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Targeting a Targeted Drug: An Approach Toward Hypoxia-
Activatable Tyrosine Kinase Inhibitor Prodrugs
Claudia Karnthaler-Benbakka,” Diana Groza,™ Bettina Koblmiiller,”! Alessio Terenzi,”®

Katharina Holste,” Melanie Haider,” Dina Baier,” Walter Berger,” < Petra Heffeter,*®
Christian R. Kowol,** 9 and Bernhard K. Keppler™

Tyrosine kinase inhibitors (TKls), which have revolutionized
cancer therapy over the past 15 years, are limited in their clini-
cal application due to serious side effects. Therefore, we con-
verted two approved TKis (sunitinib and erlotinib) into 2-nitroi-
midazole-based hypoxia-activatable prodrugs. Kinetics studies
showed very different stabilities over 24 h; however, fast reduc-
tive activation via E. coli nitroreductase could be confirmed for
both panels. The anticancer activity and signaling inhibition of
the compounds against various human cancer cell lines were
evaluated in cell culture. These data, together with molecular
docking simulations, revealed distinct differences in the impact
of structural modifications on drug binding to the enzymes:

Introduction

The development of targeted therapies, including small mole-
cule inhibitors and antibodies, has led to a distinct improve-
ment in the treatment of certain forms of cancer during the
past one and a half decades. Due to the fact that over 70% of
the known oncogenes and proto-oncogenes involved in
cancer encode tyrosine kinases (TKs), and the high drugability
of this enzyme class, TKs have become the favored therapeutic
targets of the pharmaceutical industry.™ Currently, 25 small
molecule tyrosine kinase inhibitors (TKIs), including dual specif-
icity inhibitors, have been approved by the Food and Drug Ad-
ministration (FDA), half of them in the past five years.” With
nine drugs targeting the vascular endothelial growth factor re-
ceptor (VEGFR) and six the epidermal growth factor receptor
(EGFR), these two TKs are among the most extensively used

[a] C. Karnthaler-Benbakka, Dr. A. Terenzi, Dr. C. R. Kowol,
Prof. Dr. Dr. B. K. Keppler
Institute of Inorganic Chemistry,
University of Vienna, Waehringer Stral3e 42, 1090 Wien (Austria)
E-mail: christian.kowol@univie.ac.at

D. Groza, B. Kobimiiller, K. Holste, M. Haider, D. Baier, Prof. Dr. W. Berger,
Dr. P. Heffeter

Institute of Cancer Research and Comprehensive Cancer Center,

Medical University of Vienna, Borschkegasse 8A, 1090 Wien (Austria)
E-mail: petra.heffeter@meduniwien.ac.at

Dr. A. Terenzi, Prof. Dr. W. Berger, Dr. P. Heffeter, Dr. C. R. Kowol,

Prof. Dr. Dr. B. K. Keppler

Research Platform “Translational Cancer Therapy Research”,

University of Vienna and Medical University of Vienna, (Austria)

[b

[c

Supporting information for this article can be found under http://
dx.doi.org/10.1002/cmdc.201600417.

ChemMedChem 2016, 11, 1-13

These are not the final page numbers! 22

Wiley Online Library

whereas the catalytic pocket of the epidermal growth factor
receptor (EGFR) accepted all new erlotinib derivatives, the vas-
cular endothelial growth factor receptor (VEGFR)-inhibitory po-
tential in the case of the sunitinib prodrugs was dramatically
diminished by derivatization. In line, hypoxia dependency of
ERK signaling inhibition was observed with the sunitinib pro-
drugs, while oxygen levels had no impact on the activity of
the erlotinib derivatives. Overall, proof of principle could be
shown for this concept, and the results obtained are an impor-
tant basis for the future development of tyrosine kinase inhibi-
tor prodrugs.

primary targets for kinase inhibition. However, despite the re-
markable success in cancer treatment and the belief that these
targeted drugs would be much better tolerated than conven-
tional chemotherapeutics, clinical experience revealed unex-
pected, serious toxic effects.”! Various organs, such as heart,
lungs, liver, kidneys, thyroid and skin, as well as the gastroin-
testinal tract and nervous system are affected. These side ef-
fects are mainly caused by down-stream inhibition of the vas-
cular endothelial growth factor (VEGF) or epidermal growth
factor (EGF) signaling in healthy tissues.”’ Thus, a strategy to
decrease or circumvent adverse effects would be of high inter-
est, in order to maintain or even increase the upward trend of
use and applicability of these drugs.

Strategies to increase the tumor accumulation/specificity in
the field of TKIs are so far mainly based on nanoparticle formu-
lations."™# Other possibilities, such as the design of inactive
prodrugs which are specifically activated in the malignant
tissue by exploiting tumor-intrinsic conditions or processes,
remain widely unexplored for TKls.”) One of these conditions is
hypoxia, which was shown to be chronically and/or transiently
inherent in most solid tumors. Due to its therapeutic impor-
tance, hypoxia evolved as a highly interesting target for cancer
therapy and several hypoxia-activatable cytotoxic compounds
are already in clinical development.” Notably, an important
task for the successful application of such prodrugs is the eval-
uation of tumor hypoxia in patients in order to determine the
most effective treatment and predict or monitor response to
therapy.” To this aim, besides invasive methods, such as pO,
histography or ex vivo immunohistochemical staining with hy-
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poxia markers (e.g., glucose transporter 1 (GLUT-1) or carbonic
anhydrase 9 (CA-I1X)), non-invasive imaging technologies, in-
cluding ["®FIfluoromisonidazole (['®FIFMISO) and copper diace-
tylbis(N4-methylthiosemicarbazone) (Cu-ATSM) for positron
emission tomography (PET) have been approved.”® In addi-
tion, more recently, several highly innovative approaches using
imaging agents for in vivo biomarker detection, for example,
enhanced levels of reductive enzymes, have been published.”’
In the future, these new methods could also be useful for veri-
fying the presence and determining the amount of suitable en-
zymes for prodrug activation.

For prodrug development, we chose the following two TKis
due to their connection to tumor hypoxia: The VEGFR inhibitor
sunitinib (Sutent®), which has been approved for the treatment
of gastrointestinal stromal tumors (GIST) after failure of imati-
nib treatment, advanced renal cell carcinoma (RCC), and unre-
sectable or metastatic pancreatic neuroendocrine tumors
(pNET); and the EGFR inhibitor erlotinib (Tarceva®), which has
been approved for the first-line treatment of locally advanced
or metastatic non-small-cell lung cancer (NSCLC) with EGFR-ac-
tivating mutations, and metastatic pancreatic cancer in combi-
nation with gemcitabine.”™'® While it is well known that VEGF
gene overexpression strongly correlates with hypoxia,"™ many
tumors that overexpress EGFR, such as NSCLC and pancreatic
cancer, also show exceptionally low median tumor oxygen par-
tial pressures.'?

The aim of this study was to explore the possibility of pre-
paring hypoxia-selective prodrugs of clinically approved VEGFR
and EGFR inhibitors. As small structural modifications of these
drugs can lead to distinctly reduced kinase inhibition activities,
the approved drugs were used for the prodrug design without
any additional chemical modifications. As hypoxia-selective
functional group, a self-immolative 2-nitroimidazole moiety
was used. The combined concepts of TK inhibition and activa-
tion by hypoxia should lead to a lower level of the active com-
pound in the non-malignant tissue, and, thus, should increase
the therapeutic efficacy while decreasing the adverse effects of
the approved compounds.

