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Although seminaphtorhodafluor (SNARF) dyes are already widely used to measure pH in cells and at biofilms, their
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synthesis has low yield and results in an unspecific position of a carboxy-group. The separation of 5’- and 6’-carboxy-SNARF
reveals a pK, difference of 0.15, calling into question pH measurements with the (commercially available) mixture. Here

we replace the bulky external dicarboxyphenyl ring with a propionate group and evaluate the spectral properties of the
P Y yphenyl ring prop group p prop

new derivative. Proceeding to the ethyl-iodoacetamide, covalent linkage to cysteine protein sites is achieved efficiently as

shown with a cyanobacterial phytochrome, extending the scarce application of SNARF in bio-labelling in the current

literature. Application in fluorescence lifetime imaging is demonstrated both with the lifetime-based and ratiometric-yield

method.

1. Introduction

Xanthene-based ratiometric pH-probes have been used
extensively in the investigation of pH in cells and at biofilms."
Fluorescein homologues are most commonly used, for
example BCECF (Scheme 1) which was optimized for
squbiIity.Z'4 However, only their emission intensity and not the
color is affected by protonation, so that ps-time-resolved
measurements of the fluorescence decay are often needed in
quantitative pH experiments. For imaging one would prefer a
dual emission band which reflects the protonated and
deprotonated populations more directly. This distinction can
be achieved with “seminaphtorhodafluor” homologues like
Carboxy-SNARF.S'14 Advantages of these dyes include a wide
excitation range, fluorescence from both protonated and
deprotonated forms, and a pK, between them which is in the
physiological range.

Several drawbacks currently prevent more widespread use
of the SNARF probes mentioned above, however. (i) Their
synthesis has low yield and results in an unspecific position (5
or 6°) of a second carboxy-group.s'7 Note that the isomeric
mixture is commonly used in the literature. > (ii) Available
spectral and photophysical data are less extensive than for
fluorescein. For example, in the equivalent case of 5°- and 6'-
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carboxyfluorescein the differences have been described;lﬁ‘17

such a distinction is still missing for rhodafluors. (iii) At higher
pH the dicarboxyphenyl ring, being external to the electronic
chromophore, causes a lactonic form and therefore renders a
fraction of the dissolved dye useless.’®2°

Here we report the new derivatives PAc- and EA-SNARF
(Scheme 2) where the problematic dicarboxyphenyl ring has
replaced by a propionate or ethylamino group,

respectively. For investigations of protonation dynamics near

been

the entrance or exit site of proton channels in proteins, for
example, covalent linkage of the dye to a target site is needed.
A widely-used linker for cysteines is maleimide. The
connection of maleimide to the SNARF-system was already
described by I. Himachi and coworkers,7 but their chain is quite
long and, correspondingly, the footprint of the tethered dye is
too large for spatial resolution of the proton wire topology at
the protein surface. To overcome this limitation we developed
IA-SNARF (see also Scheme 2), described here, where the
fluorescent core bears an ethyl chain with an iodacetamido
group. This allows us to label a cyanobacterial phytochrome
covalently at a free cysteine. Spectral and radiative properties
of the label are described. This novel SNARF with dual pH-

dependent  fluorescence bands and  well-separated
fluorescence lifetimes is better suited for imaging than
7;21-23

fluorescein derivatives.

2. Experimental Section

Syntheses are described in the ESI.

Solutions. Measurements were carried out at pH 5 — 9 as
measured with a glass electrode. Generally dimethyl sulfoxide

(dmso, spectrograde from Merck) was used as cosolvent; the
concentration was water:dmso 20:1 (vol:vol before mixing)
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unless stated otherwise. For stationary measurements,
standard buffer solutions from Merck were diluted with water
1:1. Note that the dmso cosolvent shifts the pH up by 0.1 on
average. Buffers consisted of a disodium-hydrogenphosphate/
potassiumdihydrogenphosphate mixture or of a citric acid/
sodium hydroxyl/ hydrochloric acid mixture (traceable to SRM
from NIST and PTB.) The sodium salt of the carboxy-derivatives
PAc- and 5’(or 6°)C-SNARF dissolves excellently in water, but
after acidification the absorption spectra at pH ~5 showed
amplitude variations if the peak absorbance of the protonated
form exceeded 0.2 over 1 cm. The variations are possibly
caused by very slow aggregation or other adsorption processes
which we cannot account for. Thus it is challenging to obtain
optical spectra with a well-defined isosbestic point. For time-
resolved fluorescence measurements, the sodium salt of PAc-
SNARF was first dissolved in Tris-citrate buffer (Sigma) at pH
10; subsequent titration down to pH 5 resulted in absorbance
spectra with clear isosbestic points.

