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Simultaneous detection of intracellular target and
off-target binding of small molecule cancer drugs at
nanomolar concentrations
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Background and purpose: In vitro assays that determine activities of drug candidates with isolated targets have only limited
predictive value for activities in cellular assays. Poor membrane permeability and off-target binding are major reasons for such
discrepancies. However, it still difficult to directly analyse off-target binding at the same time as target binding, on a subcellular
level. Here, we present a combination of fluorescence correlation spectroscopy (FCS) and fluorescence cross-correlation
spectroscopy (FCCS) as a solution to this problem.

Experimental approach: The well-established dihydrofolate reductase inhibitor methotrexate and the kinase inhibitors
PD173956 and purvalanol B were conjugated via polyethylene glycol linkers with the fluorophore Cy5. The cellular uptake and
subcellular distribution of these compounds in single human cancer-derived cells were investigated by confocal laser scanning
microscopy. In addition, molecular interactions inside the cell with the respective target proteins and off-target binding were
detected simultaneously in the nanomolar range by FCCS and FCS, respectively, using cells expressing green fluorescent
protein fusion proteins of dihydrofolate reductase and Abelson kinase 1.

Key results: Large differences in the interaction patterns were found for these compounds. For methotrexate-Cy5, drug-target
interactions could be detected and dissociation constants determined. In contrast, PD173956-Cy5 showed strong interactions
with intracellular high-molecular weight structures, other than its target.

Conclusions and implications: The combination of FCS and FCCS provides a powerful means to assess subcellular pharma-
cokinetics and dynamics of drug candidates at nanomolar concentrations.
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2007). While providing less information on the interaction of
a drug candidate towards a specific molecular target, such
assays reveal off-target effects and cytotoxicity. In addition,
many compounds fail to show any biological effect, even if
activity was detected towards an isolated target molecule in
an in vitro screen.

Introduction

Cellular assays are gaining significance in drug development
(Perlman et al., 2004; Lang et al., 2006; Korn and Krausz,
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For compounds that exert their activity inside the cell, such
failure is typically attributed to poor cellular uptake. However,
this assumption rather reflects a lack of knowledge of the
intracellular pharmacology of a drug, than being based on
direct evidence. This deficit is due to an absence of methods



describing the interaction of compounds on the subcellular
level. Next to the failure to cross the plasma membrane, lack
of activity may also be due to interactions with membranes,
sequestration in vesicular compartments, binding to DNA in
the cell nucleus and binding to cytoskeletal structures and
other proteins. For example, numerous cationic amphiphilic
drugs are enriched in the lysosomal compartment (Bareford
and Swaan, 2007; Almela et al., 2009).

In the past decades, numerous techniques have been devel-
oped to investigate the subcellular localization of small mol-
ecule drugs. The molecular localization of proteins, peptides
and small molecules in tissues can be determined by mass
spectrometry imaging with a resolution down to approxi-
mately 4 um (Chaurand et al., 2005; Signor et al., 2007). Infra-
red microscopy and Raman scanning techniques provide
information about the localization and molecular nature of
macromolecular assemblies, but the detection is rather non-
specific for particular molecules and the spatial resolution
(>1 um) is limited in comparison to high-resolution micros-
copy (Lasch and Naumann, 2006). Microscopic autoradiogra-
phy enables high spatial resolution in the subcellular
localization of drugs but requires the fixation of cells and the
synthesis and manipulation of radioactively labelled drug
molecules (Stumpf, 2005).

Generally, high-resolution fluorescence microscopy has
become the method of choice for studying molecular dynam-
ics on a subcellular level in living cells. For small molecule
drugs, detection is either based on intrinsic fluorescence — one
such example is doxorubicin (de Lange et al., 1992; Lankelma
et al., 1999) — or molecules are conjugated to fluorophores for
visualization. The dihydrofolate reductase (DHFR) inhibitor
methotrexate (MTX) is a prominent example that illustrates
the potential of fluorescence microscopy for an analysis of
cellular transport and localization of a drug molecule (Breen
et al., 2004).

All the methods described above, however, do not report on
molecular interactions. Here, fluorescence correlation spec-
troscopy (FCS) and in particular fluorescence cross-correlation
spectroscopy (FCCS) are two highly powerful techniques.

In FCS, information on the mobility and concentration of
molecules is obtained from an analysis of fluorescence fluc-
tuations, caused by diffusion of molecules through a subfem-
toliter confocal detection volume (Rigler et al., 1993). With a
sensitivity in the subnanomolar range, FCS has become an
important tool to address molecular dynamics and interac-
tions in cells and subcellular compartments (Brock et al., 1999;
Schwille et al., 1999; Hink et al., 2000; Wachsmuth et al., 2000;
Koopman et al.,, 2007). Binding of a low-molecular weight
drug candidate to a target protein slows down diffusion.
Binding equilibria can be derived from the contributions of a
slow- and fast-moving fraction to the total autocorrelation
function (Meseth et al., 1999). In the context of determining
drug activity inside a cell, FCS has been employed to assess the
activity of a small molecule on protein-DNA interactions
(Michelman-Ribeiro et al., 2009). However, for measurements
in complex mixtures of targets, FCS lacks specificity for report-
ing on a particular interaction. This information is provided
by FCCS. In FCCS, concerted fluorescence fluctuations, caused
by co-diffusion of two spectrally well-separated fluorophores,
are detected (Schwille et al., 1997b). For the detection of drug—
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target interactions, two main characteristics set this method
apart from fluorescence resonance energy transfer (FRET)
(Clegg, 1995): First, there is no dependence of the signal on
the distance of the fluorophores. Therefore, there are no con-
straints on the use of linker molecules between drug and
fluorophore. Second, especially for interacting molecules that
are homogeneously distributed throughout a cell and at low
concentrations, FCCS has a much higher sensitivity for the
detection of interactions. Also intracellular applications have
been presented for FCCS (Bacia et al., 2006), including the
determination of binding constants of fluorescent proteins
(Sudhaharan et al., 2009).