Results and Discussion
Prodrug design

In general, the prodrug design requires inactivation of the
drug by derivatizing a position crucial for its anticancer activity.
For a TKI, this is a part of its structure essential for binding to
the catalytic pocket of the target kinase. At the same time, the
prodrug derivatization should be reversible to ensure the re-
lease of the original drug in the tumor tissue. In the case of er-
lotinib, a crucial nitrogen for prodrug design can be found at
the aniline moiety which points toward a hydrophobic region
of the adenosine triphosphate (ATP)-binding pocket of the
EGFR (Figure 1A). Structure-activity relationship studies re-
vealed that even methylation of this amino function strongly
decreases its inhibitory activity."® A suitable position for suniti-
nib derivatization is the oxindole nitrogen, which forms a hy-
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Figure 1. A) Chemical structure of erlotinib and its schematic binding mode
to the EGFR. B) Chemical structure of sunitinib and its schematic binding
mode to the VEGFR-2. Hydrogen bonds are indicated by black arrows, nitro-
gen atoms suitable for derivatization are outlined in red circles. Adapted
from Wu et al."*

drogen bond to Glu917 in the adenine pocket of the VEGFR
(Figure 1B).'"¥

As hypoxic trigger the 2-nitroimidazole-5-yl unit was chosen,
which was introduced via a carbamate linkage. This moiety has
already been shown to undergo hypoxia-selective biochemical
reduction in vitro and in vivo and was used in several prodrug
systems, including the phosphoramidate mustard prodrug TH-
302 (Evofosfamide), which is currently in phase lll clinical stud-
ies.®® "% The underlying mechanism of the 2-nitroimidazole ac-
tivation is shown in Scheme 1A. It involves a one-electron re-
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Scheme 1. Postulated schematic pathway of TKI release for A) two-part com-
pounds upon trigger reduction, and B) three-part compounds upon trigger
reduction and linker decomposition.

duction by intracellular oxidoreductases, such as the nicotina-
mide adenine dinucleotide phosphate (NADPH) cytochrome
P450 reductase,® to a nitro radical anion, which in the pres-
ence of oxygen can efficiently be reoxidized to the parental
prodrug. Under hypoxic conditions, however, it is further re-
duced to the hydroxylamine species, which upon 1,6-elimina-
tion releases the active compound. Furthermore, prodrug de-
rivatives with an additional p-aminobenzyl self-immolative
linker unit were prepared to further increase the steric hin-
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drance of binding the catalytic pocket of the kinase."® For
these prodrugs, the release of the active drug is expected to
be a two-step process: the first step includes the reductive ac-
tivation of the 2-nitroimidazole, followed by the spontaneous
decomposition of the linker via 1,6-elimination with subse-
quent release of the drug (Scheme 1B).

Synthesis

As core unit for the conjugation of a 2-nitroimidazole moiety
to the TKls, 1-methyl-2-nitro-1H-imidazole-5-methanol (8) was
used. This moiety was synthesized by a modified method from
Matteucci et al."” in a six-step procedure starting from sarco-
sine methyl ester hydrochloride (Scheme 2). In contrast with
the original literature, methyl formate was used instead of
ethyl formate, resulting in changes of reaction conditions and
times. This modification was done to avoid transesterification
reactions, leading to a product mixture of methyl- and ethyl
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Scheme 2. Synthetic route of 1-methyl-2-nitro-1H-imidazole-5-methanol (8),
and the conjugation substrates 9 and 11. Reagents and conditions:

a) HCO,Me, K,CO,, MeOH; b) HCO,Me, NaOMe, THF abs.; ¢) 1. HCI, MeOH,
2. NH,CN, NaOAc; d) NaNO,, HOAc, H,0; e) NaOH (1 m), H,0; f) 1. isobutyl
chloroformate, Et;N, THF abs., 2. NaBH,, H,0; g) 4-nitrophenyl chlorofor-
mate, pyridine, THF abs.; h) 4-aminobenzyl alcohol, HOBt-H,0, DMF abs.;

j) bis(4-nitrophenyl) carbonate, DIPEA, DMF abs.
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esters upon ring closure. The synthetic pathway involved N-
and C-formylation of the substrate, followed by ring formation
with cyanamide to give the amino ester 5. Treatment with
NaNO, and HOAc yielded the nitro ester 6, which was convert-
ed into the carboxylic acid 7 by basic hydrolysis. After activa-
tion of the acid via mixed acid anhydride, mild reduction with
NaBH, led to 8.

For conjugation reactions, alcohol 8 was activated with 4-ni-
trophenyl chloroformate to form the 4-nitrophenyl carbonate
9. To obtain the self-immolative linker-containing trigger, a 4-
aminobenzyl moiety was introduced by condensation of 9
with 4-aminobenzyl alcohol in the presence of HOBt. Further
activation of the formed alcohol 10 with bis(4-nitrophenyl) car-
bonate gave the activated species 11 (Scheme 2).

To synthesize the sunitinib-based prodrugs, commercially
available sunitinib was reacted with the active ester 9 for 68 h
in the presence of 4-(dimethylamino)pyridine (4-DMAP) yield-
ing 1a. The same conditions were applied to the linker-con-
taining trigger 11 to form prodrug 1b (Scheme 3).

Attempts to analogously synthesize the erlotinib-based pro-
drugs were not successful, as the formed carbamates were not
stable enough to isolate the desired products. Thus, a new
strategy, involving the alkylation of the NH moiety of erlotinib
via an alkyl halide was followed, in order to give a directly
linked trigger-(linker)-drug unit. To this end, erlotinib was react-
ed with the chloride, as well as the bromide derivative of 8,
synthesized from the alcohol via SOCI, or SOBr,, respectively.
However, all attempts (tBuOK, DMF abs., with/without Nal,
0°C—room temperature—80°C, 18-48 h) failed to give the
desired nitroimidazole-erlotinib prodrug. Interestingly, when
using 4-nitrobenzyl bromide (in the presence of tBuOK) instead
of the nitroimidazole bromide, the reaction yielded the desired
derivative 2a (Scheme 4). The synthetic route toward the
linker-containing erlotinib prodrug started with the reaction of
erlotinib with boc-4-aminobenzyl bromide, followed by depro-
tection of the amino function using concentrated HCl, giving
2b. Final condensation with 9 in the presence of HOBt yielded
prodrug 2c (Scheme 4).

Chemical stability and reductive activation via nitroreduc-
tase

All synthesized prodrugs were tested for their stability in phos-
phate buffer (10 mm, pH 7.4) at 37°C, monitored by reversed-
phase HPLC chromatography. While the sunitinib-based carba-
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Scheme 3. Synthesis of sunitinib prodrugs 1a and 1b. Reagents and conditions: 9 or 11, 4-DMAP, THF abs., 68 h.
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Scheme 4. Synthesis of erlotinib prodrugs 2a and 2 c. Reagents and conditions: a) 4-nitrobenzyl bromide, tBuOK, DMF abs.; b) Boc-4-aminobenzyl bromide,

tBuOK, DMF abs.; c¢) HCl conc., MeOH; d) 9, HOBt-H,0, DMF abs.

mate prodrugs 1a and 1b showed a fast hydrolysis with only
14% and 4% of intact prodrug remaining after 24 h, respec-
tively, the erlotinib-based prodrugs 2a, and 2c¢ showed much
higher stability with 88% and 76% of remaining substance
after the same time, respectively (Supporting Information Fig-
ures S11-S15).

To verify whether the prodrugs can be activated and frag-
mented to the originally active drugs, oxygen-insensitive nitro-
reductase (NTR) from E. coli B was used. This reductase is the
most extensively used enzyme for antibody-directed and gene-
directed enzyme prodrug therapy (ADEPT and GDEPT) strat-
egies and provides the great advantage that substrates are re-
duced in a concerted two-electron reduction, bypassing the
oxygen-sensitive prodrug radical, which is readily reoxidized to
the original prodrug in the presence of oxygen.'"® Thus, the
environmental oxygen levels have no impact on the experi-
mental setting. The activation of the prodrugs by NTR reduc-
tion was evaluated by incubating aqueous solutions (2.5 um)
of the compounds with NADH (50 um) and NTR (1.33 ugmL™")
at 37°C. All prodrugs were substrates for NTR and were readily
reduced with half-lives of <6 min and at least 90% conversion
of the parent compound after 15 min, showing proof of princi-
ple for this strategy (Table 1). For the decay curves of the suni-
tinib prodrugs 1a and 1b, much faster enzymatic activation
relative to hydrolysis was observed (substrate remaining after
15 min: 0% for enzymatic activation vs. 78% for hydrolysis in
the case of 1a, and 10% vs. 51% for 1b). As an example, the
release of sunitinib from carbamate 1a as a function of time is
shown in Figure 2.

As desired, after activation, the prodrugs 1a, 1b, and 2a
fragmented with release of the unmodified, clinically approved
TKI. However, this was not true for 2¢, where the final product
could be identified as the amine 2b, implying a stop of the
1,6-elimination process at the amino position of the 4-amino-
benzyl moiety. Notably, not all compounds reached quantita-
tive end points for their corresponding active drug (or amine

ChemMedChem 2016, 11,1-13 www.chemmedchem.org

Table 1. Stability and NTR activation of compounds 1a, 1b, and 2a-2c.

