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ABSTRACT: We are introducing a new approach to evaluate
cellular uptake of drugs and drug candidates into living cells.
The approach is based on converting the protein target of a
given class of compounds into a fluorescent biosensor. By
measuring the binding of different compounds to their cognate
biosensor in live cells and comparing these values to those
measured in vitro, their cellular uptake and concentrations can
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be ranked. We demonstrate that our strategy enables the evaluation of the cellular uptake into the cytosol of 2 classes of
inhibitors using two different sensor designs; first, sensors comprising the self-labeling protein SNAP conjugated with a
chemically modified inhibitor shown for inhibitors of the enzyme human carbonic anhydrase II; and a label-free sensor for
inhibitors of protein—protein interactions demonstrated for the protein pair pS3—HDM2.

KEYWORDS: intracellular concentration, FRET-based sensor protein, cellular absorption, cellular clearance, HCAII,

pS3-HDM?2 interaction, peptide therapeutics

ellular uptake and membrane permeability are important

determinants of the pharmacokinetic and pharmacody-
namic properties of drugs and drug candidates. In addition, drug
selectivity often depends on the presence or absence of specific
transporters. A recent example that highlights the importance of
(selective) drug uptake in pharmacology is the absolute
dependency of the efficacy of the anticancer agent YM1S5S on
the presence of a single solute carrier protein overexpressed in
cancer cells." The importance of drug uptake and permeability
for drug research has been known for decades and there are also
increased efforts to characterize the involved transporters,” yet
there is a shortage of suitable assays to measure drug
concentrations in live cells with spatiotemporal resolution.
Several medium- to high-throughput scalable in vitro models are
available to evaluate cellular uptake and membrane permeability.
The most popular and widely used non-cell-based technique to
estimate passive permeability is the Parallel Artificial Membrane
Permeability Assay (PAMPA).>”> In PAMPA the cellular
membrane is usually mimicked by a thin hexadecane layer on a
filter plate that separates donor and acceptor reservoirs, allowing
measurement of apparent permeability (P,,,). Similar methods
also exist for cell-based assays, where the artificial membrane has
been replaced by monolayers of Madin Darby Canine Kidney
(MDCK) or Caco-2 cells.”” Such assays are valuable for
investigating both passive and active permeation mechanisms
as the cellular membranes contain transporters and pumps.
However, these cell-based assays only provide information about
the ability of a molecule to cross a cell layer and do not enable a
direct evaluation of the molecule’s cellular uptake. Approaches
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based on mass spectrometry or radioactively labeled drugs lack
spatiotemporal resolution. As a complementary strategy to
evaluate cellular uptake of drugs and drug candidates here we
used Forster resonance energy transfer (FRET)-based ratio-
metric biosensors for in cellulo measurements of drug
concentrations (Figure 1). Our sensor proteins are composed
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Figure 1. Design principle of the FRET sensor proteins to evaluate
cellular uptake of drugs and drug candidates. The dark gray triangle
represents a labeled SNAP-tag or a peptide, and the pink triangle the
competing analyte. The yellow and blue cylinders represent YPet and
CFP, respectively.

of the protein target of a drug (i.e., the drug target), two
fluorescent proteins capable of FRET, and a ligand binding to the
drug target. In the absence of the drug, intramolecular binding of
the ligand to the drug target results in increased proximity of the
two fluorescent proteins and a subsequent increase in FRET. In
the presence of sufficiently high concentrations of the drug, the
drug displaces the ligand from the drug target resulting in a
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Figure 2. (A) Design of the HCAII-based sensor. The fusion protein SNAP-YPet-Pro,s(GGS),Pro,s-CFP-HCA is labeled with a synthetic molecule
containing an HCAII intramolecular ligand (green triangle). Free analyte in solution (pink triangle) displaces the intramolecular ligand and shifts the
sensor to the open conformation, consequently reducing FRET efficiency. (B) Structure of the synthetic molecule used to label the SNAP-tag moiety on
the sensor. Benzylguanine (BG, in orange) and the HCAII inhibitor para-benzenesulfonamide (in green) are connected by a C¢-EG, linker, to give BG-
pSA. (C) Structure of the HCAII inhibitors used in the experiments. (D) Example of in vitro emission spectra of SNAP-YPet-Pro,(GGS),Pro,s-CFP-
HCA labeled with BG-pSA in the presence of defined concentrations of the HCAII inhibitor ethoxzolamide. (E) In vitro fluorescence titration curves of
the HCAII inhibitors shown in (C) with the labeled sensor. Each plot shows the FRET ratio CFP/YPet emission against the concentration of inhibitor;
the data were fitted to a single-site binding isotherm. (F) In vitro opening kinetic curves of the HCAII-based sensor labeled with compound BG-pSA.

