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Here we evaluated a series of Si-derivatized rhodamine (SiR) dyes for
their ability to visualize a model drug in live cells. We show that a charge
neutral SiR derivative (but not others) can indeed be used to follow the
intracellular location of the model therapeutic drug in GFP cells.

There is a growing need for small footprint, cell membrane perme-
able fluorochromes for cellular and subcellular imaging in live cells
and in vivo. Such molecules would find particular application for
tagging small molecule therapeutic drugs to image their distribution
(pharmacokinetics; PKs) as well as their action (pharmacodynamics;
PDs). The simplest way to accomplish this is by conjugating a
therapeutic drug of interest with bright fluorochromes that possess
the desired emission wavelength. Contrary to popular belief, the
fluorochrome partners are often not simply an inert color tag, but
instead are capable of interacting with biological molecules on their
own," thus potentially re-directing drug-fluorochrome conjugates to
undesired cellular sub-compartments. In the past, fluorochrome
addition has been successfully done with BODIPY-FL,>* or fluores-
cein diacetate (FDA)." These green fluorochromes have good cell
permeation properties and are <500 dalton MW. Unfortunately, the
green emission spectrum overlaps with that of Green Fluorescent
Protein (GFP), which is often used in genetically engineered cells as a
genetic co-read out. We have thus become interested in evaluating
red-shifted fluorochromes that could be readily used instead. Many
commercially available fluorochromes including BODIPY-red, texas
red (TR), tetramethyrhodamine (TMR), Cy3, and Cy5 are often
cell membrane impermeable in live cells, thus requiring the use
of either fixed cells or permeabilization protocols which can
disturb the cellular milieu. The recent observation that the
replacement of oxygen with a silicon atom in the rhodamine
framework produces a strong Near Infrared (NIR)-emission
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fluorophore®® has led to interesting compounds with the
potential for cellular imaging.” Some prior work has been done
utilizing SiR-derivatives for imaging. Previous studies have
focused on SiR-derivatives for applications such as protein or
ligand tagging,” but using these fluorochromes for live cell imaging of
fluorochrome-drug conjugates has been relatively unexplored. The
goal of the current study was to test a number of SiR fluorochrome-
drug conjugates for use in live cell imaging.

As a model system we chose to derivatize the PARP-1/2 inhibitor,
Olaparib (AZD2281),® with different SiR dyes, since the former had
previously been shown to localize to the nucleus where it binds to
PARPs at nanomolar affinity, thus resulting in a unique cellular
phenotype’ in a well validated model system.>'® We were particularly
interested in testing linker length and charge variables on cellular
imaging characteristics. We found that certain SiR conjugates indeed
have favorable imaging characteristics while others show high
tropism for mitochondria, irrespective of the targeting ligand.
The choice of spacer and charge are thus essential in designing
ideal companion imaging drugs (CID) for live cell imaging.

To determine the effects of charge and spacer on single cell
uptake and distribution, we designed three different SiR-Olaparib
conjugates (Fig. 1). We chose two different versions of SiR
fluorochromes, SiR-Me (4) and SiR-COOH (9).>° Starting with
the 3-bromoaniline, 2 was synthesized by a facile one-pot
synthesis process, lithiation, silylanization and oxidation of 1
(Scheme 1). The reaction of 2 with lithiated 3 or 8, followed
by acidic deprotection resulted in the desired SiR-Me (4) or
SiR-COOH (9). Based on previous analysis of the PARP1 crystal
structure with an inhibitor bound,” we conjugated the SiR-Me
(4) and SiR-COOH (9) directly to the piperazine functional
group of an amine version of Olaparib (5°%), which resulted in
6 and 10. To address the effect of the spacer on the PK of
our CID, we also synthesized 13, which was conjugated with
SiR-COOH (9) to generate 14. Absorption and emission spectra
of SiR-Me (4), SiR-COOH (9), and the CIDs (6, 10 and 14) were
measured in 1x PBS (with 0.1% DMSO). All compounds had
similar absorption and emission profiles (Table 1 and Fig. S1,
ESIT) around 650 and 675 nm (ex/em).
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Fig. 1 Three different SiR-based companion imaging drugs, (a) Olaparib-
SiR-Me (6), (b) Olaparib-SiR-COOH (10) and (c) Olaparib-spacer-SiR-
COOH (14) with absorption and emission spectra in PBS.
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Scheme 1 Synthetic scheme of (A) Olaparib-SiR-Me (6), (B) Olaparib-SiR-
COOH (10) and (C) Olaparib-spacer-SiR-COOH (14). Boc = tert-butyloxy-
carbonyl; THF = tetrahydrofuran; HBTU = O-(benzotriazol-1-yl)-N,N,N',N’'-
tetramethyluronium hexafluorophosphate; TEA = triethylamine; DMF =
dimethylformamide; DIPEA = diisopropylethylamine; TFA = trifluoroacetic
acid; DCM = dichloromethane; DMSO = dimethyl sulfoxide.