NTR activation®
Amount of Product and amount
substrate after 25 min
after 15 min [%]

Compd  Stability [%]®
ty, [min]

1a 14 <1 0 sunitinib, 93 %
1b 4 <6 10 sunitinib, 58 %
2a 88 <6 10 erlotinib, 44%
2b 90 - 100 -

2c 76 <6 0 2b, 90%

[a] Aqueous stability of compound solutions (2.5 um) after 24 h in phos-
phate buffer (10 mm, pH 7.4, 37°C), determined by HPLC. [b] Reduction
and subsequent fragmentation of compounds (2.5 um) in phosphate-buf-
fered solutions by incubation with NADH (50 pum) and NTR (1.33 pgmL™")
at 37°C, calculated from the HPLC chromatogram peak areas as a function
of time.
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Figure 2. Release of sunitinib from prodrug 1a (2.5 pm) upon incubation
with NADH (50 pm) and NTR (1.33 pgmL™") at 37 °C. Reactions were followed
by HPLC.

in the case of 2c), which is consistent with findings of other
groups."” This was especially apparent for 1b and 2a (58%
and 44 % respectively), where 4-nitro- or 4-aminobenzyl units
were involved.
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Establishment of appropriate cell line panels for sunitinib
and erlotinib prodrug testing

To select appropriate cell line panels for the biological testing
of our prodrug systems, a collection of cell models was tested
for their sensitivity toward sunitinib and erlotinib (Table 2). As
sunitinib has been approved for the treatment of renal cell car-
cinoma, several cell lines of this tumor type were included in
this panel as well as several cell models with different EGFR
status (mutated vs. wild-type and overexpressed). Most of the
tested cell models proved to be sensitive toward sunitinib
treatment with IC;, values <10 um. The only exception was
Caki-2, which was sunitinib-resistant, while H1703 displayed
the highest sensitivity with an IC;, value in the high nm range.

Table 2. IC,, values of sunitinib and erlotinib against the indicated cell
lines after 72 h of treatment.
Cell line 1Cso [um]®

Sunitinib Erlotinib
RU-MH 6.6+1.3 23.0+26
Caki-1 6.8+0.2 n.t.
Caki-2 >10 n.t.
HCT116 46+0.3 >25
H1703 0.5+0.0 n.t.
A431 73+04 76+1.7
HCC827 52+05 0.3+0.2
H520 42404 >25
SW480 n.t. >25
MCF-7 n.t. >25
Calu3 9.6+0.1 20+05
PC-9 nt. 14408
[a] Values are the mean +SD of n=3 experiments performed in triplicate;
n.t.: not tested.
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The sunitinib sensitivity was in agreement with data from
western blot analysis performed in parallel (Figure 3), which
showed expression of VEGFR-1 in all cell models tested, again
with the exception of Caki-2, indicating that this cell line lacks
proper target expression. In addition, H1703 displayed an over-
expression of the sunitinib target PDGFRf, which together
with the high sunitinib sensitivity demonstrates the dependen-
cy of the cells on this signaling pathway.

With regard to erlotinib sensitivity, the data were in agree-
ment with the expectations based on previous reports.”*
Thus, cell lines harboring an activating EGFR mutation
(HCC827 and PC-9) were, together with the EGFR-dependent
Calu3 and the wild-type EGFR-overexpressing A431 cell line,
the only erlotinib-sensitive models (Table 2). All the other cell
lines had IC;, values above the solubility limit of erlotinib
(25 um). Interestingly, the western blots indicated that RU-MH
expressed substantial levels of EGFR without being sensitive to
erlotinib. This might be based on rather high c-Met expression
of this cell line (data not shown), a known resistance factor
toward erlotinib.?"!

Biological evaluation of the prodrugs in long- and short-
term treatment

As a first approach, we analyzed the prodrug nature as well as
the impact of oxygen levels on the anticancer activity of our
novel drugs in 72 h viability assays (Table 3 and Table 4). As ref-
erence compounds, unmodified sunitinib and erlotinib were
used. In addition, the phosphoramidate mustard prodrug TH-
302 (Evofosfamide), which is currently in phase Ill clinical stud-
ies® %9 and also contains a 2-nitroimidazole-5-yl unit as hy-
poxic trigger, was included as a positive control for activation

under hypoxic conditions (Table5). As already expected

" PDGFR B 195 kDa

- — —— = G “.EGFRﬂSkDa

S _actin 45 kDa

e —— ———
RU-MH Caki-1 Caki-2 HCT116 H1703

H520 A431 HCC827

Figure 3. RTK expression levels of various cancer cell lines. EGFR, PDGFRf3, and VEGFR-1 expression of the indicated cell lines were measured in membrane-en-

riched fractions by western blot. 3-Actin expression served as loading control.

Table 3. IC;, values of sunitinib, 1a, and 1b against the indicated cell lines under normoxia vs. hypoxia after 72 h of treatment.
Cell line Sunitinib 1a 1b
ICso [um]® fold diff. ICsp [um]® fold diff. ICsp [m]® fold diff.

N H N H N H
A431 59+14 42+0.6 14 6.8+0.3 44+0.1 1.5 6.7+0.5 45+0.5 1.5
Caki-1 6.8+0.2 76+14 0.9 6.6+04 6.6+£0.5 1.0 55+14 56+1.2 1.0
HCC827 52+05 3.440.1 1.4 55+1.0 35403 1.6 55+1.7 39+1.2 14
HCT116 22+15 20+1.2 1.1 21417 22413 1.0 19+£13 21413 0.9
H1703 0.5+0.0 0.5+0.0 1.0 0.5+0.0 0.5+0.0 1.0 0.5+0.0 0.5+0.0 1.0
[a] Values are the mean =+ SD of n=3 experiments performed in triplicate; N: normoxia, H: hypoxia.
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Table 4. IC;, values of 2a, 2b, and 2 c against the indicated cell lines under normoxia vs. hypoxia after 72 h of treatment.
Cell line 2a 2b 2c¢

ICso [um]® fold diff. ICso [1um]® fold diff. ICs [um]® fold diff.
N H N H N H

A431 15.0+£3.5 16.7+£2.8 1.1 >25 >25 1.0 38+25 25+14 1.5
HCC827 2714 1.94+0.9 1.4 2.7+09 1.8+0.3 1.5 26+1.0 2.1+£11 1.2
PC-9 75+£1.0 7.0+0.9 1.1 6.8+2.1 3.2+0.1 2.1 6.0+2.8 3.0+08 20
Calu3 155+1.3 155+34 1.0 >25 14.9 >1.7 58+37 50+3.8 1.2
SW480 >25 >25 1.0 >25 >25 1.0 24+15 1.8+1.1 1.3
MCF-7 9.0+1.0 124+28 0.8 >25 >25 1.0 0.6+0.0 0.7+0.1 0.9
[a] Values are the mean =+ SD of n=3experiments performed in triplicate; N: normoxia, H: hypoxia.

Table 5. ICs, values of erlotinib and TH-302 against the indicated cell lines under nor- nib-hypersensitive PC-9 and Calu3 cells. In line with
moxia vs. hypoxia after 72 h of treatment. these data, preliminary results using HCC827/ER cells,
Cell line Erlotinib TH-302 which have been selected for erlotinib resistance
ICso [um]™ fold diff. ICso [um]™ fold diff. (based on c-Met overexpression), displayed signifi-
N H N H cant sensitivity toward 2c¢ but not 2a and 2b, which
A431 76+1.7 99429 08 224426 54+34 4.1 overall suggests that this derivative has cytotoxic po-
HCC827 03+0.2 0.3+0.2 1.0 >10 74£00 >14 tential independent from EGFR inhibition (data not
PC-9 14408 13409 1.1 100400 59+4.1 17
Calu3 20+05 13+04 15 175+75 63437 2.8 shown).
alu ! » . X o o o .. . o .
SW480  >25 <25 10 206459 83429 25 Due. tq 'the low drug stability of 1a and’ 1b, the
MCF-7  >25 >25 1.0 225425 22404 102 72 h viability assays turned out to not be suitable for
[a] Values are the mean=SD of n=3experiments performed in triplicate; N: normoxia, proof of concept Stuqles of ou‘r p_rOd.ﬂ{g_s' Therefore,
H: hypoxia. short-term (4 h) experiments with inhibition of the TK

fromthe low stability of our prodrugs in the reversed-phase
HPLC chromatography experiments described above, no signif-
icant difference in the activity was found between hypoxic and
normoxic conditions and 1a and 1b behaved widely similar to
sunitinib (Table 3). Also 2a and 2b, while being less active
than erlotinib, followed the pattern of the EGFR inhibitor, with
highest activity in the erlotinib-hypersensitive HCC827 and PC-
9 models (Table 4). In contrast, 2c did not show an EGFR-de-
pendent activity pattern with the lowest ICs, value in the erlo-
tinib-nonresponsive MCF-7 and the highest IC,, values in erloti-

signaling (phosphorylation of ERK) as a read out were
performed. Figure 4A shows that indeed, especially
in case of 1a, decreased inhibition of ERK phosphory-
lation (relative to sunitinib) under normoxic conditions was ob-
served. In contrast, an activity similar to free sunitinib was
found under hypoxia. With regard to the erlotinib prodrugs,
no difference between erlotinib and 2 c (Figure 4B) or 2a (data
not shown) were found with respect to oxygen levels.