Given these powerful characteristics for the detection of
molecular interactions, we here employed a combination of
confocal laser scanning microscopy, FCS and FCCS to simulta-
neously investigate target and off-target binding of Cy5-
labelled anti-cancer drugs. CyS has an excitation maximum
around 650 nm and is spectrally well separated from green and
yellow fluorophores with emission below 600 nm, enabling
the simultaneous detection with proteins fused to green fluo-
rescent protein (GFP). MTX, purvalanol B and PD173956 were
selected for this purpose and coupled with Cy5 to yield MTX-
CyS, Pur-Cy5 and PD-CyS5, respectively. Previous studies had
shown that these compounds show bioactivity against cancer
cells and cancer-associated molecular targets in the lower
nanomolar range (Washtien, 1982; Gray et al., 1998; Kraker
et al., 2000). Hydrophobicity is a major determinant for the
pharmacological properties of a drug (Lipinski ef al., 2001).
Therefore, the drugs were selected to cover a broad range of
hydrophobicity. Whereas the anti-metabolite MTX is hydro-
philic, having a logarithmic octanol/water partition coefficient
(logP) of —1.8, the kinase inhibitor purvalanol B has a logP of
3.8 and the kinase inhibitor PD173956 a logP of approximately
5, according to the PubChem database (National Center for
Biotechnology Information, Bethesda, USA).

The intracellular localization of MTX-CyS5, Pur-CyS and
PD-Cy$5 was determined in living human cervical cancer HeLa
cells and the human embryonic kidney cell line Hek293. For
cells expressing GFP-tagged target proteins of MTX and PD
173956, FCS and FCCS were employed for detecting interac-
tions of these two molecules inside the cell. Whereas FCCS
specifically detected interactions with GFP-tagged target pro-
teins, FCS yielded information on the total fraction of bound
molecules. In our experiments, PD-Cy5 showed a much stron-
ger off-target binding to intracellular structures than MTX-
CyS5. The different characteristics of these drugs also
confirmed that the Cy5 label did not impair the analysis of
subcellular pharmacology.

Methods

Synthesis of labelled compounds

Compounds carrying a S-polyethylene glycol (PEG) linker
with a terminal amino group were synthesized at GPC Biotech
(Munich, Germany). Five hundred nmol of these conjugates
were dissolved in 100 pL dimethyl sulphoxide and 0.7 pL
N,N-diisopropylethylamine. The solution was added to one
aliquot of Cy5 monofunctional reactive dye and incubated in
the dark at room temperature for 20 h. Subsequently, purifi-
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Figure 1 Determination of the intracellular pharmacological properties of small molecule drugs by a combination of fluorescence correlation
spectroscopy and fluorescence cross-correlation spectroscopy measurements in living cells. (A) The drug molecules were conjugated to the
fluorescent dye Cy5 via a 5-polyethylene glycol (PEG) linker. (B) Cells expressing green fluorescent protein (GFP)-tagged target proteins were
loaded with the Cy5-labelled compounds and observed by confocal laser scanning microscopy. Subsequently, the laser beam was displaced
vertically in order to identify a measurement position of the detection volume inside the cytoplasm along the optical axis (z-position).
Alternatively, the z-position was identified from a confocal section in x-z-position. Measurements of interactions inside the cell (C) resulted in
(D) a fluorescent count trace over time from which (E) autocorrelation functions G(t) for both channels (red and green) and a cross-correlation
function Gec(t) (black) were calculated. (F) From the auto- and cross-correlation functions, concentrations of the various fluorescent species
could be derived such as free GFP-tagged target protein, unbound compound-Cy5, compound-Cy5 : target protein—-GFP complexes and
compound-Cy5 bound to high-molecular weight structures. MTX, methotrexate.

cation was performed by preparative reversed-phase high-
performance liquid chromatography (Gilson, Middleton,
Wisconsin, USA) using a linear gradient of water (0.1% trif-
luoroacetic acid) — acetonitrile (0.1% trifluoroacetic acid). The
identity of the CyS5-labelled compounds was confirmed by
mass spectrometry (see Figure 1).
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Tissue culture

Hek293 and HeLa wild-type cell lines were grown in Roswell
Park Memorial Institute (RPMI) 1640 medium containing 5%
fetal calf serum at 37°C and 5% CO,. The cell line T-REx-293
transfected with the pcDNA4/TO-based expression plasmids
was grown in RPMI1640 medium containing 10% fetal calf



serum and the selection factors zeocin (100 pg-mL™) and blas-
ticidin (5 mg-mL™) at 37°C and 5% CO,.

Transient transfection of HeLa cells with the DHFR-GFP
expression plasmid

1 x 10° HeLa cells were detached by trypsin/EDTA, washed
with medium, and resuspended in 200 uL. medium contain-
ing 1uM of a pcDNA4/TO-based DHFR-GFP expression
plasmid for electroporation (single pulse, 130 V, 500 uF, in
2mm cuvettes with a Fischer Electroporator, Heidelberg,
Germany). The electroporated cells were seeded into dishes
and incubated at 37°C and 5% CO, overnight before they
were trypsinized again for the electroporation of compounds.

