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Various conjugation techniques are used to affect the intracellular
delivery of bioactive small molecules. However, the ability to track
changes in the phenotype when applying these tools remains
poorly studied. We addressed this issue by having prepared a
focused library of heterobivalent constructs based on Rho kinase
inhibitor HA-100. By comparing the induction of the phenotype of
interest, cell viability and cellular uptake, we demonstrate that
various conjugates indeed lead to divergent cellular outcomes.

Cell permeability is one of the biggest challenges faced when
developing multifunctional and high-molecular-weight chemical
probes.’® This can be improved by installing moieties that
help the constructs internalize, including cell-penetrating
peptides™® and chemical modifications by fatty acids, choles-
terol, asparagusic and lipoic acids.”® While some of the cellular
uptake-enhancing end-groups have been shown to target
treatment-resistant cancer cells and bacteria more effectively,”'°
it remains poorly understood whether and how such end-groups
may alter the cell-biological outcome at the phenotypic level.
Cellular uptake is often assessed by using constructs that
incorporate a fluorescent probe, which also serves as a cargo.*
This strategy has proven to be highly valuable for identification and
studying the mechanisms of cellular uptake.’* However, it does
not unambiguously demonstrate whether increased cell permeabil-
ity directly translates into sustained intracellular activity. Instead of
employing fluorescently labelled compounds as cargoes, it may,
perhaps, be more insightful to visualise cellular outcomes by cell
staining techniques. This approach relies on comparing holistic
changes in acquired vs. the default phenotype, for instance,
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changes in cell and organelle morphology, cytoskeletal rearrange-
ments or defects in cell division (Fig. 1)."

We address the question of whether several known chemical
modifiers of cellular uptake (the end-groups) are only respon-
sible for getting small-molecule-cargo inside the cell or whether
they may also influence the overall cell-biological outcome.

Herein, we establish a chemically straightforward platform to
evaluate a focused library of heterobivalent compounds by
equipping small molecules, which induce well-characterised
phenotypes, with different end-groups. In this work, we employ
a polyethyleneglycol (PEG) linker 4,7,10-trioxa-1,13-tridecanedi-
amine to ensure that the biomolecular interactions between the
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Fig. 1 (A) Functional cellular uptake based on non-fluorescent hetero-
bivalent conjugates and changes in induced phenotypes visualized by cell
staining. (B) Design of bifunctional probes that are supplemented by
positive and negative controls. Scale bars, 20 pm.
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Fig. 2 Heterobivalent Rho kinase inhibition probes. (A) Small molecule
Rho kinase inhibitors Y-27632, ripasudil and GSK269962A. (B) Hetero-
bivalent constructs derived from HA-100 used in this study. (C) ROCK2
kinase activity inhibition by Y-27632 (50 uM) and HA-100 (100 uM) and
HA-100 heterobivalent probes 2c—21 (100 uM). One-way ANOVA followed
by Bonferroni post-hoc test: ***p < 0.001 vs. control, (mean + S.D.; n = 3).

‘warhead’ and the target remain undisturbed even in the close
proximity of other biologically functional moieties.'® ™

First, we turned our attention to Rho-associated coiled-coil-
containing protein kinase (ROCK) inhibitors. In mammalian
cells, there are two ROCK isoforms (ROCK1 and ROCK2), which
are instrumental in a myriad of cellular processes and dysre-
gulation of which is implicated in a wide spectrum of diseases."®
To date, several classes of ROCK inhibitors have been developed.*
Their scaffolds are chemically diverse (Fig. 2A), and we have
focused our efforts on modifying HA-100 (1) because of the ease
of chemical modification (ie. linker extension and end-group
attachment) (Fig. 2B).*"

The chemical extension of HA-100 was carried out by Michael
addition of 1 to ethyl acrylate, hydrolysis of the resulting ester
and subsequent direct carboxamidation with a monoprotected
4,7,10-trioxa-1,13-tridecanediamine to give linker-extended Boc-
protected precursor 2b. It was then N-deprotected to give free
amine 2a, which was coupled with corresponding unprotected
carboxylic acids (i.e. fatty and bile acids, lipoic acid and biotin) to
give a library of compounds (2¢-21).>* All compounds were
subjected to the Rho kinase assay to confirm they inhibited
ROCK2 kinase activity (Fig. 2C).

