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ABSTRACT

The use of nitroreductases (NTR) that catalyzeréaeiction of nitro compounds by using
NAD(P)H in GDEPT (Gene-directed enzyme prodrug dpg) studies which minimize
toxicity at healthy cells and increases concerdrabf drugs at cancer cells is remarkable.
Discovery of new prodrug/NTR combinations is neaegdo be an alternative to known
prodrug candidates such as CB1954, SN23862, PR-1B4A this aim, nitro containing
aromatic amidegAl1-A23)* were designed, synthesized, performed in silicov) and
molecular docking techniques in this study. Prodcagdidates were studied on reduction
potentials with Ssap-NtrB by HPLC system. Also, toyoxic properties and prodrug ability
of these amides were investigated using differamicer cell lines such as Hep3B and PC3.
As a result of theoretical and biological studis@nbinations oA5, A6 and A20 with Ssap-
NtrB can be suggested as potential prodrugs/enzgongbinations at NTR based cancer

therapy compared with CB1954/NfsB.

Keywords: Nitro aromatic amides, Prodrug, Ssap-NtrB, Enzymaiitivity, Cytotoxicity,

Molecular docking.

1. INTRODUCTION

Gene-directed enzyme prodrug therapy (GDEPT) hamuced the attention of the
biology-medicine community since it limits toxicigt healthy cells and increases amount of
drug in cancer cells for cancer therapies [1]. GDERainly consists of two steps. The first
step is transfer of the enzyme gene to the tumdrbgeloading the carrier vector and
expression of this gene in the tumor cell [2, 3jeTsecond step is the conversion of nontoxic
prodrug to cytotoxic drug by enzyme catalysis. Fynahe active drug is transported to other

cancer cells with bystander effect [4].
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The use of nitroreductases (NTR) that catalyzerduiction of nitro compounds by
using NAD(P)H in GDEPT studies is remarkable [2édRction with NTRs can be occured in
two types to form nitroso, hydroxylamine and amimetabolites [5]. Type | NTRs are oxygen
insensitive and catalayze two electron reductiothefnitro group, type Il NTRs are oxygen
sensitive and performs single electron reduction.

5-Aziridinyl-2,4-dinitrobenzamide (CB1954), whichs i the prototype of the
dinitrobenzamide prodrug family, has been the msastessful prodrug for nitroreductases of
GDEPT [2]. When CB1954 is reduced by NTR, 2-hydtaryne and 4-hydroxylamine
metabolites occur at equal amounts [6]. While 4rbyglamine metabolite is more cytotoxic
and shows good bystander effect, 2-amino metabelktabits better diffusion and higher
stability than the 4-hydroxylamine metabolite [7-9] is known that 2-hydroxylamine
metabolite provides inhibitory effect on the grovahcancer cells [10, 11]. The efficacy of
CB1954 in GDEPT system has been exhibited by d@lrstudies on prostate cancer and liver
cancer [12,13]. However, due to the hepatotoxiea$# of the prodrug CB1954 and low
efficiency ofE. coliNTR on CB1954, clinical trials were terminated 5], emphasizing the
need for better prodrug alternatives and new rattoctase enzymes [16-23]. A mustard
derivative of CB1954, SN23862 (BHN-bis(2-chloroethyl)amino]-2-hydroxyamino-4-
nitrobenzamide) has higheryKand kg values and better bystander effect as compared to
CB1954 and is more cytotoxic when interacts witlsBIE.coli nitroreductase) [24, 25]. The
limitation atin vivo studies of first generation of dinitrobenzamide tatds (DNBM) due to
their low solubility, DNBM phosphate esters haveettbaleveloped as pre-prodrug. These
compounds (e.g. PR-104) were firstly converteddoesponding prodrug alcohol (e.g. PR-
104A) with systemic phosphate effect and the nex & reduction of prodrugs by NfsB to
give active drugs (e.g. PR-104H) [26, 27] PR-10d&s been found more cytotoxic in

hypoxic and aerobic conditions against differemtoeat cells when compared to other DNBM



76 compounds. Preclinical studies of PR-104A has metessful and proceeded to clinical

77 studies [28] (Figure 1). Later, it was discoverbdttPR-104 had a myelotoxic effect and

78 clinical trials did not proceed further [29]. Howery new studies continue to be conducted on
79 the second generation of PR-104A analogues fairélaément of cancer [15, 19, 31].

80 Design and synthesis of nitro containing compousglfiuorescent imaging probes for

81 NTR detection and diagnosis of tumor cells at hyp@onditions have come to the fore in

82 recent years [31-34].

NO, NO, 84
NO; CONH,
CONH, H 85
O,N N\/\OH
N J Ry

83

O,N
N
VAN
cl cl 0S0,CH.87
CB1954 SN23862 PR-104A 88

89 Figure 1. The structures of a few reported prodrug candglate

90 Also it is known that benzamide derivatives havpesior pharmacological properties
91 and used as drugs (vismodegib, sonidegib, talagquabsalmide, tiapride etc.) in the
92 treatment of various diseases [35-38]. In this wtudtro-containing amide prodrugs were
93 designed on the basis of model prodrug CB1954, 8B23PR-104A and other known
94  benzamides.

95 In our previous work, we synthesized three benzamaitd one hydrazide derivative as
96 nitro bearing prodrug and investigated their enzynactivities on Ssap-NtrB a new
97 nitroreductase developed by our research group, [@proliferative effects on different
98 cancer cell$39]. Promising results prompted us to diversifg titro containing amides (23
99 compounds) and investigate more amide prodrug® tosked for Ntr-based cancer therapies.

100 Four different amide core structures such as plaeeydmide (Al-A4),
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4-(4-nitrobenzoyl)morpholine/piperidind5-A6), N-substitutedphenyl benzamida7-A14),
bis(4-nitrobenzamidefA15-A23) were designed in this study. The main reason tse{ec
these skeletons is to discover the most activetsire among these four type compounds that
more interacting with the Ssap-NtrB enzyme throdgferent pharmacophore groups. The
effects of -Br and -N@groups at different positions in phenylacetan{i&-A4), morpholine
or piperidine heterocycles l5-A6, -NO,, -Cl, -CHs, -N(CHs),, -N(n-Bu), functional groups
at different positions iN-substituted phenylbenzami@&7-A14) and two benzamide groups
and various linkers such as -EBu as short/long alkyl chains, piperazine as arbejelic
group, 1,2-, 1,3-, 1,4- cyclohexyl, phenyl as dl@gromatic rings at bis(4-nitrobenzamide)
(A15-A23) were investigatedHerein, we report synthesis data, enzymatic andtayic
results of a series of nitro containing amide pugdrwith both experimental and silico

methods. Detailed structure-activity relationst$\R) results were also discussed (Figure 2).

a) our previous work: 4 prodrug

[ Lo 2 n N2
X 2 N
N N
H H
O2N O,N NO,

2 2-nitro
4-nitro
2,4-dinitro

b) this work: 23 prodrug

6
OY 0 o) R o) 7 o}
O,N N1 N/\ O,N N RN
\©: K/X H  gs H H
R? O2N R* O,N NO,
NO,

R3
1. 7. . .
Rz: o X:CorO R -H, -CHg, N(CHa),, N(Bu), R Et, Bu, piperazine,
R<: -H, -Br R5: -H, -NO, 1,2- 1,3- 1,4-cyclohexyl,
R%: -H, -NO, RS: -Cl, -NO, 1,2- 1,3- 1,4-phenyl
Al-A4 A5-A6 A7-Al4 A15-A23

Figure 2. An overview of amide based prodrug structuresistu¢g) previously [39] and (b)

in this work
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2. RESULT AND DISCUSSION

2.1. Chemistry

All of the known products were confirmed by compan of their spectral data with
those reported in the literature. The prodrugs virlig characterized by their melting point,
FT-IR, *H NMR, **C NMR and MS spectras.

Al and A3 prodrugs were synthesized from aniline derivativiesacetylation reaction in
good yields 92% and 81%, respectively. Prodrdgsand A4 were obtained frorA1l or A3
and ethyl iodideat the conditions that used NaH as base in DMFeslat room temperature

in 42 % and 82 % vyields, respectively [40] (Fig8je

OaN NH, Ac,0/Pyridine ON )
or OaN N, Et, NaH ©2 N
R? AC,0/ACOH:H,S0, R2 DMF, r.t. R2

R3 R3 R3
R2- H, R%: -NO, Al (92%) A2 (42%)
R2- Br, R3: -H A3 (81%) A4 (82%)

Figure 3. Synthesis oA1-A4

As revealed in Figures 4 and 5, different reactonditions were applied to obtaib-
A23 prodrugs by amidation reaction. Prodru§g-Al4 were synthesized from different
aniline derivatives (4-chloroaniline, 4-nitroangirand 2,4-dinitroaniline) and various 3,5-
dinitrobenzoic acid derivatives that contain somumcfional groups like as -H, -GH
-N(CHz3)2, -N(n-Bu), at 4-position by using DCC and DMAP at Steglishegication

conditions (Figure 4).
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o A O,N N
O2N OH /@/ R DCC/DMAP Ho g
+ 4
R
4 DCM, r.t., 12-24h
R H,N NO,

NO, R®
A7-A14
R* -H, R® R® -NO, A7 (38%)
R*: -CHj, R%:-H, R%: -NO, A8 (20%)
R* -CHs, R®, R% -NO, A9 (48%)
R*: -N(CHg3),, R%-H, R -CI A10 (74%)
R* -N(CHg),, R%-H, R%: -NO, A1l (53%)
R* -N(CHj3),, R®, R®: -NO, Al2 (50%)

R* -N(n-Bu),, R%:-H, R®: -Cl A13 (79%)
R* -N(n-Bu),, R%-H, R%: -NO,  A14 (67%)

Figure 4. Synthesis oA7-Al14
A5 and A6 were synthesized from 4-nitrobenzoyl chloride gpigeridine (A5) or

morpholine(A6) according to known methods with some modificati@ffigure 5). Prodrugs
A15-A23 were obtained from 4-nitrobenzoyl chloride (1.0 igguand various aliphatic,
aromatic or heterocyclic diamino compounds (2.0ieqar more) at traditional conditions or
by using microwave irradiation (Figure 5). Prodrugd5-Al7 were prepared from
4-nitrobenzoyl chloride and diamino derivativeshggenediamine, 1,4-diaminobutane or
piperazine) with triethylamine in DMF at room temataire or 50 °C for 5-6 h in moderate
yields (Figure 5). ProdrugsAl18-A20 were synthesized by using 1,2-, 1,3- or
1,4-diaminocyclohexane with triethylamine in chlimmon at reflux temperature for 8-14 h in
65-75% yields (Figure 5). Prodrug#&21-A23 were obtained from 1,2-, 1,3- or
1,4-diaminobenzene with DMAP in pyridine at 70 °Z using microwave energy for 20-25

min (Figure 5).
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151

152 Figure 5. Synthesis oA5, A6 andA15-A23

153 (i. K,COs/MeCN/reflux/6h (forA5); ii. EtsN/DCM/reflux/8h (forA6); iii. EtsN/DMF/r.t or 50
154 °C/5-6h (for A15-Al7); iv. EtN/CHCl/reflux/8-14h (for A18-A20); v. Microwave
155 irradiation/DMAP/pyridine/70 °C/20-25 min (fak21-A23)

156 Many of the products (especialy15-A23) had very low solubility in common organic
157 solvents resulting in difficulties at the purificat steps of the corresponding products.
158 Therefore, purification was carried out by crystalion or hot and/or cold washing with
159 solvents that have different polarity.

