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ABSTRACT 26 

The use of nitroreductases (NTR) that catalyze the reduction of nitro compounds by using 27 

NAD(P)H in GDEPT (Gene-directed enzyme prodrug therapy) studies which minimize 28 

toxicity at healthy cells and increases concentration of drugs at cancer cells is remarkable. 29 

Discovery of new prodrug/NTR combinations is necessary to be an alternative to known 30 

prodrug candidates such as CB1954, SN23862, PR-104A. For this aim, nitro containing 31 

aromatic amides (A1-A23)≠≠≠≠ were designed, synthesized, performed in silico ADMET and 32 

molecular docking techniques in this study. Prodrug candidates were studied on reduction 33 

potentials with Ssap-NtrB by HPLC system. Also, cyototoxic properties and prodrug ability 34 

of these amides were investigated using different cancer cell lines such as Hep3B and PC3. 35 

As a result of theoretical and biological studies, combinations of A5, A6 and A20 with Ssap-36 

NtrB can be suggested as potential prodrugs/enzyme combinations at NTR based cancer 37 

therapy compared with CB1954/NfsB.  38 

 39 

Keywords: Nitro aromatic amides, Prodrug, Ssap-NtrB, Enzymatic activity, Cytotoxicity, 40 

Molecular docking. 41 

 42 

1. INTRODUCTION 43 

Gene-directed enzyme prodrug therapy (GDEPT) have captured the attention of the 44 

biology-medicine community since it limits toxicity at healthy cells and increases amount of 45 

drug in cancer cells for cancer therapies [1]. GDEPT mainly consists of two steps. The first 46 

step is transfer of the enzyme gene to the tumor cell by loading the carrier vector and 47 

expression of this gene in the tumor cell [2, 3]. The second step is the conversion of nontoxic 48 

prodrug to cytotoxic drug by enzyme catalysis. Finally, the active drug is transported to other 49 

cancer cells with bystander effect [4]. 50 
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The use of nitroreductases (NTR) that catalyze the reduction of nitro compounds by 51 

using NAD(P)H in GDEPT studies is remarkable [2]. Reduction with NTRs can be occured in 52 

two types to form nitroso, hydroxylamine and amine metabolites [5]. Type I NTRs are oxygen 53 

insensitive and catalayze two electron reduction of the nitro group, type II NTRs are oxygen 54 

sensitive and performs single electron reduction. 55 

5-Aziridinyl-2,4-dinitrobenzamide (CB1954), which is the prototype of the 56 

dinitrobenzamide prodrug family, has been the most successful prodrug for nitroreductases of 57 

GDEPT [2]. When CB1954 is reduced by NTR, 2-hydroxylamine and 4-hydroxylamine 58 

metabolites occur at equal amounts [6]. While 4-hydroxylamine metabolite is more cytotoxic 59 

and shows good bystander effect, 2-amino metabolite exhibits better diffusion and higher 60 

stability than the 4-hydroxylamine metabolite [7-9]. It is known that 2-hydroxylamine 61 

metabolite provides inhibitory effect on the growth of cancer cells [10, 11]. The efficacy of 62 

CB1954 in GDEPT system has been exhibited by clinical studies on prostate cancer and liver 63 

cancer [12,13]. However, due to the hepatotoxic effects of the prodrug CB1954 and low 64 

efficiency of E. coli NTR on CB1954, clinical trials were terminated [14,15], emphasizing the 65 

need for better prodrug alternatives and new nitroreductase enzymes [16-23]. A mustard 66 

derivative of CB1954, SN23862 (5-[N,N-bis(2-chloroethyl)amino]-2-hydroxyamino-4-67 

nitrobenzamide) has higher KM and kcat values and better bystander effect as compared to   68 

CB1954 and is more cytotoxic when interacts with NfsB (E.coli nitroreductase) [24, 25]. The 69 

limitation at in vivo studies of first generation of dinitrobenzamide mustards (DNBM) due to 70 

their low solubility, DNBM phosphate esters have been developed as pre-prodrug. These 71 

compounds (e.g. PR-104) were firstly converted to corresponding prodrug alcohol (e.g. PR-72 