Quantum-chemical calculations were performed with time-
dependent density functional theory (TD-DFT), and ground
state geometries were optimized with density functional
theory (DFT). 2% The B3LYP functional and the cc-pVDZ atomic
basis set were used throughout. Solvents effects were taken
into account with the polarized continuum (PCM) model.

Optical spectra. Absorption spectra were measured with a
Cary 300 Bio and a UV2450 UV-visible
spectrophotometer. Fluorescence spectra were recorded with

Shimadzu

a Spex Fluorolog 212 and a Spex Fluoromax. Excitation
wavelengths were 488, 526 and 545 nm; the latter two are at
or close to the isosbestic point of absorption by PAc-SNARF.
Raw fluorescence spectra were multiplied with a photometric
correction function;
photons/(s nm), or quantum distribution F(1)=od /04, is
obtained for each emission wavelength A. The bandwidth was
generally 2 nm, and wavelengths were checked with Hg lines.

in this way the relative number of

The quantum vyield of fluorescence from PAc-SNARF was
determined at pH 9, i.e. for the deprotonated form. For this
purpose the dmso concentration was adjusted so that the
peak absorbance wavelength and value of the solution
coincide with that of a solution of rhodamine 101 in methanol.
Following excitation at the peak (1 nm bandwidth), the
fluorescence bands were recorded and photometrically
corrected as before. The band integrals are related like the
quantum yields, which for rhodamine 101 is 1.0.® The entire
experiment, starting with the preparation of both solutions,
was repeated three times.

Fluorescence decay curves were measured with a tunable
picosecond laser in a TCSPC setup which is based on a micro-
channel plate.?®%
light laser together with an acusto-optical tunable filter
(SuperK Extreme EUV3 and SELECT UV-VIS, NKT). The output
power was 140 pW (488 nm) and 220 uW (526 nm) at 19.5
MHz repetition rate. Emission was spectrally selected either

Sample fluorescence was excited by a white-

2| J. Name., 2012, 00, 1-3

with a 580 nm or 630 nm interference filter (Edmund 47139
THGC and EO65706 580nm 1-9-13), or else with a long-pass
filter (LP) = 545 nm (HQ545, Chroma) or LP 715 nm (RG715,
Schott). Fluorescence decay traces were collected in 1024 time
channels with a channel width of 19.5 ps. The instrumental
response function (IRF) was determined at the corresponding
wavelengths with a colloidal silica solution as scattering
material (LUDOX, Grace). The IRF of the system had 60-70 ps
full width at half maximum. After deconvolution with the IRF
the traces were fitted by a sum of exponentials.zs;28

Fluorescence lifetime imaging microscopy (FLIM)29 was
performed with the same laser system. The setup consists of
an inverted microscope (Olympus IX71), equipped with a 4x or
40x objective, and a confocal scanning unit (DCS-120, Becker &
Hickl). Time-correlated single photon counting was performed
with a corresponding module (SPC-160, Becker & Hickl) and a
hybrid PMT (HPM-100-40, Becker & Hickl). The time range was
set to 19.97ns for 1024 channels. For ratiometric-yield
experiments the excitation was at 526 nm and emission was
spectrally selected by a dichroic filter 560 dclp for the dual
detection mode. In the “green” and “red” emission channel an
additional HQ545LP, respectively OG590 longpass filter, was
used. For lifetime-based analyses the same settings as in the
spectroscopic experiments were used. Additionally, excitation
and filter settings are given in the text.

SNARF labelling of cyanobacterial phytochrome. The Cph1A2
sensory module®® was labelled with a 5-fold excess of IA-SNARF
in 2.5 mM Tris pH 7.8, 15 mM NaCl for 1 hour at room
temperature. Unbound dye was removed by gel filtration
(Sephadex G-25 fine, GE Healthcare). The Ilabelling
stoichiometry was calculated according to
AAL (Eprotein

= (%) (o).

