k
= 4,500 M~ s (Supplementary Figure 3).

To study the properties of the probes after reaction
with SNAP-tag, an excess of SNAP-tag was incubated
with the photosensitive probes and subsequently irradi-
ated with 365 nm light, and the emission spectra were
recorded. The fluorescence increase for the SNAP-tag
bound photoactivatable probes Q-Fl and Q-Cy3 upon
photocleavage of the linker was higher than for the free
substrates: 90-fold for Q-Fl and 100-fold for Q-Cy3
(Supplementary Figure 4). The increase of the ratio of
the Cy3 and Cy5 emissions measured for photoconvert-
ible SNAP-tag-bound Cy5-Cy3 was 30-fold. The slightly
largerincrease in fluorescence intensity for the SNAP-tag
bound photoactivatable probes might be due to the
elimination of the guanine from the photosensitive
probe in the course of the protein labeling. It has previ-
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ously been observed that guanine can quench fluoro-
phores (27-29).

Photoactivation and Photoconversion of SNAP-Tag
Bound Probes in Living Cells. The permeability of flu-
orophores used for protein labeling is a key property for
cellular applications. For example, impermeant dyes
are preferable for investigating cell surface proteins as
they enable discrimination between cell surface proteins
properly folded and those retained in the intracellular
compartments or already internalized. This has been ex-
ploited, for example, for the analysis of the oligomeric
assembly of GPCRs (30). In contrast, permeant dyes per-
mit facile labeling also of intracellular proteins. We
chose CHO-K1 cells to determine the permeability of
our substrates. For that purpose CHO-K1 cells were
transfected with a plasmid encoding for a SNAP-FRB fu-
sion protein that is localized in the nucleus and cytosol
of the cell. We found that all three probes are imperme-
able; only insignificant amounts of intracellular SNAP-
FRB proteins were labeled after the incubation of the
cells with Q-Fl, Q-Cy3 and Cy5-Cy3 (Supplementary
Figure 5). However, a strong intracellular labeling with
these substrates was detected after permeabilization of
the cell’s plasma membrane by fixation with formalde-
hyde. These results are in agreement with previous data
obtained with Cy3 and Cy5 BG derivatives (31), confirm-
ing the inability of these polar dyes to cross cell
membranes.

In contrast to the results with intracellular proteins,
an efficient and specific cell surface labeling of SNAP-
GPI anchored protein can be observed after incubation
of cells with Q-Fl, Q-Cy3, and Cy5-Cy3 (Figure 3). For each
substrate the fluorescence signal at the plasma mem-
brane was quantified after photocleavage (see Meth-
ods). A fluorescence increase of around 20 over back-
ground was determined for Q-Fland Q-Cy3, and the Cy3/
Cy5 ratio also increased by a factor of 20.

A practical problem of photactivatable probes is the
difficulty in identifying labeled cells or labeled subcellu-
lar structures as the probes are very weakly fluorescent
prior to photoactivation. Chemical labeling allows one to
overcome this problem as cells can be co-labeled with
a mixture of quenched fluorescent probe and a second
fluorescent SNAP-tag substrate with a distinct emission
wavelength (Figure 3, panel d). Altermatively, transfected
cells can be identified by co-transfection with a second
plasmid encoding, for example, a cytoplasmic GFP as a
transfection marker (Supplementary Figure 6). However,
this only permits identification of the transfected cells,
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Figure 3. Live cell imaging of cell surface proteins labeled with photosensitive
probes. CHO-K1 cells expressing SNAP-GPI were labeled with Q-Fl (a), Q-Cy3 (b),
and Cy5-Cy3 (c) and imaged before and after a low intensity pulse of photoactiva-
tion. Q-Fl (3), Q-Cy3 (b), and Cy5-Cy3 (c) fluorescence intensities were measured
along the white line (1 wm width) on a single cell before and after UV illumination.
The dashed and filled lines (right panel) represent the fluorescence intensities be-
fore and after photoactivation or photoconversion, respectively. For Cy5-Cy3; over-
lay of Cy5 (blue) and Cy3 (red) channels is shown. d) Identifying cells expressing
SNAP-GPI prior to photoactivation through simultaneous double labeling. CHO-K1
cells transiently transfected with SNAP-GPI were labeled with a mixture of Q-Cy3
(5 uM) and BG-fluorescein (0.1 .M). Labeled CHO-K1 cells were identified through
fluorescein detection (green channel) and then briefly illuminated with UV light to
activate Cy3 fluorescence.

whereas co-labeling precisely reveals the location of
the protein of interest.