104A) with systemic phosphate effect and the next step is reduction of prodrugs by NfsB to 73 

give active drugs (e.g. PR-104H) [26, 27]  PR-104A has been found more cytotoxic in 74 

hypoxic and aerobic conditions against different cancer cells when compared to other DNBM 75 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
compounds. Preclinical studies of PR-104A has been successful and proceeded to clinical 76 

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

clinical trials did not proceed further [29]. However, new studies continue to be conducted on 78 

the second generation of PR-104A analogues for the treatment of cancer [15, 19, 31]. 79 

Design and synthesis of nitro containing compounds as fluorescent imaging probes for 80 

NTR detection and diagnosis of tumor cells at hypoxic conditions have come to the fore in 81 

recent years [31-34]. 82 

 83 

 84 

 85 

 86 

 87 

 88 

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

Also it is known that benzamide derivatives have superior pharmacological properties 90 

and used as drugs (vismodegib, sonidegib, taladegib, parsalmide, tiapride etc.) in the 91 

treatment of various diseases [35-38]. In this study, nitro-containing amide prodrugs were 92 

designed on the basis of model prodrug CB1954, SN23862, PR-104A and other known 93 

benzamides. 94 

In our previous work, we synthesized three benzamide and one hydrazide derivative as 95 

nitro bearing prodrug and investigated their enzymatic activities on Ssap-NtrB a new 96 

nitroreductase developed by our research group [18], antiproliferative effects on different 97 

cancer cells [39]. Promising results prompted us to diversify the nitro containing amides (23 98 

compounds) and investigate more amide prodrugs to be used for Ntr-based cancer therapies. 99 
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4-(4-nitrobenzoyl)morpholine/piperidine (A5-A6), N-substitutedphenyl benzamide (A7-A14), 101 

bis(4-nitrobenzamide) (A15-A23) were designed in this study. The main reason selecting 102 

these skeletons is to discover the most active structure among these four type compounds that 103 

more interacting with the Ssap-NtrB enzyme through different pharmacophore groups. The 104 

effects of -Br and -NO2 groups at different positions in phenylacetamide (A1-A4), morpholine 105 

or piperidine heterocycles in A5-A6, -NO2, -Cl, -CH3, -N(CH3)2, -N(n-Bu)2 functional groups 106 

at different positions in N-substituted phenylbenzamide (A7-A14) and two benzamide groups 107 

and various linkers such as -Et, -Bu as short/long alkyl chains, piperazine as a heterocyclic 108 

group, 1,2-, 1,3-, 1,4- cyclohexyl, phenyl as alicylic/aromatic rings at bis(4-nitrobenzamide) 109 

(A15-A23) were investigated. Herein, we report synthesis data, enzymatic and cytotoxic 110 

results of a series of nitro containing amide prodrugs with both experimental and in silico 111 

methods. Detailed structure-activity relationship (SAR) results were also discussed (Figure 2). 112 
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Figure 2. An overview of amide based prodrug structures studied (a) previously [39] and (b) 115 

in this work 116 

 117 

 118 
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2. RESULT AND DISCUSSION 119 

2.1. Chemistry  120 

All of the known products were confirmed by comparison of their spectral data with 121 

those reported in the literature. The prodrugs were fully characterized by their melting point, 122 

FT-IR, 1H NMR, 13C NMR and MS spectras.  123 

A1 and A3 prodrugs were synthesized from aniline derivatives via acetylation reaction in 124 

good yields 92% and 81%, respectively. Prodrugs A2 and A4 were obtained from A1 or A3 125 

and ethyl iodide at the conditions that used NaH as base in DMF solvent at room temperature 126 

in 42 % and 82 % yields, respectively [40] (Figure 3). 127 
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Figure 3. Synthesis of A1-A4 129 

As revealed in Figures 4 and 5, different reaction conditions were applied to obtain A5-130 

A23 prodrugs by amidation reaction. Prodrugs A7-A14 were synthesized from different 131 

aniline derivatives (4-chloroaniline, 4-nitroaniline and 2,4-dinitroaniline) and various 3,5-132 

dinitrobenzoic acid derivatives that contain some functional groups like as -H, -CH3,               133 

