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Bioorthogonally Applicable Fluorescence Deactivation
Strategy for Receptor Kinetics Study and Theranostic

Pretargeting Approaches

Steffen van der Wal,”® Clarize M. de Korne,”” Laurens G. L. Sand,™ ¢ Danny M. van Willigen,®
Pancras C. W. Hogendoorn,® Karoly Szuhai, Fijs W. B. van Leeuwen,” and Tessa Buckle*® ¢

The availability of a receptor for theranostic pretargeting ap-
proaches was assessed by use of a new click-chemistry-based
deactivatable fluorescence-quenching concept. The efficacy
was evaluated in a cell-based model system featuring both
membranous (available) and internalized (unavailable) receptor
fractions of the clinically relevant receptor chemokine recep-
tor 4 (CXCR4). Proof of concept was achieved with a deactivat-
able tracer consisting of a CXCR4-specific peptide functional-
ized with a Cy5 dye bearing a chemoselective azide handle
(N5-Cy5-AcTZ14011). Treatment with a Cy7 quencher dye (Cy7-
DBCO) resulted in optically silent Cy7-[click]-Cy5-AcTZ14011. In

Introduction

Pretargeting is a theranostic strategy that has been used to
enhance the specific target-to-background ratios of (radio-
isotope-based) receptor-mediated imaging and therapeutic
agents." In this concept, an (unlabeled) pretargeting vector
with a high receptor-targeting affinity is administered and
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situ, @ >90% FRET-based reduction of the signal intensity of
N;-Cy5-AcTZ14011 [Kp=(222.4+25.2) nm] was seen within mi-
nutes after quencher addition. In cells, discrimination between
the membranous and the internalized receptor fraction could
be achieved through quantitative assessment of quenching/in-
ternalization kinetics. Similar evaluation of an activatable tracer
variant based on the same targeting moiety (Cy5-S-S-Cy3-
AcTZ14011) was unsuccessful in vitro. As such, using the de-
scribed deactivatable approach to screen membrane receptors
and their applicability in receptor-(pre-)targeted theranostics
can become straightforward.

then allowed to circulate until an optimal target-to-back-
ground ratio is obtained (e.g., a few days for antibodies vs.
hours for peptides). Initial targeting is followed by the adminis-
tration of a secondary vector that has favorable clearance ki-
netics, but strongly interacts with the initial (receptor-bound)
pretargeting vector. By this approach, effective labeling with
minimal side effects can be achieved.'” Recent developments
in orthogonal conjugation techniques, often referred to as
“click-chemistry”,” allow for the formation of a covalent bond
between the secondary vector and the initial receptor-target-
ing agent.”’! Although there is a clear preference for copper-
free “click-chemistry”, there is still debate about which alkyne
system(s) would be most reactive/suitable for in vitro and/or in
vivo applications. Common examples are dibenzocyclooctyne
(DBCO), bicyclo[6.1.0]Inonyne (BCN), difluorocyclooctyne (DIFO),
and trans-cyclooctene (TCO) moieties.”>

An important requirement both for direct targeting and for
the secondary binding step in a pretargeting concept is the ac-
cessibility of the initial pretargeting vector to the extracellular
matrix. Receptor internalization that occurs through endoge-
nous endocytosis within the timeframe between administra-
tion of the first and the secondary agent can limit the efficien-
cy of this interaction."™* For that reason, quantification of in-
ternalization kinetics is of importance. Internalization itself can
be assessed by using directly targeting radiotracers,”” but un-
fortunately these assays can be cumbersome and time-con-
suming. Here the use of fluorescence instead of radioactivity
might prove to be more advantageous, because a direct in
vitro read-out and quantification of the receptors exposed to
the extracellular matrix can be achieved by using the original
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pretargeting vector without the need for further manipulation
of the cells. Furthermore, fluorescence provides the opportuni-
ty to identify the location of the target receptors in living cells:
on the membrane, for example, or in the cytoplasm.”’

A new deactivatable sensor technique based on the reason-
ing that dye-dye FRET interactions can be used either to quan-
tify or to silence the fluorescence intensity (Scheme 1) was de-
veloped. In contrast to “activatable” approaches for the assess-
ment of receptor internalization,” this new approach does not
require additional enzymatic activation steps (e.g., S—S bond
cleavage) for emission of a fluorescence signal at a specific
location in the cell (Scheme 1). In the deactivatable setup de-
scribed here, a non-cell-penetrating Cy7 quencher dye decorat-
ed with a chemoselective DBCO handle is directed towards a
Cy5-azide-labeled pretargeting peptide that specifically targets
a receptor for which the membranous localization and internal-
ization kinetics can be controlled during in vitro evaluation.”
Chemoselective conjugation between the quencher and the la-
beled peptide was used to drive deactivation of the (exposed)
membranous Cy5-related fluorescence (Scheme 1A and C). To
highlight the differences between the working mechanisms of
the new deactivatable approach and an activatable approach,
an activatable tracer variant based on the same targeting
moiety was used as a reference (Scheme 1B and D).