160 2.2.In silico process

161 Generally,n silico methods including computational calculation andemalar modeling
162 techniques are used to design and develop an evemmd/or new solutions in biomedical
163 applications. So thosé silico ADMET and molecular docking studies were perforned

164  support the evaluation and illumination of thisdstu



165 2.2.1. ADMET studies

166 Understanding of ADMET properties of prodrug carmdes are immensely essential
167 process to solve or eliminate the undesired phavkiaetics and toxicitiy effects. Therefore,
168 the entitled compounds were selected and drugpitk@erties were determined according to
169 Lipinski (rule of five) [41] and Veber rules, [4ZTable 1). Two compound#13 andAl4
170 which are remarked as red color in Table 1 wereoked from the data since they violated
171 Veber and Lipinski rules. After this part, ADMET naaeters were calculated by using DS
172 2017, [43] as given in Table 2. Additionally, ADMEdlot was built by using calculated
173 AlogP98 versus PSA 2D properties, indicating thefidence level of the predictions for the
174 Blood Brain Barrier Penetration (BBB) model and theman Intestinal Absorption (HIA)
175 model (Figure 6). This plot represents the two @gals 95% and 99% confidence ellipses
176 corresponding to HIA and BBB models. PSA value afy &ompound has an inverse
177 relationship with human intestinal absorption valofe any compound and so cell wall
178 permeability [44]. AlogP98 is shown to lipophiligithe fact that this value is a raito, used to
179 estimate hydrophilicity and ahydrophobicity. Forstiheason, the information of H-bonding
180 characteristics as obtained by calculating PSAddea taken into consideration along with
181 AlogP98 calculation [45]. The 95% confidence ekipadicates the region of chemical space
182 including well-absorbed compounds90%). However 99% confidence ellipse demonstrates
183 the region of chemical space that includes the aumgs with excellent absorption through
184 cell membrane. As it is well known, any compounthven optimum cell permeability should
185 follow these criteria (PSA < 140%fand AlogP98 < 5) [45]. The compoundsl¢A6, A10,
186 Al7, SN23862and CB1954 showed polar surface area (PSA) < 140 dxcept compounds
187 (A7-A9, A11-Al12, A15-Al6and A18-A23) that have also in turn violated the 99% and 95%
188 confidence ellipse for both HIA and BBB (Figure ®yhen we consider the AlogP98 criteria,

189 all compounds had AlogP98 value <5. In Table 3pgition level of most of the compounds
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is 0 which indicates a very good human intestifzoaption except compoundaq-A9,
Al1-A12, A15,A16, A18-A23 all have fallen outside the 99% absorption edlifilgevel 2 and

3; poor or very poor). Compound&N23862, CB1954, A1And A10 also poses moderate
HIA value, level 1. The aqueous solubility has amportant role in the bioavailability of the
optimal drugs, with the exception of compouddsA6, A17,SN23862andCB1954that had
good aqueous solubility level (level 3) as refenmedS 2017, all other compounds had low
but possible agueous solubility levels such asl|2v@able 2 revealed that generality of the
compounds had undefined values for BBB penetratiitn the exception of compounde?,
A3, A4, A5 and A6 that had medium BBB penetration level. On the othand, all
compounds had predicted hepatotoxicity values. r@sults indicate that all compounds were
found toxic to liver. Similarly, all ligands exhied satisfactory effects with respect to
CYP2D6 liver (with reference to DS 2017), suggestthat compounds are inhibitors of
CYP2D6 (Table 2). This demonstrates that all sdidempounds were not metabolized well
in Phase-l metabolism. Finally, the ADMET plasmatpin binding property prediction
remarked that the compoundsl¢A6, A10, A17, SN23862andCB1954 had binding> 90%,
respectively, (refer to DS 2017), clearly suggestthat compoundsAl-A6, A10, Al7,
SN23862and CB1954 have good bioavailability and are highly bounccéarier proteins in

the blood.



208 Table 1.The Lipinski and Veber rules analysis of the coomqus A1-A23) and reference compounds (CB1954 and SN23862dap-NtrB.

Comp. AlogP MW MPSA2 HA_Lipinski HD_Lipinski NRB HA_Veber HD_Veber
(<5) (<500 g/mol) (140 A) (10) (<5) (=10) (=12) (£12)
Al 0.739 225.158 120.73 8 1 3 5 1
A2 1.293 253.211 111.94 8 0 4 5 0
A3 1.593 259.057 74.92 5 1 2 3 1
A4 2.147 287.11 66.13 5 0 3 3 0
A5 2.055 234.251 66.13 5 0 2 3 0
A6 0.826 236.224 75.36 6 0 2 4 0
A7 2.192 377.223 212.37 14 1 6 2 1
A8 2.784 346.252 166.55 11 1 S 7 1
A9 2.678 391.249 212.37 14 1 6 9 1
A10 3.23 364.741 123.97 9 1 5 6 1
All 2.46 375.293 169.8 12 1 6 8 1
Al2 2.354 420.291 215.61 15 1 7 10 1
A13 5.887 448.900 123.97 9 1 11 1
Al4 5.117 459.452 169.8 12 12 1
Al5 1.683 358.306 149.83 10 2 7 2
Al6 2.326 386.359 149.83 10 2 9 6 2
A17 1.913 384.343 132.25 10 0 4 6 0
A18 3.114 412.396 149.83 10 2 6 6 2
A19 2.72 412.396 149.83 10 2 6 6 2




209
210
211
212
213
214
215
216

217

A20 2.844 412.396 149.83 10 2 2
A21 3.188 406.348 149.83 10 2 6 6 2
A22 3.188 406.348 149.83 10 2 2
A23 3.188 406.348 149.83 10 2 6 6 2
CB1954 | 0.601 252.184 137.73 9 2 1
SN23862| 2.113 351.143 137.97 9 2 8 6 1

Footnote: Comp, compound; ALogP, octanol/water partitionfoent, a measure for lipophilicity; MW, moleculaveight; MPSA, molecular
polar surface area; HA Lipinski, Number of hydrodgemd acceptors; HD_Lipinski, Num_H_Donors_Lipinskiumber of hydrogen bond
donors; NRB, Number of Rotatable bonds; HA Vebarmier of hydrogen bond acceptors based on VeberMdber, Number of hydrogen
bond donors based on Veber.

Table 2 In silico ADMET analysis of the 21 compounds and referenm@pounds (CB1954 and SN23862) for Ssap-NtrB. Thélesh

compounds were divided into three parts and ord&oed right to left and from top to bottom on thietp The compoundsA7-A9, A11-Al12,

A15-A16 and A18-A23 outside of the all ellipses in the ADMET plot werolored grey. In the second part, compourdsA2, A10, Al7,

SN23862 and CB1954were colored blue. In the last part, compou®A6) inside of all ellipses in the graphic were shaed.

Comp. PSA 2D(< 140 A | AlogP98(< 5) HIA Solubility BBB CYP2D6 | Hepatotoxe | PPB
Al 115.757 0.739 0(good) 3(good) 4 (undefined) false true true
A2 106.299 1.293 0(good) 3(good) 2(medium) false true true
A3 72.934 1.593 0(good) 3(good) 2(medium) false true true
A4 63.476 2.147 0(good) 3(good) 2(medium) false true true
A5 63.476 2.055 0(good) 3(good) 2(medium) false true true




A6 72.406 0.826 0(good) 3(good) 2 (medium) false true true
A7 201.403 2.192 3 (very low) 2(low) 4(undefined) false true false
A8 158.58 2.784 3 (very low) 2(low) 4(undefined) false true false
A9 201.403 2.678 3 (very low) 2(low) 4(undefined) false true false
Al10 119.109 3.23 1 (moderate 2(low) 4(undefined) false true true
All 161.932 2.46 3 (very low) 2(low) 4(undefined) false true false
Al12 204.755 2.354 3 (very low) 2(low) 4(undefined) false true false
Al5 145.868 1.683 2 (low) 3(good) 4(undefined) false true false
Al6 145.868 2.325 2 (low) 3(good) 4(undefined) false true false
Al7 126.952 1.914 1(moderate) 3(good) 4(undefined) false true true
Al18 145.868 3.114 2 (low) 2(low) 4(undefined) false true false
A19 145.868 2.72 2 (low) 2(low) 4(undefined) false true false
A20 145.868 2.844 2 (low) 2(low) 4(undefined) false true false
A21 145.868 3.188 2 (low) 2(low) 4(undefined) true true false
A22 145.868 3.188 2 (low) 2(low) 4(undefined) true true false
A23 145.868 3.188 2 (low) 2(low) 4(undefined) true true false
CB1954 132.839 0.601 1(moderate) 3(good) 4(undefined) true true true
SN23862 132.839 2.113 1(moderate) 3(good) 4(undefined) true true true

218 Abbreviations: PSA, polar surface area; AlogP98, the logarithrthefpartition coefficient between n-octanol anderaHIA, Human Intestinal Absorption,
219 BBB blood brain barrier; CYP2D6 cytochrome P450 Aixding, false for CYP2D6: non-inhibitor; True felepatotoxic: toxic; PPB plasma protein binding,
220 more than 90% for PPB value is true: Chemicalsgigobound. Less than 90% for PPB value is faldeerficals weakly bound.

221

222
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2.2.2. Molecular docking results

According to the biological activity studies and WET analysis, the selected five
compounds A2, A5, A6, Al7 and A20) were docked with Ssap-NtrB model. In the
meantime, CB1954 and SN23862 as reference compaomads redocked with Ssap-NtrB
model which was modelled in our previous study [39]e results of redocking revealed that
obtained results were compatible with the litera{:8, 39].

Based on the redocking process, molecular dockesyapplied between the chosen three
compounds and Ssap-NtrB model. To clarify the lngdiorms of the chosen compounds,
binding affinities were also predicted by using emilar docking. Furthermore, interactions
of each compound-enzyme complex were defined aadntieractions that are dominant or
not in active site of the enzyme model were spedifAs shown in Figure 7, CompouA&
formed two hydrogen bonds with A: Argl3 (2.068 /3 Ser43 (1.89 A) and one
hydrophobic interaction with FMN (4.34 A). On thther hand, compoundlé was shown to
have also same interactions with compoadexcept that the same nitro group in compound
A6 showed hydrogen bond interaction with B: Vald44teéasl of B: Ser43 residue of the
enzyme. The compound2 has a similar interaction with SN23862 as the mzfee
compound. The other onesl7 and A20 have different framework than others, but bound on
the active site of the enzyme. Compoui formed two hydrogen bond with B: Ser43 (2.79
A), B: Pro41 (2.75 A) and oner stacking with FMN like compound5. However, it was
shown to have unfavorable interactions with A: Fg&JA: Val204 and B: Pro41 residues that
are displayed as red dash line and spheres ind=igufhe last compoum®0 was shown to
have hydrogen bonds and hydrophobic interactiomis gifferent residues of the binding site
in Ssap-NtrB. It was also observed that prodWyd, A5 and A20 formed stronger
hydrophobic interactions with hydrophobic pocketrtiother compound&6 and Al7. The

binding forms are demonstrated that the para mitr@ carbonyl groups in phenyl ring were



264 able to affect the interaction on Ssap-NtrB siguaifitly. Interaction types and distances of the

265 studied compounds and standard prodrugs were givehTable S1.
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278 Figure 7. Two-dimensional docking poses of compoui8 (A); compoundA6 (B); compoundA20 (C) in the binding site of Ssap-NtrB
279 *Hydrogen bonds were shown with yellow dash lined dark green spheres. The pink sphere and dashpimesented cofactor FMN and pi-pi
280 stacked.The hydrophobic interactions which is van\Waals were represented by light green sphergsvbrable interactions like steric bumps
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Additionally, binding energyAG) and inhibition constant (Ki) values of the corapds
were computed using DS 2017 program are represe@mt€dble 3.The moleculadocking
results showed that compounls, A17 and A20displayed lower binding energy values and
higher affinities for target enzyme than did CB13%w SN23862. Topological polar surface
area (TPSA) [46] and AlogP [4%f each compound was also computed using DS 2017
demonstrating the membrane permeability and lidaptyi of the compounds, respectively.
The results are exhibited in Table 3. These pamrmmetre very important properties for drug
discovery. If TPSA value is greater than 146, A compound has no enough level for
membrane permeability. The obtained values of tmpounds (152.959-257.443) excépt
(130.459) are greater than 146. Ahese results reveal thAs compound can be a suitable
prodrug, having hydrophobic property, good membrgeemeability and specifically

targeting Ssap-NtrB.