-N(CH3)2, -N(n-Bu)2 at 4-position by using DCC and DMAP at Steglish esterification 134 

conditions (Figure 4). 135 
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 136 

Figure 4. Synthesis of A7-A14 137 

A5 and A6 were synthesized from 4-nitrobenzoyl chloride and piperidine (A5) or 138 

morpholine (A6) according to known methods with some modifications (Figure 5). Prodrugs 139 

A15-A23 were obtained from 4-nitrobenzoyl chloride (1.0 equiv.) and various aliphatic, 140 

aromatic or heterocyclic diamino compounds (2.0 equiv. or more) at traditional conditions or 141 

by using microwave irradiation (Figure 5). Prodrugs A15-A17 were prepared from                 142 

4-nitrobenzoyl chloride and diamino derivatives (ethylenediamine, 1,4-diaminobutane or 143 

piperazine) with triethylamine in DMF at room temperature or 50 ˚C for 5-6 h in moderate 144 

yields (Figure 5). Prodrugs A18-A20 were synthesized by using 1,2-, 1,3- or                        145 

1,4-diaminocyclohexane with triethylamine in chloroform at reflux temperature for 8-14 h in 146 

65-75% yields (Figure 5). Prodrugs A21-A23 were obtained from 1,2-, 1,3- or                    147 

1,4-diaminobenzene with DMAP in pyridine at 70 °C by using microwave energy for 20-25 148 

min (Figure 5). 149 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

O

Cl

O2N

O

N

O2N

O2N

N
H

O

R7

N
H

O

NO2

+

H2N
R7

NH2

NH2R7NH2: NNH H

H2N
NH2 NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

H2N NH2 H2N NH2

X
X

H
N

X: C      A5 (63%)
X: O      A6 (90%)

A15 (50%)           A16  (62%)          A17 (55%)

A18       A19          A20           A21          A22           A23
(70%)  (65%)       (75%)         (50%)       (65%)        (71%)

A15-A23

i, ii, iii or iv

 150 

 151 

Figure 5. Synthesis of A5, A6 and A15-A23  152 

(i. K2CO3/MeCN/reflux/6h (for A5); ii. Et3N/DCM/reflux/8h (for A6); iii. Et3N/DMF/r.t or 50 153 

°C/5-6h (for A15-A17); iv. Et3N/CHCl3/reflux/8-14h (for A18-A20); v. Microwave 154 

irradiation/DMAP/pyridine/70 °C/20-25 min (for A21-A23) 155 

Many of the products (especially A15-A23) had very low solubility in common organic 156 

solvents resulting in difficulties at the purification steps of the corresponding products. 157 

Therefore, purification was carried out by crystallization or hot and/or cold washing with 158 

solvents that have different polarity.   159 

2.2. In silico process 160 

Generally, in silico methods including computational calculation and molecular modeling 161 

techniques are used to design and develop an overview and/or new solutions in biomedical 162 

applications. So those, in silico ADMET and molecular docking studies were performed to 163 

support the evaluation and illumination of this study. 164 
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2.2.1. ADMET studies 165 

Understanding of ADMET properties of prodrug candidates are immensely essential 166 

process to solve or eliminate the undesired pharmacokinetics and toxicitiy effects. Therefore, 167 

the entitled compounds were selected and drug-like properties were determined according to 168 

Lipinski (rule of five) [41] and Veber rules, [42] (Table 1). Two compounds, A13 and A14 169 

which are remarked as red color in Table 1 were removed from the data since they violated 170 

Veber and Lipinski rules. After this part, ADMET parameters were calculated by using DS 171 

2017, [43] as given in Table 2. Additionally, ADMET plot was built by using calculated 172 

AlogP98 versus PSA_2D properties, indicating the confidence level of the predictions for the 173 