Results and Discussion
Synthesis

The synthesis of N;-Cy5-COOH was performed as shown in
Scheme 2. The phthalimide-protected amine-containing sulfo-
nated indolenine building block 1 was used. With this building
block, together with a carboxylic-acid-functionalized indole-
nine, the asymmetric phthalimide- and acid-functionalized Cy5
dye 2 was synthesized by a known solid-phase method."”
Notably, the synthesized product was of sufficient purity for
further use in subsequent chemical steps. After phthalimide
removal, the amine functionality of the amine- and acid-func-
tionalized dye 3 was converted into an azide moiety by using
the imidazole-1-sulfonyl azide diazotransfer reagent," yielding
the azide- and acid-functionalized N;-Cy5-COOH.

Selective receptor targeting was induced by use of the Ac-
TZ14011 peptide. This peptide, which selectively targets che-
mokine receptor 4 (CXCR4), combines high receptor affinity
with high (in vivo) stability and allows easy functionalization
through the presence of a single amine group (p-Lysg)."”

Conjugation of N;-Cy5-COOH to the Ac-TZ14011 peptide by
using the coupling reagent bis(pentafluorophenyl)carbonate
yielded N;-Cy5-AcTZ14011. The activatable reference imaging
label Cy5-S-S-Cy3-COOH was synthesized by using a strategy
similar to that described by Yang et al.®? (see the Supporting
Information for a more detailed description of the synthesis of
Cy5-S-S-Cy3-COOH and Cy5-5-S-Cy3-AcTZ14011).
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Photophysical and (de)activation properties

Prior to assessment of tracer kinetics, the photophysical prop-
erties of the new clickable dye were evaluated. An absorption
maximum of 647 nm and an associated fluorescence emission
maximum of 665 nm (Figure 1A), as well as a molar extinction
coefficient of 25x10°m'cm™' in PBS were found.” The
quantum yield of N;-Cy5-COOH was 26 %, which is nearly iden-
tical to the quantum yield of the Cy5.18 dye that was used as
a reference (27 %).""

In situ, the deactivation properties (Figure 1B-F) were initial-
ly analyzed with the unconjugated label N;-Cy5-COOH. This
helped to avoid solubility issues and charge-mediated intermo-
lecular interactions that could affect the characterization. Deac-
tivation efficiency and kinetics were assessed after addition of
Cy7-DBCO under click conditions. Addition of Cy7-DBCO result-
ed in a decrease in fluorescence of N;-Cy5-COOH (Figure 1B),
consistently with the formation of Cy7- [click]-Cy5-COOH. For-
mation of the conjugate was accompanied by a slight visual
color change and quenching of the Cy5 emission. Consistently
with FRET between Cy5 and Cy7, a 90% decrease in Cy5-relat-
ed fluorescence was observed within 90 min, with a fast de-
crease in signal already visible after 2-5 minutes (Figure 1C).

Unexpectedly, no FRET-induced Cy7 fluorescence upon exci-
tation at 620 nm could be observed for Cy7-[click]-Cy5-COOH
[phosphate-buffered saline (PBS), Figure 1B and C]. The ab-
sorption spectrum of Cy7-[click]-Cy5-COOH revealed a blue-
shifted absorbance peak upon formation of the deactivatable
construct that was different from the absorbance peaks of N,-
Cy5-COOH and Cy7-DBCO alone (PBS, Figure 1C). Combined
with the Cy7-fluorescence quenching, this peak was indicative
of the occurrence of m-stacking."® To confirm this assumption,
the same absorption spectrum was also determined in a sol-
vent that disfavors stacking (DMSO). This resulted in disappear-
ance of the blue-shifted absorption peak (Figure 1D) and the
appearance of FRET-induced Cy7 fluorescence (Figure 1E).

Hence, m-stacking does not only occur between identical
cyanine dye molecules but can also occur between different
cyanine dyes.

A significant difference in fluorescence intensity upon
quenching of N3-Cy5-AcTZ14011 and N3-Cy5-CooH with the
Cy7-DBCO quencher was observed. The fluorescence quench-
ing kinetics (Figure 1F) were at least an order of magnitude
faster in the peptide conjugate, resulting in near-instantaneous
fluorescence quenching for the conjugated peptide. Addition-
ally, absorbance spectroscopy revealed significantly broader
peaks, a signature of m-stacking (see Figure S1 in the Support-
ing Information).