Generation of T-REx-293 cell lines stably expressing Abelson
kinase 1-GFP and DHFR-GFP

5x10° T-REx-293 cells were transfected with 2 ug of the
respective plasmids encoding GFP-tagged target proteins and
a zeocin resistance cassette using effectene transfection
reagent. Transfected cells were selected using zeocin at a con-
centration of 0.1 mg-mL™ over a period of several weeks,
eliminating all cells that did not express the zeocin resistance
gene at sufficient amounts. The polyclonal T-REx-293 strain
was kept under selective pressure of 100 pg-mL™ zeocin and
5 mg-mL™" blasticidin throughout the experiment.

Cellular import of drug molecules

T-REx-293 cells expressing low amounts of Abelson kinase 1
(ABL1)-GFP were detached by trypsin/EDTA and washed in
medium. Subsequently, different concentrations of PD-CyS$
were electroporated into the cells (single pulse, 130 V, 500 uF,
Fischer Electroporator). For direct uptake of PD-Cy5 without
electroporation, T-REx-293 cells expressing ABL1-GFP were
grown in 8-well chambered coverglass slides (Nunc, Roches-
ter, New York, USA) and incubated with different concentra-
tions of PD-CyS for 3 h at 37°C.

For analysing the interaction of MTX-CyS with DHFR-GFP,
T-REx-293 cells stably transfected with DHFR-GFP were
detached by trypsin/EDTA, washed in medium and resus-
pended in 100 uL Nucleofector Solution R containing 4 uM
MTX-CyS5. MTX-Cy5 was imported by electroporation
(Nucleofector, Lonza Cologne, Cologne, Germany) using the
electroporation method 1-013 according to the recommenda-
tions of the manufacturer. Subsequently, 500 uL RPMI
medium was added carefully and the cells were incubated for
10 min at 37°C. Subsequently, the cell suspension was washed
in medium twice by centrifugation. The cells were seeded in
8-well chambered coverglass slides.

HeLa cells expressing low amounts of DHFR-GFP were
detached by trypsin/EDTA and washed in medium. Cells were
electroporated in a solution of 2uM MTX-CyS5 in RPMI
medium (single pulse, 130 V, 500 uF, Fischer Electroporator).
The cells were washed three times with medium and finally
seeded in an 8-well chambered coverglass slide.

Intracellular FCCS measurements
FCCS measurements were performed with a TCS SP5 confocal
microscope/dual channel FCS unit equipped with an HCX PL
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APO 63x N.A. 1.2 water immersion lens (Leica Microsystems,
Mannheim, Germany) and with a ConfoCor2 FCS unit con-
nected to an Axiovert 100M equipped with a C-Apochromat
40x N.A. 1.2 water immersion lens (Carl Zeiss, Jena,
Germany). For the TCS SP5, fluorescence was split by a BS 625
beam splitter. Fluorescence in the green channel was detected
using a BP 500-550 bandpass filter, fluorescence in the red
channel with a BP 647-703 bandpass filter. For the Confo-
Cor2, fluorescence was split by an NFT 610 beam splitter,
green fluorescence was detected with a BP 500-550 IR band-
pass filter, red fluorescence with an LP 650 long pass filter. The
GFP fusion proteins were excited with the 488 nm laser line of
an argon-ion laser, Cy5 with a 633 helium-neon laser. In order
to avoid high background signals resulting from autofluores-
cence and minimize bleaching, the power of both lasers was
adjusted to a low intensity. The argon-ion laser was adjusted
to 20 uW and 11 uW for the TCS SPS5 and the ConfoCor2,
respectively, the helium-neon laser to 19 uW and 8 uW,
measured with an X1-1 laser power meter equipped with an
LSM-9901 Luminous Flux detector head (Gigahetz-Optik,
Puchheim, Germany) at the exit aperture of the lens.

Laser power is an important factor for FCS measurements,
especially if high- and low-mobility fractions of molecules are
to be analysed in parallel. For rapidly diffusing molecules,
high laser powers are required in order to enable, within the
short residence time of the molecule in the detection volume,
the detection of a sufficient number of photons to accurately
determine the diffusional autocorrelation time of the mol-
ecule. However, at such laser powers, molecules moving
slowly through the laser focus may already be bleached. As a
result, the fraction of slowly moving molecules, for example,
target-bound drugs, may be underestimated. The laser powers
that we selected covered the full dynamic range of diffusional
autocorrelation times required for our analytical question.

For each set-up, these parameters led to comparable
molecular brightness (counts per molecule — cpm) in both
channels. Solution measurements were carried out with a
sample volume of 20 uL in a 384-well plate (175 um, low-base
design, MMI, Eching, Germany). The short wavelength
channel was calibrated with a 10 nM sodium fluorescein solu-
tion. For measurements of GFP fusion proteins, the structure
parameter corresponding to the ratio of the radii of the detec-
tion volume along the optical axis and in the focal plane
S=2zo/an was fixed to the value determined by fitting the
autocorrelation function for the fluorescein measurement
(Supporting Information Table S1). The structure parameter S
for the long wavelength channel was determined by an auto-
correlation measurement of a 10 nM S0387 solution. The
spectral overlap of the detection volumes was determined by
a cross-correlation measurement of a doubly labelled DNA
standard, terminally labelled with Rhodamine Green and
CyS$, similar to a standard described previously (Baudendistel
et al., 2005). Cells with low expression of GFP fusion proteins
were selected by confocal imaging. The detection volume for
the FCCS measurements was placed inside the cytosol near
the nucleus. Fluorescence of immobile molecules was
removed by a pre-bleaching pulse of a few seconds at the same
laser power employed for the subsequent measurements, fol-
lowed by recording of either 5-60 autocorrelation functions
of 1s each for the ConfoCor2 or 5-10 measurements of 5 s
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each for the TCS SPS. Autocorrelation functions not affected
by strong fluctuations of fluorescence that are caused by dif-
fusion of vesicles were averaged for each cell for further
analysis.