Here Ap owein IS the absorbance at 658 nm (A,,) of Cph1A2 in
the Pr state atpH 8.8, 15 mM NaCl. We determined the
corresponding extinction coefficient, €p,otein, to be ~50 000 Itr
mol™ cm™ under our conditions, significantly lower than that
reported by van Thor et al.®. AA, is the absorbance of the
label, measured as the absorbance difference between the
labelled and unlabelled phytochrome at 565 nm. The
extinction coefficient of SNARF at 565 nm (deprotonated form)
is €, = 47 100 Itr mol™ cm™, as described in the results section.
Covalent binding of the IA-SNARF label to Cph1A2 and the
removal of excess label was verified by the fluorescence of the
Cph1A2 band following SDS-PAGE. The ability of the SNARF-
labelled phytochrome to shift between the far red (Pfr) and
red (Pr) form was tested by illumination at A=735nm. The
phytochrome samples remained fully photochromic after

derivatisation, indicating that the procedure did not affect
molecular function.

CLabel (1)

CProtein

Fluorescence imaging of Hela cells was performed in
phosphate-buffered saline (PBS) at pH 7.3. Cells were

incubated with PAc-SNARF and IA-SNARF, respectively, for 30

This journal is © The Royal Society of Chemistry 20xx
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minutes and subsequently washed with PBS. Incubation and
imaging were carried out at 37 °C.

3. Results and discussion
3.1 Properties of PAc- and other SNARF derivatives.

Stationary absorption and emission spectra are shown in Fig. 1
as function of pH. Spectra have been scaled to the same
sample concentration. In absorption an isosbestic point is
observed at 526 nm. At shorter wavelengths the extinction
coefficient of the protonated form exceeds that of the
deprotonated stationary of
fluorescence, in order to enhance the relatively weak “blue”

form. In measurements
emission from the protonated species, we excite at A.,.=488
nm. The appearance of the spectra is very similar to that of the
known 5°,6"C-SNARF mixture.

For analysis we may assume that the protonated and
deprotonated forms are in equilibrium in the electronic ground
state. The absorption spectra in Fig 1la can therefore be
decomposed into contributions from the two ground-state
forms to yield the species-associated spectra (SAS). These are
shown as red and blue lines, respectively, in panel (a). Their
relative weight, corresponding to the mole fractions x of the
two forms, is described by
Xreq = 107PKa/(107PKa 4+ 107PH) and xp1e = 1 — Xpeq- (2)
A fit to the data gives pK, = 7.55 (+0.12 standard error) for the
protonation equilibrium, as measured by absorption. The
fluorescence spectra in Fig. 1b, when treated in the same
manner, give a similar pK, = 7.50 (£0.20). The resulting SAS are
shown as a red and blue lines, respectively, in panel (b).

The maximum extinction coefficient of the deprotonated
form &reqmax = 47100 £ 500 Itr mol™ cm™ was determined
at pH 9.3! From Fig. 1a we find that upon protonation the

coefficient drops to 58%, hence

-1.

maximum extinction
Ebuemax = 27320 ltr mol™ cm

Species-associated spectra were fitted by one or several
functions

log norm (%) = h exp{—In 2 (w)2 ). 3)
with parameters ¥, A, y, h for peak wavenumber [cm"l], width
[cm"l], asymmetry [-], and amplitude [-]. Note that in case of
absorption, h refers to extinction coefficients (in Itr mol™ cm'l).
In case of fluorescence, quantum distributions over
wavelengths were converted into distributions over
wavenumbers, F(v") = (0®/(0v")) « (0®/0A)A"2 and then
set to 1 at the peak of the spectrum of the deprotonated form
(@ is the total number of photons counted). Lognorm
parameters are collected in Tables 1 and S1-S5.