Table 3. The binding energyAG), inhibition constant (Ki), Topological polar $ace area
(TPSA) and ALogP values of the compounds and CBHMSN23862 as standard prodrugs

with that of Ssap-NtrB.

Prodrugs AG (kcal/mol) Ki (LM) TPSA AlogP
A2 -6.98 7.67 224.312 1.293
A5 -7.56 2.85 130.459 2.055
A6 -6.88 9.06 152.959 0.826
Al7 -7.95 1.49 257.443 1.913
A20 -7.05 6.82 253.935 2.844

CB1954 -7.13 5.96 213.711 0.601

SN23862 -7.01 7.28 195.360 2.113
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2.3. Enzymatic reduction via Ssap-NtrB
2.3.1. Metabolite profiles of prodrugs A1-A23

Initial activation screening of all synthesized deprodrugsAl-A23 by Ssap-NtrB was
performed in accordance with the assay conditioscridged in the experimental section.
Reduction profiles of the prodrugfl-A23 were assessed according to HPLC
chromatograms.

All the prodrugs excepAl0, A13-A14, A16-Al7and A20-A23 were readily reduced by
Ssap-NtrB with half-lives of up to 3 hours. Howevtrere were some product formation
upon longer reaction times #f10, A13-A14, A17and A20-A21 with Ssap-NtrB in cofactor
regeneration system (Table 4).

Table 4. Ssap-NtrB activation of compound4-A23

Compound Retention| Half life Amount of Retention HPLC
time tio(h)* product times of major | program
(min) after 10 min | metabolites Frk
(%) (min)
Al 14.4 <0.1 88 8.15, 12.06, I
15.84
A2 14.55 <0.02 100 11.65 I
16.85 <0.02 100 11.8,14.2 I
A3 13.88 <0.2 56.4 7.12,15.74 I
A4 15.18 <01 78 12.28, 15.55; I
18.39
A5 18.22 <15 5.57 15.99 I
17.81 <0.02 100 14 Il
A6 15.17 <0.25 65.4 11.71 I




A7 1451, <0.37 23 9.76 |
17.52
A8 18.04 <0.38 22 15.94 |
23.93 <0.26 32.96 20.16, 20.79 I
18.07 <0.23 36.6 14.45,17.61, |
A9 15.35
24.11 <0.18 48 17.44,21.6, I
23.88
19.22 i - 5 i
A10
25.86 <3.15 2.65 17.02,20.14, |l
22.67
All 18.43 <03 28 15.83,16.24, |
16.84
18.51 <0.42 20.3 2.97,11.5 |
A12 24.85 <01 90.1 12.04,19.19, i
21.58
A13 20.12 i i - |
34,2 <24 3.6 29.05 I
Al4 26.5 - - . |
31.96 <156 5.34 28.34 T
A15 17.56 <254 6.57 10.39, 14.06 I
18.65 <12 7.2 15.8 |
Al6 19.02 - - - i
17.28 : : - |
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312
313
314
315
316
317
318
319
320
321
322

323

324

325

Al7 17.6 <142 5.9 11.53,14.47, |l
14.85
20.85 <18 9.33 15.55,17.99, |l
A18 17.7
20.91 <052 16.2 19.43 |
19.40, <0.26 32.7 14.03, 14.58 I
A19 20.15 16.83, 17.4
19.44, <2 4.25 17.87 |
20.6
A20 19.96 - - - |
19.2 <15 11.2 13.48 I
A21 22.08 <32 5.25 16.49 I
21.38 - i - i
A22 21.98 - - - [
21.88 - i - i
A23 16.61 - - - |

*approximate time needed for reduction of the gsabst amount up to 50% upon Ssap-NtrB
activation.

**Percent of products produced upon reduction o tsubstrate by Ssap-NtrB (initial amount of
substrate was taken as 100%). In a typical solytsir100 uM substrate was dissolved in 25 mM, pH
7.5 Tris/Cl buffer with 5-10% DMSO concentrationdaimcubated with NADH (200-500 uM) and
Ssap-NtrB (2.5-30 ug/mL) at 2125 The amounts were calculated from the HPLC chtogram
peak areas as a function of time.

*** HPLC program I: 0-5 min at 20% ACN, 15-22 min &% ACN, 27-32 min at 20% ACN

HPLC program II: 0-5 min at 20% ACN, 25-35 min @%8 ACN, 40-45 min at 20% ACN, used for
coupled reaction analysis.

A2, A5, A7-A10, A12-A15, A17-A22reactions with Ssap-NtrB were monitored against
time by using cofactor regeneration system wittomelginant formate dehydrogenase (FDH)
from Candida methylicg CmFDH) (Figure S59). In cofactor regenerationtexysreactions,

the FDH enzyme converts NAD to NADH, thus sufficiamount of NADH will be available



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

for nitroreductase reduction reactions. By thisgied enzyme system (Ssap-NtrB and FDH),
the time dependent profile of reactions can be mmogd for longer periods without the
limititation of the cofactor since Ssap-NtrB is a&AD(P)H dependent enzyme and needs
NAD(P)H in order to convert the substrate intopitsducts.

HPLC results indicated th&2, A5, A6 andA19 were faster reduced by Ssap-NtrB while
A2 was the fastest reduced substrate by Ssap-NtriB evity around one minute half-life.
100% conversion of the parent compound were obdeiweA2/Ssap-NtrB reaction and
A5/Ssap-NtrB coupled reaction involving cofactor megtion (Table 4). Foh2/Ssap-NtrB
reaction, multiple product peaks were detected 1a8 Inin and 14.2 min after coupled
reaction while only one product were detected frttvea reduction reaction with limited
amount of cofactor (Fig. 8 and Sl). Similarly, thevere two metabolites produced upsm
/Ssap-NtrB-FDH coupled reaction since there wagy ame metabolite produced after 10
minutes of reaction with limited NADH. This statésat the amount of NADH was not
sufficient for the reduction reaction to take placgil the last step. However, when there was
enough cofactor, all thA5 substrate (100%) was reduced to its metabolite (add 22.3
min retention times).

The product profiles of reduction reactions exl@bitime-dependent properties. As an
example, the release of products from Ssap-M2Bkaction as a function of time is shown
in Figure 8. Products’ profiles versus time shownFigure 8B and 8C indicated that five
products were observed after enzymatic reductidh wmtention times of 11.8 min, 14.2 min,
21.2 min, 8.0 min and 15.2 min. At the end of 2 maaction time, all of the produé2 was
converted to corresponding metabolites. The manalyct P1 formation increased with time
upon the increased production of P2 product. Atathé of 30 min, there were no P1 and P3

products stable, predicted to be converted to piggiP4 and P5.
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Figure 8. A) HPLC chromatogram of reduction reaction of prafA2 catalyzed by Ssap-
NtrB, (a) Control without Ssap-NtrB, (b) Enzymateduction reaction at 5 min, (B) HPLC
chromatogram of reactions, (C) Time dependent priopiofiles.

Aromatic nitro compounds have been indicated toedokiced by different nitroreductases
[48]. Dinitrobenzamide derivatives such as CB198d derivatives, SN23862 and PR-104
[24, 25, 26] have been approved to be effectivanagalifferent nitroreductases especially
E. coli nitroreductases. In this study, nitroaromatic pugd candidatesA1-A23 were
synthesized and their probability of reduction bglitierent nitroreductase (Ssap-NtrB) was
examined. Among amide derivativesl-A9, A11-A12, A15andA18-A19 compounds were
easily reduced while Ssap-NtrB was not reactiveAftd, A22andA23 compounds even after
long reaction times with cofactor regeneration eyyst

2.3.2. Kinetic studies

Due to low solubility of the compounds, not all qgoounds were able to be assessed to
undergo reduction with Ssap-NtrB. Steady-state tkinexperiments were performed for
compounds Al and A2 with calculating specific activities of a range @frodrug

concentrations (0-800 uM) dissolved in 5% DMSO.aBuic efficiencies (ki/Kwu) of Ssap-
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NtrB with A1 andA2 were calculated as 98284 B1™ and 117278 §M™ respectively. When
compared with the catalytic activity of well-knov@B1954E.coli NfsB combination, Ssap-
NtrB/Al and Ssap-NtrBX2 were found to be much more effective (17.55 an®4£20old
respectively) representing to be better NTR/prodrambinations for cancer therapy (Table
5). In addition, the catalytic efficiencies of dMTR/prodrug combinations are higher than the
NfsB/PR-104A combination, which was found to be eneffective alternative prodrug than
CB1954 [19].

Since there are many mechanisms of reduction inlivivey cells, it is not possible to
assess all enzymatic reduction modesvitro in tubes. Thus, furthein vitro cell culture
experiments were conducted in order to see thetefifeprodrugs and reduction products in
cancer cell lines.

Table 5. Comparison of kinetic parameters of nitroreductasgvard CB1954, SN23862 and

prodrugsAl1-A23

Enzyme Substrate k(s Km (UM) kalKm (8" M) Relative to Cofactor
CB1954/NfsB
NfsB CB1954 6211 11000 £ 2600 5600 1 NADH
NfsB SN23862 264+7.2 2500 = 100 10560 1.89 NADH
NfsB PR-104A 60 4500 13000 £7800 2.32 NADH
Ssap-NtrB CB1954 2.26 £0.07 1065.2+53.1 2120 0.38 NADPH
Ssap-NtrB SN23862 0.8+£0.1 82.41£16.9 9350 1.67 DRA
Ssap-NtrB Al 9.9+£0.7 100.6 £17.2 98284 17.55 NADP
Ssap-NtrB A2 1.37+1.1 96.9+214 117278 20.94 DA

2.4. Cytotoxic activity
2.4.1. Growth inhibitory effects of amides

Prodrug candidates were evaluated for cytotoxip@mies against to Human Hepatoma
(Hep3B), Human Prostate Cancer (PC3) cells and Hudmabilical Vein (HUVEC) cells as a

healthy control model. The cells were treated \iith different concentrations (150, 75, 39,
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18 and 9 uM) of prodrugs and exposed for 48h. rAf&h exposure, the cell viability results
were obtained by using MTT method. % cell viabilitwas calculated using
spectrophotometric absorbance value at 550 nm wagti. The results were divided into
three groups: NT: Not Toxic (% Cell viability value80%; LT: Low Toxic (80% > % cell
viability value > 51%) and T: Toxic (% Cell vialiyi value < 50%). For toxic compounds,
ICs0 (50 % inhibition concentration) value was detemimising Origin pro 8.5 program.

As shown in Table 6A1, A3-A6, A8, AllandA16-A22were not toxicA2, A9, Al5,and
A23 were low toxic;A7, A10 and A12-Al14 were toxic with 51.76 uM, 110.64 uM, 43.74
MM, 11.62 uM and 30.87 uM of igvalues, respectively against Hep3B cells. For HGQVE
cells, especiallyA13 and A14 were toxic with 22.60 pM and 22.24 pM of 50% inhdn
concentrationA7 andA10 were low toxic. The rest of the compounds showatoric effect
against HUVEC cells as chosen a healthy mod&D, A13,and A14 compounds inhibited
50% cell proliferation as indicated concentratict®%23 pM, 17.10 pM and 19.73 uM,
respectively for PC3 cell&17 andA19 were low toxic on PC3 cells.

The cytotoxicity results of the toxic compoun@s7, A10 and A12-Al14) are given in

Figure 9. The rest of results are represented-fhidire S60.

Table 6. Growth inhibitory effects of prodrugs at concetitla range between 150-9 uM
(NT* referred as not toxic (% Cell viability valu88%). LT* referred as low toxic (80%> %

cell viability value>51). T* referred as Toxic. (B0< % Cell viability value).