Blood Brain Barrier Penetration (BBB) model and the Human Intestinal Absorption (HIA) 174 

model (Figure 6). This plot represents the two analogous 95% and 99% confidence ellipses 175 

corresponding to HIA and BBB models. PSA value of any compound has an inverse 176 

relationship with human intestinal absorption value of any compound and so cell wall 177 

permeability [44]. AlogP98 is shown to lipophilicity the fact that this value is a raito, used to 178 

estimate hydrophilicity and ahydrophobicity. For this reason, the information of H-bonding 179 

characteristics as obtained by calculating PSA could be taken into consideration along with 180 

AlogP98 calculation [45]. The 95% confidence ellipse indicates the region of chemical space 181 

including well-absorbed compounds (≥90%). However 99% confidence ellipse demonstrates 182 

the region of chemical space that includes the compounds with excellent absorption through 183 

cell membrane. As it is well known, any compound with an optimum cell permeability should 184 

follow these criteria (PSA < 140 Å2 and AlogP98 < 5) [45]. The compounds (A1-A6, A10, 185 

A17, SN23862 and CB1954) showed polar surface area (PSA) < 140 Å2, except compounds 186 

(A7-A9, A11-A12, A15-A16 and A18-A23) that have also in turn violated the 99% and 95% 187 

confidence ellipse for both HIA and BBB (Figure 6). When we consider the AlogP98 criteria, 188 

all compounds had AlogP98 value <5.  In Table 2, absorption level of most of the compounds 189 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
is 0 which indicates a very good human intestinal absorption except compounds (A7-A9, 190 

A11-A12, A15,A16, A18-A23) all have fallen outside the 99% absorption ellipse (level 2 and 191 

3; poor or very poor). Compounds SN23862, CB1954, A17 and A10 also poses moderate 192 

HIA value, level 1. The aqueous solubility has an important role in the bioavailability of the 193 

optimal drugs, with the exception of compounds A3-A6, A17, SN23862 and CB1954 that had 194 

good aqueous solubility level (level 3) as referred in DS 2017, all other compounds had low 195 

but possible aqueous solubility levels such as level 2. Table 2 revealed that generality of the 196 

compounds had undefined values for BBB penetration with the exception of compounds A2, 197 

A3, A4, A5 and A6 that had medium BBB penetration level. On the other hand, all 198 

compounds had predicted hepatotoxicity values. Our results indicate that all compounds were 199 

found toxic to liver. Similarly, all ligands exhibited satisfactory effects with respect to 200 

CYP2D6 liver (with reference to DS 2017), suggesting that compounds are inhibitors of 201 

CYP2D6 (Table 2). This demonstrates that all studied compounds were not metabolized well 202 

in Phase-I metabolism. Finally, the ADMET plasma protein binding property prediction 203 

remarked that the compounds (A1-A6, A10, A17, SN23862 and CB1954) had binding ≥ 90%, 204 

respectively, (refer to DS 2017), clearly suggesting that compounds (A1-A6, A10, A17, 205 

SN23862 and CB1954) have good bioavailability and are highly bound to carrier proteins in 206 

the blood. 207 
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Table 1. The Lipinski and Veber rules analysis of the compounds (A1-A23) and reference compounds (CB1954 and SN23862) for Ssap-NtrB.  208 

Comp. 
AlogP 
(≤5) 

MW           
(≤500 g/mol) 

MPSA      
(≤140 A2) 

HA_Lipinski 
(≤10) 

HD_Lipinski 
(≤5) 

NRB  
(≤10) 

HA_Veber 
(≤12) 

HD_Veber 
(≤12) 

A1 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 9 1 

A8 2.784 346.252 166.55 11 1 5 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 

A11 2.46 375.293 169.8 12 1 6 8 1 

A12 2.354 420.291 215.61 15 1 7 10 1 

A13 5.887 448.900 123.97 9 1 11 6 1 

A14 5.117 459.452 169.8 12 1 12 8 1 

A15 1.683 358.306 149.83 10 2 7 6 2 

A16 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 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