Molecular docking

To understand the biological results and investigate whether
the sunitinib and erlotinib derivatives 1a, 1b, and 2a-c are
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Figure 4. Inhibitory effects of the novel prodrugs in comparison with the respective free TKI on RTK signaling. A) Sunitinib-sensitive A431 and B) erlotinib-hy-
persensitive PC-9 cells were grown in medium with fetal calf serum (FCS) and treated with the indicated drug for 4 h. They were then harvested and lysed,
and the impact on ERK phosphorylation as a read out for RTK signaling was analyzed by western blotting. Sun = sunitinib, Erlo=erlotinib, N=normoxia,
H=hypoxia.
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able to enter the VEGFR- and EGFR-binding pockets in their
prodrug form, molecular docking simulations were performed
using AutoDock Vina. PDB ID: 4AGD and PDB ID: 1TM17 were
used as models for VEGFR-2 and EGFR, respectively.

Sunitinib, as previously mentioned and as shown by the 2D
plot in Supporting Information Figure S21, is located in the
ATP-binding pocket of VEGFR-2, forming a hydrogen bond to
Glu917, as well as a hydrogen bond with Asn923 with a water
molecule acting as bridge. Our calculations showed that, in
contrast to sunitinib, both 1a and 1b, did not fit into the bind-
ing pocket in any of the possible poses (Figure5 and Fig-
ure S21, representing the 3D and 2D plots of the best poses,
respectively). This is in agreement with the experimental re-
sults as, despite their instability, 1a and 1b have potential to
act as sunitinib prodrugs.

Figure 5. 3D structures of A) sunitinib and compound 1a, and B) sunitinib
and 1b in complex with VEGFR-2. The structure of the VEGFR-2—sunitinib
complex was obtained from PDB ID: 4AGD. The protein is depicted in
ribbon representation colored in green and was rendered as a surface repre-
sentation. Pictures were generated using Chimera. Compounds are shown in
capped stick representation and colored as follows: A) sunitinib in gold, 1a
in dark grey; B) sunitinib in gold, 1b in red/salmon. For both derivatives, the
oxindole core is clearly outside the protein binding pocket.

Surprisingly, the erlotinib derivatives 2a-c retained the abili-
ty to enter the EGFR ATP-binding pocket, regardless of their
steric hindrance. The 2D schematic diagrams of protein-ligand
interactions in Figure 6 show that the nitrogen of the quinazo-
line core in 2a and 2c still accepts the hydrogen bond from
the Met769 amide nitrogen, as the unmodified erlotinib does.
Compound 2b can also be placed in the binding pocket with
the other quinazoline nitrogen atom retaining its hydrogen
bond with the Thr766 side chain via a water molecule bridging
the gap in distance, as for erlotinib. 3D cartoons in Figure 7
emphasize the ability of the quinazoline core of 2a-c to fit ex-
actly in the catalytic cleft of EGFR. Interestingly, compound 2c¢
uses its nitroimidazole side chain as an arm to stabilize the in-
teraction of the quinazoline core inside the protein binding
pocket (Figure 6C and 7A). Overall, these results may explain
the biological activity of compounds 2a-c as they are able to
act as erlotinib-type drugs rather than erlotinib prodrugs.

Conclusions

With the aim of generating prodrugs of targeted therapeutics,
we synthesized a series of potentially hypoxia-activatable 2-ni-
troimidazole derivatives of the TKis sunitinib and erlotinib. In
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Figure 6. Schematic 2D diagrams of protein-ligand interactions for EGFR in
complex with A) erlotinib (PDB ID: TM17), B) 24, C) 2¢, and D) 2b. Hydrogen
bonds are indicated by dashed lines, while hydrophobic contacts are repre-
sented by an arc with spokes radiating toward the ligand atoms they con-
tact. The contacted atoms are shown with spokes radiating back.

Figure 7. 3D structures of A) erlotinib and compound 2¢, and B) erlotinib,
2a and 2b in complex with EGFR. The structure of the EGFR-erlotinib com-
plex was obtained from PDB ID: TM17. The protein is depicted in ribbon
representation colored in green and was rendered as a surface representa-
tion. Compounds are shown in capped stick representation and colored as
follows: A) erlotinib in gold, 2 ¢ in sky blue; B) erlotinib in gold, 2a in sky
blue and 2b in magenta. The pictures were generated using Chimera.

cell-free experiments, these compounds were readily activated
by NTR, delivering proof of principle for this strategy. However,
the sunitinib prodrugs 1a and 1b were highly labile in aque-
ous solution, and the erlotinib derivative 2c revealed fragmen-
tation products other than the original drug. For biological
testing, appropriate cell line panels were established. However,
72 h drug treatment followed by cell viability analyses revealed
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no difference in the activity between the prodrugs and their
corresponding free drugs independent of the oxygen level.
The reasons are, on the one hand, the compound lability (1a
and 1b) and, on the other hand, preserved enzyme inhibition
(2a-c), as suggested by docking simulations. The latter dis-
closed distinct differences in the impact of structural modifica-
tions on the drug interaction with the ATP-binding pocket of
the respective enzymes. Notably, 2c showed unexpected be-
havior with potent EGFR-independent activity, indicating an
additional mechanism of action, which will be the topic of fur-
ther investigations. Interestingly, 1a and 1b, however, despite
their applicability-limiting instability, still proved to be sunitinib
prodrugs also in vitro. This was verified by short-term incuba-
tion experiments, where some hypoxia dependency of ERK sig-
naling inhibition was observed especially in the case of the
more stable 1a.

In general, TKls are appealing drug candidates for prodrug
design, as their adverse effects lead to limitations in the clinical
application. Furthermore, from the chemical point of view,
their mechanism of action involves selective enzyme binding,
which can be prevented by specific derivatization. However, in
contrast to common cytotoxic drugs, such as doxorubicin or
paclitaxel, which comprise primary amino or hydroxy groups
that can be easily functionalized resulting in stable prodrugs,
in the case of TKIs, derivatization is a very complex issue. In
the panel of clinically approved TKIs, hardly any chemically
easily accessible group can be found in a crucial position.
Thus, based on the results of our study, we conclude that
a compromise has to be found between prodrug stability and
the guarantee of release of the approved original drug. More-
over, careful considerations have to be made regarding the
design of such derivatives, because the very heterogeneous
enzyme targets of these drugs show distinct differences in
enzyme tolerability for structural modifications on the drugs.
Thus, the development of an optimized prodrug requires the
validation of a TKI with a suitable crucial functionality meeting
all of these requirements, which is currently in progress in our

group.

Experimental Section
Chemistry

All solvents and reagents were obtained from commercial suppliers
and used without further purification. Anhydrous solvents were
bought over molecular sieves from Fisher Scientific (Austria)
GmbH. Erlotinib and sunitinib were purchased from LC Laborato-
ries’, sarcosine methyl ester hydrochloride from Alfa Aesar. Mass
spectrometry was performed on a Bruker HCT plus ESI-QIT spec-
trometer and high resolution spectra were obtained from a Bruker
maXis ESI-Qq-0aRTOF spectrometer. Expected and experimental
isotope distributions were compared. 'H and "*C NMR spectra were
recorded in [D;]DMSO with a Bruker Avance Ill 500 MHz spectrome-
ter at 500.32 ('H) and 125.81 (3C) MHz at 298 K, with chemical
shifts referenced to the solvent residual peak as an internal stan-
dard. NMR data are reported indicating the chemical shift (9,
(ppm)), the multiplicity (s, singlet; d, doublet; t, triplet; g, quartet;
m, multiplet, etc.), the coupling constant (J, (Hz)), and the integra-
tion. Assignments of the 'H and 'C shifts of 1a, 1b, and 2a-2¢
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were carried out according to the atom numberings shown in the
Supporting Information Figures S1-510. All final compounds dis-
played >95% purity as determined by elemental analysis per-
formed by the Microanalytical Laboratory of the University of
Vienna. Stability and reductive activation were determined by RP-
HPLC on a Dionex UltiMate 3000 UHPLC system controlled by
Chromeleon 6.8 chromatography software. The experimental con-
ditions were as follows: stationary phase: ethylene bridged hybrid
Cyg; column: Acquity UPLC BEH C,, 130A, 1.7 um, 3.0mm x
50 mm (Waters Corp.); column temperature: 25°C; mobile phase:
H,O/MeCN (0.1% HCOOH), HPLC grade; flow rate: 0.6 mLmin', in-
jection volume: 10 pL; gradient: 5-95% MeCN in 6 min. Decompo-
sition products were identified via HPLC-MS on a 1260 Infinity Bio-
Inert LC System from Agilent Technologies, controlled by an Agi-
lent OpenLAB CDS ChemStation software (Edition Rev. C.01.06),
coupled to an amaZon SL lon Trap mass spectrometer with HyStar
3.2 and Data Analysis 4.0 software package (Bruker Daltonics).