The final constructs (2c-2I) were then assessed at different
concentrations and time durations in human osteosarcoma
(U20S) cell line (Fig. 3A). The inhibition of Rho kinase is known
to lead to a pronounced reduction in stress fibres - the bundles
of filamentous actin (F-actin) - along with the characteristic
changes in cell shape.”® If linker-extended constructs 2¢-21 were
both cell permeable and functional, we would expect to observe
this default phenotype. Several well-established Rho kinase
inhibitors (Y-27632, GSK269962A, and HA-100) were used as
positive controls.
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Fig. 3 Different heterobivalent constructs lead to divergent phenotypes.
U20S cells were treated with compounds for 5 h and stained for
F-actin (A) and a-tubulin (B). Green fluorescence (FITC, Aey = 488 Nnm, Aem =
498-551 nm), red fluorescence (TRITC, Aex = 561 NM, Aem = 569-622 nm).
(C) Quantification of the number of cells with altered organization of F-actin
(left) and microtubules (right) for selected HA-100 constructs. (mean + S.D.;
n = 3). For cell viability data, see Fig. S1 and Tables S1 and S2, ESI. Scale
bars, 20 pm.

Compounds 2¢ and 2d, with C11:0 and C15:0 end-groups,
respectively, did not induce the desired phenotype even at
prolonged treatment times and were toxic at higher concentra-
tions (Tables S1 and S2, ESI{). Palmitic (C16:0; 2e) and stearic
acid (C18:0; 2f) constructs did induce the phenotype of interest,
albeit after rounds of optimisations (time vs. concentration).
The initial treatment over 14 h with 20 uM of 2e and 2f did not
lead to dissolution of stress fibres, whereas at 30 UM both of the
constructs resulted in cell death (no cells observed). Once the
duration of treatment was reduced to 5 h, we were able to
observe the phenotype of interest for both compounds (2e and
2f at 30 uM). However, high cytotoxicity of these constructs has
encouraged us to look for the alternatives (for cell viability data,
see Fig. S1 and Tables S1 and S2, ESIY).

Under standard U20S cell culture conditions (DMEM, 10%
FBS; 1% P/S), lipoic acid''-conjugate 2g was found ineffective
(5 h; 200 uM). The biotin construct (2h), a conjugation tool
often used in biochemical follow-up studies,”*
inactive (5 h; 200 pM).

We have also profiled a selection of bile acid conjugates
(2i-21). Bile acids belong to a class of cholesterol derivatives

also proved

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9cc09595k

Published on 10 March 2020. Downloaded by Uppsala University on 3/17/2020 5:39:14 PM.

ChemComm

known to facilitate digestion and absorption of lipids in
vertebrates.>*® Although conjugation to bile acids is often
overlooked, they may hold the potential to improve cellular
uptake. First, bile acid conjugation is primarily used to target
and increase uptake of the constructs in the liver, biliary tract
and the intestines cell lines.”” Second, bile acids are chemically
diverse and can be modified to incorporate additional labelling
tags. Third, albeit they are structurally quite similar, they are
known to lead to divergent cell biological effects.”®

Out of the four profiled bile acids, derivatives of deoxycholic
(DCA; 2i), chenodeoxycholic (CDCA; 2j) and ursodeoxycholic
acids (UDCA; 21, albeit at higher concentration) brought about
the desired phenotypic changes, whereas the lithocholic acid
conjugate did not (LCA; 2k; 5 h; tested up to 200 uM). We also
confirmed that the blank bile acid-PEG constructs did not lead
to reduction in stress fibres on their own (Fig. S3, ESIt).

To quantify the effects observed, we counted the number of
cells that have acquired the desired phenotype at different
concentrations of HA-100 and its conjugates with C16:0 (2e),
DCA (2i), and CDCA (2j), and Y-27632, the most used Rho
inhibitor (Fig. 3C). Compounds with the DCA and CDCA end-
groups had higher activity than HA-100. The effect of palmitic
acid construct 2e could not be quantified beyond 35 pM
as it was cytotoxic and no cells were observed on coverslips
(¢f: Tables S1 and S2, ESIY).