Cytotoxic properties (ICsg-UM)
Prodrugs Hep3B HUVEC PC3
Al NT NT NT
A2 LT NT NT
A3 NT NT NT




406

A4 NT NT NT
A5 NT NT NT
A6 NT NT NT
A7 T (51.16 pM) LT NT
A8 NT NT NT
A9 LT NT NT
A10 T (119.64 pM) LT T (43.23 uM)
A1l NT NT NT
A12 T (43.74 uM) NT NT
A13 T(11.62uM) | T (2260 puM) | T (17.10 uM)
Al4 T(30.87 uM) | T (2224puM) | T (19.73 uM)
A15 LT NT NT
A16 NT NT NT
AL7 NT NT LT
A18 NT NT NT
A19 NT NT LT
A20 NT NT NT
A21 NT NT NT
A22 NT NT NT
A23 LT NT NT
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Figure 9. The cytotoxic properties of prodrugd7, A10 and A12-A14) were determined
using MTT assay against Hep3B, PC3 and HUVEC c80900 cells/well were plated out in
96 well plates. Compounds were applied on platdveatdifferent concentrations (9, 18, 39,
78, 150 uM). DMSO (1%) was used as vehicle conifier 48 h incubation, MTT assay was
carried out as described in ref 49. The resultevadtained using spectrophotometer at 550

nm optic density. The graphics were illustratedhggdrigin pro 8.5 program.

2.4.2. The prodrug abilities of nitro aromatic amides

Compounds were chosen according to cytotoxic ptmserProdrug ability was searched
for nontoxic compounds. Hence, Ssap-NtrB/prodréd.-A6, A8, All and Al15-A22)
combinations were applied on PC3 cells. Also, CBl9%&reviously known to be a suitable
substrate forE.coli nitroreductase was used as a positive controlotopare the prodrug

ability of compounds.
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In this experimental design, the cells were treatéd prodrug as NTR- (alone/180 nM at
final concentration) and prodrug (three differemincentrations of 180, 18 and 1.8 nM)
+NADH(cofactor)+extracellular Ssap-NTR in 25mM TFHEI pH 7.5. After 48h of
treatment, the growth inhibitory effects of comkioas were analyzed using SRB method.
Previously, it was determined that NADH had no ¢oedfect for PC3 cells (Data not shown).
The 1G5, values of amides with Ssap-NtrB (prodrug+NADH+SBHR) were shown in
Table 7.

Our results indicated thad5, A6 and A20 were potential candidates as a prodrug.
Combinations with Ssap-NtrB of these prodrugs, Whiere not toxic alone, have shown
significant toxic effects. For these prodrugssglZalues were 1.806 nM, 1.808 nM and 1.793
nM, respectively (Figure 10). In addition, prodrA@0 had toxic effect comparable with

CB1954. The rest of the graphics of compounds wkeosvn in SI-Figure 61.

Table 7. The prodrug abilities of amides. NTR (-) represesrily 150 uM or 180 nM prodrug
application. NTR (+) are values obtained from thepleation of final products of

nitroaromatic amides/Ssap-NtrB reaction.

Prostate cancer cell line (PC3)
Prodrugs NTR(-) NTR(+) ICsovalue

Al non toxic 10.72 uM
A3 non toxic 10.24 uM
A4 non toxic 12.59 uM
A5 non toxic 1.806 nM
A6 non toxic 1.808 nM
A8 non toxic 17.11 pM
All non toxic 29.12 uM
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A15 non toxic 31.10 nM
Al16 non toxic 36.83 nM
Al7 non toxic 17.98 nM
A18 non toxic 15.47 nM
A19 non toxic 30.50 nM
A20 non toxic 1.793 nM
A21 non toxic 14.30 nM
A22 non toxic 33.43 nM
CB1954 non toxic 1.792 nM
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Figure 10. The prodrug abilities of amides were determinechgi$SRB assay in PC3 cells.
Cells were plated out in 96 plates 10.000 cellsvpelt. C1 represented as control group of
180 nM final concentration amides alone. NT (Nokdied) was represented as vehicle
control which the wells were treated with 25 mMsFHCI buffer. The combinations of Ssap-
NtrB/Prodrug (R-180 nM, R-18 nM and R-1.8 nM) tha¢re supplemented with NADH
cofactor in 25 mM Tris-HCI were referred as R (Reay in graphics. After 48h of
incubation with these combinations, results werioled using spectrophotometer at 498 nm
wavelength. Experiments were performed in thredicajes. % SD values and % cell
viability were calculated using Microsoft Excel gram.

2.5. Structure-Activity Relationships (SARS)

Based on the results of ADMET and molecular dockstgdies, enzymatic and

cytotoxicity experiments the preliminary SARs wetearacterized (Figure 11). According to
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the PSA values, BBB and HIA model at ADMET studia$;A6, A10 andA17 compounds
showed optimum cell permeability, good bioavailépind good binding properties.

It was observed that compoun&2, A5 and A20 formed a stronger hydrophobic
interactions with the hydrophobic pocket of theyene.

While small molecules such #2-A4 (N-(substitutedphenyl)acetamide derivatives) and
A6 (4-(4-nitrobenzoyl)morpholine) were reduced by (BB#rB and produced metabolites
fastly at limited cofactor system, compour&id A5, A9 andA12 were reacted with enzyme
fastly at the regenerated system (Figure 11).

Among N-(substitutedpheny,5-dinitrobenzamides A7-A14), prodrug candidateA13
and A14 contain -N(n-Bw) at 4-position of benzene ring were not obeying &rebnd
Lipinski rules unlike bearing -H, -G1-N(CHg),, at the same positioA7, Al10andAl12-Al14
derivatives in this series showed toxic effectsR@B8 and Hep3B cells. We determined that
Al13 and Al4 compounds are also toxic against HUVEC healthy osdidel. So these
compounds were eliminated to become a prodrugs V@lues of the metabolites of other
compounds A8 and A11) that have-CHs, -N(CHs), at R position and nitro group at’R
position in this series are in the range of 17-80

Among N-(substitutedphenyl)acetamides1(A4), compoundA2 was observed to be low
toxic against Hep3B cells. The metabolites of ot@npounds have Kgvalues in the range
of 10-13pM.

When prodrug abilities oA15-A23 compounds were evaluateti23 was determined as
low toxic against Hep3B cells. The metabolites tfeo compoundsA15-A22) have Gy
values in the range of 14-3M. Prodrug candidates of these series have smatlere
advantageous kg values compare to acetamide derivatived-A4) and N-(substituted

phenyl}3,5-dinitrobenzamidesA7-Al14).
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ICs0 values ofA5 and A6 metabolites were found as 1.806 nM, 1.808 nM, eetyely.
These two compounds are 4-nitrobenzamide derivat¥iperidine and morpholine. To the
best of our knowledge, although the synthesi8®mfA6 at various experimental conditions is
known in the literaturethere was no evidence related to nitroreductagzaation of these
compounds. |6 value of metabolites dfi,N-(1,4-cyclohexyl)bis(4-nitrobenzamide’)20) is
1.793 nM. The common points of three nitrobenzancm@poundsA5, A6 and A20) are to
have one or two nitro grougA\RO is a symmetrical molecule that have two nitro) tmébe a
benzamide derivative of nitrogen containing hetgcbc group such as piperidine,
morpholine and piperazine. As a result of all thpeziment, A5, A6 and A20 can be

recommended as potential prodrugs to be used f& bAsed cancer therapy (Figure 11).

(B2 (=l (3 <llen (Y], )If;v?e?';)géas-‘:r?gr (theor.)
- (el pemmeEtally ((reen)  Figher affinity (theor)
- Good bioavailability (theor.) - Cell permeability (theor.)

- Good protein binding property (theor.) - Good bioavailability (theor.)

- Good protein binding property (theor.)
R': -Et, R%: -NO, (A2)
- Strong hydrophobic interaction (theor.) X: C (A5)

(o] [e]
- i i i - - Strong hydrophobic interaction (theor.)
Fastest interacting with NTR (exp-regenerated system) {om \ T\I/ N /\ Bt I SRRy (Aer)
V2 R “R? - Fastest interacting with NTR (exp-regenerated system)
R': -Et, R% -Br, R%: -NO, (A2-A4) {oNT X - Metabolite's IC50: 1.806 nM
- fastest interacting with NTR (exp-limited cofactor) R? - Best prodrug candidate (exp.)
R3

X: O (A6)
A1-A4 A5-A6 - fastest interacting with NTR (exp-limited cofactor)
R%: -H, -N(CHy), R5, R%: -NO, (A7, A12) - Metabolite's IC50: 1.808 nM
- Best d didate b
- Toxic on Hep3B cancer cell (exp.) est prodrug candidate (exp.)

R
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R?: -CH, -N(CHs)y, R®, R: -NO; (A9, A12) LONy N R RT: Piperazine (A17)
- Fastest interacting with NTR Thet H RS JU H H SO Lower binding energy (theor.)
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- Good bioavailability (theor.)
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R7: 1,4-cyclohexyl (A20)
- Strong hydrophobic interaction (theor.)
- Best prodrug candidate (exp.) (Metabolite's IC50: 1.793nM)

Figure 11. Structure-activity relationship (SAR) analysistioé amide prodrugs.

(theor.: according to theoretical results; exp: acding to experimental results)

2.6. Metabolite profiles of prodrugs A5, A6 and A20
It is well known that when nitro bearing organiargmounds interact with nitroreductase
enzyme, nitro group converts to corresponding sdronstable-, hydroxyl amine and amine

metabolites, respectively. Accordinghs and A6 prodrugs that contain one nitro group must
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have two metobolites, hydroxylamine and amino (Fegl2A and 12B). According to HPLC
chromatograms at Figure S58 and S59, while onlydyd amine metabolite (RT: 15.99
min) was occured at the 15 min reduction reactibprodrug A5 catalyzed by Ssap-NtrB,
major hydroxylamine (RT: 14.0 min-more polar progund minor amine (RT: 22.3 min-less
polar product) metabolites were obtained at thalgsis of Ssap-NtrB and Cm-FDH cofactor
regeneration conditions. Similarly, single hydraine metabolite (RT: 11.71 min) of
prodrugA6 was determined by HPLC chromatogram of 15 minlgtareaction with Ssap-
NtrB (Figure S58). Prodrug20 have four possible metabolites (nitro-hydroxylagitwo
hydroxylamine, hydroxylamine-amino, two amino) &nt contains two nitro group (Figure
12C). According to experimental data, while no prddformation was observed at 15 min
Ssap-NtrB catalytic conditions because of limitetdty@ne and reaction time, three minor
metabolites and one major metabolite (RT: 13.48)mfinA20 were determined at cofactor

regeneration system (Figure S58-S59).
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Figure 12.A5 (A), A6 (B) andA20 (C) prodrugs and their possible metabolites
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3. CONCLUSION

In this study, we have synthesized and characteréz (twenty-three) aromatic amide
compounds by using different reaction conditioms,moderate-good yields. 9 compounds
(A2, A4, AB-Al4)were newly synthesized in this study and 14 comgdsuvere previously
known in the literature. This study consisted akthsteps. The first step, within the scope of
theoretical studiesn silico ADMET and molecular docking analyses were perfatm#&ith
in silico ADMET studies, pharmacokinetic, toxicity featusesd suitability for BBB and HIA
models of prodrug candidates were determined. Mddeaocking studies were carried out
for five compounds which were selected from biatadjiactivities. Binding forms and binding
affinities of these compounds were revealed. Inrtéet step, enzymatic reduction reactions
with Ssap-NtrB were achieved using HPLC analysésrdly, biological activities of the
compounds and the metabolites produced after St&p-ieactions were measured for
assessing their cytotoxic properties on two difiém@ancer cell lines. Prodrug toxicities were
examined on both Hep3B and PC3 cells, than metablkicities of the prodrugs that were
found to be nontoxic in HUVEC cells were examinedpoostate cancer cells.