decrease in FRET. Analysis of the FRET ratio thus enables
reading of cellular drug concentrations with temporal resolution.
We validate our approach by generating biosensors for inhibitors
of an enzyme, Human Carbonic Anhydrase II (HCAII),* ' and
for inhibitors of a protein—protein interaction, the one between
the tumor suppressor pS3 and its negative regulator Human
Double Minute 2 (HDM2).'"'> We demonstrate how these
biosensors enable a simple real-time monitoring of cellular
uptake of different classes of inhibitors.

B RESULTS AND DISCUSSION

HCAIll-Based Sensor Design and Sensing of HCAII
Inhibitors In Vitro. Human Carbonic Anhydrase II (HCAII) is
an enzyme involved in many physiological processes and
biosynthetic cascades (e.g, CO, transport, pH homeostasis,
lipogenesis, ureagenesis, and gluconeogenesis). Inhibitors of
HCAII are used as diuretics and for the treatment of glaucoma
and epilepsy.'>"* The most important class of HCA-inhibitors is
represented by sulfonamides, many of which are already
widespread therapeutics. To create a sensor for HCA inhibitors,

we expressed HCAII as a fusion protein with the fluorescent
proteins CFP and YPet,"* and SNAP—tagm’17 (Figure 2A). The
fluorescent proteins are a good FRET pair and are separated by
two flexible GGS repetitions'® inserted between two 15-residue-
long poly(L-proline) chains, known to fold into a rigid helical
SNAP-tag is covalently labeled with a para-
benzenesulfonamide benzylguanine derivative (BG-pSA, Figure
2B), and excess free BG-pSA is removed by washing. The
tethered pSA binds to the active site of HCAII, maintaining the
semisynthetic sensor in the closed conformation, where CFP and
YPet are in close proximity and FRET is efficient. Addition of free
HCAII inhibitor, the analyte, displaces the internal ligand from
the receptor protein, while the semirigid GGS/proline-based
linker ensures significant distancing between CFP and YPet with
a consequent drop in FRET efliciency. The variation of FRET
efficiency can be measured and correlated with the concentration
of analyte at a given time point. Conceptually, the present sensor
design is similar to our previous HCA-based sensors based on the
SNIFIT concept.””*' However, in our previous work, the
tethered ligand also contained a fluorophore as part of the linker,
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Table 1. Comparison between the In Vitro and In Cellulo ¢y, Values, and between the In Vitro and In Cellulo k., of the HCAII

Inhibitors
inhibitor Cso in vitro (uM) ¢sp in cellulo (uM) Kopen in vitro (X107 s) Kopen™ in cellulo (X107 s)
benzenesulfonamide 500 + S0 760 + 58 132 £ 0.1 13.6 £ 0.9
acetazolamide 73+05 9.5+ 0.7 10.7 £ 0.1 10.1 + 0.6
methazolamide 141+ 09 177+ 14 12.0 £ 0.1 13.9 £ 0.7
pSA-C¢-CyA 89 +0.5 >1 mM 132+ 0.1 <0.18 + 0.02°
ethoxzolamide 0.170 + 0.014 0.078 + 0.006 10.7 £ 0.1 114 +£ 04
“Apparent kg, *The change in FRET ratio for pSA-C4-CyA is similar to that of buffer.
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Figure 3. (A) In cellulo (U20S cells) fluorescence titration curves of the HCAII inhibitors with the labeled sensor. Each plot shows the ratio CFP/YPet
emission against the concentration of inhibitor; the data were fitted to a single-site binding isotherm. (B) In cellulo (U20S cells) opening kinetic curves
of the HCAII-based sensor labeled with compound BG-pSA. (C) U20S cells expressing the HCAII-based sensor: (i) YPet (FRET) channel emission
image and (ii) FRET ratio image of the cells in absence of acetazolamide; (iii) YPet (FRET) channel emission image and (iv) FRET ratio image of the

cells at equilibrium with acetazolamide 300 yM. Scale bars, 20 pm.

rendering the molecule membrane impermeable and not suitable
for intracellular applications.”’ In contrast, overnight incubation
of U20S cells expressing SNAP-tag with BG-pSA (S uM)
resulted in quantitative labeling of SNAP-tag (Figure S6),
opening up the way for intracellular applications of our HCA
Sensor.