Methyl N-formyl-N-methylglycinate (3): This compound and all
following synthetic steps until compound 8 were synthesized by
a modified procedure from Matteucci etal."” using methyl for-
mate instead of ethyl formate. Sarcosine methyl ester hydrochlo-
ride (25 g, 180 mmol) in MeOH (100 mL) was treated with methyl
formate (773 mL, 7.0 equiv) and K,CO; (49.8 g, 2.0 equiv) and
stirred for 26 h. The formed precipitate was filtered off and washed
with MeOH. The filtrate was concentrated, diluted with H,O
(65 mL) and extracted with CH,Cl, (4x50 mL). The combined or-
ganic phases were dried over Na,SO,, filtered, and concentrated to
give 3 as a colorless oil (12.62g, 54%): '"HNMR (500.32 MHz,
[Dg]DMSO): two rotamers: 6 =2.76 (s, 3H), 2.97 (s, 3H), 3.67 (s, 3H),
3.70 (s, 3H), 4.07 (s, 2H), 4.22 (s, 2H), 8.02 (s, 1H), 8.10 ppm (s, TH).

Sodium  3-methoxy-2-(N-methylformamido)-3-oxoprop-1-en-1-
olate (4): Compound 3 (839, 63mmol) in methyl formate
(13.7 mL, 3.5 equiv) was added dropwise to an ice cold mixture of
NaOMe (3.76 g, 1.1 equiv) in dry THF (30 mL) over a period of
1.5 h. The mixture was allowed to slowly warm to ambient temper-
ature. After 23 h, it was treated with Et,0 (30 mL) and the resulting
white powder (4) was filtered off and washed with Et,O (9.01 g,
79%): '"H NMR (500.32 MHz, [DJDMSO): 6=2.70 (s, 3H), 3.44 (s,
3H), 7.56 (s, TH), 8.92 ppm (s, 1H).

2-Amino-1-methyl-1H-imidazole-5-carboxylic acid methyl ester
(5): A stirred solution of 4 (10.39 g, 57.37 mmol) in MeOH (100 mL)
and 30% HCI (14.3 mL, 2.35 equiv) was heated at 110°C and stirred
for 23 h. Then, the reaction mixture was cooled to ambient tem-
perature and filtered. The residue was washed with MeOH and the
combined filtrates concentrated to yield a brown oil, which was di-
luted with 10% HOAc (63.5 mL), NH,CN (5.30 g, 2.2 equiv) and
NaOAc (10.35 g, 2.2 equiv) and stirred for 3 h at 100°C. The reac-
tion mixture was cooled down, concentrated to half of its volume,
and the solution was adjusted to pH~9 by the addition of a satu-
rated K,CO; solution. The resulting mixture was extracted with
EtOAc (8x 100 mL), and the organic phases were concentrated in
vacuo. The crude product was purified by flash chromatography
on silica gel, eluting with EtOAc/MeOH 9:1, to give 5 as a white
powder (2.46 g, 28%): "H NMR (500.32 MHz, [D]JDMSO): 6 =3.53 (s,
3H), 3.69 (s, 3H), 6.20 (s, 2H), 7.30 ppm (s, 1H).

1-Methyl-2-nitro-1H-imidazole-5-carboxylic acid methyl ester (6):
Compound 5 (563 mg, 3.63 mmol) in HOAc (3.4 mL) was added
dropwise to an ice-cold solution of NaNO, (1.67 g, 6.65 equiv) in
H,O (5 mL) over a period of 1 h. The temperature was slowly raised
to ambient temperature. After 22 h the solution was extracted
with CH,Cl, (3x6 mL), the combined organic phases were dried
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over Na,SO,, filtered, and concentrated. The crude product was pu-
rified by flash chromatography on silica gel, eluting with EtOAc/
hexane 7:3, to give 6 as light-yellow powder (390 mg, 58%):
'HNMR (500.32 MHz, [DJDMSO): 6=3.89 (s, 3H), 420 (s, 3H),
7.81 ppm (s, 1H).

1-Methyl-2-nitro-1H-imidazole-5-carboxylic acid (7): To a stirred
solution of 6 (390 mg, 2.11 mmol) in H,O (2mL), NaOH (1 m,
6.5 mL) was added and the mixture was stirred for 20 h at room
temperature. The resulting solution was acidified with conc. HCI to
pH 1 and extracted with EtOAc (5x 6.5 mL). The combined organic
phases were dried over MgSO,, filtered, and concentrated to give
7 as a pale-yellow powder (1.1g, 89%): 'HNMR (500.32 MHz,
[D]DMSO): 6 =4.20 (s, 3H), 7.75 (s, TH), 13.90 ppm (s, 1H).

1-Methyl-2-nitro-1H-imidazole-5-methanol (8): To a stirred solu-
tion of 7 (1.08 g, 6.31 mmol) and Et;N (1.4 mL, 1.6 equiv) in dry
THF (28 mL) isobutyl chloroformate (1.31 mL, 1.6 equiv) was added
dropwise over a period of 10 min at —60°C. The reaction mixture
was stirred for 2 h and then treated with NaBH, (1.25 g, 5.25 equiv)
at —15°C. After 10 min, H,O (26 mL) was added over a period of
1 h while maintaining the temperature between —10°C and 0°C.
After raising the temperature to 5°C, the solid was filtered off,
washed with THF, and the combined THF portions were concen-
trated. The crude product was diluted with HCI (0.1m, 35 mL),
acidified to pH 3 with HCl (1 M) and extracted with EtOAc (9%
17 mL). The combined organic phases were dried over Na,SO,, fil-
tered, and concentrated in vacuo to give 8 as light-yellow powder
(886 mg, 89%): 'H NMR (500.32 MHz, [DJDMSO): 6=3.93 (s, 3H),
455 (s, 2H), 5.56 (s, 1H), 7.12 ppm (s, 1H); *C NMR (125.81 MHz,
[DgIDMSO): 6 =34.6, 53.5, 127.0, 139.1, 146.2 ppm; MS (ESI) m/z:
180.18 [M+Nal*.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (4-nitrophenyl) car-
bonate (9): To an ice-cold solution of 4-nitrophenyl chloroformate
(770 mg, 3.82mmol, 1.5equiv) in dry THF (30 mL), pyridine
(308 uL, 1.5 equiv) was slowly added. After 30 min at 0°C, 8
(400 mg, 2.55 mmol, 1 equiv) dissolved in dry THF (10 mL) was
added dropwise for 10 min. After another 10 min at 0°C, the reac-
tion mixture was allowed to warm to ambient temperature and
was stirred for 20 h. CH,Cl, (40 mL) was added and the mixture
was washed with HCI (1M, 3x40 mL) and brine (30 mL). The com-
bined organic layers were dried over MgSO,, filtered, and concen-
trated in vacuo. The crude product was purified by recrystallization
from EtOAc/hexane to give the product as beige crystals (486 mg,
59%): 'HNMR (500.32 MHz, [DJDMSO): 60=3.99 (s, 3H), 547 (s,
2H), 7.37 (s, 1H), 7.60 (d, J=9 Hz, 2H), 8.34 ppm (d, J=9 Hz, 2H);
3C NMR (125.81 MHz, [Dg]DMSO): 6 =34.8, 59.9, 123.1, 125.9, 130.1,
131.9, 145.8, 146.8, 151.9, 155.6 ppm; MS (ESI) m/z: 345.16 [M+
Na]*t.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl  (4-(hydroxymethyl)-
phenyl)carbamate (10): To a mixture of HOBt-H,O (203 mg,
1.50 mmol), molecular sieve 4 A (250 mg), and 4-aminobenzyl alco-
hol (278 mg, 1.5 equiv) in dry DMF (5 mL), 9 (485 mg, 1 equiv) was
added and the resulting reaction mixture was stirred for 18 h at
room temperature. The molecular sieve was filtered off and the sol-
vent was removed. The crude product was purified by flash chro-
matography on silica gel, eluting with EtOAc/Hexane 2:1, to give
10 as a white powder (370 mg, 80%): 'HNMR (500.32 MHz,
[Dc]DMSO): 6=3.98 (s, 3H), 4.42 (d, /=6 Hz, 2H), 5.09 (t, J=6 Hz,
1H), 5.29 (s, 2H), 7.23 (d, J=8Hz, 2H), 7.32 (s, 1H), 741 (d, J=
8 Hz, 2H), 9.79 ppm (s, 1H).