The photophysical properties of the activatable reference
tracer are described in Figure S4. For this tracer, a FRET efficien-
cy of 55% was measured, and addition of dithiothreitol (DTT),
a strong thiol-based reductant, resulted in a 45% increase in
signal intensity for Cy3 and a concomitant decrease in the
Cy5-related signal (Figure S4B and C, 140 min). This confirmed
abolition of the FRET effect as a result of cleavage of the disul-
fide bond (Figure S4D and E). In line with literature findings,
no indications of m-stacking between the sulfonated Cy3 and

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Deactivatable and activatable targeting concepts. A) Structure of the pretargeting agent N;-Cy5-AcTZ14011 and the reaction between it and the
quencher dye Cy7-DBCO. a) (Pfp0O),0, NMM, DMF; b) Ac-TZ14011, DMSO/buffer pH 7.4; c) PyBOP, NMM, DMSO. B) Structures of the activatable imaging label
Cy5-5-5-Cy3-COOH and of the receptor-targeted agent Cy5-S-S-Cy3-AcTZ14011 and the reaction with reducing agents. The structure of AcTZ14011 is provided
in the insert on the right. Schematic overview of the deactivatable concept with C) membrane targeting in the first pretargeting step (targeting moiety in
gray, azide in red, and Cy5 in blue), followed by internalization, and Ci) FRET-based deactivation after addition of the second vector (quencher dye, alkyne in
yellow and Cy7 in green). D) Schematic overview of the direct targeting-based activatable concept with S—S bond cleavage after internalization (Cy3 in
purple and Cy5 in blue).
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Figure 1. Photophysical properties of N;-Cy5-COOH. A) Absorption (——) and emission spectrum (-+) of N;-Cy5-COOH. B) Fluorescence spectrum over time
after addition of two equivalents of the Cy7-DBCO quencher to N;-Cy5-COOH until a plateau was reached at 60 min (5 min intervals between measurements).
C) Repeated measurement over the course of 60 min of the absorbance spectrum of N;-Cy5-COOH after mixing with Cy7-DBCO (5 min intervals between
measurements). 2D fluorescence intensity graphs of D) N;-Cy5-COOH prior to addition of Cy7-DBCO, and E) the Cy7-[click]-Cy5-AcTZ14011 complex at 60 min
after addition of Cy7-DBCO to N;-Cy5-COOH. F) Normalized changes in fluorescence intensity over time (60 min) after addition of Cy7-DBCO to N;-Cy5-COOH

(@) and N;-Cy5-Ac-TZ14011 (A).

Cy5 dyes was observed." DTT reduction of the complete acti-
vatable tracer Cy5-S-S-Cy3-AcTZ14011 induced a tenfold in-
crease in Cy3-fluorescence, similarly to the case of Cy5-5-S-Cy3-
COOH (Figure S4Q), thus indicating a limited effect of the pep-
tide on the FRET label.

Receptor affinity

Evaluation of new fluorescence-based sensor techniques in
clinically relevant receptor-based model systems should in-
crease the validity of the outcome, and thus their applicability.
The typical example of a suitable model receptor used here is
CXCR4, a receptor that has been linked to increased aggres-
siveness and invasiveness in numerous cancer types."” The
validity of this receptor as a theranostic target is underlined by
its overexpression in, for example, breast cancer, but also in
Ewing sarcoma and multiple melanoma.l'® For the latter, thera-
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nostic applications based on CXCR4 have recently become
available in the form of Pentixather."*® The suitability of CXCR4
as a mechanistic model in the assessment of a new sensor
technique for evaluation of receptor availability in pretargeting
approaches is further exemplified by its versatile kinetics: inter-
nalization of this membrane-bound receptor occurs upon
ligand binding at 37°C, whereas when cultured at 4°C this re-
ceptor is confined to the cell membrane,” allowing assessment
of different forms of receptor availability and kinetics.

The affinity of N,;-Cy5-AcTZ14011 for the CXCR4 receptor
was assessed in vitro, by using CXCR4-overexpressing
MDAMB231 X4 cells."” For N;-Cy5-AcTZ14011 an almost ideal
saturation binding curve was obtained. From these results, a
Kp of (222.4+25.2) nm could be deducted (Figure S2 A), which
is similar to those previously reported for other fluorescent Ac-
TZ14011-analogues.”'®*'® The affinity of an activatable variant
(Cy5-S-S-Cy3-AcTZ14011) was shown to be significantly less

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Confocal-imaging-based assessment of membrane availability and internalization kinetics. A) Confocal images of CXCR4-expressing MDAMB231 X4
cells i: after 1 h incubation with N;-Cy5-AcTZ14011 at 4°C, and ii: 30 min after subsequent addition of Cy7-DBCO. B) Quantified membrane-related Cy5-fluo-
rescence of N;-Cy5-AcTZ14011 (@) or non-azide-containing Cy5-AcTZ14011 (m) over the course of 30 min after addition of Cy7-DBCO. C) Confocal images of
MDAMB231 X4 cells i: after 1 h incubation with N;-Cy5-AcTZ14011 at 37 °C, and ii: 30 min after subsequent addition of Cy7-DBCO (arrows indicate internalized
tracer-receptor complex located in lysosomes in the cytoplasm). D) Quantified membrane-related (@) and internalized (m) N;-Cy5-AcTZ14011 fluorescence
over the course of 30 min after addition of Cy7-DBCO. For confocal images: Cy5-signal in red, nuclear staining in blue.