The HCA sensor, purified from HEK 293 cells (Figure S1) and
labeled with BG-pSA, was characterized in vitro. Incubation of
the sensor with increasing concentrations of the approved drug
ethoxzolamide (Ethamide, Figure 2C) reduced FRET efficiency
between CFP and YPet and resulted in a 3- to 4-fold FRET ratio
change (Figure 2D,E). The c5, of ethoxzolamide, which
corresponds to the concentration of inhibitor that leads to the
half-maximal FRET ratio change, was measured to be 160 nM
(Table 1). This value is 40 times higher than its reported K, of 4
nM, the difference being due to the competition between free
ethoxzolamide and tethered benzenesulfonamide. We repeated
these titration experiments in vitro with other HCAII inhibitors:
two additional marketed drugs, i.e., acetazolamide (Diamox) and
methazolamide (Neptazane), benzenesulfonamide, and a para-
benzenesulfonamide derivative linked to cysteic acid (pSA-C4—
CyA). The latter compound was synthesized in order to have a

compound with predicted low cellular uptake; we assumed that
the permanently charged cysteic acid (pK, = 1.3**) would render
this molecule impermeable. For each compound, we determined
the csy value (Table 1). In these measurements, benzenesulfo-
namide had the highest c5, of 550 uM, while the cy, values of
acetazolamide, methazolamide, and pSA-C¢-CyA were all around
10 uM. The ¢ values cannot be compared directly to published
Kp values, but they reflect the relative affinities of these
compounds: the published Ky, of benzenesulfonamide is 72-
fold higher than that of acetazolamide,** and its ¢, value is 70-
fold higher. For a given sensor, cs values thus can be used to rank
inhibitors according to their affinities.

We then characterized the sensor kinetics in vitro, which will
be important for an analysis of cellular uptake of HCAII
inhibitors. In these measurements, we followed the FRET ratio
change as a function of time and fitted the kinetics to an
exponential function yielding an apparent rate constant ke,
assuming “irreversible” sensor opening due to large excess of
inhibitor. For the in vitro experiments, the inhibitors were added
to the labeled sensor at concentrations well above their respective
cso values and the kinetics of the opening of the sensor was
recorded (Figure 2F, Table S1). For all five HCAII inhibitors the
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Figure 4. (A) Design of the label-free pS3-HDM2-PPI biosensor, constituted by the fusion protein pS3;s_o-YPet-Pro;s(GGS),Pro,s-CFP-
HDM2,;_,,;. Free analyte in solution (pink triangle) displaces the pS3-peptide intramolecular ligand and shifts the sensor to the open conformation,
consequently reducing the FRET efficiency. (B) Example of in vitro emission spectra of the pS3-based sensor in the presence of defined concentrations
of the inhibitor p-peptide. (C) Structure of the inhibitors of the pS3-HDM2 interaction used in the experiments. (D) (i) In vitro and (ii) in cellulo
(U20S cells) fluorescence titration curves of the inhibitors shown in (C) with the pS3-based sensor. (E) (i) In vitro opening kinetic curves of the pS3-
based sensor with the inhibitors shown in (C); (ii) in cellulo (U20S cells) opening kinetic curves with the cell permeable SCGU and Nutlin 3a, both

applied at 100 M.

kinetics of opening was monoexponential and the corresponding
rate constants K., for all five inhibitors were virtually identical
(Table 1). These data suggest that the rate of opening is
governed by the unbinding of the tethered ligand, as previously
observed for other SNIFITS.*"**?