Autocorrelation functions of CyS5-labelled compounds were
fitted with a 3D Gaussian algorithm containing two diffusing
components and a triplet term (Equation 1)

G(r):i.(lm.e?). i
(N) ( T )\/ T
1T+— ) 1+
Tp1 S* T
E

(1 + i)\/l + 21
Tpa N

in which A is the amplitude of the contribution of transi-
tions into the triplet state to the total autocorrelation func-
tion, § is the structure parameter, N is the average number of
particles in the detection volume, 7 the relaxation time of
the triplet state and 1w, and 7, are the diffusional autocor-
relation times of the rapid and slow component and F1 and
F2 are the fractional contributions of both components with
Fi+F=1.

Either the diffusional autocorrelation times 7, and fractions
of both components were variable or the 7, of the fast com-
ponent was fixed to the value determined for the respective
Cy5-labelled compound in solution multiplied by a factor of
four in order to account for the higher viscosity of the cyto-
plasm (Berland et al., 1995; Schwille et al., 1999; Ellis, 2001).
The number of molecules N and the fractional contributions
A, F; and F, were variable in all cases.

The triplet times of GFP and CyS5 and the structure param-
eters in both channels were fixed to values derived from
measurements in solution. For the cross-correlation curve, no
triplet term was included in the fitting algorithm. The auto-
correlation amplitudes of the GFP channel Ggen(0) and the
CyS5 channel G;q4(0) and the cross-correlation amplitude
Gee(0) were determined. The ratio CC(measured) between
Gyreen(0) and Gec(0) represented the fraction of the Cys-
labelled compounds that formed a complex with GFP fusion
proteins (Schwille ef al., 1997a). The results were normalized
to the value CC(max) determined for the doubly labelled
DNA standard in the same experiment.

1)

CC(measured)-100%

CC(corr.) = CClmax)

@)

Here, the device-dependent values were between 41% and 45
%. Due to the wavelength dependence of diffraction, this
value can maximally amount to 54% in a perfectly adjusted
microscope (Weidemann et al., 2002).

The particle number N derived from the autocorrelation
functions was corrected for non-correlating autofluorescence
background (Koppel, 1974),

2
_ Thackground )

Ncorrcctcd = chasurcd . (1
I total

3)

as was the cpm.
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_ (Itotal — Ibackground )

Cpm - Ncorrected (4)
Deviations of the cpm from values measured in solution
would indicate the presence of fluorescence energy transfer
(FRET) and quenching (Weidemann et al., 2002; Foldes-Papp,
2005) or poor overlap of the detection volume with the cell.
The number of CyS5-labelled drug molecules bound to their
respective GFP target proteins Nipouna Was calculated
according to

Nrcd-bound = Ncorrcctcd : CCcorr (5)

With knowledge of the size of the detection volumes, which
were approximately 0.3 fl for the detection volume of the
green and 0.6 fl for the detection volume of the red channel,
the concentrations of CyS-labelled compounds and GFP-
tagged target protein could be calculated. The determination
of detection volumes was based on experimentally deter-
mined point-spread functions using TetraSpeck microspheres
of 0.1 um (Supporting Information Figure S1).

Assuming thermodynamic equilibrium for the interaction
of compound and target, the dissociation constant Ky was
determined by

Kd — Ccumpound—CyS,ﬁee'Cpro(ein—GFP,free

Ceomplex ©)
Here, the concentration of unbound compound-CyS5 (Ccompound-
cys, fre) Was deduced from the fraction of free molecules
obtained from two-component fits of the autocorrelation
functions. The concentration of the compound-CysS : target
protein-GFP complex (Ceompex) Was determined by cross-
correlation measurements, and the concentration of
unbound GFP fusion protein (Cproein-crr, ree) Was calculated by
the subtraction of Cempex from the total concentration of the
GFP fusion protein.

Materials

The human cervical carcinoma cell line HeLa was obtained
from the American Type Culture Collection (Manassas, Vir-
ginia, USA). T-REx-293 cells, the associated vector pcDNA4/
TO, zeocin, blasticidin and TetraSpeck microspheres were
purchased from Invitrogen (Carlsbad, California, USA). Effect-
ene transfection reagent kits were obtained from QIAGEN
(Hagen, Germany). Tissue culture media and fetal calf serum
were purchased from PAN biotech (Aidenbach, Germany), the
Cy5 monofunctional reactive dye from GE Healthcare (Little
Chalfont, UK). The electroporation kits Cell Line Nucleofector
Kit V and Cell Line Nucleofector Kit R were obtained from
Lonza Cologne. The dye S0387, with CyS5-like spectral char-
acteristics (Mader et al., 2004), was purchased from FEW
Chemicals (Bitterfeld-Wolfen, Germany), the dye sodium
fluorescein was obtained from Fluka (Deisenhofen, Germany).
Drug/molecular target nomenclature follows Alexander et al.
(2009).

Results
Synthesis of CyS-labelled drug molecules

The pentamethine indocyanine dye CyS5 was selected as a
fluorophore for the labelling of the drug molecules. With an
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emission maximum of around 670 nm, the fluorescence of
this molecule shows little spectral overlap with the emission
of the GFP (Southwick et al., 1990). For conjugation, func-
tional groups of the drug molecules had to be selected that are
not part of the pharmacophore. MTX was labelled at the free
carboxyl group of the glutamate residue as described before
(Gapski et al., 1975). For the compounds PD173956 and pur-
valanol B, the position for labelling was based on earlier SAR
studies that verified that the conjugated compounds main-
tained their specific activity (Becker et al., 2004; Caligiuri
et al., 2005).