(Ko > 500 nwm, Figure S2B). This large difference in affinity can
be attributed to the difference in size between the imaging
labels in the activatable tracer variant and N;-Cy5-AcTZ14011,
it having previously been shown that the size of the imaging
label can negatively affect overall tracer properties."”

Deactivation in vitro

Fluorescence confocal microscopy was used to monitor both
the membrane binding and the internalization of N;-Cy5-
AcTZ14011 conjugates (Figure 2). Pretargeting with N;-Cy5-
AcTZ14011 at 4°C (conditions that support membranous locali-
zation of the receptor) resulted in a homogeneous staining of
the cell membrane (Figure 2Ai, with Cy5-fluorescence in red).
After addition of Cy7-DBCO and subsequent formation of Cy7-
[click]-Cy5-AcTZ14011 (Scheme 1), a fast decrease in membra-
nous signal intensity was seen in the first 5 minutes [(31.4+
5.2)%]. Over the course of 30 minutes a total decrease of
(79.4+2.8) % was seen (Figure 2 Aii). During this period the in-
trinsic CXCR4-linked green fluorescent protein (GFP) signal,
and thus the amount of CXCR4 present on the membrane, was
not altered (Figure S3). No decrease in Cy5-related fluorescence
was seen when Cy7-DBCO was added to cells that were pre-
stained with a “non-click” reference tracer (Cy5-Ac-TZ14011,*”
Figure 2B, in blue), thus confirming the bioorthogonal click re-
action in Cy7-[click]-Cy5-AcTZ14011.
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Incubation at 37°C (conditions that support receptor inter-
nalization) resulted in internalization of N5-Cy5-AcTZ14011 (Fig-
ure 2Ci). Again, rapid quenching of the membrane-related
fluorescence signal was observed after addition of Cy7-DBCO
[(21.0+4.1)% after 5 and (68.4+52)% after 30 min, Fig-
ure 2Cii, Cy5 in red], whereas the Cy5 fluorescence intensity
of the internalized fraction remained unchanged (Figure 2Cii
and D). Thus, this approach not only allowed evaluation of the
availability of receptor-tracer complexes at the membrane for
a secondary functionalization step, but also allowed quantita-
tive assessment of the internalized fraction of N;-Cy5-
AcTZ14011 (Figure 2D). With this setup, receptors with fast in-
ternalization kinetics could be deemed less suitable for pretar-
geting approaches or could be used to synchronize application
of the second vector to a timeframe in which the availability of
the receptor and initial vector is high enough.

Recently Knorr and colleagues showed a similar but reversed
concept, in which a bioorthogonal handle was used to “turn
on” rather than decrease fluorescence.”?" Although this could
be an interesting approach for evaluation of membrane recep-
tor expression, this approach does not allow assessment of re-
ceptor kinetics because fluorescence was decoupled from the
non-internalizing second-step vector, leaving the internalized
fraction unstained. It could, in theory, be visualized by using an
activatable approach. Unfortunately, though, fluorescence
confocal experiments with the activatable agent Cy5-S-S-Cy3-
AcTZ14011 were unsuccessful (Figure S5). Although addition of

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the tracer to the cells resulted in some membrane staining,
this staining did not decrease over time, and no intracellular
increase in Cy3 emission (indicating internalization and sub-
sequent cleavage of the S—S bond) was seen. This observation
is in contradiction with previous reports that show the ability
of targeted activatable tracers to become fluorescent after
endosomal processing.”? Because it had been shown that S-S
bond cleavage was feasible in situ (Figure S4), the absence of
an intracellular signal can most likely be attributed to a lack of
internalization of the agent as a result of the chemical compo-
sition (e.g., relative size, charge distribution, or lipophilicity) of
the imaging label. Perhaps in the future the two approaches
could complement each other. This would, however, require a
different design for the activatable component.

By demonstrating that a fluorescence-based deactivatable
“click-chemistry” approach allows superior mapping of the
internalization kinetics of CXCR4 under different conditions, we
have generated a diagnostic approach that can be used to
assess the validity of a plurality of membrane receptor targets
for pretargeting applications. The incorporation of fluorescence
in pretargeting approaches has, however, been described pre-
viously.”>**! We have used the DBCO moiety as a model alkyne
system that proved to be sufficiently reactive in the presented
study setup. As such, it is highly likely that the same setup
would be equally, or even more, effective when using alkyne
systems with faster reaction kinetics, such as BCN."? Obviously
the presented deactivatable concept is also likely to serve as
an assay for pretargeting mechanisms that are not based on
“click-chemistry” but work through molecular recognition (e.g.,
streptavidin/biotin or bifunctional antibodies).