Evaluating Cellular Uptake of HCAIl Inhibitors. We
expressed the HCAII sensor in the cytosol of U20S cells and
labeled SNAP-tag with BG-pSA (overnight incubation with S uM
BG-pSA). After labeling, cells were washed to remove free pBG-
SA and incubated with increasing concentrations of the different
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inhibitors. After an incubation period of 60 min, we measured the
intracellular sensor response to the varying concentrations of the
inhibitors by automated fluorescence microscopy and deter-
mined average FRET ratios per group of cells (Figure 3A,B and
Figure 2S). The obtained FRET ratios were then plotted as a
function of inhibitor concentrations. Compared to the values
obtained in vitro, the in cellulo use of the sensor provoked a loss
of FRET ratio dynamic range from about 3—4-fold to about 1.7-
fold (cf., Figure 2E and Figure 3A). We attribute this effect to the
reduction of signal-to-noise ratio (SNR) due to background
autofluorescence of biological samples.”*?” Nevertheless, the
HCAII-based sensor exhibited a dynamic range sufficiently wide
to allow accurate measurements of in cellulo cs, values (Figure
3A, Table 1). Remarkably, the ¢, values for ethoxzolamide,
acetazolamide, methazolamide, and benzenesulfonamide deter-
mined in vitro and in cellulo were rather similar (within a factor
of 2). This result suggests that in U20S cells these simple
sulfonamides do not depend on active transport to enter the
cytosol of the cells and are also not actively pumped out of the
cytosol of U20S cells, since the presence of active influx or efflux
would have shifted the ¢y, values to lower or higher
concentrations, respectively. In contrast, incubation of U20S
cells with pSA-C¢-CyA at concentrations significantly above its in
vitro csy value only resulted in minor FRET ratio changes. This
suggests that pSA-C¢-CyA does not enter the cytosol of cells or
that it is a substrate of efflux pumps.

We then evaluated the in cellulo kinetic response of the
HCAII-based in the cytosol of U20S in 96-well plates. Following
the addition of the inhibitor of interest at the same
concentrations as for the in vitro kinetic experiments, cells
were immediately imaged by fluorescence microscopy over time
as described above. The experiments in cellulo showed that the
opening kinetics of the intracellular sensor for ethoxzolamide,
acetazolamide, methazolamide, and benzenesulfonamide were
indistinguishable and comparable to the values obtained in the in
vitro experiments (Figure 3C, Table 1). This indicates that for
these four compounds uptake into the cytosol of U20S cells is
faster than the kinetics of sensor opening. In contrast (and as
expected), addition of pSA-C4-CyA did not result in a significant
change of FRET ratio.

Intracellular Sensing of p53-HDM2 Inhibitors with a
Label-Free Sensor. We then attempted to apply our approach
to inhibitors of protein—protein interactions (PPIs). One of the
most notorious PPIs in cancer biology is the one between the
tumor suppressor p53 and its negative regulator Human Double
Minute 2 (HDM2).'""? Inhibition of the interaction between
p53 and HDM2 prevents the degradation of p53 and several
small molecules and peptidic inhibitors of this interaction are
currently undergoing clinical trials for the treatment of human
cancers.”* > The sensor for inhibitors of the interaction p33-
HDM?2 follows the general design principle of Figure 1. The
protein target is the HDM?2 fragment HDM2,,_,5 and the
intramolecular ligand the p53-derived peptide pS3;5_,, (Figure
4A). Crystallographic analysis revealed that these two fragments
mediate the interaction of the two proteins.”’ Our p53-HDM2-
PPI biosensor then had the following sequence: p53;5_,o-YPet-
Pro,s(GGS),Pro,-CFP-HDM2,,_,,5. The sensor can be
entirely genetically encoded and no labeling is required to
render it functional. Other fluorescence-based biosensors for
monitoring the p53-HDM2 interaction have been introduced
previously.”>** However, these biosensors are based on two
different components, which makes the readout dependent on

the relative stoichiometry and absolute concentration of the
components, thereby complicating quantifications.