To determine the effect of SiR modification on target binding
of Olaparib, depending on the charge and linker length, the half-
maximal inhibitory concentration (ICs,) of the three different
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CIDs (6, 10 and 14) were measured against recombinant human
PARP1 (Fig. S2, ESIT). Interestingly, all of the conjugates exhibited
the same degree of reduction in inhibition efficacy against purified
enzyme. For instance, the ICs, value of 6, 10 and 14 against PARP1
was 99.2, 100.3 and 112.9 nM, respectively, which is marginally
higher than that of Olaparib but still in nanomolar range (Table 1).
Therefore, SiR modification did not abrogate the inhibitory effect
of the original compound.

We next set out to determine whether the Olaparib SiR
conjugates (i) are cell membrane permeable, (ii) are localized
to the nucleus, the main site of PARP1 expression'' and (iii)
colocalize with PARP1. We chose three different GFP expressing
cell lines: HT1080 cells expressing GFP-H2B"* to delineate the
nucleus, OVCA429 cells expressing GFP-Cytochrome C Oxidase
(GFP-Mito) to stain mitochondria and MDA-MB-231 cells stably
expressing PARP1-GFP™? (ESIt). For live cell imaging, cells were
seeded on a 96 well plate and were incubated with fluoro-
chrome or CIDs for 30 minutes, washed briefly three times with
culture media for 3 min each, and imaged in a humidified
environmental chamber of a DeltaVision microscope using a
40x objective. We first tested the cationic 6, which was cell permeable.
Interestingly, the CID uniquely distributed to mitochondria with co-
localization in GFP-Mito OVCA429 cells (Fig. 2a—c, Fig. S3, ESIT), i.e. a
distribution that was strongly reminiscent of other cationic
dyes such as mitotrackers'* or thodamine 123." In contrast,
SiR-Me (4) did not show a mitochondrial-staining pattern
(Fig. S4, ESIt). Interestingly, a fluorochrome having similar
chemical structure to that of 4, except for an additional carboxylic
acid group on the fluorochrome, also localized to the mito-
chondria in a previous report.” Based on the above observation,
changing the methyl substituent to a carboxylic group resulted in a
completely different staining pattern in the cells. 10 displays more
ubiquitous cytoplasmic staining in both GFP expressing cell lines
(Fig. 2d-f for GFP-Mito cells, Fig. 2m-o for GFP-H2B cells). Because
the COOH-SiR fluorochrome (9; net charge = —1) did not show any
fluorescent signal or nonspecific binding (Fig. S4, ESIt), we
concluded that the negatively charged SiR is not cell permeable.
The original purpose of a short chemical spacer between
Olaparib and the SiR-COOH fluorochrome (14) was to minimize
the steric hindrance of the fluorochrome modification and to
rescue the original binding event between Olaparib and PARP.
However there was negligible difference of ICs, between com-
pound 10 and 14. To our surprise however, compared to the
in vitro enzyme assay result, incorporation of this small spacer
dramatically reconstituted target binding. As shown in Fig. 2,
there was excellent localization in the nucleus as well as
distinct nucleolar staining, the known localization pattern of
PARP 1,° in both GFP-mito and GFP-H2B cell lines (Fig. 2g-i for
GFP-Mito cells, and Fig. 2p-r for GFP-H2B cells). This result
suggests that there is different PK behavior of the CID at the
single cell level compared to the in vitro condition. A possible
scenario here is that the short aliphatic chemical spacer
increases the hydrophobicity of the CID (compound 14) and
improves nuclear permeability of the compound. To further
confirm 14 binding to the original target PARP1, we used
MDA-MB-231 cells stably expressing PARP1-GFP (Fig. 3A) to
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Table 1 Summary of SiR based companion imaging drug with Olaparib
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Charge Live cell
Compound # MW clogP (pH 7.0) Abs (nm) Em (nm) ICs0 (nM) permeability
SiR-Me 4 443.63 —-0.13 0 649 672 NA Yes
SiR-COOH 9 473.62 —0.88 -1 645 676 NA No
Olaparib-SiR-Me 6 792.01 4.23 +1 653 675 99.2 + 9.8 Yes
Olaparib-SiR-COOH 10 821.99 3.74 0 653 670 100.3 £ 9.8 Yes
Olaparib-spacer-SiR-COOH 14 978.17 3.59 0 653 678 112.9 + 9.6 Yes
Olaparib® 434.46 1.24 0 NA NA 5 Yes
Ola.parib—BODIPY—FL2 640.46 4.8 0 507 525 12.2 +£ 1.1 Yes
Olaparib-TCO/Tz-TR"? 1535.6 5.15 -1 595 615 15.4 + 1.2 No
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Fig. 2 Live cell staining pattern of the three different companion imaging drugs in green fluorescence protein (GFP) cell lines. Both OVCA429
(expressing Cytochrome C Oxidase fused to GFP; a—c, d—f and g—i) and HT1080 (expressing H2B fused to GFP; j-|, m—o and p—r) cells were treated with
10 uM 6 (a—c and j-1), 10 (d—f and m-o0) and 14 (g—I and p-r) for 30 minutes. After washing with growth media three times for 3 minutes each, live cell
images were acquired using a DeltaVision fluorescence microscope equipped with a 40x objective. Scale bar: 10 pm.