A20 2.844 412.396 149.83 10 2 6 6 2 

A21 3.188 406.348 149.83 10 2 6 6 2 

A22 3.188 406.348 149.83 10 2 6 6 2 

A23 3.188 406.348 149.83 10 2 6 6 2 

CB1954 0.601 252.184 137.73 9 2 4 6 1 

SN23862 2.113 351.143 137.97 9 2 8 6 1 

Footnote: Comp, compound; ALogP, octanol/water partition coefficient, a measure for lipophilicity; MW, molecular weight; MPSA, molecular 209 
polar surface area; HA_Lipinski, Number of hydrogen bond acceptors; HD_Lipinski, Num_H_Donors_Lipinski; Number of hydrogen bond 210 
donors; NRB, Number of Rotatable bonds; HA_Veber, Number of hydrogen bond acceptors based on Veber; HD_Veber, Number of hydrogen 211 
bond donors based on Veber. 212 
 213 

Table 2. In silico ADMET analysis of the 21 compounds and reference compounds (CB1954 and SN23862) for Ssap-NtrB. The entitled 214 

compounds were divided into three parts and ordered from right to left and from top to bottom on the plot. The compounds (A7-A9, A11-A12, 215 

A15-A16 and A18-A23) outside of the all ellipses in the ADMET plot were colored grey. In the second part, compounds (A1-A2, A10, A17, 216 

SN23862 and CB1954) were colored blue. In the last part, compounds (A3-A6) inside of all ellipses in the graphic were shown red.  217 

Comp. PSA_2D(< 140 Å2) AlogP98(< 5) HIA Solubility BBB CYP2D6 Hepatotoxic PPB 

A1 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 
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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 

A10 119.109 3.23 1 (moderate) 2(low) 4(undefined) false true true 

A11 161.932 2.46 3 (very low) 2(low) 4(undefined) false true false 

A12 204.755 2.354 3 (very low) 2(low) 4(undefined) false true false 

A15 145.868 1.683 2 (low) 3(good) 4(undefined) false true false 

A16 145.868 2.325 2 (low) 3(good) 4(undefined) false true false 

A17 126.952 1.914 1(moderate) 3(good) 4(undefined) false true true 

A18 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 

Abbreviations: PSA, polar surface area; AlogP98, the logarithm of the partition coefficient between n-octanol and water; HIA, Human Intestinal Absorption, 218 
BBB blood brain barrier; CYP2D6 cytochrome P450 2D6 binding, false for CYP2D6: non-inhibitor; True for Hepatotoxic: toxic; PPB plasma protein binding, 219 
more than 90% for PPB value is true: Chemicals strongly bound. Less than 90% for PPB value is false: Chemicals weakly bound. 220 
 221 

 222 
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 224 
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 232 

 233 

 234 

 235 

 236 

 237 

Figure 6. ADMET plot for various nitro amide derivatives as anticancer prodrugs 238 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
2.2.2. Molecular docking results 239 

According to the biological activity studies and ADMET analysis, the selected five 240 

compounds (A2, A5, A6, A17 and A20) were docked with Ssap-NtrB model. In the 241 

meantime, CB1954 and SN23862 as reference compounds were redocked with Ssap-NtrB 242 

model which was modelled in our previous study [39]. The results of redocking revealed that 243 

obtained results were compatible with the literature [18, 39]. 244 

Based on the redocking process, molecular docking was applied between the chosen three 245 

compounds and Ssap-NtrB model. To clarify the binding forms of the chosen compounds, 246 

binding affinities were also predicted by using molecular docking. Furthermore, interactions 247 

of each compound-enzyme complex were defined and the interactions that are dominant or 248 

not in active site of the enzyme model were specified. As shown in Figure 7, Compound A5 249 

formed two hydrogen bonds with A: Arg13 (2.068 Å), B: Ser43 (1.89 Å) and one 250 

hydrophobic interaction with FMN (4.34 Å). On the other hand, compound A6 was shown to 251 

have also same interactions with compound A5 except that the same nitro group in compound 252 

A6 showed hydrogen bond interaction with B: Val44 instead of B: Ser43 residue of the 253 

enzyme. The compound A2 has a similar interaction with SN23862 as the reference 254 

compound. The other ones, A17 and A20 have different framework than others, but bound on 255 

the active site of the enzyme. Compound A17 formed two hydrogen bond with B: Ser43 (2.79 256 