In the theoretical part, ADMETox analysis showedttaspeciallyA3-A6 compounds are
more effective on NTR based cancer therapy. In ocubde docking studies revealed that the
synthesized compound5 for Ssap-NtrB has relatively optimal Binding Engr¢7.56
kcal/mol), TPSA (130.459 A and logP (2.055) values as compared to others. r€hults
obtained from the docking process also supportedrthvitro activity values. This study
shows us not only interactions of nitro aromaticmpounds but also hydrophobic
substitutions such as piperidine moiety are vegnificant effect to display NTR based
cancer terapy of any molecule. Hence, this inforomaprovides a useful insight for the

development of novel prodrug(s) with specific stlaty.
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According to enzymatic reduction analysesAl/Ssap-NtrB reaction, almost all &
was converted to its metabolite retained ar 14 ramg upon 16 hours of incubation the
stability of the metabolite was conserved. Bdr7/Ssap-NtrB reaction, 10 min and 200 uM
NADH was not enough in order to continue the reidmcteaction until the last step. Upon the
reaction with the cofactor regeneration system,lisamaount of metabolites (around 6%) has
started to be produced (Figure S59). As a simémecthe metabolite retained at 13.48 min
remained stable after overnight incubation A#0/Ssap-NtrB reaction within the cofactor
regeneration system.

As a result of biological studies, it was deternditieat,A7, A10andA12-A14 compounds
were toxic for Hepatoma and Prostate carcinombs e#ld also HUVEC cells which was
chosen as a healthy modé&{2, A9, A15 and A23 were low toxic. Selected non-toxic
compounds were searched for their prodrug abikt90/Ssap-NtrB, A5/Ssap-NtrB and
A6/Ssap-NtrB combinationswvere suggested to be potential prodrugs for prestatcinoma
cells according tan vitro analyses.

When we combine our theoretical, enzymatic and toyio results, we foresee that
A5/Ssap-NtrB combination can be a new promising prodrug candittatNTR based cancer

therapy.

4. EXPERIMENTAL SECTION

4.1. General Information

Analytical grade of all chemicals were purchasexnfiMerck, Fluka and Sigma-Aldrich
and were used as supplied without prior purificatid,2-Diaminocyclohexane and 1,3-
diaminocyclohexane were used at reactionsigsandtrans mixture. NADH and NADPH

were supplied from Roche Applied Science.
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Melting points were measured with X-4 Melting-polspparatus and were uncorrected.
Organic synthesis were monitored by TLC on 0.25 silica gel plates (60GF254) and
visualized with UV light and/or KMn@stain. Infrared spectras were obtained by a Perkin
Elmer Spectrum 100 FTIR spectrophotometer using AddRniques. ThéH-NMR and**C-
NMR spectras were recorded on Varian Mercury 500zMibilent 600 MHz and Jeol 400
MHz NMR High-Performance Digital FT-NMR spectromgteising TMS as an internal
standard and using chloroform-d or DMSO-d6 as sulv@plitting patterns are designated as
follows: s, singlet; d, doublet; t, triplet; q, glraplet; m, multiplet; dd, double doublet; dt,
double triplet; td, triple doublet and ddd, doudteible doublet.

Ssap-NtrB recombinant enzyme was purified via Nidk&rap™ column (Amersham
Biosciences) as stated in Celik and Yetis, 2012ZyEratic activities were measured by using
UV-VIS-NIR spectrophotometer (Shimadzu UV-3600) amicroplate reader (Moleculer
Devices Spectromax Plus 384). Metabolites of enzignta@actions were determined with
HPLC (Shimadzu High Performance Liquid ChromatogsgpCEM SP Discover Microwave
Synthesis Reactor was used in microwave experinsngpplying dynamic mode. Teledyne
Isco Rf 200 CombiFlash Chromatagraphy was useditibypfew crude products. Elemental
analyses for C, H and N were obtained by ThermashP00 Organic Elemental Analyzer.
Origin Pro 8.5 program was used for drawing allotykicity and HPLC graphs. The
measurements were performed in triplicate and &aos indicated + standard deviations.

4.2. Synthesis of Prodrugs

N-(3,5-Dinitrophenyl)acetamide (Al). 3,5-dinitroaniline (16.5 mmol; 3.0 g) was
dissolved in 10 mL pyridine. Acetic anhydride (39m®nol; 3.75 mL; 2.4 equiv.) was added
dropwise to the solution in an ice bath. Mixturesvgtirred at room temperature for 24h. After
completion of the reaction, the mixture was pourdgd cold water (100 mL) and the solid

was filtered and dried. The crude product was tatljzed from ethyl alcohol to give green
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solid Al [50] (3.5 g, 92% vyield) mp 189 °C (lit. m.191°C [51]); IR (ATR)3 3274, 3112,
3097, 2944, 2871, 1683, 1604, 1542, 1420, 13408,1B267, 1252, 1078, 900, 818, 728 cm
1 1H NMR (500 MHz, DMSO-g) $10.80 (s, 1H), 8.78 (d= 2.08 Hz, 2H), 8.45 (tJ= 2.10
Hz, 1H), 2.12 (s, 3H)**C NMR (125 MHz, DMSO-g) § 170.08, 148.62, 141.67, 118.53,
112.43, 24.54.

N-(3,5-Dinitrophenyl)-N-ethylacetamide (A2).A solution of NaH (6.5 mmol; 0.155 g;
2.5 equiv; 55 % oil dispersion) in DMF (3 mL) wasldad to a solution oN-(3,5-
dinitrophenyl)acetamide (A1(6.6 mmol; 1.5 g) in DMF (10 mL) dropwise and sdrat
room temperature for 1.5h. Then, ethyl iodide (1®1@ol; 1.58 mL; 3 equiv.) was added to
the reaction mixture and stirred at room tempeeator 24h. After completion of the reaction,
the mixture was poured into cold water and extchetgh dichloromethane (30 mL x 3). The
organic layer was washed with water (20 mL x 2) diasd over NgSO, and concentrated in
vacuo. The oily residue was purified by column cohatography on silica gel
(dichlorometane/methanol, 50:1) to provide yellaMid A2 [52]. (0.7g, 42% yield) mp 126-
127 °C; IR (ATR)9 3100, 3060, 2986, 2940, 2879, 1658, 1621, 1532814392, 1345,
1292, 1268, 1154, 1076, 911, 850, 731'cAd NMR (500 MHz, DMSO-¢) § 8.75 (s, 1H),
8.61 (s, 2H), 3.79 (gl= 6.78 Hz, 2H), 1.95 (s, 3H), 1.04 J& 7.07 Hz, 3H);*C NMR (125
MHz, DMSO-a) 6 198.12, 148.93, 144.82, 129.29, 117.39, 42.5404313.53; LC/MS
(ESI)m/z 252.0 [M - H].

N-(2-Bromo-5-nitrophenyl)acetamide (A3). A3 was synthesized from 2-bromo-5-
nitroaniline and acetic anhydride by using acetid @and sulfuric acid at reflux conditions for
4h according to the procedure described in refY&llow-green solid (81% yield) mp 182 °C
(lit. m.p. 187 °C [40]); IR (ATR)3 3290, 3104, 3025, 2971, 2936, 1663, 1608, 153%6,14

1350, 1328, 1298, 1033, 894, 826, 737'chd NMR (500 MHz, DMSO-g) § 9.74 (s, 1H),
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8.56 (d,J= 2.62Hz, 1H), 7.93 (m, 1H), 7.90 (m, 1H), 2.14 3#{); °C NMR (125 MHz,
DMSO-as) 6 169.93, 147.23, 137.96, 134.35, 120.95, 120.5@R3

N-(2-Bromo-5-nitrophenyl)-N-ethylacetamide (A4).A4 was obtained from A3 (3.86
mmol; 1.0 g; 2 equiv.) and ethyl iodide (11.6 mnioB g; 0.92 mL; 3 equiv.) with NaH in 55
% olil dispersion (4.23 mmol; 0.185 g; 1.1 equiw)fbllowing the procedure described above
for A2. After completion of the reaction, the mirtuwas poured into cold water (100 mL)
and brown solid was obtained. The crude productpuaied by column chromatography on
silica gel (CHCY) to provide light yellow solid A4. (0.9 g, 82% @@ mp 128-129 °C; IR
(ATR) 9 3100, 3061, 2990, 2940, 2877, 1652, 1569, 152711,14396, 1346, 1300, 1249,
1036, 998, 863, 778, 739 &n'H NMR (400 MHz, DMSO-¢) § 8.33 (d,J= 2.66 Hz, 1H),
8.18 (td,J= 8.82 and 2.68 Hz, 1H), 8.13 (& 8.81 Hz, 1H), 3.32 (gl= 7.20 Hz, 2H), 1.70
(s, 3H), 1.04 (tJ)= 7.21 Hz, 3H)*C NMR (100 MHz, DMSO-¢) § 168.75, 148.19, 142.44,
135,23, 132.06, 126.50, 125.00, 42.76, 22.84, 13.CABVS (ESI)m/z 289.0 [M + H].

4-(4-Nitrobenzoyl)piperidine (A5). A mixture of piperidine (5.39 mmol; 0.46 g; 0.53
mL), 4-nitrobenzoyl chloride (5.39 mmol; 1.0 g) goatassium carbonate (8.08 mmol; 1.11 g;
1.5 equiv.) was stirred in 10 mL acetonit@ereflux condition for 6h. Upon completion as
shown by TLC, the mixture was poured into cold wdi®0 mL). The resulting solid was
filtered, dried in room temperature and recrystalii with ethyl alcohol. (0,8 g, 63% vyield)
mp 115-118 °C (lit. m.p. 120 °C) [53]; IR (ATR) 3099, 3065, 3011, 2937, 2914, 2855,
1625, 1596, 1512, 1442, 1345, 1274, 1001, 849; ¢ NMR (400 MHz, DMSO-g) 6 8.23
(d, J= 8.74 Hz, 2H), 7.60 (dI= 8.74 Hz, 2H), 3.56 (m, 2H), 3.16 (m, 2H), 1.55 @hi), 1.40
(m, 2H); **C NMR (100 MHz, DMSO-g¢) & 167.41, 148.13, 143.39, 128.44, 124.32, 48.38,
42.78, 26.35, 25.67, 24.43.

4-(4-Nitrobenzoyl)morpholine (A6). A mixture of morpholine (5.39 mmol; 0.47 g; 0.47

mL), 4-nitrobenzoyl chloride (5.39 mmol; 1.0 g) amgkthylamine (8.08 mmol; 0.81 g; 1.11



645 mL; 1.5 equiv.) was stirred in 25 mL GEl, at reflux condition for 8h. Upon completion as
646 shown by TLC, solvent was evoparated in vacuo ymeks. 15 mL ether was added to the
647 residue and resulting cream solid was filteredediat room temperature. The crude solid was
648 recrystallized with ethyl alcohol. (1.15 g, 90%lgilemp 102-103°C [54] ; IR (ATRY 3103,
649 3068, 2974, 2915, 2869, 1621, 1596, 1512, 14408,18260, 1106, 1008, 836 &in'H NMR
650 (400 MHz, DMSO-d) § 8.25 (d,J= 8.79 Hz,2H), 7.65 (dJ= 8.84 Hz, 2H), 3.615 (m, 4H),
651 3.50 (m, 2H), 3.23 (m, 2H)**C NMR (100 MHz, DMSO-¢) & 167.71, 148.33, 142.41,
652 128.91, 124.31, 66.44, 56.55.

653 General procedure for synthesis of A7-Al44-Dibutylamino-3,5-dinitrobenzoic acid,
654 starting material for the synthesis A13 and Al4 walstained from 4-chloro-3,5-
655 dinitrobenzoic acid and dibutylamine in methanotedtlux conditions for 3h according to the
656 procedure described in ref. 55. Orange solid (848tdy mp 140-141°C (lit. m.p. 139°C)
657 [55]; IR (ATR) 9 3300-2243, 3074, 2960, 2934, 2874, 1690, 16090,15821, 1349, 1095,
658 915, 761 ciit.