(1-Methyl-2-nitro-1H-imidazol-5-yl) methyl (4-((((4-nitrophenox-
y)carbonyl)oxy)methyl)phenyl) carbamate (11): A solution of 10
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(206 mg, 0.673 mmol) and DIPEA (352.4 uL, 3 equiv) in dry DMF
(15mL) was treated with bis(4-nitrophenyl) carbonate (307 mg,
1.5 equiv), and the reaction mixture was stirred at room tempera-
ture for 25 h. Then, EtOAc (170 mL) was added and the organic
layer was washed with KOH (0.01 ™, 12x40 mL) and brine (1x
40 mL), dried over MgSO,, filtered, and concentrated in vacuo to
give 11 as a beige solid (271 mg, 85%): 'HNMR (500.32 MHz,
[D]DMSO): 6=3.99 (s, 3H), 5.24 (s, 2H), 5.31 (s, 2H), 7.33 (s, TH),
742 (d, J=9Hz, 2H), 7.51 (d, J=9Hz, 2H), 7.58 (d, J=9 Hz, 2H),
8.33 (d, J=9 Hz, 2H), 9.97 ppm (s, TH).

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (2)-3-((4-((2-(diethyla-
mino)ethyl)carbamoyl)-3,5-dimethyl-1H-pyrrol-2-yl)methylene)-
5-fluoro-2-oxoindoline-1-carboxylate (1a): Sunitinib (155 mg,
0.390 mmol) was added to a solution of 9 (151 mg, 1.2 equiv) and
4-dimethylaminopyridine (57 mg, 1.2 equiv) in dry THF (15 mL),
which had been stirred for 5 min. The resulting reaction mixture
was stirred for 68 h in the dark. H,O (15 mL) was added and the
mixture was stored at 4°C for 2.5 h. The precipitate was filtered off
and washed with THF/H,0 1:1 and then with H,O to give 1a as an
orange powder (146 mg, 64%): 'H NMR (500.32 MHz, [DJ]DMSO):
0=0.98 (t, J=7 Hz, 6H, H28, H29), 2.45 (s, 3H, H18), 2.48 (s, 3H,
H19), 2.49-2.56 (m, 6H, H24, H26, H27), 3.29 (dt, J=6 Hz, /=6 Hz,
2H, H23), 4.06 (s, 3H, H40), 5.59 (s, 2H, H33), 7.06 (ddd, /=9 Hz,
=9 Hz, *J=3Hz, 1H, H2), 7.41 (s, 1H, H35), 7.60 (t, J=5Hz, 1H,
H22), 7.75-7.77 (m, 2H, H3, H12), 7.93 (dd, >}y =9 Hz, */=3 Hz, 1H,
H6), 12.73 ppm (s, TH, H14); 3C NMR (125.81 MHz, [D]DMSO): 6 =
11.1 (C18), 12.3 (C28, C29), 13.9 (C19), 35.0 (C40), 37.5 (C23), 47.0
(C26, C27), 52.1 (C24), 58.0 (C33), 105.9 (C6, *Jr=26 Hz), 111.1 (C9,
“Je=3Hz), 113.1 (C2, 2Jy=24Hz), 1162 (C3, *J:=9Hz), 1224
(C16), 126.3 (C13), 126.7 (C12), 128.1 (C5, *Je =10 Hz), 129.8 (C35),
131.6 (C4), 132.6 (C34), 133.8 (C17), 139.4 (C15), 146.8 (C37), 150.3
(C30), 160.1 (C1, Jpr=239 Hz), 164.5 (C20), 166.7 ppm (C8); MS
(ESI) m/z: 582.42 [M+H]™"; Anal. calcd for C,qH3,FN,040.1H,0 (M, =
583.40 gmol™'): C 57.65, H 5.56, N 16.81, found: C 57.40, H 5.40, N,
16.73.

4-((((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)carbonyl)ami-

no)benzyl (2)-3-((4-((2-(diethylamino)ethyl)carbamoyl)-3,5-di-
methyl-1H-pyrrol-2-yl)methylene)-5-fluoro-2-oxoindoline-1-car-

boxylate (1 b): Sunitinib (191 mg, 0.479 mmol) was added to a solu-
tion of 11 (271 mg, 1.2equiv) and 4-dimethylaminopyridine
(70.2 mg, 1.2 equiv) in dry THF (8 mL), which had been stirred for
5 min. The resulting reaction mixture was stirred for 69 h in the
dark. H,O (8 mL) was added and the mixture was stored at 4 °C for
2 h. The precipitate was filtered off and washed with THF/H,O 1:1
and then with H,O to give 1b as an orange powder (236 mg,
66%): 'HNMR (500.32 MHz, [Dg]DMSO): 6=0.98 (t, J=7 Hz, 6H,
H28, H29), 2.45 (s, 3H, H18), 2.48 (s, 3H, H19), 2.49-2.55 (m, 6H,
H24, H26, H27), 3.29 (dt, J=6 Hz, J=6 Hz, 2H, H23), 3.97 (s, 3H,
H38), 5.30 (s, 2H, H36), 5.39 (s, 2H, H48), 7.04 (ddd, 3>J=9 Hz, 3=
9Hz, “J=3Hz, 1H, H2), 7.32 (s, 1H, H31), 7.47-7.52 (m, 4H, H43,
H44, H46, H47), 7.60 (t, J=5 Hz, 1H, H22), 7.74 (dd, *J=9 Hz, *J:=
5Hz, TH, H3), 7.77 (s, 1H, H12), 7.92 (dd, 3}, =9 Hz, /=2 Hz, 1H,
H6), 9.98 (s, 1H, H40), 12.73ppm (s, 1H, H14); "CNMR
(125.81 MHz, [Dg]DMSO): 6 =11.1 (C18), 12.4 (C28, C29), 13.8 (C19),
34.8 (C38), 37.5 (C23), 47.0 (C26, C27), 52.1 (C24), 55.7 (C36), 68.4
(C48), 105.9 (C6, 2 =26 Hz), 111.3 (C9, *Jr=3 H2), 113.0 (C2, Yr=
24 Hz), 116.1 (C3, *J:=8 Hz), 118.6 (C43, C47), 122.4 (C16), 126.3
(C13), 126.6 (C12), 128.0 (C5, *Jer=10 Hz), 129.3 (C31), 129.9 (C44,
C46), 129.9 (C45 or C42), 131.8 (C4), 133.6 (C17), 133.7 (C30), 139.3
(C15), 139.4 (C42 or C45), 146.6 (C33), 150.8 (C50), 153.2 (C39),
160.0 (C1, 'Jor =239 Hz), 164.6 (C20), 166.8 ppm (C8); MS (ESI) m/z:
73148 [M+HI"; Anal. caled for CyH3FNgOg0.75H,0 (M, =
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744.25 gmol™'): C 58.10, H 5.48, N 15.06, found: C 58.38, H 5.43, N
14.70.

N-(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)-N-(4-nitrobenzyl)-
quinazolin-4-amine (2a): Erlotinib (200 mg, 0.508 mmol) was
added to an ice-cold solution of tBuOK (63 mg, 1.1 equiv) in dry
DMF (10 mL) and stirred for 10 min at 0°C. Then, 4-nitrobenzyl bro-
mide (143 mg, 1.3 equiv) was added and the reaction mixture was
allowed to slowly warm to room temperature and stirred over-
night. After 18 h, the solvent was evaporated, the residue was di-
luted with H,O (10 mL) and extracted with EtOAc (2x 15 mL). The
combined organic phases were dried over MgSO,, filtered and con-
centrated. Purification of the crude product was performed by
flash chromatography on silica gel, eluting with EtOAc/MeOH 20:1,
to give 2a as beige crystals (62 mg, 23%): 'H NMR (500.32 MHz,
[DgIDMSO): 6=3.25 (s, 3H, H29), 3.32 (s, 3H, H25), 3.39-3.41 (m,
2H, H27), 3.55-3.57 (m, 2H, H26), 3.70-3.72 (m, 2H, H23), 4.25 (s,
1H, H19), 4.25-4.27 (m, 2H, H22), 5.55 (s, 2H, H30), 6.46 (s, TH,
H6), 7.26 (s, 1H, H3), 7.28 (ddd, *J=8Hz, *J=2Hz, “J=1Hz, 1H,
H17), 7.31 (ddd, >J=8Hz, *J=1Hz, */=1Hz, 1H, H15), 7.38 (dd,
J=8Hz, J=8Hz, 1H, H16), 740 (dd, /=2 Hz, *J=1Hz, TH, H13),
7.69 (d, J=9Hz, 2H, H32, H36), 8.15 (d, J=9 Hz, 2H, H33, H35),
8.66 ppm (s, 1H, H8); *CNMR (125.81 MHz, [DJDMSO): 6=55.4
(C30), 58.7 (C29), 58.8 (C25), 67.7 (C26), 68.5 (C22), 70.0 (C27), 70.4
(C23), 82.3 (C19), 83.1 (C18), 106.1 (C6), 108.6 (C3), 110.6 (C5), 123.7
(C14), 123.9 (C33, C35), 126.5 (C17), 128.4 (C13), 129.3 (C32, C36),
129.3 (C15), 130.7 (C16), 146.8 (C12), 146.9 (C31), 147.0 (C34), 147.1
(C1), 149.5 (C4), 153.2 (C8), 153.9 (C2), 159.7 ppm (C10); MS (ESI)
m/z: 52940 [M+H]*, 55135 [M+Nal*; Anal. caled for
CooH1N,040.1H,0 (M, =530.36 gmol™"): C 65.67, H 5.36, N 10.56,
found: C 65.42, H 5.20, N 10.42.