In order to further minimize interference of the fluorophore
with the binding of the compounds and to prevent FRET, the
fluorophore was coupled via a PEG spacer. Because of its
hydrophilicity, the PEG spacer should promote the solubility
of the compounds and minimize hydrophobic interactions
with membranes and proteins. Cy5 was employed as a com-
mercially available, pre-activated succinimidyl active ester
(Figure 1A).

Intracellular distribution of the Cy5-labelled compounds
First, we explored the intracellular distribution of the com-
pounds. When using fluorescently labelled analogues, an
influence of the fluorophore on the distribution of the mol-
ecule of interest is an important concern. HeLa and Hek293
cells were incubated with 5 uM of the respective compounds
for 90 min. In comparison to previous studies, the incubation
time with MTX was rather short (Kaufman et al., 1978). This
short incubation time was mainly chosen to prevent unin-
tended effects on cell viability.

The hydrophobic compounds PD-CyS5 and Pur-CyS were
taken up efficiently into HeLa and Hek293 cells. Both conju-
gates were primarily localized in membranes and vesicular

structures. In contrast, the uptake efficiency of the hydro-
philic drug MTX-Cy5 was lower and its localization was more
diffuse. For CyS5 alone, no uptake was observed (Figure 2).

While these results do not fully exclude an influence of the
fluorophore on the characteristics of the compounds, they
clearly show that the compound is decisive for the subcellular
pharmacokinetics of the conjugates. As we had cells express-
ing GFP-tagged DHFR and the ABL1 kinase domain in our
hands, the labelled compounds MTX-Cy5 and PD-Cy5 were
selected for further experiments to address intracellular inter-
actions by FCS and FCCS.

Intracellular interactions of MTX-Cy5 in DHFR-GFP-expressing
HeLa cells

Confocal microscopy is very instructive to study the subcel-
lular distribution of molecules (Pygall et al., 2007). However,
the method provides little information on the possible asso-
ciation of compounds with homogenously distributed intra-
cellular structures. Moreover, information on concentrations
is very difficult to obtain. Fluorescence recovery after pho-
tobleaching (Meyvis et al., 1999), a method frequently used to
study association and mobility of molecules inside cells, does
not provide sufficient temporal resolution to analyse the
mobility of small molecules and/or very low concentrations
of fluorescent molecules (Lippincott-Schwartz et al., 2001).
Therefore, for the analysis of the association of small mol-
ecules with subcellular structures at low concentrations, FCS
and FCCS are the methods of choice.

When incubating cells with low micromolar concentrations
of Cy5-MTX for 90 min, we failed to acquire intracellular
autocorrelation functions. It has been shown previously, that
the cellular uptake of fluorescein-labelled MTX is slow, requir-
ing several hours to reach equilibrium (Kaufman et al., 1978).

British Journal of Pharmacology (2010) 160 958-970
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Figure 3 Interaction of methotrexate (MTX)-Cy5 in Hela cells expressing green-fluorescent protein fusion proteins of dihydrofolate reductase

(DHFR-GFP). (A) Characteristic autocorrelation functions for DHFR-GFP (dashed line, green) and MTX-Cy5 (dotted line, red) and the
cross-correlation function for the DHFR-GFP : MTX-Cy5 complex (solid line, black). (B) Characteristic cross-correlation function at a larger scale.
(C) Scatter plots of relative contributions to the autocorrelation function versus diffusional autocorrelation times derived from fits to the
autocorrelation functions with an algorithm comprising two diffusing components in which the diffusion time 7, of the low-molecular weight
fraction was fixed to 200 pus. Averages (cross) and standard deviations are indicated. (D) Plot of the concentrations of the free molecules against

the concentration of the complex and a linear regression.

In order to achieve rapid cytoplasmic delivery, we explored
the use of electroporation for the cytoplasmic import of the
conjugate. Electroporation achieves a cytoplasmic import of
solutes by application of short high-voltage pulses that induce
transient pore formation in the plasma membrane (Gehl,
2003).

Subsequently, FCCS measurements were performed with a
combined FCCS/confocal microscope while the cells were still
not entirely flattened and attached to the bottom. Confocal
imaging enabled a precise placement of the confocal measure-
ment volume for FCCS measurements in three dimensions
(Figure 1B-F). HeLa cells transiently expressing DHFR-GFP
were electroporated with a 2 uM solution of MTX-CyS. The
intracellular DHFR-GFP concentration was in the range of
313 + 187 nM in cells with low expression levels. The elec-
troporation of compound yielded typical intracellular MTX-
CyS concentrations of approximately 40-70 nM, thus being in
a concentration range in which standard microscopy tech-
niques fail to provide suitable results. The concentrations were
derived from the amplitudes of the autocorrelation functions.
In FCS, the amplitude is inversely correlated to the average
number of molecules in the detection volume. Using experi-
mentally determined detection volumes for both channels,
these molecule numbers were converted into concentrations.

Dividing the fluorescence by the number of molecules
yields the cpm. For cellular FCS measurements, large varia-
tions of this value between individual measurements indicate
inhomogeneities in the sample or cell movement. Moreover,
the cpm may vary depending on the molecular environment
of a fluorophore.

The molecular brightness cpm of GFP and MTX-CyS were
highly constant within the samples with 3.9 = 1.2 kHz for
GFP, and 0.8 £ 0.1 kHz and 1.2 = 0.9 kHz for MTX-Cy5
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outside and inside the cells, respectively. Furthermore, the
intracellular molecular brightness of MTX-CyS5 was about the
same as the extracellular cpm indicating that no significant
quenching occurred in the cytosol.