Fluorescence lifetime curves are shown and analyzed in Fig. 2.
Fluorescence time traces were recorded at different pH values
(panel a). In these time-resolved
fluorescence measurements the sample was excited at the
isosbestic point (526 nm),
probability for the deprotonated and protonated form, and

in Tris—citrate buffer

ensuring the same excitation

This journal is © The Royal Society of Chemistry 20xx

emission was detected at A > 545 nm. In line with the
considerations above we assume that each species possesses
an individual fluorescence lifetime that is constant over the pH
range. The relative amplitudes of the two global lifetime
components (Teq = 2.21 ns for the deprotonated “red” form
and Tpe = 0.49 ns for the protonated “blue” form) are shown
as data points in Fig. 2b. A fit gives pK, = 7.55 (£0.02). Similarly,
the amplitude-weighted lifetime displays the expected
behavior with pH (panel ¢) and we find pK, = 7.54 (+0.03).
Note that these lifetime-based analyses are independent of
the dye concentration.

The dependence of fluorescence lifetimes on excitation
and emission wavelengths is shown in Fig. 3. At pH 10 the
deprotonated form is detected easily as a pure species with
2.21 ns lifetime (A=526 nm, A.,=545 nm long pass). The same
observation is made even upon excitation at the “blue” side of
the absorption spectrum (A.,=488 nm), by choosing an
appropriate emission filter (e.g. longpass 715 nm or bandpass
630 nm). At pH 5 the protonated form, when excited at the
isosbestic point or at 488 nm, gives fluorescence decay traces
with a main decay component of 0.49 ns (96%-97%). The
remaining percentages can be attributed to the residual
amount of the deprotonated form, in particular when
detecting in the “red” emission band (A.,=488 nm, A.,,=630 nm
band pass). The existence of a minor additional protonated
species with a lifetime of ~4.0 ns (A=526 nm, A.,,,=545 nm
long pass) is also conceivable.

Photometric considerations conclude the examination of PAc-
SNARF in this section. The S;<—S, absorption band is available
in terms of lognormal functions of wavenumber and can
therefore be integrated entirely (12000-25000 cm'l). Thus we
find oscillator strengths fos pie=0.65 and foscreqa = 0.83.
Radiative lifetimes are calculated with the Strickler-Berg
formula, resulting in Traqpe=6.03 Ns and Tragred=5.08 ns.
Compare this with the measured fluorescence lifetimes of
Tpie=0.49 ns and t,.4=2.21 ns (Fig. 3). Looking only at the red
form at pH>9, we predict a fluorescence quantum yield
QY,eq=44%. Instead our direct measurement (with rhodamine
101/methanol as reference) gave a value of 35%. The
experimental value being lower is consistent with the idea that
a higher electronically excited state contributes to the first
absorption band of the red form.

Quantum-chemical results for the SNARF core (i.e. by setting
R=H, see Scheme 2) in water are presented in Table 2. The
lowest-energy transition of the protonated form is calculated
at AE=21290 cm™ with oscillator strength f= 0.49. It is
accompanied by a moderate change in dipole moment, Au=4.3
D (=Debye). For the deprotonated form the lowest transition
at 20080 cm™ is predicted to be strong (f = 0.75). The energy
separation of the lowest excited electronic states and the
relative strengths of the corresponding transitions are in good
agreement with observations. Note that the TDDFT method
also finds a charge transfer transition (Ap = 25.1 Debye) with
zero oscillator strength. This is due to a well-known artifact of

J. Name., 2013, 00, 1-3 | 3
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DFT methods which overestimate the stability of charge-
transfer states. Molecular orbitals are shown in the ESI.

Regioisomers 5°C- and 6 'C-SNARF were also synthesized and
isolated. The dependence of optical spectra on pH was
examined in water:dmso 5:1 in this case, in order to avoid
solubility problems at pH ~5. Species-associated spectra of
absorption and fluorescence are almost identical to those of
PAc-SNARF at the same cosolvent concentration; however the
pK, of 5°C- is larger by 0.15 compared to 6°C- (see ESI). In
precision measurements of pH it is important to use only one
of the isomers, because if a mixture is used, protonated and
deprotonated forms coexist in a broader range and resolution
is lost correspondingly.

3.2 Labelling of cyanobacterial phytochrome Cph1A2

The function of light-activated proteins such as
bacteriorhodopsin, visual rhodopsin, channelrhodopsin or
phytochrome is associated with protonation changes in the
protein and subsequent proton release/uptake events.>> A pH-
dependent dye for covalent linkage to the protein surface
often used in the investigation of these proteins is
iodoacteamido-fluorescein, IA-F.2® Instead we test here the
covalent binding of IA-SNARF to a protein surface, using the
cyanobacterial phytochrome CphlAZ30 as example.