659 A solution of aniline derivatives (1.5 equiv.), gatohexylcarbodiimide (DCC) (1.3 equiv.)
660 and 4N,N-dimethylaminopyridine (DMAP) (0.3 equiv.) was adddropwise to a stirred
661 solution of benzoic acid derivative (1 equiv.) i8-20 mL of dichloromethane at room
662 temperature. After completion of the addition thetore was stirred at room temperature for
663 12-24h. Reaction mixture was diluted with water arttacted with ethyl acetate (3 x 50 mL).
664 The combined organic layer was washed with watdeddwith anhydrous N&QO,, and
665 concentrated in vacuo. The crude products werdigairby washing eter, ethanol or ethyl
666 acetate/ethyl alcohol to give A7-A14 [55].

667 3,5-Dinitro-N-(2,4-dinitrophenyl)benzamide (A7) .The reaction was performed under
668 the same conditions as described above, usingiBisetbenzoic acid (5.0 mmol; 1.06 g), 2,4-

669 dinitroaniline (7.5 mmol; 1.37 g; 1.5 equiv.), DGES mmol; 1.34 g; 1.3 equiv.) and DMAP
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(2.5 mmol; 0.18 g; 0.3 equiv.) with 24h reactiomél The crude product was purified by
Combi Flash chromatagraphy technique (silicagetahe:ethyl acetate 1:1, 60 min) to give
A7. (0.5 g, 38% vyield) mp 192-194 °C (lit. m.p. 2C3 [56]; IR (ATR)$ 3323, 3103, 1675,
1624, 1607, 1534, 1339, 1311, 1242, 1079, 914, 838 .cm"; 'H NMR (400 MHz, DMSO-
ds) 8 *H NMR (400 MHz, DMSO-¢) § 11.71 (s, broad, 1H), 9.08 (@ 2.08 Hz, 2H), 9.01 (t,
J=2.00 Hz, 1H), 8.72 ()= 2.68 Hz, 1H), 8.59 (ddl= 8.94 and 2.63 Hz, 1H), 7.935 (d
8.9 and 3.63 Hz, 1H)"*C NMR (100 MHz, DMSO-g) § 162.47, 148.86, 144.33, 142.84,
136.47, 135.84, 129.09, 128.66, 127.52, 122.63,7/B21.C/MS (ESI)m/z 376.0 [M - H].

4-Methyl-3,5-dinitro- N-(4-nitrophenyl)benzamide (A8). The reaction was performed
under the same conditions as described above, dsmgthyl-3,5-dinitrobenzoic acid (1.0
mmol; 0.23 g), 4-nitroaniline (1.5 mmol; 0.21 g5lequiv.), DCC (1.3 mmol; 0.27 g; 1.3
equiv.) and DMAP (0.3 mmol; 0.04 g; 0.3 equiv.)lwi24h reaction time. The crude product
was purified by washing with ethyl acetate/ethaogive A8. (0.07 g, 20% yield) mp 246-
247 °C; IR (ATR)S 3410, 3084, 2931, 1683, 1595, 1538, 1495, 1482911262, 1229,
1113, 9001, 852, 744, 72" 'H NMR (500 MHz, DMSO-g) § 11.09 (s, 1H), 8.78 (s, 2H),
8.27 (d,J= 8.83 Hz, 2H), 8.05 (d)= 9.27 Hz, 2H), 2.53 (s, 3H}’C NMR (125 MHz,
DMSO-as) 6 162.46, 151.29, 144.97, 143.44, 134.15, 130.44,412 125.27, 120.64, 15.23;
LC/MS (ESI)m/z 345.0 [M - HI.

4-Methyl-3,5-dinitro- N-(2,4-dinitrophenyl)benzamide  (A9). The reaction was
performed under the same conditions as describedealusing 4-methyl-3,5-dinitrobenzoic
acid (5.0 mmol; 1.3 g), 2,4-dinitroaniline (7.5 mimd.37 g; 1.5 equiv.), DCC (6.5 mmol;
1.34 g; 1.3 equiv.) and DMAP (1.5 mmol; 0.18 g; eduiv.) with 24h reaction time. The
crude product was purified by washing with ethaonajive grey solid A9. (0.27 g, 48% vyield)
mp 180-184 °C; IR (ATRp 3324, 3083, 1702, 1686, 1601, 1497, 1331, 125911208,

835, 739 crit; *H NMR (400 MHz, DMSO-g) & 11.53 (s, broad, 1H), 8.73 (s, 2H), 8.695 (d,
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J= 2.6 Hz, 1H), 8.55 (ddJ= 8.99 and 2.63 Hz, 1H), 7.93 (@ 8.99 Hz, 1H), 2.52 (s, 3H).
3% NMR (100 MHz, DMSO-¢) 6 162.57, 151.55, 143.94, 142.66, 137.18, 133.11,263
129.01, 127.54, 127.20, 121.68, 15.44; LC/MS (S 390.0 [M - HI.
N-(4-Chlorophenyl)-4-(dimethylamino)-3,5-dinitrobenzamide (A10). The reaction was
performed under the same conditions as describedeabusing 4-(dimethylamino)-3,5-
dinitrobenzoic acid (1.0 mmol; 0.26 g), 4-chlordera@ (1.5 mmol; 0.2 g; 1.5 equiv.), DCC
(2.3 mmol; 0.27 g; 1.3 equiv.) and DMAP (0.3 mm@IQ4 g; 0.3 equiv.) with 24h reaction
time. The crude product was purified by washindhveithanol to give orange solid A10. (0.27
g, 74% yield) mp 170-174 °C; IR (ATR) 3240, 3323, 3070, 3034, 2928, 1672, 1619, 1528,
1350, 1309, 1242, 1186, 1088, 962, 892, 827, 74B,081"; 'H NMR (500 MHz, DMSO-¢)
§ 10.54 (s, 1H), 8.64 (s, 2H), 7.77 (& 8.87 and 3.1 Hz, 2H), 7.43 (dt 8.86 and 3.1 Hz,
2H), 2.82 (s, 6H)**C NMR (125 MHz, DMSO-g) 5 161.95, 143.25, 140.91, 138.03, 129.96,
129.09, 128.17, 124.79, 122.37, 42.39; LC/MS (B8 363.0 [M - HI.
4-(Dimethylamino)-3,5-dinitro-N-(4-nitrophenyl)benzamide (Al11l). The reaction was
performed under the same conditions as describedeabusing 4-(dimethylamino)-3,5-
dinitrobenzoic acid (1.0 mmol; 0.26 g), 4-nitroam& (1.5 mmol; 0.21 g; 1.5 equiv.), DCC
(2.3 mmol; 0.27 g; 1.3 equiv.) and DMAP (0.3 mm@IQ4 g; 0.3 equiv.) with 24h reaction
time. The crude product was purified by washinghvathyl acetate/ethanol to give orange
solid Al11. (0.2 g, 53% yield) mp 266-268 °C; IR (R9 3422, 3137, 3073, 2889, 1684,
1613, 1528, 1498, 1404, 1329, 1298, 1238, 11810,11069, 851, 749, 711 ¢hh'H NMR
(500 MHz, DMSO-@) & 10.88 (s, 1H), 8.64 (s, 2H), 8.255 (& 8.96 Hz, 2H), 7.99 (d)=
9.01 Hz, 2H), 2.81 (s, 6H)*C NMR (125 MHz, DMSO-g) & 162.58, 145.33, 143.17,
143.05, 141.13, 130.29, 125.26, 124.01, 120.43242.C/MS (ESI)m/z 374.0 [M - H].
4-(Dimethylamino)-3,5-dinitro-N-(2,4-dinitrophenyl)benzamide (A12). The reaction

was performed under the same conditions as dedcabeve, using 4-(dimethylamino)-3,5-
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dinitrobenzoic acid (1.0 mmol; 0.26 g), 2,4-dingrdline (1.5 mmol; 0.27 g; 1.5 equiv.), DCC
(2.3 mmol; 0.27 g; 1.3 equiv.) and DMAP (0.3 mm@IQ)4 g; 0.3 equiv.) with 24h reaction
time. The crude product was purified by washinghvathyl acetate/ethanol to give orange
solid A12. (0.21 g, 50% yield) mp 197-199 °C; IRTR) 9 3345, 3117, 3062, 2929, 1703,
1602, 1536, 1496, 1456, 1334, 1241, 1131, 946, 838, 740 cril; *H NMR (500 MHz,
DMSO-d) § 11.32 (s, 1H), 8.72 (dd= 2.61 and 0.88 Hz, 1H), 8.61 (@ 0.97 Hz, 2H), 8.58
(ddd, J= 8.46, 2.66 and 1.04 Hz, 1H), 7.93 (dd,8.92 and 0.63 Hz, 1H), 2.84 (s, 6HiC
NMR (125 MHz, DMSO-¢) 6 162.38, 143.81, 143.02, 142.23, 141.62, 136.8D.4P3
128.97, 126.80, 122.27, 121.64, 42.52; LC/MS (BSH 419.0 [M - H].
N-(4-Chlorophenyl)-4-(dibutylamino)-3,5-dinitrobenzamide (A13). The reaction was
performed under the same conditions as describexveabusing 4-(dibutylamino)-3,5-
dinitrobenzoic acid (2.95 mmol; 1.00 g), 4-chloribae (4.42 mmol; 0.56 g; 1.5 equiv.),
DCC (3.83 mmol; 0.79 g; 1.3 equiv.) and DMAP (0r@#&ol; 0.11 g; 0.3 equiv.) with 12h
reaction time. The crude product was purified byshkwag with ether and ethanol to give
yellow solid A13. (1.05 g, 79% yield) mp 149-152°R; (ATR) 9 3425, 3323, 2959, 2928,
2851, 1670, 1613, 1525, 1397, 1347, 1311, 12428,1989, 831, 743 cth 'H NMR (400
MHz, DMSO-d;) § 10.51 (s, 1H), 8.55 (s, 2H), 7.71 (& 8.93 Hz, 2H), 7.38 (dl= 8.92 Hz,
2H), 2.93 (tJ= 7.32 Hz, 4H), 1.41 (m, 4H), 1.17 (m, 4H), 0.76)& 7.35 Hz, 6H);*C NMR
(100 MHz, DMSO-@) 6 162.10, 157.11, 145,65, 139.93, 138.08, 129.49,21¢ 128.30,
122.43, 52.01, 29.81, 19.77, 14.10; LC/MS (B8} 447.0 [M - H].
N-(4-Nitrophenyl)-4-(dibutylamino)-3,5-dinitrobenzamide (A14). The reaction was
performed under the same conditions as describexeabusing 4-(dibutylamino)-3,5-
dinitrobenzoic acid (2.95 mmol; 1.00 g), 4-nitrdare (4.42 mmol; 0.61 g; 1.5 equiv.), DCC
(3.83 mmol; 0.79 g; 1.3 equiv.) and DMAP (0.88 mntblL1 g; 0.3 equiv.) with 12h reaction

time. The crude product was purified by washindhvéther and ethanol to give yellow solid
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Al4. (0.9 g, 67% vyield) mp 165-167 °C; IR (ATR)3424, 3324, 2928, 2850, 1681, 1615,
1533, 1490, 1306, 1241, 1087, 892, 739 ¢! NMR (400 MHz, DMSO-¢) 5 10.89 (s,
1H), 8.58 (s, 2H), 8.235 (d= 9.23 Hz, 2H), 7.955 (dl= 9.24 Hz, 2H), 2.94 (t)= 7.30 Hz,
4H), 1.42 (m, 4H), 1.18 (m, 4H), 0.76 J& 7.35 Hz, 6H)*C NMR (100 MHz, DMSO-¢) &
162.74, 157.11, 145.21, 143.31, 140.23, 129.79,362425.37, 120.52, 51.98, 29.76, 19.77,
14.09; LC/MS (ESIm/z 458.0 [M - H].