show there was a high degree of colocalization between 14 and
PARP-GFP (Pearson value was 0.9948 and Manders I and II
values were 0.9408 and 0.9149, respectively,'® Fig. 3B, ESI{). In
addition, competition imaging experiment between Olaparib
and compound 14 further confirmed target binding of com-
pound 14 to target PARP protein (Fig. S5, ESIt). Collectively,
Olaparib modification with COOH-SiR with the chemical spacer
allowed us to utilize a unique NIR CID for PARP. Overall, this
implies that the zwitterionic SiR-COOH compound with an
appropriate linker is a promising fluorochrome for novel CIDs
for PK and PD studies in live cells.

We show that SiR fluorochromes and the PARPi (Olaparib)
derivatives are cell membrane permeable in OVCA429 (ovarian
cancer), HT1080 (fibrosarcoma) and MDA-MB-231 (breast cancer)
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cells. The finding of cell membrane permeation is important
because many other red fluorochromes (TMR, TR) and their small
molecule conjugates fail to distribute ubiquitously throughout
mammalian cells and/or are shuttled into unique vesicular
structures potentially avoiding their intended targets. SiR fluoro-
chromes also have a number of other advantages such as a
relatively small size, bright fluorescence, high water solubility,
good photostability, are excellent for nanoscopic optical micro-
scopy (STED or GSDIM/STORM) and have a reasonable clogP
(Table 1). An unexpected finding in our study was the fact that
relatively minor molecular modifications resulted in very different
cellular phenotypes of drug accumulation. Direct conjugation of
the SiR-Me to Olaparib showed unique mitochondrial localiza-
tion, similar to Mito-tracker or GFP labeled mitochondria We

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Colocalization of 14 with PARPL. (A) Live cell imaging of MDA-MB-231
cells (expressing PARP1 fused to GFP) with 10 uM 14. (a) PARP1-GFP cellular
localization, (b) 14, (c) merged image showing colocalization between PARP1-
GFP and 14. Scale bar: 10 um. (B) Colocalization scatter plot of representative
cell (dotted circle) and table of Pearson and Manders correlation coefficients.

attribute this to the positive charge, an observation that has in
retrospect also been made for other fluorochromes (such as
rhodamine 123). In contradistinction and support of this observa-
tion, elimination of the charge by carboxylation, abrogated the
mitochondrial phenotype and the drug fluorochrome conjugate
showed a ubiquitous cellular distribution. Finally, introduction of a
small spacer further improved cellular distribution and presumably
target binding, as shown by co-localization and affinity studies with
the Olaparib-conjugated CID and PARP1.

The current study focused on the PARP inhibitor Olaparib as
a proof-of-principle of cellular nuclear targeting. However, we
envision similar strategies to be applicable the growing number
of kinase inhibitors and other small molecule drugs. Such labeled
companion imaging drugs are expected to be valuable com-
pounds for imaging pharmacokinetics and pharmacodynamics
at the single cell level in vivo.?
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