Under the conditions described in the Experimental
Section, about 0.8 of IA-SNARF was bound per mol Cph1A2.
The 2VEA crystal structure® implies that only C371 in the
sensor module is exposed and thus is the most likely target for
the label. Fig. 4 shows the absorption spectra of Coh1A2 in the
Pr form of phytochrome. For pH 6 and pH 8.8, spectra before
and after labelling are compared (dashed and solid line,
respectively). When SNARF is bound to the protein, the
absorption band has its maximum at A,,,= 529 + 1 nm in the
protonated form and at A,,,,= 565 + 1 nm in the deprotonated
form. The protonated form is slightly red-shifted compared to
that of PAc-SNARF (cf. Fig.1a). The same holds true for the
isosbestic point, which is now observed at 541 nm. The
fluorescence lifetimes of IA-SNARF are Tt,,.=0.49 ns and
Treq=2.10 ns, very similar to PAc-SNARF. As the peak
absorbance of phytochrome in the Pr form is located at 658
nm, an excitation of the SNARF dye results in minimal
phytochrome activation. This is one prerequisite for using the
SNARF dye with photoreceptor proteins.

4. Outlook

Besides investigations on the molecular level, monitoring the
pH inside living cells is important since intracellular pH changes
are critical for cell and tissue activities, including phagocytosis,
endocytosis, ion transport, signaling cascades, and synaptic
transmission. Both PAc-SNARF and IA-SNARF are able to enter
the cell freely.

To validate the applicability of our SNARF derivatives as
dual fluorescence probe for quantitative pH measurements in
imaging experiments, we conducted two proof-of-principle
experiments using a confocal raster scanning fluorescence

4| J. Name., 2012, 00, 1-3

microscope equipped with TCSPC detection for fluorescence
lifetime experiments.29

The first experiment (see Fig. 5)
amplitude-weighted-lifetime method for determining pH. Two
drops of PAc-SNARF solution with different pH values (6.5 and
7.8) are placed on a cover slip. Panel (a) shows the false-coded
FLIM image according to the different fluorescence lifetime
characteristics of the image, clearly indicating the two
different drops in the image. The corresponding fluorescence
decay curves and lifetimes are shown in panel (b). The
calibration curve from the TCSPC measurements (Fig. 2c) was
used to obtain the pH values as shown in Fig. 5¢, which match
the target pH values. Since the lifetime is used in the pH
calibration curve, it does not matter whether the calibration
was obtained in a spectroscopic or microscopic setup as long
as the excitation and emission parameter are identical.

The second experiment (see Fig. 6) demonstrates the
ratiometric-yield method with a SNARF-labelled protein. Here
the two emission bands from only one excitation wavelength
are exploited. Using the standard set of emission filters that
exists in many confocal laser scanning microscopes, we
measure the stationary fluorescence intensity of the SNARF-
labelled phytochrome in the “red” and “green” emission
channel (green: A.,=545-560 nm, red: A.,>590 nm). The
corresponding images are shown in panel (a). The calibration
curve (b) was obtained with the confocal microscope using the
same settings as for the ratiometric pH determination of the
pH at the protein surface of phytochrome. The resulting pH
value is 7.7.

demonstrates the

The results of these proof-of-principle experiments show
clearly that the new SNARF dye offers the opportunity for
tracking spatio-temporal pH changes inside living cells, and to
elucidate the function of proteins to which the SNARF dye is
attached to.
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Table 1 Lognormal description of S;-Sobands of PAc-SNARF
in water/dmso (20:1 vol:vol).

7, /em™ | A fem Y h

Absorption (Fig. 1a)

deproton- 16309 971 -0.42 3425
ated @ 17602 1576 0.19 | 47100
19033 | 1675 049 | 15926
16934 1450 -0.58 563 Lacto form
proton- 18206 974 -0.07 13403
ated® 19130 1696 025 | 23321 Scheme1 Chemical structures of xanthene-based pH-probes.