Conclusion

The presented click-chemistry concept allowed quantitative as-
sessment of membrane-bound CXCR4 receptors available for
pretargeting. By demonstrating that receptor availability varied
at different incubation temperatures, our findings underline
how the presented deactivatable approach might be used as a
future tool for the selection of membrane receptors and their
compatibility with (in vivo) pretargeting theranostic ap-
proaches.

Experimental Section

General: All chemicals and solvents were obtained from commer-
cial sources and used without further purification. HPLC was per-
formed with a Waters HPLC system, a 1525EF pump, and a 2489
UV/VIS detector. For preparative HPLC a Dr. Maisch, GmbH (Am-
merbuch-Entringen, Germany) Reprosil-Pur 120 C18-AQ 10 um
(250%20 mm) column was used (12 mLmin™"), whereas for semi-
preparative HPLC a Dr. Maisch, GmbH Reprosil-Pur C18-AQ 10 um
(250% 10 mm) column was used (5 mLmin~"). Analytical HPLC was
performed with a Dr. Maisch, GmbH Reprosil-Pur C18-AQ 5 um (250
4.6 mm) or a Dr. Maisch, GmbH Reprosil-Pur C18-AQ 5 um (250%
10 mm) column with a gradient of trifluoroacetic acid (TFA, 0.1%)
in H,O0/CH,CN 95:5 to TFA (0.1%) in H,O/CH;CN 5:95 over 40 mi-
nutes (1 mLmin~") being employed. Mass spectrometry was per-
formed with a Bruker microflex MALDI-TOF instrument, a-cyano-4-
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hydroxycinnamic acid as matrix, and granuliberin R as internal stan-
dard. UPLC/MS was performed with a Waters Acquity UPLC-MS
system, an Acquity UPLC photodiode array detector, and a SQ
Detector mass spectrometer. Here a flow rate of 0.5 mLmin™' was
used [Waters BEH C18 130 A 1.7 um (100x 2.1 mm) column]. NMR
spectra of the new dye and of phthalimidopropyl-sulfoindolenine
were obtained with a Bruker AV 400 or 500 spectrometer (400 MHz
'H NMR or 500 MHz 'H NMR, respectively) and the chemical shifts
were measured relative to tetramethylsilane (TMS). Absorption
spectra were recorded with an Ultrospec 3000 spectrometer
(Amersham, Pharmacia Biotech) and subtraction of a solvent blank.
Fluorescence measurements were performed with a PerkinElmer
LS 55 fluorescence spectrometer equipped with a red-sensitive
photomultiplier tube (PMT). The fluorescence properties of dyes
were determined according to published procedures.™ Chloro-
methyl polystyrene resin (1% DVB, 200-400 mesh, 1.6-
1.8 mmolg ') was obtained from TCl chemicals. Cy7-DBCO quench-
er was purchased from Jena Bioscience, Germany.

3-Phthalimidopropyl trimethylindolenine (1): A mixture of potas-
sium trimethylsulfoindolenine (1.5 g, 5.4 mmol), N-(3-bromopro-
pyl)phthalimide (4.5 g, 16.8 mmol, 3 equiv), and tetrabutylammoni-
um iodide (0.27 mmol, 0.05 equiv) in 1,2-dichlorobenzene (15 mL)
was heated to 100 °C for 18 h, followed by 3 h at 150°C. The crude
indolenine slurry was subsequently precipitated in Et,0O (250 mL).
The majority of the supernatant was removed, and from the re-
maining suspension the precipitate was collected by centrifugation
(5609g) and washed twice with Et,O. Initial purification of the crude
building block was performed by silica column chromatography
(MeOH/CH,Cl, 10—20%). Further purification of this material by
silica column chromatography (MeOH/EtOAc 25%) and precipita-
tion from Et,0 yielded the title compound as a pale yellow solid
(0.8 g, 1.8 mmol, 34% yield). R;=0.38 (MeOH/EtOAc 25%); 'H NMR
(400 MHz, CD,0D): 6=7.93-7.73 (m, 4H; Phth-Ar-H), 7.65-7.59 (m,
1H; Ar-H), 7.56 (d, J=1.7 Hz, 1H; Ar-H), 6.64 (d, /=83 Hz, TH; Ar-
H), 3.74 (t, J=7.4Hz, 2H; N-CH,-), 3.67 (t, J=7.1 Hz, 2H; N-CH,-),
2.10-2.97 (m, 2H; CH,-CH,-CH,), 1.34 ppm (s, 6H; C-(CH,),); HRMS
(MALDI-TOF): m/z calcd for Cy,H,3N,05S: 427.13 [M+H]"; found:
426.65. The characteristic peak of the indolenine 2-methyl moiety
was not observed, presumably due to proton exchange with the
deuterated methanol.