General procedure for synthesis of A15-A17A solution of 4-nitrobenzoyl chloride (2
equiv.) in DMF (10 mL) was cooled with an ice bathen the corresponding reactant
(ethylenediamine, 1,4-diaminobutane or piperaz(tiedquiv.) and triethylamine (2.1 equiv.)
was added dropwise. The reaction was performe@ &C5or 6h. Upon completion as shown
by TLC, the mixture was poured into cold water (I00). The resulting solid was filtered
and dried at room temperature.

N,N'-(Ethane-1,2-diyl)bis(4-nitrobenzamide) (A15).The reaction was performed under
the same conditions as described above, usingdbeitzoyl chloride (6.66 mmol; 1.24 g; 2
equiv.) and ethylenediamine (3.33 mmol; 0.2 g; 22 1 equiv.) with triethylamine (7.0
mmol; 0.7 g; 0.96 mL; 2.1 equiv.). The crude prddwas purified by washing with hot
acetone to give white solid A15. (0.6 g, 50% vyieal)) 259-261 °C (dec.) (lit. m.p. 255-257
°C) [57]. IR (ATR)$ 3313, 3113, 3093, 3076, 3056, 2939, 2856, 16397,11543, 1517,
1487, 1444, 1331, 1106, 1011, 847 %5mMH NMR (400 MHz, DMSO-g) & 8.89 (m,2H),
8,.26 (m, 4H), 8.01 (m, 4H), 3.41 (m, 4K5C NMR (100 MHz, DMSO-g) § 165.44, 149.49,
140.72, 129.24, 124.05, 40.01.

N,N'-(Butane-1,4-diyl)bis(4-nitrobenzamide) (A16)[58] The reaction was performed
under the same conditions as described above, danitgobenzoyl chloride (6.80 mmol; 1.26
g; 2 equiv.) and 1,4-diaminobutane (3.40 mmol;d.8.34 mL; 1 equiv.) with triethylamine

(7.48 mmol; 0.75 g; 1.03 mL; 2.2 equiv.). The crymeduct was purified by washing with
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hot acetone and hot GEl, to give white solid A16. (0.81g, 62% vyield) mp&869°C; IR
(ATR) 9 3334, 3109, 3074, 3046, 2977, 2954, 2868, 16383,15538, 1520, 1488, 1446,
1348, 1118, 1016, 866 ¢m'H NMR (400 MHz, DMSO-g) §8.78 (t,J= 5.52 Hz,2H), 8.265
(d, J= 8.91 Hz,4H), 8.015 (d = 8.94 Hz,4H), 3.28-3.27 (mJ= 9.24 Hz,4H), 1.55 (m, 4H);
3C NMR (100 MHz, DMSO-g) & 164.99, 149.42, 140.74, 129.16, 124.04, 40.609726.
Anal. Calcd for GgH1sN4Os: C, 55.96; H, 4.70; N, 14.50. Found: C, 55.39465; N, 14.03.

1,4-Bis(4-nitrobenzoyl)piperazine (A17).The reaction was performed under the similar
conditions as described above, using 4-nitrobenzbidride (6.96 mmol; 1.29 g; 2 equiv.)
and piperazine (3.48 mmol; 0.3 g; 1 equiv.) wiikttrylamine (7.66 mmol; 0.77 g; 1.06 mL,
2.2 equiv.) at room temperature for 5h. The crudalypct was purified by washing with hot
acetone to give white solid A17. (0.74 g, 55% yietth >300 °C (lit. m.p. 318 °C) [59]; IR
(ATR) 9 3103, 3068, 3040, 3001, 2926, 2869, 1620, 15873,15437, 1349, 1266, 1001, 847
cm™; 'H NMR (400 MHz, DMSO-g) & 8.26 (m, 4H), 7.67 (m4H), 3.80-3.20 (m, 8H)**C
NMR (100 MHz, DMSO-¢) 6 167.81, 148.35, 142.31, 128.83, 124.23, 48.61.

General procedure for synthesis of cyclohexyl containg benzamide derivatives
(A18-A20). 4-Nitrobenzoyl chloride (5.38 mmol; 1.0 g; 2.0 equiwas dissolved in 20 mL
chloroform. Triethylamine (6.46 mmol; 0.65 g; 0.2;n2.4 equiv.) and diaminocyclohexane
derivatives (1,2-diaminocyclohexane, 1,3-diamindalyexane, 1,4-diaminocyclohexane)
(2.69 mmol; 0.31 g) were added to the reaction unestrespectively. After completion of the
addition, the solution was refluxed at variablecteam times (8-14h). After completion of the
reaction detected by TLC, the resulting solid whered and washed with water (50 mL) and
then dried at room temperature [60].

N,N'-(1,2-Cyclohexyl)bis(4-nitrobenzamide) (A18)The reaction was performed under
the same conditions as described above, ussgansl,2-diaminocyclohexane with 14 h

reaction time. The crude product was purified byskwag with hot methanol to give white
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solid A18 [61]. (0.78 g, 70% yield) mp >300 °C (lih.p. 338 °C); IR (ATRp 3274, 3088,
2957, 2946, 2933, 2862, 1640, 1600, 1583, 15164,14383, 1344, 1146, 1011, 867 &mH
NMR (400 MHz, DMSO-g) & 8.635 (d,J= 8.19 Hz, 2H), 8.205 (d= 8.82 Hz, 4H), 7.86 (d,
J= 8.82 Hz, 4H), 3.95-3.91 (m, 2H), 1.85-1.23 (m,)8HC NMR (100 MHz, DMSO-g¢) 5
165.15, 149.28, 141.11, 129.09, 124.00, 123.85%31.86, 25.18.

N,N'-(1,3-Cyclohexyl)bis(4-nitrobenzamide) (A19)The reaction was performed under
the same conditions as described above, usisgransl,3-diaminocyclohexane with 8h
reaction time to give white solid A19. (0.72 g, 6%%ld) mp >300 °C (lit. m.p. 329-330 °C)
[62]; IR (ATR) 9 3264, 3109, 3078, 2942, 2857, 1637, 1600, 1548415448, 1341, 1151,
1014, 867 crit; *H NMR (400 MHz, DMSO-g) (cis-, trans mixture) & 8.64 (d,J= 7.84 Hz,
2H), 8.54 (d,J= 7.37 Hz, 2H), 8.26 (dJ= 8.81 Hz, 4H and d}= 8.81 Hz, 4H), 8.03 (dJ=
8.77 Hz, 4H and dJ= 8.77 Hz, 4H), 4.26 (m, 2H), 3.865 (m, 2H), 2.004(m, 4H), 1.86-
1.76 (m, 4H), 1.68 (m, 4H), 1.45-1.24 (m, 4 NMR (100 MHz, DMSO-g) (cis-, trans
mixture) ¢ 165.00, 164.29, 149.40, 149.35, 141.13, 140.89,58? 129.33, 123.96, 123.88,
48.33, 48.21, 47.85, 45.57, 45.51, 45.39, 38.87943534.63, 31.72, 30.98, 29.52, 23.45,
21.51, 20.11.

N,N'-(1,4-Cyclohexyl)bis(4-nitrobenzamide) (A20).The reaction was performed under
the same conditions as described above, usamg-1,4-diaminocyclohexane with 9h reaction
time. The crude product was purified by washinghwibt acetone to give white solid A20.
(0.83 g, 75% vyield) mp >300 °C; IR (ATR) 3293, 3109, 3070, 2946, 2867, 1633, 1600,
1537, 1516), 1458, 1344, 1107, 1014, 869'ciiH NMR (400 MHz, DMSO-¢) & 8.59 (d,
J=7.79 Hz, 2H), 8.27 (d)=8.90 Hz, 4H), 8.03 (dJ=8.91 Hz, 4H), 3.76 (m, 2H), 1.93-1.89
and 1.47-1.29 (m8H); **C NMR (100 MHz, DMSO-g) 5 164.35, 149.36, 140.82, 12923,

123.86, 48.47, 28.65; LC/MS (ESf)/z 411.0 [M - HI.
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General procedure for synthesis of phenylene contang benzamide derivatives (A21-
A23). Diaminobenzene derivatives (1,2-diaminobenzene, -dia®inobenzene, 1,4-
diaminobenzene) (2.77 mmol; 0.3g) was dissolve8 mL pyridine at a 35 mL microwave
reaction vessel. 4-Nitrobenzoyl chloride (5.82 mnio08 g; 2.1 equiv.) and DMAP (0.138
mmol; 17 mg; 0.05 equiv.) were added and stirreain temperature for 5 min to obtain a
homogeneous reaction medium. The mixture was hedatéd°C under microwave irradiation
for 20-25 min. After completion of the reaction elged by TLC, the mixture was warmed to
room temperature. 25 mL ice-water was added andethdting solid was filtered. Then the
crude product was washed with diluted HCI solut{gd mL x 2), water (50 mL), diluted
NaOH solution (50 mL) and again water (50 mL), extjvely and dried at room temperature
[63].

N,N'-(1,2-Phenylene)bis(4-nitrobenzamide)A21). The reaction was performed under
the same conditions as described above, usingidr@htbbenzene with 20 min reaction time.
The crude product was purified by washing with acétone and hot toluene to give yellow
solid A21 (0.56 g, 50% vyield) mp >300 °C (lit. m300 °C) [64]; IR (ATR)$ 3274, 3136,
3114, 3058, 1659, 1597, 1529, 1509, 1343, 11082,1842, 766 c; '"H NMR (400 MHz,
DMSO-ds) & 10.27 (s,2H), 8.32 (d,J= 9.09 Hz,4H), 8.13 (d,J= 9.12 Hz,4H), 7.63 (t,J=
5.10 Hz,2H), 7.29 (t,J= 4.97 Hz,2H); **C NMR (100 MHz, DMSO-¢) & 164.54, 149.68,
140.75, 131.76, 129.74, 126.79, 126.46, 124.16.

N,N'-(1,3-Phenylene)bis(4-nitrobenzamide)A22). The reaction was performed under
the same conditions as described above, usingidsBhtbbenzene with 25 min reaction time.
The crude product was purified by washing with &cétone and hot hexane/cyclohexane to
give green solid A22 (0.73 g, 65% yield) mp 269-2C1(lit. m.p. 271 °C) [65]; IR (ATRp
3330, 3110, 3082, 3053, 3037, 1645, 1603, 15373,1BP16, 1014, 868, 842 ¢m'H NMR

(600 MHz, DMSO-@) & 10.63 (s, 2H), 8.36 (di=8.53 Hz, 5H), 8.185 (dJ=8.59 Hz, 4H),
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7.525 (d,J=8.11 Hz, 2H), 7.36 (J=8.09 Hz, 1H)*C NMR (150 MHz, DMSO-¢) 5 164.39,
149.61, 141.03, 139.44, 129.70, 129.28, 123.96,981313.32.

N,N'-(1,4-Phenylene)bis(4-nitrobenzamide)A23). The reaction was performed under
the same conditions as described above, usingidmhtbbenzene with 20 min reaction time.
The crude product was purified by washing with ¢ldbroform and hot acetone to give grey
solid A23 (0.79 g, 71% vyield) mp >300 °C (lit. m360 °C) [65]; IR (ATR)$ 3311, 3151,
3109, 3086, 3049, 1650, 1606, 1542, 1515, 13454,11015, 870, 856, 823 ¢m’H NMR
(600 MHz, DMSO-@) § 10.57 (s, 2H), 8.34 (dl= 8.77 Hz, 4H), 8.15 (dJ= 8.83 Hz, 4H),
7.74 (s, 4H);**C NMR (150 MHz, DMSO-g) & 164.17, 149.58, 141.04, 135.33, 129.61,
123.99, 121.29.

4.3. Theoretical Calculations

4.3.1. ADMET studies

The entitled compounds were filtered using Lipingki] and Veber [42] rules to define

drug-like compounds. Then, computer aided ADMET eveised to help identify their
pharmacokinetic properties and to select a leadlidate for further development. In this
way, we can easily predict biological activitiestbé new chemical structures (ligands) and
define the relationship between ligands and tasgeed on experimental and clinical results.