Å), B: Pro41 (2.75 Å) and one π-π stacking with FMN like compound A5. However, it was 257 

shown to have unfavorable interactions with A: Phe162, A: Val204 and B: Pro41 residues that 258 

are displayed as red dash line and spheres in Figure 7. The last compound A20 was shown to 259 

have hydrogen bonds and hydrophobic interactions with different residues of the binding site 260 

in Ssap-NtrB. It was also observed that prodrug A2, A5 and A20 formed stronger 261 

hydrophobic interactions with hydrophobic pocket than other compounds A6 and A17. The 262 

binding forms are demonstrated that the para nitro and carbonyl groups in phenyl ring were 263 
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able to affect the interaction on Ssap-NtrB significantly. Interaction types and distances of the 264 

studied compounds and standard prodrugs were given in SI-Table S1. 265 
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 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

Figure 7. Two-dimensional docking poses of compound A5 (A); compound A6 (B); compound A20 (C) in the binding site of Ssap-NtrB 278 

*Hydrogen bonds were shown with yellow dash lines and dark green spheres. The pink sphere and dash lines presented cofactor FMN and pi-pi 279 

stacked.The hydrophobic interactions which is van der Waals were represented by light green spheres. Unfavorable interactions like steric bumps 280 

were displayed as red dash line and spheres. 281 
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Additionally, binding energy (∆G) and inhibition constant (Ki) values of the compounds 282 

were computed using DS 2017 program are represented in Table 3. The molecular docking 283 

results showed that compounds A5, A17 and A20 displayed lower binding energy values and 284 

higher affinities for target enzyme than did CB1954 and SN23862. Topological polar surface 285 

area (TPSA) [46] and AlogP [47] of each compound was also computed using DS 2017 286 

demonstrating the membrane permeability and lipophilicity of the compounds, respectively. 287 

The results are exhibited in Table 3. These parameters are very important properties for drug 288 

discovery. If TPSA value is greater than 140 Å2, a compound has no enough level for 289 

membrane permeability. The obtained values of the compounds (152.959-257.443) except A5 290 

(130.459) are greater than 140 Å2. These results reveal that A5 compound can be a suitable 291 

prodrug, having hydrophobic property, good membrane permeability and specifically 292 

targeting Ssap-NtrB. 293 

 294 

Table 3. The binding energy (∆G), inhibition constant (Ki), Topological polar surface area 295 

(TPSA) and ALogP values of the compounds and CB1954 and SN23862 as standard prodrugs 296 

with that of Ssap-NtrB. 297 

Prodrugs ∆G (kcal/mol) Ki (µM) 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 

A17 -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 

 298 

 299 
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2.3. Enzymatic reduction via Ssap-NtrB 300 

2.3.1. Metabolite profiles of prodrugs A1-A23 301 

Initial activation screening of all synthesized amide prodrugs A1-A23 by Ssap-NtrB was 302 

performed in accordance with the assay condition described in the experimental section. 303 

Reduction profiles of the prodrugs A1-A23 were assessed according to HPLC 304 

chromatograms. 305 

All the prodrugs except A10, A13-A14, A16-A17 and A20-A23 were readily reduced by 306 

Ssap-NtrB with half-lives of up to 3 hours. However, there were some product formation 307 

upon longer reaction times of A10, A13-A14, A17 and A20-A21 with Ssap-NtrB in cofactor 308 

regeneration system (Table 4). 309 

Table 4. Ssap-NtrB activation of compounds A1-A23 310 

Compound Retention 

time 

(min) 

Half life  

t1/2 (h)* 

Amount of 

product 

after 10 min 

(%)** 

Retention 

times of major 

metabolites 

(min) 

HPLC 

program  

***  

A1 14.4 < 0.1 88 8.15, 12.06, 

15.84 

I 

A2 14.55 <0.02 100 11.65 I 

16.85 <0.02 100 11.8, 14.2 II 

A3 13.88 < 0.2 56.4 7.12, 15.74 I 

A4 15.18 < 0.1 78 12.28, 15.55, 

18.39 

I 

A5 18.22  < 1.5 5.57 15.99 I 

17.81 <0.02 100 14 II 

A6 15.17 < 0.25 65.4 11.71 I 
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A7 14.51, 