In most cases, the first two measurements of a consecutive
series of measurements in a single cell were affected by bleach-
ing of immobilized MTX-CyS and therefore were omitted
from the further analysis. The autocorrelation functions for
MTX-Cy5 were fitted with two diffusing components and a
triplet term (Figure 3A). The diffusional autocorrelation time
7 reflects the average time that a fluorophore needs to diffuse
through the detection volume. This time is directly correlated
with the radius of the molecule. Therefore, the larger the
molecule is, the bigger the 1, will be. The ability to describe
the autocorrelation functions with two components does not
imply that MTX-CyS was only present in two molecular
forms, as, for example, free drug molecule and in a molecular
complex of a defined molecular weight. The molecular radius
correlates with the cubic root of the molecular weight of a
molecule, which means that it is much less dependent on the
molecular weight. The high molecular weight form may espe-
cially represent many different complexes.

The 1 of the fast component was fixed to 200 ps. This value
was based on the 7, of MTX-CyS in phosphate-buffered saline
of approximately 50 ps, considering the higher viscosity of
the cytoplasm. In order to represent the variation between
individual measurements, a graphical presentation according
to Brock et al. (1999) was chosen (Figure 3C). Here, for each
fraction, the relative contribution to the autocorrelation
amplitude is plotted versus the diffusional autocorrelation
time 7p.

The bound MTX-CyS fraction accounted for approximately
83 = 11% and had an average diffusional autocorrelation



time 7p of 1.7 = 0.5 ms. The diffusional autocorrelation time
7 of the 48 kDa DHFR-GFP was 1.3 = 0.6 ms. Assuming iden-
tical mobilities for the DHFR-GFP and the MTX-CyS5, the
MTX-Cy5 should have a diffusional autocorrelation time of
about 2.2 ms. This estimate is based on the larger dimensions
of the detection volume due to the wavelength dependence of
diffraction (Weidemann et al., 2002) and the proportionality
of 1 ~ o’

In addition to the autocorrelation functions of MTX-Cy5
and DHFR-GFP, the cross-correlation functions were calcu-
lated. Cross-correlation amplitudes of 19.0 = 6.4% in com-
parison to the autocorrelation amplitude of the DHFR-GFP
channel were obtained (Figure 3A,B). By relating this value to
the maximum attainable cross-correlation amplitude of 45%
if all molecules were in a complex, these data showed that on
average, approximately 42% of the MTX-Cy5 was bound to
the specific target protein DHFR-GFP. This in turn means that
on average, about 51% of the MTX-Cy5 molecules that were
bound to high-molecular weight targets were in complex with
DHFR-GFP. Based on these numbers, the dissociation constant
K, for the interaction of MTX-CyS with DHFR-GFP was calcu-
lated. The dissociation constant of MTX-CyS5 : DHFR-GFP
determined in 10 HeLa cells was 125 + 54 nM. As a means to
validate that the concentration of drug-target complex
derived from the cross-correlation amplitudes related to the
concentration of interactors according to mass-action law,
the concentrations of free interactors were plotted against the
concentration of complex (Sudhaharan et al., 2009). Particu-
larly in the lower concentration range, all points fell on a line,
the slope of which corresponds to the Ky value, which was
125 = 20 nM in this case (Figure 3D).

Intracellular interactions of MTX-Cy5 in DHFR-GFP-expressing
HEK293 cells

In order to investigate to which degree this interaction
pattern was a characteristic of the specific cell type, we next
performed a corresponding set of measurements in HEK293
cells, expressing the DHFR-GFP fusion protein under control
of the tetracycline promoter.

In the absence of tetracycline, an intracellular DHFR-GFP
concentration of 27 * 14 nM was obtained, indicating a
leakiness of the promoter. As expected, the concentrations
were considerably lower than in the HeLa cells in which
DHFR-GFP was expressed transiently.

Again, the molecular brightness of GFP was highly constant
within the samples. The cpm of the MTX-CyS5 varied between
independent measurements (1.5 += 1.0 kHz). This variation
was likely due to the interactions of the compound with
high-molecular weight structures that partially perturbed the
autocorrelation measurements.

For the analysis of the autocorrelation functions
(Figure 4A), first, the 1 of the fast component was fixed again
to 200 ps. In this case, the fast fraction accounted for 62%
of the autocorrelation amplitude; the slow component
accounted for 38% of MTX-Cy5 with a 7, of 5.8 + 2.6 ms.
The 1 of the slow component had a much stronger variation
than for the HeLa cells (Figure 4C). Therefore, the autocorre-
lation functions were also fitted with both diffusional auto-
correlation times 7, kept variable. In that case, the fast
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fraction had an average 7, of 437 * 193 us representing
65 £ 20% of the total amount of MTX-Cy5, the slow-
diffusing fraction a 7 of 132 * 165 ms (35% of the total
amount; Figure 4D). The comparability of results obtained
with both fitting procedures strongly indicates that the
rapidly diffusing component corresponds to free compound
and that in this case, more than half of the molecules dif-
fused freely in the cytoplasm.

The diffusional autocorrelation time 7, of the DHFR-GFP
was 972 = 294 us and hence slightly shorter than the one
measured for HeLa cells. Thus, DHFR-GFP-bound MTX-Cy5
should have a diffusional autocorrelation time of about
1.6 ms. However, the bound compound showed a clearly
longer diffusion time than expected for MTX-Cy5 bound to
its target protein DHFR-GFP.

The cross-correlation functions had amplitudes in the range
of 7.2 = 1.9% of the one of the DHFR-GFP channel. These
data indicate that on average, a fraction of approximately
16% of the MTX-Cy5 molecules were bound to the specific
target protein DHFR-GFP. Given the total fraction of bound
molecules of 38%, this result showed that on average, about
42% of the MTX-Cy5 molecules bound to high-molecular
weight targets was bound to DHFR-GFP, considerably less
than for the Hela cells. The average dissociation constant
determined from measurements in 18 cells was 86 = 45 nM.
Again, the plot of the concentrations of interactors against
the concentration of complex demonstrated that for this
group of cells, the concentrations of drug target complex
followed the same binding equilibrium (Figure 4E).