Synthesis of Cy5-(SO;)phthalimidyl-(SO;)COOH dye 2: The syn-
thesis of Cy5-(SO;)phthalimidyl-(SO;)COOH was based on a slightly
adapted variant of the procedure previously described by Lopalco
etal' In brief, carboxypentyl indolenine (940 mg, 2 mmol,
2 equiv) and malonaldehyde dianilide hydrochloride (540 mg,
2.2 mmol, 2.2 equiv) were dissolved in AcOH/Ac,O (1:1, v/v, 15 mL)
and subsequently heated to 120°C for 2 h. After having cooled to
room temperature, the now dark-colored mixture was precipitated
in Et,0 (300 mL) and the hemicyanine was collected as a brown
precipitate. This was then washed once with Et,0 and twice with
EtOAc. The crude hemicyanine was dissolved in DMF (50 mL) and
added to previously prepared Merrifield-resin-bound 4-aminophe-
nol (750 mg resin, 1 mmol amine moieties, 1 equiv) in a polypropy-
lene vessel (75 mL) with frit and mixed with N, bubbling for 1 h.
The resin was repeatedly washed with DMF (50 mL) and CH,Cl,
(50 mL) until all the brown coloration was eluted. Next, 1 (210 mg,
0.5 mmol, 0.5 equiv) and pyridine/Ac,0 (3:1, v/v, 12 mL) were
added to the washed resin and the suspension was mixed for 2 h.
The resulting deep blue filtrate was separated from the beads by
filtration, and the beads were washed once more with DMF. The
collected filtrate fractions were combined and precipitated from
Et,0 (300 mL) to afford the crude dye as a dark blue solid (250 mg)
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that was used directly in the next reaction step. A small amount
was purified by preparative HPLC for analysis. Analytical HPLC t;=
29.9 min. '"H NMR (400 MHz, [DJJDMSO): 6 =8.30-8.43 (m, 2H; cya-
nine bridge CH-CH-CH-CH-CH-CH), 7.92-7.79 (m, 6H; 4xphthali-
mide C—H-+aryl), 7.59-7.67 (m, 2H; aryl), 7.33-7.41 (m, 2H; aryl),
6.48 (t, /=124 Hz, 1H; CH-CH-CH-CH-CH-CH), 6.24-6.38 (m, 2H;
cyanine bridge CH-CH-CH-CH-CH-CH), 4.22 (brt, 2H; N-CH,-CH,-
CH,-NPhth), 4.12 (brt, J=6.8Hz, 2H; N-CH,-CH,-CH,-CH,-CH,-
COOH), 3.71 (t, J=7.2 Hz, 2H; N-CH,-CH,-CH,-NPhth), 2.21 (t, J=
7.2 Hz, 2H; N-CH,-CH,-CH,-CH,-CH,-COOH), 2.00-2.10 (m, 2H; N-
CH,-CH,-CH,-NPhth), 1.71 (2xs+m, 14H; 4xindolenine CH;+ N-
CH,-CH,-CH,-CH,-CH,-COOH), 1.62-1.48 (m, 2H; N-CH,-CH,-CH,-
CH,-CH,-COOH), 1.33-1.43 ppm (m, 2H; N-CH,-CH,-CH,-CH,-CH,-
COOH); HRMS (MALDI-TOF): m/z calcd for C,,H,6N;0,,S,: 816.26
[M+H]"; found: 816.00.

Synthesis of Cy5-(SO;)amine-(SO;)COOH dye 3: Compound 2
(100 mg) was dissolved in a methylamine solution in EtOH (33%,
8 mL), to which water (1 mL) was added. The solution was allowed
to stir overnight, yielding a golden brown solution. Excess methyla-
mine was removed by N, bubbling, followed by rotary evaporation.
The now blue residue was dissolved in MeOH and precipitated in
Et,0. The blue precipitate was collected by precipitation and was
purified by preparative HPLC. After MS analysis, the fractions con-
taining product were pooled and lyophilized to yield the title com-
pound as a blue solid (25 mg, 36 umol, 18% yield over two steps
from the dye building blocks). Analytical HPLC t;=24.6 min.
"H NMR (500 MHz, [Ds]DMSO): 6 =8.34-8.46 (m, 2H; cyanine bridge
CH-CH-CH-CH-CH-CH), 7.85 (2xd J=11.4Hz, 2H; aryl), 7.67-7.74
(brm, 2H; NH,), 7.63-7.67 (m, 2H; aryl), 7.33-7.41 (m, 2H; aryl),
6.57 (t, J=12.3 Hz, 1H; cyanine bridge CH-CH-CH-CH-CH-CH), 6.26—
6.41 (2xd, J=13.8Hz, 2x1H; cyanine bridge CH-CH-CH-CH-CH-
CH), 4.11-421 (m, 4H; N-CH,-CH,-CH,-NH, N-CH,-CH,-CH,-CH,-
CH,-COOH), 2.86-2.95 (m, 2H; N-CH,-CH,-CH,-NH,), 2.21 (t, J=
7.2 Hz, 2H; N-CH,-CH,-CH,-CH,-CH,-COOH), 1.90-2.04 (m, 2H; N-
CH,-CH,-CH,-NH,), 1.71 (2xs+m, 14H; 4Xindolenine CH;, N-CH,-
CH,-CH,-CH,-CH,-COOH), 1.50-1.60 (m, 2H; N-CH,-CH,-CH,-CH,-
CH,-COOH) 1.32-1.42 ppm (m, 2H; N-CH,-CH,-CH,-CH,-CH,-COOH);
HRMS (MALDI-TOF): m/z calcd for C3,H,N;0.S,: 686.26 [M+H]™;
found: 686.43.