20385 2012 0.53 13808

Emission' from 488 nm excitation (Fig. 1b)

deproton- | 15844 1605 0.12 1.000 | OH | 0
ated 14174 1434 | 025 | 0.193 NG o P o
SYORESR S PS
17283 1219 0.03 | 0316 +H
proton-
15953 1604 | -0.26 | 0.247
ated PAc-SNARF
14242 1562 042 | 0.044 oo oo

“For 14300 - 20160 cm™, ™ 14300 — 22220 cm™.

9 do/d B. cio,, OH | o)
;rlu\ o ‘ N 0 ‘
Table 2: Vertical excitation energy AE, oscillator strength f, and dipole \ O O /
moment change Ap = | - Mo| of the SNARF core (R=H) in water,
R

calculated with TD-DFT/B3LYP/cc-pVDZ for the first three electronic

transitions. Me-SNARF R= I
AE/cm™ f Au/D NH, HN__O
20080 0.752 7.43 EA-SNARF \E
- |
:f:fm" 22460 | 0.000 | 25.12
23910 | 0.008 6.96 IA-SNARF

21290 0.491 4.27
proton- 25140 0.158 10.99 Scheme 2 New derivatives with Propionate (PAc), Ethyl-Amino (EA) and

ated _Ami ionali ighli i
27130 0.027 8.01 lodoacet-Amide (IA) functionality. Colors highlight the spectral difference.
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Fig.1  Optical absorption (a) and fluorescence (b) spectra of PAc-SNARF in

water/dmso (20:1 by volume, for buffer see text) as function of pH at 22°C.
Red and blue curves represent the species-associated spectra (SAS) of the
pure deprotonated and protonated species, respectively, from global
analysis. In stationary measurements, excitation wavelength A=488 nm
was chosen in order to enhance the fluorescence contribution by the
protonated species.
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Fig.2  Time-resolved fluorescence of PAc-SNARF as a function of pH. (a)
Decay traces at various pH values as indicated by the different colors. Red
and blue curves refer to the pure deprotonated and protonated species; the
two lifetimes from global analysis are indicated. (b) Relative amplitudes of
the decay components due to the protonated (blue) and deprotonated form
(red curve). (c) Amplitude-weighted lifetimes. Fit lines and pK, values are
also given. Conditions: 10 mM Tris Citrate, 190 mM NaCl, 20:1 water:dmso
volume fraction, 20 °C. Aec= 526 nm, and emission was detected with long
pass filter HQ 545.
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Fig.3  Fluorescence decay analysis of protonated and deprotonated forms
of PAc-SNARF for different excitation and emission wavelengths, as
indicated. (a) Fluorescence decay traces and their multi-exponential fits. (b)
Fit residuals. (BP — band pass; LP — long pass filter)
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Fig.4 Covalent binding of IA-SNARF to cyanobacterial phytochrome
Cph1A2. Absorption spectra are shown before (- - -) and after ( — ) labelling
at pH 8.8 (a) and pH 6.0 (b). Arrows indicate the absorption maximum of
the deprotonated (565 nm at pH 8.8) and the protonated (529.5 nm at pH 6)
form of bound SNARF. Inset in (a): left — photographs of the fractions after
gel filtration containing SNARF (red fluorescence in fraction F2) and
phytochrome (blue absorption in fraction F2); right — SDS PAGE of IA-SNARF
in the fluorescence image (lane 1: molecular weight marker, lane 2: Cph1A2-
A-SNARF). Inset in (b): absorption spectrum of IA-SNARF at pH 6.0.
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(c) time (ns) channels. Conditions: 40x objective, excitation at 526 nm and dual detection
mode using a dichroic filter 560 dclp. In the “green” and “red” channel an
’é\ PR T additional HQ545LP respectively OG590 longpass filter was used. (b) pH
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Fig.5 FLIM based determination of pH values. (a) FLIM image of PAc-
SNARF in acidic (blue) and basic (red) environment. Conditions: 4x objective,
excitation at 526 nm and emission filter HQ545LP. (b) Fluorescence decay
traces of protonated (blue) and deprotonated (red) PAc -SNARF of (a). (c) pH
calibration curve obtained by TCSPC cuvette measurements using the same
excitation wavelength and emission filter. The determined amplitude-
weighted lifetimes (0.73 & 1.55 ns) of the traces in (b) and respective
determined pH values (6.5 & 7.8) are shown.
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