Unlike photoactivatable probes, the photoconvert-
ible Cy5-Cy3 probe can be tracked and imaged via its
Cy5 emission prior to photoconversion. A conceptual
difference between our photoconvertible probe and
photoconvertible FPs is the release of Cy5 upon photo-
cleavage. In the case of Cy5-Cy3 labeled SNAP-GPI, pho-
toconversion of probe bound to cell surface proteins re-
sults in rapid diffusion of released Cy5 away from the
cell. However, once the Cy5-Cy3 protein is internalized
and subsequently photoconverted, released Cy5 re-
mains trapped inside vesicles (Supplementary Figure 7).
This is an attractive feature as, for example, the re-
leased Cy5 should permit following the fate of the
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soluble content of lumenal vesicles, whereas the Cy3 re-
ports on the membrane-bound protein of the vesicle.

The value of the photosensitive probes introduced
here would be significantly increased if they could be
used for the labeling of intracellular proteins. Different
cell-loading techniques have been reported to introduce
impermeant molecules into living cells (32, 33). Previ-
ously, nuclear SNAP-tag fusion proteins were labeled
with impermeant fluorophores through microinjection
of the dyes (31). Here we decided to focus on a tech-
nique called bead-loading, which has already been
used to load fluorophores into mammalian cells (34).
This approach is attractive as it requires no special
equipment and is very simple to implement. Bead-
loading relies on temporary membrane disruptions by
mechanical friction with glass beads, thereby creating
a direct access to a cell’s cytoplasm. We speculated that
during a subsequent recovery period any excess of BG
derivatives would also be pumped out of cells as has
been observed after microinjection (31). This point is es-
sential for the success of this approach as the pres-
ence of an excess of free fluorophores inside the cells
would mask the specific localization of the proteins of
interest.

To demonstrate the ability to label SNAP-tag fusion
proteins with our photosensitive probes inside living
cells, CHO-K1 cells were co-transfected with either
SNAP-NLS or SNAP-MEK1, proteins that are localized in
the nucleus or cytoplasm, respectively (35), and the cell
surface protein CLIP-GPI as a transfection marker. CLIP-
tag is an alternative self-labeling protein that can be
specifically labeled in the presence of SNAP-tag with a
different class of substrates, O?-benzylcytosine (BC) de-
rivatives (36). Transfected cells were subjected to bead-
loading of Q-Fl and then incubated for 2 h in culture me-
dium. To identify transfected cells, CLIP-GPI was labeled
with BC-Cy3 as Q-Fl is weakly fluorescent before photo-
activation. As shown in Figure 4, SNAP-NLS and SNAP-
MEK1 fusion proteins can be specifically labeled with
Q-Flin live cells and subsequently photoactivated. The
localization of the photoactivated protein indicates the
specificity of the labeling. It should be noted that only a
fraction (about 15%) of the transfected cells were
loaded with Q-Fl. However, loaded cells and labeled
SNAP-tag can be easily identified by the addition of a
spectroscopically distinguishable and impermeant fluo-
rescent SNAP-tag substrate during bead-loading
(Figure 4, panel c). Together, these experiments demon-
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Figure 4. Labeling of cytosolic and nuclear SNAP-tagged
proteins with Q-Flin living cells. CHO-K1 cells co-
transfected with CLIP-GPI and SNAP-NLS (a) or with CLIP-
GPI and SNAP-MEK1 (b) were loaded with Q-Fl through
bead-loading. After bead-loading, cells were incubated at
37 °Ciin culture medium for 2 h. CLIP-GPI fusion proteins
expressed at the cell surface were then labeled with a non-
permeable BC-Cy3 substrate to reveal the transfected
cells. Left panels represent transmission images; middle
and right panels represent the overlay of Q-Fl (green) with
Cy3 (red) before and after photoactivation, respectively.
c) CHO-K1 cells transfected with SNAP-FRB were loaded
with a mixture of Q-FL (50 M) and BG-Cy3 (5 wM). Left
panel represents the overlay of transmission images with
Cy3; middle and right panels represent Q-Fl emission be-
fore and after photoactivation, respectively.

strate how impermeant Q-Fl can be used for the label-
ing of cytosolic and nuclear SNAP-tag fusion proteins,
which significantly expands the field of application for
our photosensitive probes.