From the linear regression analysis, a dissociation constant
of 89 = 12 nM was obtained.

The Ky value determined in these experiments was mea-
sured in the presence of intrinsic dihydrofolate (DHF) which
competes with MTX-CyS for the binding sites on DHFR-GFP;
thus, the calculated binding constants are regarded as appar-
ent Ky values, that may differ from values determined in
biochemical assays.

Intracellular binding of PD-CyS5 to high-molecular weight target
structures in T-REx-293 cells

Next, we were interested to investigate the intracellular inter-
action pattern for the hydrophobic compound PD-CyS5.
T-REx-293 cells expressing low amounts of ABL1-GFP in the
range of 50-130 nM were electroporated with 0.2 uM PD-CyS5.
This gave rise to intracellular PD-CyS concentrations of
320 = 165 nM. These concentrations were significantly
higher than the concentrations determined for MTX-CyS5.
Also, in measurements in which cells were directly incubated
with the compound, much higher intracellular concentra-
tions were reached. These results indicate that PD-CyS enters
cells much more efficiently than MTX-Cy$, and that also,
during the electroporation procedure, for this hydrophobic
compound, a direct crossing of the plasma membrane greatly
contributed to cell entry.

Again, the autocorrelation functions were analysed with
two-component fits in which the diffusion time 7, of the
low-molecular weight component was fixed to 200 us
(Figure 5). The determined diffusional autocorrelation time 1,
of the high-molecular weight fraction was high, mostly
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Figure 4 Interactions of methotrexate (MTX)-Cy5 in T-REx-293 cells expressing green-fluorescent protein fusion proteins of dihydrofolate

reductase (DHFR-GFP). (A) Characteristic autocorrelation functions for
respective cross-correlation function (solid line) and the corresponding fi

DHFR-GFP (dashed line, green), MTX-Cy5 (dotted line, red) and the
its. (B) Characteristic cross-correlation function at a larger scale. (C,D)

Dot plots of the relative fractions of each component versus the diffusional autocorrelation 7o of MTX-Cy5 derived from two-component fits
with averages (cross) and standard deviations, in which the fast component was fixed to 200 us (C) or both diffusional autocorrelation times
were allowed to vary (D). (E) Plot of the concentrations of the free molecules against the concentration of the complex and a linear regression.

>10 ms, indicating an interaction between the compound and
cellular structures that were significantly larger in molecular
weight than the 60 kDa ABL1-GFP molecule. The diffusion
time 7p of the ABL1-GFP was 541 = 112 us, and therefore
shorter than the one for the DHFR-GFP. The high-molecular
weight fraction accounted for 70 = 10% of the total PD-CyS
fraction. Additionally, a large fraction of PD-CyS5 was bleached
within the first seconds of the measurements indicating com-
plete immobilization or trapping in vesicular structures. This
strong bleaching of immobile fluorescence is therefore con-
sistent with the distribution of fluorescence seen by confocal
microscopy.

Interestingly, no cross-correlation could be observed in the
cells, although in vitro titrations had shown a high affinity of
binding in cell lysate with K, values in the lower nanomolar
range. Varying the concentration of PD-Cy5 used for elec-
troporation did not improve the result. The measurements
with MTX-CyS had demonstrated the possibility of determin-
ing dissociation constants inside cells at a similar total degree
of drug binding, as determined by FCS. Apparently, the frac-
tion of PD-CyS molecules binding to their target was below
the detection limit. We therefore conclude that off-target
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binding to other proteins and/or membranes inside the cell
plays a much stronger role for PD-CyS5 than for MTX-CyS5.

Specificity of drug—target interactions

Finally, we intended to further confirm the inertness of Cy5
with respect to interactions inside the cell and with respect to
drug-target interactions. As the live cell microscopy had
shown that CyS by itself does not enter cells, intracellular
autocorrelation functions were recorded for T-REx293 cells
expressing DHFR-GFP electroporated with free Cy5 at a con-
centration of 2 uM (Figure 6). Autocorrelation functions were
fitted with two diffusional components with either both com-
ponents freely variable or the fast component fixed to four
times the diffusional autocorrelation time of CyS in solution,
that is, 128 us. In both cases, about 90% of the total autocor-
relation amplitude corresponded to the fast component, dem-
onstrating that inside the cell, CyS engages in very little
non-specific interactions with cellular components. For the
free fit, a diffusional autocorrelation time of 185 + 91 us was
obtained for the fast component, demonstrating that the dif-
fusional hindrance was somewhat bigger than the previously
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reported reference value. Assuming an equivalent behaviour
of Cy$§ and MTX-CyS$, a fixed fast fraction of 300 us had to be
considered. However, comparison of fits in which both com-
ponents were allowed to vary or the fast component fixed
demonstrated that variations of the diffusional autocorrela-
tion time by a factor of two was without influence on the
analysis of binding equilibria.

Discussion

At present, detailed molecular analyses of the biological activ-
ity of drugs and drug candidates are restricted to in vitro tests.
Cellular assays typically report on the activity of a compound
in a very complex molecular context. Molecular interactions
with the drug target and off-target binding are not addressed
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explicitly. In this work, we achieved such an analysis for small
molecule anti-cancer drugs using laser scanning microscopy
and a combination of FCS and FCCS. For this purpose, CyS-
labelled molecules were synthesized. To our knowledge, Cy5
has not been used for the labelling of small molecule drugs
and their application in intracellular studies before.