17.52 

<0.37 23 9.76 I 

A8 18.04 < 0.38 22 15.94 I 

23.93 < 0.26 32.96 20.16, 20.79 II 

 

A9 

18.07 < 0.23 36.6 14.45, 17.61, 

15.35 

I 

24.11 < 0.18 48 17.44, 21.6, 

23.88 

II 

 

A10 

19.22 -  

 

- - I 

25.86 < 3.15 2.65 17.02, 20.14, 

22.67 

II 

A11 18.43 < 0.3 28 15.83, 16.24, 

16.84 

I 

 

A12 

18.51 < 0.42 20.3  2.97, 11.5 I 

24.85 < 0.1 90.1 12.04, 19.19, 

21.58 

II 

A13 20.12 - - - I 

34,2 < 2.4 3.6 29.05 II 

A14 26.5 - - - I 

31.96 < 1.56 5.34 28.34 II 

A15 17.56 < 2.54  6.57 10.39, 14.06 II 

18.65 < 1.2 7.2 15.8 I 

A16 19.02 - - - I 

 17.28 - - - I 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

A17 17.6 < 1.42 5.9 11.53, 14.47, 

14.85 

II 

 

A18 

20.85 < 1.8  9.33 15.55, 17.99, 

17.7 

II 

20.91 < 0.52 16.2 19.43  I 

 

A19 

19.40, 

20.15 

< 0.26 32.7 14.03, 14.58, 

16.83, 17.4 

II 

19.44, 

20.6 

< 2 4.25 17.87 I 

A20 19.96 - - - I 

19.2 < 1.5  11.2 13.48 II 

A21 22.08 < 3.2  5.25 16.49 II 

21.38 - - - I 

A22 21.98 - - - II 

21.88 - - - I 

A23 16.61 - - - I 

*approximate time needed for reduction of the substrate amount up to 50% upon Ssap-NtrB 311 
activation. 312 
**Percent of products produced upon reduction of the substrate by Ssap-NtrB (initial amount of 313 
substrate was taken as 100%). In a typical solution, 50-100 µM substrate was dissolved in 25 mM, pH 314 
7.5 Tris/Cl buffer with 5-10% DMSO concentration and incubated with NADH (200-500 µM) and 315 
Ssap-NtrB (2.5-30 ug/mL) at 21-25°C. The amounts were calculated from the HPLC chromatogram 316 
peak areas as a function of time. 317 
*** HPLC program I: 0-5 min at 20% ACN, 15-22 min at 80% ACN, 27-32 min at 20% ACN 318 
HPLC program II: 0-5 min at 20% ACN, 25-35 min at 80% ACN, 40-45 min at 20% ACN, used for 319 
coupled reaction analysis. 320 
 321 

A2, A5, A7-A10, A12-A15, A17-A22 reactions with Ssap-NtrB were monitored against 322 

time by using cofactor regeneration system with recombinant formate dehydrogenase (FDH) 323 

from Candida methylica (CmFDH) (Figure S59). In cofactor regeneration system reactions, 324 

the FDH enzyme converts NAD to NADH, thus sufficient amount of NADH will be available 325 
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for nitroreductase reduction reactions. By this coupled enzyme system (Ssap-NtrB and FDH), 326 

the time dependent profile of reactions can be monitored for longer periods without the 327 

limititation of the cofactor since Ssap-NtrB is a NAD(P)H dependent enzyme and needs 328 

NAD(P)H in order to convert the substrate into its products. 329 

HPLC results indicated that A2, A5, A6 and A19 were faster reduced by Ssap-NtrB while 330 

A2 was the fastest reduced substrate by Ssap-NtrB with only around one minute half-life. 331 

100% conversion of the parent compound were observed in A2/Ssap-NtrB reaction and 332 

A5/Ssap-NtrB coupled reaction involving cofactor regeneration (Table 4). For A2/Ssap-NtrB 333 

reaction, multiple product peaks were detected at 11.8 min and 14.2 min after coupled 334 

reaction while only one product were detected from the reduction reaction with limited 335 

amount of cofactor (Fig. 8 and SI).  Similarly, there were two metabolites produced upon A5 336 