Synthesis of N;-Cy5-COOH (4): Compound 3 (25.0 mg, 36 pmol)
was dissolved in a mixture of H,O (3 mL) and MeCN (1 mL) and the
pH was adjusted to approximately 8 with 4-methylmorpholine
(NMM) . A catalytic amount of CuSO, (1 mg) was added, followed
by imidazole-1-sulfonyl azide-HCI"™ (15 mg, 72 umol, 2 equiv). The
reaction mixture was stirred for 2 h, after which a second portion
of imidazole-1-sulfonyl azide-HCl (5.0 mg, 24 pmol, 0.7 equiv) was
added and stirring was continued for 30 minutes. The reaction mix-
ture was then purified by preparative HPLC after addition of KCl
(20 mg) and subsequently lyophilized to yield the title product as a
blue solid (9.0 mg, 12 pmol, 33% yield). Analytical HPLC t;=
29.1 min. '"H NMR (400 MHz, [DJJDMSO, with added ethylene car-
bonate (4 mm) as internal standard"): 6 =8.30-8.45 (m, 2H; cya-
nine bridge CH-CH-CH-CH-CH- CH), 7.83 (2xd, J=9.1 Hz, 2H; aryl),
7.62-7.67 (m, 2H; aryl), 7.30-7.38 (m, 2H; aryl), 6.60 (t, /=123 Hz,
1H; cyanine bridge CH-CH-CH-CH-CH-CH), 6.26-6.42 (2xd, J=
13.7 Hz, 2x1H; cyanine bridge CH-CH-CH-CH-CH-CH), 4.05-4.20
(m, 4H; N-CH,-CH,-CH,-N,, N-CH,-CH,-CH,-CH,-CH,-COOH), 3.49
(under water peak, 2H; N-CH,-CH,-CH,-N;), 2.21 (t, J=7.2 Hz, 2H;
N-CH,-CH,~CH,-CH,-CH,-COOH), 1.90-2.05 (m, 2H; N-CH,-CH,-CH,-
N;), 1.71 (2xs+m, 14H; 4xindolenine CH;+ N-CH,-CH,-CH,-CH,-
CH,-COOH), 1.50-1.60 (m, 2H; N-CH,-CH,-CH,-CH,-CH,-COOH),
132-1.43 ppm (m, 2H; N-CH,-CH,-CH,-CH,-CH,-COOH); HRMS
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(MALDI-TOF): m/z calcd for C3,H ,N3OgS,: 712.25 [M+H]*; found:
712.89.

Synthesis of N;-Cy5-AcTZ14011 (5): Compound 4 (3.6 mg,
4.8 umol) was dissolved in dry DMF (250 pL), after which NMM
(5uL), followed by bis(pentafluorophenyl)carbonate (4 mg,
10 umol), were added in order to form the active ester. This mix-
ture was stirred for 1 h. The crude activated dye was obtained
after precipitation in tert-butyl methyl ether (MTBE, 10 mL) and
was subsequently spun down in a centrifuge. The pellet was
washed with EtOAc (10 mL) and was used directly for coupling to
the targeting peptide without further purification. A stock solution
of this dye-Pfp ester was made in DMSO (20 mgmL™); of this,
50 pL (1 umol) was added to Ac-TZ14011 (1 umol, 5 mg). This was
then diluted in a mixture of phosphate buffer (pH 8.0, 50 mwm,
1.5 mL) and acetonitrile (400 pL) and stirred for 16 h. The reaction
mixture was then acidified with a drop of TFA, purified by semipre-
parative HPLC (100 min gradient), and lyophilized to yield the title
compound as a blue solid (0.7 mg, 250 nmol, 5% yield). Purity was
>93% as assayed by UPLC/MS at 220 nm. Analytical HPLC tz;=
28.5 min. HRMS (ESI): m/z calcd for C,,6H,55N4q0465,: 934.11 [M+
3HP*; found: 934.26; m/z calcd for CiygH56F3N4056S4: 972.11 [M+
3H+TFAPY; found: 972.44; m/z calcd for CysH1g6N40565,: 700.83
[M+4H]**; found: 701.50; m/z calcd for Cy30H1gFsN4oO3054: 1514.65
[M4+2H4-2TFAJ*"; found: 1514.80.