As mentioned above, impermeant dyes present sev-
eral advantages to track proteins specifically at the cell
surface (30). As a proof-of-principle application we used
our molecules to determine the lateral mobility of cell
surface proteins such as SNAP-GPI and SNAP-NK1. Fluo-
rescence recovery after photobleaching (FRAP) is com-
monly used to examine protein dynamics in living cells.
However, this approach can be considered as an indi-
rect method to measure the mobility of a protein as the
fluorescence recovery within the bleached region arises
from molecules located in adjacent regions. In the case
of cell surface proteins, fluorescence recovery can result
from the lateral movement of proteins but also from
the insertion of new proteins into the plasma mem-
brane. Photoactivation of chemically labeled cell sur-
face proteins permits to overcome this problem as only
photoactivated molecules originating from the high-
lighted region at the cell surface can be tracked.
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To examine whether Q-Cy3 and Cy5-
Cy3 substrates are suitable to track
cell surface proteins, we determined
the time course of the fluorescence in-
crease after photocleavage (Supple-
mentary Figure 8). A brief UV illumina-
tion (200 ms) of a whole cell using a
405 nm diode laser generated an in-
stant and readily detectable increase
in fluorescence intensity. With illumi-
nation at 543 nm, the signal remained
constant over time, illustrating that
Cy3 is a very photostable dye. Further-
more, repeated illuminations at 405
nm demonstrated that only a fraction
of the photosensitive dyes was acti-
vated under these conditions. Never-
theless, the possibility to photoacti-
vate our probes with a 405 nm diode
laser is advantageous as most confo-
cal microscopes are equipped with
such a laser.

We then used Q-Cy3 to examine
the diffusion of SNAP-GPI and SNAP-
NK1 at the cell surface. These two fu-
sion proteins are interesting models
as lipid-anchored proteins diffuse

more rapidly than transmembrane pro-
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Figure 5. Measuring the diffusion of plasma membrane proteins by photoactivation or photobleaching.
CHO-K1 cells expressing SNAP-GPI or SNAP-NK1 were labeled with Q-Cy3 and BG-Cy3 for photoacti-

vation and photobleaching experiments, respectively. (a) Representative photoactivation (top) and

FRAP (bottom) experiments for SNAP-GPI (a) and SNAP-NK1 (b). A 3 um circle was photoactivated at
405 nm or bleached at 488 nm, and the fluorescence was monitored for the indicated time periods. Ar-
rows indicate the region of photoactivation and bleaching. Fluorescence images of cells were ac-
quired at 37 °C on an inverted confocal microscope (Zeiss, LSM510). Fluorescence decay and recovery
curves were determined for SNAP-GPI (c) and SNAP-NK1 (d). The ratio between mean fluorescence in-

tensity of the photoactivated and bleached circles and the mean fluorescence of the whole cell were

normalized to the preactivation and prebleach ratio, respectively. The curves are nonlinear regression
fits to the normalized data (see Methods). The curves represent the means = SD of at least 15 inde-

teins (37). After labeling with Q-Cy3,
the two SNAP-tagged proteins were il-
luminated with a brief photoactivation pulse at 405 nm
light (1 s) delivered to a small spot (3 wm diameter) at
the basal membrane (Figure 5). The change in fluores-
cence intensity was monitored over time in this small re-
gion of interest (ROI), and the diffusion coefficient was
calculated (Table 1 and Methods). The diffusion of
SNAP-GPI, with a diffusion coefficient of 0.250 um? s?
+ 0.099, is significantly faster than that measured for
SNAP-NK1, which has a diffusion coefficient of

0.046 pm? s~! = 0.014. We independently determined
a similar mobility for these two fusion proteins using
FRAP microscopy (Figure 5). For these experiments, pro-
teins were labeled with BG-Cy3, and the bleaching was
performed with a 488 nm laser line. The different diffu-
sion coefficients measured in these experiments are
summarized in Table 1. The results are in agreement
with previously reported data for proteins that belong
to the same family (38, 39). Furthermore, we also mea-
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pendent cells for each protein.

sured the diffusion coefficient of SNAP-NK1 using the
photoconvertible Cy5-Cy3. Here, the mobility of NK1 re-
ceptors was determined by applying a photoconversion
pulse at 405 nm light (1 s) delivered to a small spot