tert-butyl (4-(((6,7-bis(2-methoxyethoxy)quinazolin-4-yl) (3-ethy-
nylphenyl)amino)methyl)phenyl) carbamate (12): Erlotinib
(500 mg, 1.27 mmol) was added to an ice-cold solution of tBuOK
(185 mg, 1.3 equiv) in dry DMF (25 mL) and stirred for 10 min at
0°C. Then, boc-4-aminobenzyl bromide (473 mg, 1.3 equiv) was
added and the reaction mixture was allowed to slowly warm to
ambient temperature and stirred overnight. After 20 h the solvent
was evaporated, the residue was dissolved in EtOAc (50 mL) and
washed with H,0 and brine (25 mL each). The organic phase was
dried over Na,SO,, filtered, and concentrated. Purification of the
crude product was performed by flash chromatography on silica
gel, eluting with EtOAc/MeOH 20:1, to give 12 as pale-yellow
powder (263 mg, 35%): 'H NMR (500.32 MHz, [DJDMSO): 6 =1.45
(s, 9H), 3.25 (s, 3H), 3.32 (s, 3H), 3.39-3.41 (m, 2H), 3.54-3.56 (m,
2H), 3.70-3.72 (m, 2H), 4.21 (s, 1H), 4.25-4.27 (m, 2H), 5.35 (s, 2H),
6.46 (s, 1H), 7.17 (ddd, 3J=8Hz, J=2Hz, *J=1Hz, 1H), 7.24 (s,
1H), 7.26-7.36 (m, 7H), 8.68 (s, 1H), 9.26 ppm (s, 1H); MS (ESI) m/z:
599.47 [M+H]*.

N-(4-aminobenzyl)-N-(3-ethynylphenyl)-6,7-bis(2-methoxyethox-
y)quinazolin-4-amine (2b): A stirred solution of 12 (263 mg,
0.439 mmol) in MeOH (20 mL) was treated with HCl conc. (183 L,
2.2 mmol). After 20 h, the solvent was evaporated to yield the
product as a pale-yellow foam (240 mg, 96%). To remove the HCI
salt, portions of the product were diluted with NaHCO; (0.25m)
and extracted with EtOAc. The combined organic phases were
dried over Na,SO,, filtered, and concentrated. Because some erloti-
nib was found in the product, it was purified twice by flash chro-
matography on silica gel (hexane/THF 1:2, followed by CH,Cl/
MeOH 20:1 + Et;N (0.1%)) to give pure 2b as a beige solid:
'H NMR (500.32 MHz, [Dg]DMSO): 6=3.24 (s, 3H, H29), 3.32 (s, 3H,
H25), 3.39-3.41 (m, 2H, H27), 3.52-3.54 (m, 2H, H26), 3.70-3.72 (m,
2H, H23), 4.19 (s, 1H, H19), 4.24-4.26 (m, 2H, H22), 4.94 (s, 2H,
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H37), 5.23 (s, 2H, H30), 6.43 (s, 1H, H6), 6.44 (d, /=8 Hz, 2H, H33,
H35), 7.03 (d, J=8 Hz, 2H, H32, H36), 7.13 (ddd, 3/=8 Hz, /=2 Hz,
*J=1Hz, 1H, H17), 7.20 (dd, /=2 Hz, *J=1Hz, 1H, H13), 7.22 (s,
1H, H3), 7.27 (ddd, 3J=8 Hz, /=1 Hz, *J=1Hz, 1H, H15), 7.34 (dd,
J=8Hz, J=8Hz, 1H, H16), 868 ppm (s, 1H, H8); "CNMR
(125.81 MHz, [Dg]DMSO): 6 =55.4 (C30), 58.7 (C29), 58.7 (C25), 67.7
(C26), 68.5 (C22), 70.0 (C27), 70.4 (C23), 82.0 (C19), 83.2 (C18), 106.4
(C6), 108.5 (C3), 110.8 (C5), 114.2 (C33, C35), 123.4 (C14), 125.1
(C31), 126.7 (C17), 128.6 (C13), 128.9 (C15), 129.4 (C32, C36), 130.5
(C16), 146.9 (C1), 147.2 (C2), 148.1 (C34), 149.4 (C4), 153.3 (C8),
153.7 (C2), 160.1 ppm (C10); MS (ESI) m/z: 499.36 [M+H] ", 521.40
[M+Nal*, 537.38 [M+K]*; Anal. caled for CyH;oN,0,-0.25H,0
(M,=503.08 gmol™"): C 69.22, H 6.11, N 11.14, found: C 68.95, H
5.93, N 11.05.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (4-(((6,7-bis(2-methox-
yethoxy)quinazolin-4-yl) (3-ethynylphenyl)amino)methyl)phenyl)
carbamate (2c): Compound 2b (80 mg, 0.16 mmol, 1.1 equiv) was
dissolved in dry DMF (6.5mL) and treated with 9 (47 mg,
0.15 mmol, 1 equiv) and HOBt-H,0 (22 mg, 1.1 equiv). The resulting
reaction mixture was stirred overnight at room temperature. After
18 h, it was diluted with brine (30 mL) and extracted with EtOAc
(3x25 mL). The combined organic phases were dried over MgSO,,
filtered, and concentrated. The crude product was purified by flash
chromatography on silica gel, eluting with hexane/THF 1:2, to give
2c¢ as a pale-yellow powder (83 mg, 77%): 'H NMR (500.32 MHz,
[DgIDMSO): =3.24 (s, 3H, H29), 3.31 (s, 3H, H25), 3.38-3.40 (m,
2H, H27), 3.53-3.55 (m, 2H, H26), 3.69-3.71 (m, 2H, H23), 3.95 (s,
3H, H48), 4.23 (s, 1H, H19), 4.24-4.26 (m, 2H, H22), 5.26 (s, 2H,
H41), 535 (s, 2H, H30), 6.44 (s, TH, H6), 7.18 (ddd, *)=8 Hz, *J=
2Hz, *J=1Hz, 1H, H17), 7.23 (s, 1H, H3), 7.26-7.36 (m, 8H, H13,
H15, H16, H32, H33, H35, H36, H42), 8.66 (s, 1H, H8), 9.80 ppm (s,
1H, H37); *CNMR (125.81 MHz, [DgDMSO): 6=34.7 (C48), 55.2
(C30), 55.6 (C41), 58.7 (C29), 58.7 (C25), 67.6 (C26), 68.5 (C22), 70.0
(C27), 70.4 (C23), 82.1 (C19), 83.2 (C18), 106.2 (C6), 108.5 (C3), 110.7
(C5), 118.6 (C33, C35), 123.5 (C14), 126.6 (C17), 128.4 (C13), 128.9
(C32, C36), 129.0 (C15), 129.3 (C42), 130.6 (C16), 132.7 (C31), 133.8
(C46), 138.0 (C34), 146.5 (C44), 147.0 (C1), 147.0 (C12), 149.4 (C4),
153.1 (C38), 153.3 (C8), 153.7 (C2), 160.0 ppm (C10); MS (ESI) m/z:
682.26 [M+H]"; Anal. calcd for C35H35N;04:0.5 EtOAC:0.5H,0 (M, =
734.76 gmol™'): C 60.48, H 5.49, N 13.34, found: C 60.69, H 5.48, N
13.42.