Photophysical properties of N;-Cy5-COOH and N;-Cy5-
AcTZ14011 with Cy7-DBCO quencher: Cy7-DBCO in DMSO
(800 um, 7.5 uLb) was added to a solution of N;-Cy5-COOH in PBS
(100 pum, 30 pb), and the resulting mixture was gently shaken for
60 minutes. The resulting solution was diluted 100-fold in DMSO or
PBS and a 2D fluorescence heat map was generated and compared
with those of freshly prepared mixtures of N;-Cy5-COOH (1 um in
PBS or DMSO) and Cy7-DBCO (800 um in DMSO, 7.5 pL). Absorb-
ance spectra of the four samples were also measured. The quench-
ing rates were also investigated by fluorescence measurements
with solutions of N;-Cy5-COOH or N;-Cy5-AcTZ14011 in PBS (1 um,
3mL) after addition of Cy7-DBCO in DMSO (800 um, 7.5 ulL,
2 equiv). Fluorescence and absorbance measurements were per-
formed at 5 min intervals.

Cells: MDAMB213 X4 breast cancer cells of human origin, in which
overexpression of the CXCR4 receptor was acquired after transfec-
tion with a GFP-tagged version of the human CXCR4 gene, were
kindly provided by Dr. Gary D. Luker (University of Michigan, Ann
Arbor, US)."” Cells were cultured under standard culture conditions
in Gibco’s minimum essential medium (MEM) enriched with fetal
bovine serum (10%) and penicillin/streptomycin (Life Technologies,
Inc.)

Flow cytometry: Cells were trypsinized and aliquoted (3x 10° cells
per sample). For saturation binding experiments, different concen-
trations ranging between 0 and 2000 nm in PBS (50 plL) were
added. Cells were incubated with either of the tracers for one hour
at 4°C. Next, the cells were washed twice with BSA in PBS (0.1%,
300 pL) and resuspended in BSA in PBS (0.1%, 300 pL). Fluores-
cence was measured with a FACSCanto Il instrument (BD Biosci-
ences) in the APC-A channel (1., 645 nm, A, 660 nm). Cells were
gated on forward and side scatter and intrinsic GFP expression. For
each sample, 10000 gated cells were analyzed, and all experiments
were performed in triplicate. The normalized geometric means
were fitted with equations in the GraphPad Prism 5 software. The
Ko values were calculated by using the “Binding—Saturation, One
site—Total nonlinear regression” equation according to previously
described procedures.®7*®
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Fluorescence confocal imaging: Cells were seeded on glass-bot-
tomed culture dishes (MatTek corporation) and placed in the incu-
bator overnight. Cells were then incubated with tracer (1 um) for
1 h either at 4°C (for assessment of membrane binding) or at 37°C
(for assessment of internalization). After incubation, the cells were
washed three times with PBS. Confocal microscopy was performed
on viable cells with an SP8WL fluorescence confocal microscope
(Leica). Prior to imaging, the nuclei of the cells were stained with
Hoechst 33342 (1 mgmL™' stock, ThermoFisher). Sequential scan-
ning settings were used to visualize all fluorescent features:
Hoechst (nuclear staining; Ao, 405 nm, A, 425-475 nm), intrinsic
CXCR4-coupled GFP (4., 488 nm, A, 525-575nm), and Cy5 (4.,
633 nm, A, 650-700 nm). The Cy7-DBCO quencher in DMSO stock
(800 um, 1 pL per sample) was added immediately after images
had been taken with pretargeting tracer N;-Cy5-AcTZ14011 (set at
t=0'). For evaluation of staining over time, images were obtained
over a period of 6 min at room temperature, with a 2 min time
interval for the first 15 min and a 5 min time interval for the re-
maining 45 min. Experiments under identical conditions with use
of the non-deactivatable reference tracers Cy5-AcTZ14011 and Cy5-
S-S-Cy3-AcTZ14011 (Supporting Information) were used as con-
trols.

To quantify the signal intensity within the confocal images, pixel
intensities were measured with the aid of Fiji software.”” Regions
of interest were assigned around the whole cell and within the cell
(minimum of four cells per image). To assess the membrane signal,
the internal signal was then subtracted from the total signal inten-
sity in the cell. The signal intensity at t=0 was set at 100%, after
which the difference over time was determined relative to t=0.
Experiments were performed in triplicate.
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