TABLE 1. Lateral mobility of plasma membrane proteins

Construct Dye Method D (um? s~1)5¢ MF (%)<
SNAP-GPI  Q-Cy3 Photoactivation 0.250 £ 0.099 77 £13
Cy3 Photobleaching 0.240 £ 0.109 92 £ 07

SNAP-NK1 Q-Cy3 Photoactivation 0.046 = 0.014 81 £ 09
Cy3 Photobleaching 0.052 +£0.014 89 +12

SNAP-NK1 Cy5-Cy3 Photoconversion (Cy5) 0.055 = 0.014 94 + 07
Photoconversion (Cy3) 0.051 = 0.013 96 + 04

“Diffusion coefficient expressed as mean = SD. ®“Mobile fraction (mean =+ SD). ‘Mean
values and SD were calculated from diffusion values obtained independently on
at least 15 cells.
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Figure 6. SNAP-NK1 diffusion measured with Cy5-Cy3.
CHO-K1 expressing SNAP-NK1 were labeled with Cy5-Cy3.
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nonlinear regression fits to the normalized data (see Meth-
ods). The curves represent the means + SD of 18 inde-
pendent cells.

(4 pm diameter) at the basal membrane and subse-
quent recording of Cy3 and Cy5 fluorescence with a con-
tinuous Cy3 illumination (Figure 6). These experiments
demonstrate how the photoactivatable and photocon-
vertible probes introduced here can be used for measur-

ing protein mobility and dynamic processes in living
cells.

In summary, we have established a straightforward
synthesis for the generation of a large palette of pho-
toactivatable and photoconvertible probes suitable for
protein labeling in living cells. These probes offer spec-
troscopic properties that cannot be found in currently
available photoconvertible FPs, an example being the
photoconvertible Cy5-Cy3. We have demonstrated the
use of these probes for the labeling of SNAP-tag fusion
proteins on cell surfaces as well as inside living cells.
Furthermore, we showed the application of the result-
ing photoactivatable and photoconvertible SNAP-tag
fusion proteins to measure protein mobility on the cell
surface. Importantly, our photosensitive probes, to-
gether with previously introduced SNAP-tag sub-
strates, enable the use of the same SNAP-tag con-
struct for a large variety of different experiments utiliz-
ing photoactivation, photoconversion, photobleach-
ing, pulse-chase labeling, or FRET. The here introduced
probes thus significantly broaden the possibilities of-
fered through chemical labeling to study protein func-
tion in living cells.

METHODS

Synthesis. Detailed synthetic procedures and characteriza-
tions are described in Supporting Information.

In Vitro Fluorescence Measurements. Fluorescence spectra
were measured on a SpectraMax (Molecular Device) fluores-
cence reader. Solutions of the probes (final concentration of
1 uM) were diluted in 50 mM HEPES buffer (pH 7.4) with 50 mM
NaCl, 1 mM dithiothreitol (DTT), and 0.2 mg mL™* bovine se-
rum albumin (BSA) and irradiated at different time durations
with 365 nm light from a HBO 100-W Hg lamp. To selectively ob-
tain 365 nm light from the Hg lamp, 345 nm long pass filter
and 400, 500, and 600 nm short pass filters were used. Fluores-
cence intensities were measured in 96-well plates (Becton Dick-
son) containing 100 wL of solution in each well. The increase
of the fluorescence upon irradiation was determined from the in-
tegrated fluorescence intensity, from 510—550 nm for Q-Fl,
and 550—580 nm for Q-Cy3. Fluorescence ratio change was de-
termined using the fOHOWing formula: (Rﬂuorescence(670/570))before UV/
(Rauorescence(670/570) after uv. FOT recording the fluorescence after re-
action with SNAP-tag, we expressed and purified the GST-SNAP
fusion protein as previously described (40). The labeling reac-
tion was carried out at RT: 3 wM of SNAP-tag was incubated with
1 uM of substrate at RT for 3 h. Samples were then irradiated
with 365 nm light for different time durations and fluorescence
was recorded as described above.