Confocal microscopy revealed that Pur-Cy5 and PD-CyS
were taken up into HeLa and Hek293 cells efficiently, but
localized in vesicular structures, whereas MTX-Cy5 entered
the cells poorly but showed a homogenous intracellular dis-
tribution. The localization and poor uptake for such short
incubation times were consistent with results reported earlier
for fluorescein-MTX (Kaufman et al., 1978). The subcellular
distribution of PD-Cy5S and Pur-Cy5 demonstrated that
sequestration in membranes and vesicular structures is a
limiting factor for the intracellular bioavailability of these
compounds. Indeed, FCS revealed that a considerable fraction
of PD-CyS5 was bound to high-molecular weight structures.
Cross-correlations reflecting an interaction of PD-CyS with
the ABL1-GFP target molecule could not be detected. If such
complexes were present, their fraction in comparison to the
non-interacting molecules was too low to give rise to a cross-
correlation amplitude. A too high number of non-interacting
molecules limits the detectability of molecular interactions in
FCCS as these lead to a decrease in the amplitude of the
cross-correlation function. The ability of PD-CyS to interact
with the target was confirmed in lysates of cells strongly
overexpressing the fusion protein. However, in these cell
lysates, a significant fraction of membranes had been
removed by centrifugation prior to the FCCS measurements.

In contrast to PD-CyS5, the interaction of the hydrophilic
drug MTX, as MTX-CyS5, with its specific molecular target
DHEFR could be detected in living cells. The Ky values deter-
mined in the T-REx-293 and HeLa cells were highly compa-
rable, even though expression levels of the target protein
varied by one order of magnitude and the overall interaction
pattern was also different. In the T-REx-293 cells, about two-
thirds of the molecules were freely diffusive, in contrast to
only 17% in HeLa cells. Moreover, in T-REx-293 cells, a lower
fraction of MTX-Cy$5 specifically bound to DHFR-GFP. This
reduced binding was accompanied by increased off-target
binding to high-molecular weight intracellular structures, as
indicated by the longer and more heterogeneous 7, values.

It is a particular strength of FCCS that it can directly provide
information on all molecular species in equilibrium. There-
fore, a dissociation constant can be derived from one single
measurement. In this case, in which off-target binding also
occurred, the combination of FCS and FCCS proved to be
highly powerful. Both measurement modalities provided
complementary information on the fraction of bound mol-
ecules. With FCS, total binding of the compound was deter-
mined. FCCS selectively reported on those MTX-Cy5
molecules specifically bound to DHFR-GFP.

The dissociation constants were about two orders of mag-
nitude higher than the values determined in vitro for purified
DHFR (Mayer et al., 1986; Rajagopalan et al., 2002). A major
reason for this difference will be the presence of endogenous
DHE Whereas in resting cells, the intracellular DHF concen-
tration is in the lower nanomolar range, it can increase over
several orders of magnitudes in proliferating cells (Assaraf,
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2007). Both Hek293 and HeLa cells are highly proliferating
cell lines, so it is reasonable to assume a fairly high DHF
concentration.

Apart from the fusion protein, endogenous DHEFR is also
present inside the cells. However, since the binding of MTX-
CyS5 to DHFR-GFP was measured in equilibrium, this endog-
enous protein will not affect the apparent Ky values measured
for DHFR-GFP : MTX-CyS5 by FCCS. Instead, we may assume
that endogenous DHFR may account at least for a fraction of
the off-target binding, derived from the difference of bound
fractions determined with FCS and FCCS.

In addition to a fraction with low mobility, in most cases, a
considerable loss of fluorescence due to bleaching of immo-
bile Cy5-labeled drug molecules occurred. This loss in fluo-
rescence may result from compound associated with vesicular
or cytoskeletal structures. The fraction of drug molecules
available for binding to their respective targets will therefore
be even lower than indicated by the combined FCS/FCCS
measurements. Due to the heterogenous distribution of this
immobile fraction, it is not possible to draw conclusions con-
cerning the relative amounts of immobilized molecules and
those available for target binding. However, in thermody-
namic equilibrium, this immobilized fraction will not affect
the dissociation constant for the drug-target interaction
derived from the FCCS measurements.

In summary, this study demonstrates the potential of a
combination of FCS and FCCS to simultaneously define target
and off-target binding of drugs inside cells. Exploitation of the
leakiness of inducible promoters turned out as an important
technical detail to achieve reliably low expression levels of
fusion proteins in only transiently transfected cells.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Experimental determination of point spread func-
tions (PSF). Confocal images of the same field of sub-
resolution fluorescent beads imaged with (A) 488 nm and (B)
633 nm laser excitation (scale bar corresponds to 5 um) and
detection of fluorescence using (A) a BP 500-550 nm band-
pass filter and (B) a BP 647-703 nm bandpass filter. Fluores-
cence between both channels was separated with a 625 nm
beamsplitter. The avalanche photodetectors (APD) of the FCS
module were used for imaging. (C) Intensity distributions
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along x and y were acquired along the axes of the crosses. (E)
Intensity distributions along the optical axis were detected for
the centres of the circles shown. The determination of inten-
sity distributions was assisted by functions of the Leica instru-
ment software. (E, F) Averaged intensity distributions of
multiple objects in one image fit with a Gaussian function for
(E) the x- and y-axis, and (F) the z-axis. The full widths of half
maximum (FWHW) were taken as the radii of the detection
volume. The effective FCS detection volume V,; was then
calculated by

3
2 2
chf = ﬂ'zwxy ,

where w,, is the radius for xy-axis and w, for z-axis of detection
volume. The effective FCS detection volumes for the green
and red channel were 0.31 = 0.05fl and 0.61 = 0.05 fl,
respectively.

Table S1 Parameters obtained from fits to autocorrelation
functions of the fluorescent standards’.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.