Stability measurements in aqueous buffer

Compounds 1a, 1b and 2a-c were dissolved in sodium phosphate
buffer (10 mm, pH 7.4, 37 °C) containing 1% DMSO at a concentra-
tion of 2.5 um and incubated at 37 °C. Aliquots were withdrawn at
different time points (0-24 h, every 30 min) and subjected to RP-
HPLC analysis. The HPLC chromatogram peak areas at 420 nm (for
1a, 1b) and 340 nm (for 2a-c) were used to calculate the concen-
tration of the remaining prodrug.

E. coli nitroreductase assay

Recombinant E. coli nitroreductase and [-nicotinamide adenine di-
nucleotide (3-NADH, reduced form, dipotassium salt) were pur-
chased from Sigma-Aldrich. The following protocol was applied to
the test compounds: compound stock solution (15 uL, 250 pum) in
DMSO was added to sodium phosphate buffer (410 uL, 10 mm,
pH 7, preheated to 37°C) and NADH (75 uL of 1 mm) in sodium
phosphate buffer. The reaction was initiated by addition of E. coli
nitroreductase (1 mL, 2 ugmL™" in sodium phosphate buffer; final
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concentrations: drug: 2.5 pm; NADH: 50 um). Aliquots were collect-
ed and the reactions were followed by RP-HPLC as a function of
time. The HPLC chromatogram peak areas at 420 nm (for 1a, 1b)
and 340 nm (for 2a-c) were used to determine both the disap-
pearance of the starting material as well as the appearance of the
reaction products. Unknown peaks were identified using mass
spectrometry. Between the time points, all solutions were incubat-
ed at 37°C. Reference solutions containing compound stock solu-
tion (15 pL) in DMSO, buffer solution (1.410 mL), and NADH solu-
tion (75 puL) were prepared and analyzed under the same condi-
tions and at the same time points in order to distinguish between
nitroreductase-based activation and enzyme-free hydrolysis. Solu-
tions of sunitinib, erlotinib, and 2b, prepared as described for the
reference measurements, served as standards for the quantification
of reaction products.

Biological evaluation

Chemicals for cell culture tests: Erlotinib hydrochloride and suniti-
nib malate (from LC Laboratories) and all other investigated com-
pounds were dissolved in DMSO. These stock solutions were fur-
ther diluted in culture media at the indicated concentrations. The
final DMSO concentrations were always less than 1%.

Cell culture: The following human cell models were used in this
study: the breast carcinoma MCF-7, the colon carcinomas SW480
and HCT116, the renal cell carcinomas Caki-1, Caki-2 and RU-MH,
the squamous cell carcinomas H1703 and H520, the epidermoid
carcinoma A431, as well as the non-small-cell lung cancer (NSCLCQ)
lines HCC827, PC-9 and Calu3 (sources and used medium are sum-
marized in Table 6). Unless otherwise indicated, the cells were culti-
vated in humidified incubators (37°C, 21% 0O,, 5% CO,) in full cul-
ture medium, containing fetal calf serum (10%, PAA, Linz Austria).
Cell cultures were periodically checked for Mycoplasma
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Hypoxic conditions: Cells were plated in 96- or 6-well plates in
a hypoxia chamber (c-chamber equipped with a ProOxC210,/CO,
Controller from Biospherix NY, USA) at 1% 0,/5% CO, level for the
indicated time points (72 h and 4 h for MTT assays and protein iso-
lation, respectively) before analysis/harvesting. Normoxic sample
plates were always prepared in parallel.

Western blot analysis: To assess the impact of our new drugs on
the RTK signaling, cells were treated with the test drugs for 4 h.
Then, they were harvested, total protein extracts isolated and re-
solved by SDS-PAGE, and transferred onto a polyvinylidene difluor-
ide membrane for western blotting as previously described.” The
antibodies, their source and dilutions are shown in Table 7. Addi-
tionally, horseradish-peroxidase-labeled secondary antibodies from
Santa Cruz Biotechnology were used at working dilutions of
1:10000.

Molecular docking

Molecular docking was performed by the software AutoDock Vina
1.1.2 for Linux®? using 50 as exhaustiveness value. The Protein
Data Bank files PDB ID: 1M17 and PDB ID: 4AGD were used as
models for EGFR in complex with erlotinib and VEGFR-2 in complex
with sunitinib, respectively. In order to be used for docking studies,
the structures of compounds 1a, 1b, and 2a-c were fully opti-
mized by DFT calculations implemented in the Gaussian 09 pro-
gram package,”® using the B3LYP functional,*” and the 6-31G(d)
basis set.”) AutoDock Tools 1.5.6 (cross platform) software was
used to add and merge non-polar hydrogens to the receptors and
to assign the rotatable bonds to the ligands.”® The rotational
bonds of the proteins were regarded as being rigid. A grid box
large enough to allow possible ligand-receptor complexes within
the binding pocket of the protein was created (Supporting Infor-

contamination. Table 7. Antibodies used.

Cytotoxicity assay: Cells were plated (2x10° cells/well) . - I _—

iny96-well r::ates a)llwd allowed toprecover for 24 h. Subse- Primary antibody Specification Dilution source

quently, the dissolved drugs were added. After 72h | B-actin Monoclonal mouse 1:5000 Sigma-Aldrich

drug exposure, the proportion of viable cells was deter- | EGFR Monoclonal rabbit 1:1000 Cell Signaling

mined by MTT assay following the manufacturer’s rec- VEGFR-1 Polyclonal rabbit~ 1:1000 - Signalfng

ommendations (EZ4U, Biomedica, Vienna, Austria). Cyto- PDGFR[; Monoclonal rab.blt 111000 cell S!gnalfng
. ERK1/2 (p44/42 MAPK) Polyclonal rabbit 1:1000 Cell Signaling

toxicity was expressed as ICy, values calculated from full | Jeow (rho02/myr204) Polyclonal rabbit 1:1000 Cell Signaling

dose-response curves using Graph Pad Prism software.

Table 6. Detailed information on the cell lines used.”!

Cell line Histology Characteristics Growth medium Source

A431 Epidermoid carcinoma EGFR wild-type overexpression, erlotinib-sensitive RPMI-1640 ATCC

Caki-1 Renal cell carcinoma McCoy's ATCC

Caki-2 Renal cell carcinoma McCoy's ATCC

Calu3 NSCLC EGFR-dependent, erlotinib-sensitive MNP ATCC

HCC827 NSCLC Erlotinib-sensitive due to EGFR mutation (delE746-A750) RPMI-1640 ATCC

MCF-7 Mammary tumor, adenocarcinoma DMEM ATCC

PC-9 NSCLC Erlotinib-sensitive due to EGFR mutation (delE746-A750) RPMI-1640 CEMM-Kilian Huber
RU-MH Renal cell carcinoma RPMI-1640 Established at the ICR
HCT116 Colorectal carcinoma EGFR wild-type McCoy's ATCC

SW480 Colorectal carcinoma EGFR wild-type MEME ATCC

H1703 Squamous cell lung carcinoma RPMI-1640 ATCC

H520 Squamous cell lung carcinoma RPMI-1640 ATCC

[a] Abbreviations: ATCC, American Type Culture Collection; DMEM, Dulbecco’s modified Eagle’s medium; ICR, Institute of Cancer Research Vienna; MNP,
minimal essential medium with non-essential amino acids and pyruvate.
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mation Figure S20). In particular, the grid size for the EGFR receptor
was set to 30x20x20 points with grid spacing of 1.000 A and
a grid center of 21.857, 0.260 and 52.761 (center of mass of erloti-
nib in 1M17), while the grid size for VEGFR-2 receptor was set to
30x30x%20 points with grid spacing of 1.000 A and a grid center
of 49.976, —2.120 and —14.836 (center of mass of sunitinib in
4AGD). Validation of AutoDock Vina was performed, running dock-
ing calculations on the VEGFR-2 and EGFR receptors and the inhibi-
tors sunitinib and erlotinib as they were in the original PDB (PDB
ID: 4AGD and PDB ID: 1M17, respectively). Docking scores of the
docked erlotinib and sunitinib, as well as of the docked com-
pounds 1a, 1b, and 2a-c, are reported in Table S1. 2D interactions
models were generated using LigPlot 4 software.’”” Docking results
were visualized using Chimera™ and PyMOL™ software.
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High activity in low O,: Tyrosine kinase
inhibitors have demonstrated potent
anticancer activity. Their potential is lim-
ited, however, due to toxic adverse ef-
fects. Herein we present hypoxia-acti-
vatable prodrugs of the tyrosine kinase
inhibitors sunitinib and erlotinib, includ-
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ing synthesis, biological evaluation, and
molecular docking studies. The results
show proof of principle for the transfer
of this concept to the class of targeted
therapeutics and reveal the main pa-
rameters that should be considered in
future development.
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