In Vitro Kinetic Analysis. Recombinant GST-SNAP (0.2 M)
was incubated with 2 wM Q-Cy3, Q-Fl or Cy5-Cy3 in reaction
buffer (50 mM HEPES, 1 mM DTT, 0.2 mg mL~! BSA, pH 7.4) at
RT. Aliquots were taken at different times, and the reaction was
quenched by addition of 20 uM BG-Cy5 for Q-Fl, 20 wM BG-
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fluorescein for Q-Cy3, and 20 uM 0°-BG for Cy5-Cy3. Aliquots
were then boiled at 95 °C for 5 min in SDS loading buffer and
analyzed by SDS-PAGE and fluorescence gel imaging. The reac-
tion progress curves for Q-Fl and Q-Cy3 were determined by the
fluorescence decrease overtime of Cy5 and fluorescein, respec-
tively. A pseudo-first-order reaction model was applied to fit the
curves. For Cy5-Cy3 the fluorescence intensity of Cy5 was used
for the analysis. Second-order rate constants were then ob-
tained by dividing the pseudo-first-order constants by the con-
centration of Q-Fl, Q-Cy3 and Cy5-Cy3.

Plasmids Used. SNAP-GPI (40), SNAP-NLS (36), SNAP-FRB
(41), and SNAP-MEK1 (41) plasmids used for mammalian ex-
pression have been previously described. SNAP-NK1 plasmid
was obtained from Covalys. The plasmid encoding CLIP-GPI was
generated from the SNAP-GPI plasmid.

Cell Culture and Transfection. Adherent Chinese Hamster
Ovary (CHO)-K1 cells were grown in Ham’s F12 medium (Lonza)
supplemented with 10% fetal bovine serum (Lonza), 1%
penicillin-streptomycin and transfected by using Lipofectamine
(Invitrogen) according to manufacturer’s protocol.

Confocal Microscopy and Live Cell Imaging. Three different mi-
croscopes were used to image cells labeled with photoactivat-
able (Q-Fl, Q-Cy3) and photoconvertible (Cy5-Cy3) probes. Im-
ages were collected on a Leica SP5 WLL confocal microscope
equipped with a 63X HCX plan Apochromat oil immersion objec-
tive lens for signal quantification while dynamic experiments
were performed on a Zeiss LSM510 META equipped with a 63X
plan Apochromat 1.4 NA oil immersion objective lens or on a Le-
ica SP2 laser scanning confocal microscope equipped with the
same objective as the SP5. Leica SP5 WLL microscope was used
with a 488 nm line for excitation of Q-Fl, a 543 nm line for exci-
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tation of Q-Cy3, and a 520 nm line for excitation of Cy5-Cy3. Pho-
toactivation of probes was performed with a 120-W Xcite exter-
nal Halogen lamp with a 340—380 nm excitation band-pass.
Fluorescence was collected at 500—560 nm for Q-Fl and
560—660 nm for Q-Cy3. For the photoconvertible Cy5-Cy3 probe
fluorescence was recorded at 540—620 nm for Cy3 and
650—750 nm for Cy5. Mobility studies with Q-Cy3 and BG-Cy3
were performed on the LSM510 META using a 1-mW HeNe laser
543 nm (Lasos) for excitation and 25-mW diode laser 405 nm
(Lasos) for Q-Cy3 photoactivation, whereas photobleaching of
Cy3 was carried out with the 488 nm argon laser line. The emis-
sion beam was split with a NFT 545 dichroic mirror and re-
corded on a detector with a long-pass filter (LP560). Fluores-
cence signal of Cy5-Cy3 for the mobility studies was done on a
SP2 microscope with the following settings: 514 nm argon laser
for Cy3 excitation, 405 nm diode laser for photoconversion,
and fluorescence recorded at 540—620 nm for Cy3 and
650—750 nm for Cy5.

CHO-K1 cells seeded at a rate of 150,000 cells per p-Dish
(Ibidi) were transfected with SNAP-GPI or SNAP-NK1. After be-
ing labeled with 5 uM Q-Cy3 or Q-Fl or 1 uwM Cy5-Cy3 in com-
plete Ham’s F12 medium for 10 min at 37 °C, cells were washed
three times with Hanks Balanced Salt Solution (HBSS, Lonza)
complemented with 1% FBS and imaged in this buffer. Photoac-
tivation and photobleaching experiments were performed at
37 °C with the confocal zoom set to 3. To assay the lateral mo-
bility of SNAP-GPI and SNAP-NK1 at the basal membrane of
CHO-K1 cells, a circle of 3 wM diameter was photoactivated us-
ing 20 scans with the 405 nm laser line or photobleached using
20 iterations with the 488 nm laser line for Q-Cy3 and Cy3, re-
spectively, at full laser power. Pre- and postbleach images were
monitored at low laser intensity with a rate of one frame per sec-
ond during 60 s for SNAP-GPI and 80 s for SNAP-NK1. Fluores-
cence intensity in the photoactivated and photobleached region,
the overall fluorescence of the whole cell, and the background
outside the cell were quantified by using the Zeiss LSM software
(Carl Zeiss, Microlmaging, Inc.). The half-time of fluorescence re-
covery and decay were determined on the basis of the follow-
ing equations (42):