ADMET studies; were employed using DS 2@it@gram of BIOVIA molecular modeling
package [43]. These applications are only basetherchemical structure of the molecules.
Firstly, the structures were (Figure 2) drawn amel descriptors were calculated. These are
Aqueous solubility, Blood brain barrier penetratio@ytochrome P450 2D6 binding
(CYP2D6), Hepatotoxicity, Intestinal absorptionagtha protein binding and toxicities of the
compounds using DS 2017.

4.3.2. Molecular Docking
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This method to estimate small molecule, ligandvacsites in the enzyme was generated
using ligand—enzyme molecular docking calculationth different approaches. The study
involve five compounds which have three differenalag frameworks and chosen based on
the biological activity studies and ADMET analy€lable 2).

4.3.3. Ligand structures optimization

All calculations were performed using Gaussian08 fnd Discovery Studio softwares
[43]. Each compound was minimized using DFT atBB&YP hybrid functional and 6-31G*
basis set in G09. The lowest energy conformationsafi compounds were also determined
by using conformational analysis technique in D$720

4.3.4. Enzyme structure optimization

In our previous study [18, 39], the enzyme was rflede optimized with applying
homology modeling subprotocol and protein preparatiool in DS 2017 for molecular
docking. CHARMmM [67] based molecular dynamics (Migs implemented to dock ligands
into the enzyme active site.

Finally, ligand(s) and enzyme were interacted wilbfault settings for all docking
processes. Binding site was defined by using thetee tool in DS 2017 and/or knowledge
from literature. Based on i) Interaction types uathg hydrogen bond and non-bond
interactions, ii) Energy and iii) TPSA and AlogPlues of ligand in active site of the target
protein were used to define selection of the comgdoin the studied compounds (Figure 7
and Table 3).

4.4.S. Saprophyticusitroreductase assay

Recombinant Ssap-NtrB was expressed and purifiedaasd previously [18]. Ssap-NtrB
activity against test compounds was assessed hatliotlowing protocol: Stock solutions of
compounds were added to Tris/Cl buffer (25 mM, p&) h 5 % DMSO at 21-2%C. A5-A6

and A15-23 compounds were able to dissolve in 15 % DMSO duth¢ solubility limits.
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Upon the enzyme (2,5-30 pg/mL Ssap-NtrB) additibe, reaction was initiated by adding
NADH (200-700 uM). Specific reaction conditions gach compound are given below:

Al, A2: 150 uM substrate was added to Tris/Cl buffer (24,mpH 7.5) in 5% DMSO
including 30ug/mL Ssap-NtrB and 636 uM NADH. The reaction migtwas incubated at 21
°C. A3, A4, A8, Al11, A12:100 uM substrate was added to Tris/Cl buffer (25,maM 7.5) in
5% DMSO including 37ug/mL Ssap-NtrB and 429 uM NADH. The reaction migtwas
incubated at 22C. A7, A9, A10, A13, A14:111 uM substrate was added to Tris/Cl buffer
(25 mM, pH 7.5) in 5% DMSO including 4dg/mL Ssap-NtrB and 444 uM NADH. The
reaction mixture was incubated at @1 A5-A6 and A15-A23: 100 uM substrate was added
to Tris/Cl buffer (25 mM, pH 7.5) in 15% DMSO indung 30pug/mLSsap-NtrB and 100 uM
NADH in cofactor regeneration system (30 ug/mL Cri;200 uM sodium formate and 10
UM NAD®. The reaction mixture was incubated at°®5 A5, A6: 100 uM substrate was
added to Tris/Cl buffer (25 mM, pH 7.5) in 10% DM$&@luding 2.5ug/mL Ssap-NtrB and
200 uM NADH. The reaction mixture was incubate@&tC.

Aliquots from control and reaction samples werdemtéd, the reaction was stopped with
1:1 cold acetonitrile and analyzed by RP-HPLC (R®Ca&lumn:250 mm x 4.6 mm, 5 pum,
UK) with acetonitrile (ACN) as the mobile phase.alyses were performed with a flow rate
of 1 mL/min and a gradient of 20-80% ACN (two HPp&grams were used; I: 0-5 min at
20% ACN, 15-22 min at 80% ACN, 27-32 min at 20% AGQNO-5 min at 20% ACN, 25-35
min at 80% ACN, 40-45 min at 20% ACN).

The peak areas under HPLC chromatogram at 254 dn34M nm were used to determine
the reduction of the starting compound as welhasappearance of reaction products.

Time dependent product profiles were assessed lpled enzyme system (Ssap-
NtrB/CmFDH) in order to allow cofactor regeneratid®0 uM prodrugs were dissolved in

pH 7.5 Tris/Cl buffer with 5-15% DMSO. 100 uM NADHO puM NAD+, 0.1 mg/mL BSA,
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200 pM sodium formate, 30 pg/mL Ssap-NtrB and 30mkgFDH were included in the

reaction mixture and the reaction was incubate@5atC. 50 pL aliquots were taken with
different time intervals and the reaction was seapwith 1:1 cold acetonitrile. HPLC analysis
were performed at 254 nm and 340 nm as a funcfitme.

Michaelis—Menten kinetic parameters of Ssap-NtrBhwprodrugsAl and A2 were
determined spectrophotometrically at 25 °C in 25 mfi8-Cl buffer (pH 7.5) containing 5%
DMSO as cosolvent. In a typical reaction, 0.4t@fImL Ssap-NtrB was reacted with 0-800
MM substrate in the presence of 200 uM NADPH. Reastwere followed by the initial
decrease in the amount of cofactor at 340 nm (NAB@E340= 6220 M cnmi’). One unit was
defined as 1 pmol of NADPH catalyzed by Ssap-NtBminute.

4.5. Cytotoxic Assays

4.5.1. Cell culture and growth inhibitory effect of amides

Hep3B (Human Hepatoma carcinoma Cell line), PC3n{lin Prostate Carcinoma Cell
line) and HUVEC (Human Umbilical Vein Cell line) It were a kind gift from Cardiff
University (Dr. Dipak Ramiji), Ege University (Drismet GUNERHAN) and Bilkent
University (Dr. Age Begum Tekinay), respectively. Hep3B and HUVEGscekre cultured
in High Glucose medium (High Clone) supplementethvi0% heat-inactivated (sterilized)
fetal bovine serum (FBS;High Clone) and glutami@enfM-Sigma). For PC3 cells, low
glucose medium (High Clone) was used. Cells wetabated in conditions of 37°C and 5%
CO.. To assess the cytotoxicity of the compounds atj&iiep3B and HUVEC cell lines, the
cells were seed in 96 well plates (5%1@lls/well). After 24 h of attachment, the cellere
treated with compounds at five different concemtreg (150, 75, 39, 19 and 9 uM). DMSO
was used as a vehicle control at final concentnatib1l %. After 48 h of exposure, MTT

assay was performed as described in ref 49. Theilltsesvere obtained using
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spectrophotometer at 550 nm wavelength. % Celliktyalvalue was calculated using this

formula: (OD 550 sample/OD 550 control)*100.

4.5.2. Extracelluler Ssap-NtrB studies (Prodrug abilitiesof amides)

After MTT analyses, non-toxic compounds were referto prodrug for using in reaction
with Staphylococcus saprophytichtroreductase (Ssap-NtrB). Previously, Ssap-Ntr&sw
expressed and purified froeh coli strain by Gebze Technical University research grdine
prodrug abilities of amides were determined usiiRBSassay against PC3 cells. The log-
phase cells were seeded in 96-well plates in 20DMEM containing 10% FBS (10.000
cells/well). After 24h incubation, cells were expdso prodrug alone and to the mixture of
prodrugs (150, 39 and 9 uM or 180, 18 and 1.8 nith wofactor (final concentration: 600
pnM) and enzyme (final concentration 31 pg/mL) f@&h4in 96-well plates under aerobic
conditions. For CB1954 the quantity of NADH and [88drB was 900 uM and 31 pg/mL,
respectively. Cell survival was measured usingSR®& assay [68]. Briefly, cells were plated
in a 96-well plate, fixed in trichloroacetic aciiGA) at final concentration of 12.5% for 1h at
4°C and washed with di@ then air-dried. Fixed cells were then stainedhwit4%
sulforhodamine B in dkD for 30 min at room temperature, washed four timek% glacial
acetic acid, and air dried. Bound sulforhodamined then solubilized in 100 pL of 20 mM
Tris HCI pH 7.5. The extinction at 492 nm was remihg thermo spectrophotometer, and
results were expressed as a percentage of celtigoell survival). The 1gs were evaluated

by Origin pro 8.5. CB1954 was used as a positiverobof Ssap-NtrB activity.

SUPPORTING INFORMATION
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Supplementary data to this article can be foundnenét ...... These document include
spectroscopic datas of prodrugs, molecular doc&irtguts, detail enzymatic and cytotoxicity

results.
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ABBREVIATIONS

'H NMR, proton nuclear magnetic resonance; GDEPTneG#rected enzyme prodrug
therapy; NTR, nitroreductase; CB1954, 5-aziridigyd-dinitrobenzamide; SN 23862, ;[\
bis(2-chloroethyl)amino]-2-hydroxyamino-4-nitrob@mzide; DNBM, dinitrobenzamide
mustards; FT-IR, Fourier-transform infrared spestopy, *H NMR, Proton nuclear magnetic
resonance; *C NMR, carbon nuclear magnetic resonance; MS, Masstroscopy; TLC,
Thin-layer chromatography; UV, Ultraviolet; ATR, t&huated Total Reflection; TMS,
Tetramethylsilane; DMSO, dimethyl sulfoxide; SARruUsture—activity relationship; Hep3B,
Human Hepatoma Cell line); PC3, Human Prostate i@@ma Cells; HUVEC, Human
Umbilical Vein Cells; MTT, (3-(4,5-Dimethylthiazd-yl)-2,5-Diphenyltetrazolium
Bromide); OD, Optical density; SRB, SulforhodamB€SRB) Assay; 16, 50 % inhibition
concentration; ADMET, absorption, distribution, m@eblism, and excretion - toxicity in
pharmacokinetics; Comp, compound; ALogP, octandBwaartition coefficient, a measure

for lipophilicity; MW, molecular weight; MPSA, moteilar polar surface area; HA_Lipinski,
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1009

1010
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Number of hydrogen bond acceptors; HD_Lipinski, NiinDonors_Lipinski; Number of
hydrogen bond donors; NRB, Number of Rotatable bpktA_Veber, Number of hydrogen
bond acceptors based on Veber; HD Veber, Numbdrydfogen bond donors based on
Veber; PSA, polar surface area; AlogP98, the lalyariof the partition coefficient between n-
octanol and water; HIA, Human Intestinal Absorpti®BB blood brain barrier; CYP2D6
cytochrome P450 2D6 binding, PPB plasma proteirdibgy AG, Binding Energy; Ki,
inhibition constant; TPSA, Topological polar suda@area; CHARMmM, Chemistry at
HARvard Macromolecular Mechanics; MD, molecular Rgmcs; G09, Gaussian 09; DS,

Discovery Studio.
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Highlights

+«+ Nitro containing aromatic amide prodru@sl-A23) were designed and synthesized.

R/
°

Enzymatic interactions of prodrug candidates wittogel nitroreductase enzyme,

Ssap-NtrB were investigated.

+« Prodrug candidates and their metabolites weredesjainst different cancer cells.

« Enzyme-prodrug interactions by in silico ADMET amalecular docking techniques
were analyzed.

% Some prodrugs were found toxic against PC3 celp(@lues of some metabolites
were determined at nM level)

+ In a result of theoretical and biological studiesnbinations oA5, A6 andA20 with

Ssap-NtrB can be suggested as potential prodrugsfencombinations to be used for

NTR based cancer therapy compared with CB1954/NfsB.