Importantly, we have observed a secondary effect on the
organisation of microtubules (Fig. 3C). DCA and CDCA con-
jugates 2i and 2j both induced bundling of microtubules,
whereas compound 2i induced abrupt change in the number
of affected cells when its concentration was increased from
25 UM to 30 pM. Although we cannot rule out synergistic effects
of our bifunctional constructs, it is known that actin cytoskeletal
rearrangements have a crosstalk effect on microtubules.>

Next, we wished to test whether these modifications would
also work with another kinase inhibitor (Fig. 4). We looked into
direct inhibition of myosin light chain kinase (MLCK/MYLK),
which phosphorylates myosin light chain (MLC).>* We modified
inhibitor ML-7 (4),>" which is structurally akin to HA-100 (1).
Treating the cells with 4 is known to have a pronounced effect
on F-actin/p-MLC colocalization and cell shape.**?* Indeed,
the parent compound (4) and its conjugates ML-7-C16:0 (5b)
ML-7-DCA (5¢) and ML-7-CDCA (5d) have led to similar changes
in F-actin (i.e. dissolution of stress fibres) and in intracellular
distribution of phospho-MLC2 (Ser19) (p-MLC).** We quanti-
fied the effects of ML-7 and its derivatives on the organisation
of F-actin and microtubules (Fig. 4C). While the C16:0 construct
(5b) performed similarly to the parent compound, the DCA (5¢)
and CDCA (5d) conjugates led to reduction of stress fibres at
lower concentration. However, both 5¢ and 5d also induced
microtubule bundling (Fig. S4, ESIf). Notably, ML-7 and its
derivatives do not lead to the reduction of p-MLC in the cell
periphery, which indicates that the effect on actomyosin is
achieved through inhibition of MLCK and not ROCK (¢f: Rho
kinase inhibitor GSK269962A vs. ML-7; arrows in Fig. 4B
and Fig. S2, ESIT).”” Interestingly, unlike the case of Rho
kinase inhibitor HA-100, the C16:0 construct of ML-7 is less
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Fig. 4 Effects of myosin light chain kinase inhibitor ML-7-based con-
structs. (A) Chemical identity of ML-7 constructs. (B) Comparison of cells
treated by either ROCK or MYLK inhibitors. U20S cells were treated with
compounds for 5 h and stained for F-actin (colourless) and p-MLC (green).
Green fluorescence (Alexa 488, lex = 488 nm, Aem = 498-551 nm), red
fluorescence (TRITC, Aex = 561 M, Aem = 569-622 nm). (C) Quantification
of the number of cells with altered organization of F-actin (left) and
microtubules (right) by ML-7 constructs (mean + S.D.; n = 3). Scale bars,
20 um.

toxic than the parent compound or other conjugates (Tables S1
and S2, ESIY).

With several constructs demonstrating that conjugation to bile
and fatty acids results in different outcomes, we wished to see to
what extent the end-groups affect cell permeability. We prepared
fluorescent probes based on 7-dimethylaminocoumarin-4-acetic
acid (DMACA; Fig. 5). Both benzylamide of DMACA 6a and linker-
extended N-Boc protected construct 6b did not internalise, while
C16:0, DCA and CDCA conjugates (6c > 6d > 6e) did. For
compounds 6d and 6e, the efficiency of cellular uptake correlated
with the onset of changes in phenotypes (Fig. 3C and 4C).

Having screened the two focused libraries of heterobifunc-
tional probes using well-established ROCK and MYLK inhibitors,
we observe that there are complex relationships between the drug
cores (warheads), the end-groups and the final heterobifunctional
constructs themselves. In addition to inducing the desired pheno-
type, we show that such combinations may also lead to the
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Fig. 5 Qualitative and quantitative comparison of cellular uptake of
heterobivalent constructs. (A) Chemical identity of DMACA constructs
tested. (B) Confocal images for DMACA constructs at 30 uM (DIC and
Aex = 405 Nm, Aem = 435—478 nm). (C) Mean cellular fluorescence of cells
treated with DMACA constructs (mean + S.D.; n = 3). U20S cells were
treated with compounds, after 1 h medium was exchanged and the cells
were imaged live on confocal microscope. Scale bars, 20 pm.

secondary effects (induction of microtubule bundling) and the
variations in cytotoxicity and cellular uptake. In order to quantita-
tively predict the structure-activity relationships and to better
understand the underlying molecular mechanisms, a larger sub-
set of modified small molecules, including allosteric inhibitors,
and modifiers (the end-groups) would be needed.

In conclusion, we have developed a confocal microscopy-
based assay for the ‘in-cell’ screening of heterobivalent con-
structs. This approach can be used to distinguish between
various constructs, even if their chemical alterations are very
minute. We have shown that both the end-groups and the
warheads contribute to the overall cellular outcome.
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