Fi® = [F(=) — FO)][exp(—274/D(,(274/0 +
l,(2t4/0] + F(O) for photobleaching
Fl) = F(=) — FO)I1 — exp(—214/D0,274/8) +

I,274/0] + F(O) for photoactivation

where F(f) is the background-corrected and normalized fluores-
cence intensity at time ¢ in the photoactivated and photo-
bleached ROI, F(=) is the fluorescence intensity at the asymp-
tote of the fluorescence recovery and decay curves, F(0) is the
fluorescence intensity directly after photobleaching and photo-
activation in the ROI, and 14 is the characteristic diffusion time.
I, and /, are modified Bessel functions. Diffusion coefficient (D)
was determined from the equation (42, 43):

D = 0.224r[t,,

where r is the radius of the bleached and photoactivated re-
gion and t;/, corresponds to the half-fluorescence recovery and
decay time.

Fluorescence Quantification at the Plasma Membrane of
CHO-K1 using Metamorph 7.6 Software. Quantification of the fluo-
rescence increase of our substrates at the plasma membrane
upon photoactivation was achieved with the following settings:
aregion in the background (outside the cell) and the mean value
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of this region were evaluated. This value was subtracted from
the images obtained before and after photoactivation. The
“mask” of the membrane was evaluated on the positive image
(after photoactivation): before the image was denoised (low
pass filter, 5X5). Then a threshold was applied to roughly de-
fine the membrane area. This area was then “cleaned”: borders
were smoothed through morphological operators and elements
in the background above threshold were reduced through mor-
phological erosion and filtered away by size. The membrane
“mask” evaluated on the positive image was then applied to
the positive and the negative images (before photoactivation)
corrected for the background. The sums of intensities in the
membrane regions were evaluated and used to calculate the
fluorescence increase upon photoactivation by dividing the sig-
nal of the positive images (after photoactivation) with the signal
of the negative images (before photoactivation).

Cell Membrane Permeability Studies. CHO-K1 expressing
SNAP-FRB were washed twice with culture medium and labeled
30 min at 37 °C with 5 pM Q-Cy3 or Q-Fl or 1 wM Cy5-Cy3 before
and after cells fixation with 4% paraformaldehyde solution for
20 min at RT. After being labeled, cells were washed twice and
incubated in PBS, 1% FBS in the dark for 20 min at RT. Fixation
step of the cells was also followed by washes in PBS. Imaging
was performed for each sample on an inverted confocal micro-
scope (Leica, SP5) after a short (2 s) UV light illumination
(340—380 nm). Signal was directly quantified on the Leica
software.

Glass Beads Loading. CHO-K1 cells co-transfected with CLIP-
GPI and SNAP-NLS or SNAP-MEK1 were seeded in p.-Dish (Ibidi)
like mentioned above. Twenty-four hours after transfection,
100 pl of the loading solution composed of culture medium
supplemented with 50 uM Q-Fl substrate was added onto the
cells. Inmediately after, glass beads (100 um diameter) were
sprinkled onto the cells. After shaking the coverslips 3—4 times
so that the beads roll over the cells, beads were removed by
washing 4—5 times with prewarmed culture medium and cells
were then incubated at 37 °C, 5% CO,. A minimum of 2 h after
bead loading, CLIP-GPI anchored proteins were labeled with BC-
Cy3 (5 uM) for 10 min at 37 °C. After 3 washing steps with com-
plete medium to remove the excess of free BC-Cy3, HBSS buffer
complemented with 1% FBS was added onto the cells, and im-
ages were taken on a inverted confocal microscope (Leica, SP5)
as described above. For co-labeling experiments, a SNAP-FRB fu-
sion protein was expressed alone in CHO-K1 cells, and cells
were loaded with a mixture of 5 uM BG-Cy3 with 50 pM Q-Fl.
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