We purified the p5S3-HDM2-PPI sensor protein from HEK
293 cells (Figure S3) and characterized its interaction with three
different classes of inhibitors of the p53-HDM2 interaction
(Figure 4C): the first one is Nutlin 3a, which was the first
example of a small-molecule inhibitor of this PPL** It is effective
in killing wildtype p53 cancer cells, but its toxicity and poor
pharmacokinetics has prevented its use in the clinic.”® The
second compound is the imidazole derivative SCGU, which was
prepared according to published procedures.”® This compound
shows quite good solubility and is related to a derivative currently
in clinical trials.*® The third compound is a fluorinated derivative
of the previously reported D-peptide DPMIy,37 which was
obtained by standard solid phase peptide synthesis. This
particular HDM2-binder, derived from an optimization on the
basis of mirror-image phage display, was chosen due to its
stability and high affinity for the target. Incubation of the pS3-
HDM2-PPI sensor with increasing concentrations of inhibitor
resulted in decrease of FRET efficiency, resulting in a maximum
2.6—2.9-fold FRET ratio increase (Figure 4B). The measured cs,
values of the three inhibitors increase in the order SCGU < p-
peptide < Nutlin 3a (Figure 4D, Table 2), which is in agreement

Table 2. Comparison between the In Vitro and In Cellulo cg,

Values, and between the In Vitro and In Cellulo k., of of the
Inhibitors of the p5S3-HDM2 Interaction
s invitro 5o in cellulo kg, in vitro Kopen” in cellulo
inhibitor (uM) (uM) (x10° s1) (x103s1)
SCGU 0.29 + 0.03 22 +06 99.2 £3.9 69 +£04
Nutlin3a 232 + 1.4 3.0+08 720 £ 1.7 125+ 9
D- 37+03 n.d. 769 £ 5.3 n.d.

peptide
“Apparent kg,

with the literature Kp, values for these inhibitors.”*** We then
measured the rate of opening of the p5S3-HDM2-PPI sensor
upon addition of the inhibitors at concentrations above their ¢y,
values. In these experiments, all three inhibitors displayed nearly
identical rate constants k., of about (7-9) x 1072 s7'. We
assume that, as for the HCA sensor, unbinding of the
intramolecular ligand is rate-determining,

We then expressed the sensor in the cytosol of U20S cells
(Figure S4) and determined both cy, values and rate constants
Kopen of sensor opening for the three inhibitors. Interestingly, the
order of the ¢y, values was the opposite of that measured in vitro:
the ¢y value of Nutlin 3a decreased about 10-fold, whereas the ¢y,
value of SCGU increased about 10-fold. The latter finding can be
explained by the presence of the carboxylic acid function, which
limits permeability of SCGU. In a recent study on cellular activity
of SCGU and related derivatives, this 2})articular compound also
showed only a weak cellular potency.”® For the p-peptide, no cq,
value could be obtained, indicating that this peptide did not
access the cytosol of U20S cells, or is subject to effective efflux.
In addition, the kinetic experiment on the cell line revealed that
SCGU enters the cells significantly slower than Nutlin 3a when
the two compounds are applied at the same concentration (100
uM, Figure 4D iii, Table 2). The in cellulo titration and kinetic
measurements suggest that the intracellular concentrations of
SCGU and Nutlin 3a are influenced by active transport
mechanisms (efflux and influx pumps, respectively). In particular,
since dose-dependent inhibition of an ABC-transporter activity
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has been described for Nutlin-3a,>” we cannot rule out a
differential influence of this class of transporters on Nutlin-3a
and SCGU. For this reason, general molecular comparisons
regarding permeability should be accompanied by an assessment
of transporter activity.

Bl CONCLUSIONS

We have demonstrated how FRET-based biosensors can be
utilized to evaluate cellular uptake of drugs and drug candidates
with temporal resolution in live cells, and in a label-free manner
for sensors of PPI inhibitors. Organelle specific targeting of the
genetically encoded sensors should allow measurement of
luminal analyte concentrations. We generated biosensors for
two classes of clinically relevant compounds, inhibitors of the
enzyme HCAII and inhibitors of the protein—protein interaction
p53-HDM2. Compounds belonging to the same family could be
compared with respect to their ability to access the cytosol. As a
result of this study, efficient intracellular sensing can be realized
using this type of fusion protein either by conjugation of small
molecule binders via the SNAP-tag technology or, if available, by
considering fusions with natural peptide or protein binders,
which do not require further modification. Although not
exemplified in this set of experiments, the properties of an
HDM2 sensor based on a peptide could possibly be compared to
the corresponding construct modified with a small molecule to
show superiority for one or the other approach. The modular
design of our biosensors lends itself to potentially be adapted to
the detection of other families of molecules, assisting their
pharmaceutical profiling, and should aid in the design of
improved variants.
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