/Ssap-NtrB-FDH coupled reaction since there was only one metabolite produced after 10 337 

minutes of reaction with limited NADH. This states that the amount of NADH was not 338 

sufficient for the reduction reaction to take place until the last step. However, when there was 339 

enough cofactor, all the A5 substrate (100%) was reduced to its metabolites (14.0 and 22.3 340 

min retention times). 341 

The product profiles of reduction reactions exhibited time-dependent properties. As an 342 

example, the release of products from Ssap-NtrB/A2 reaction as a function of time is shown 343 

in Figure 8. Products’ profiles versus time shown in Figure 8B and 8C indicated that five 344 

products were observed after enzymatic reduction with retention times of 11.8 min, 14.2 min, 345 

21.2 min, 8.0 min and 15.2 min. At the end of 2 min reaction time, all of the product A2 was 346 

converted to corresponding metabolites. The main product P1 formation increased with time 347 

upon the increased production of P2 product. At the end of 30 min, there were no P1 and P3 348 

products stable, predicted to be converted to prodrugs P4 and P5.  349 
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 350 

Figure 8. A) HPLC chromatogram of reduction reaction of prodrug A2 catalyzed by Ssap-351 

NtrB, (a) Control without Ssap-NtrB, (b) Enzymatic reduction reaction at 5 min, (B) HPLC 352 

chromatogram of reactions, (C) Time dependent product profiles.  353 

Aromatic nitro compounds have been indicated to be reduced by different nitroreductases 354 

[48]. Dinitrobenzamide derivatives such as CB1954 and derivatives, SN23862 and PR-104 355 

[24, 25, 26] have been approved to be effective against different nitroreductases especially   356 

E. coli nitroreductases. In this study, nitroaromatic prodrug candidates A1-A23 were 357 

synthesized and their probability of reduction by a different nitroreductase (Ssap-NtrB) was 358 

examined. Among amide derivatives, A1-A9, A11-A12, A15 and A18-A19 compounds were 359 

easily reduced while Ssap-NtrB was not reactive for A16, A22 and A23 compounds even after 360 

long reaction times with cofactor regeneration system.  361 

2.3.2. Kinetic studies 362 

Due to low solubility of the compounds, not all compounds were able to be assessed to 363 

undergo reduction with Ssap-NtrB. Steady-state kinetic experiments were performed for 364 

compounds A1 and A2 with calculating specific activities of a range of prodrug 365 

concentrations (0-800 µM) dissolved in 5% DMSO. Catalytic efficiencies (kcat/KM) of Ssap-366 
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NtrB with A1 and A2 were calculated as 98284 s-1 M-1 and 117278 s-1 M-1 respectively. When 367 

compared with the catalytic activity of well-known CB1954/E.coli NfsB combination, Ssap-368 

NtrB/A1 and Ssap-NtrB/A2 were found to be much more effective (17.55 and 20.94 fold 369 

respectively) representing to be better NTR/prodrug combinations for cancer therapy (Table 370 

5). In addition, the catalytic efficiencies of our NTR/prodrug combinations are higher than the 371 

NfsB/PR-104A combination, which was found to be more effective alternative prodrug than 372 

CB1954 [19]. 373 

Since there are many mechanisms of reduction in the living cells, it is not possible to 374 

assess all enzymatic reduction modes in vitro in tubes. Thus, further in vitro cell culture 375 

experiments were conducted in order to see the effect of prodrugs and reduction products in 376 

cancer cell lines. 377 

Table 5. Comparison of kinetic parameters of nitroreductases toward CB1954, SN23862 and 378 

prodrugs A1-A23 379 

Enzyme Substrate kcat (s
-1) KM (µM) kcat/KM    (s-1 M-1) 

Relative to 

CB1954/NfsB 
Cofactor 

NfsB CB1954 62 ± 11 11000 ± 2600  5600 1 NADH 

NfsB SN23862 26.4 ± 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 82.4±16.9  9350 1.67 NADPH 

Ssap-NtrB A1 9.9 ± 0.7 100.6 ±17.2 98284 17.55 NADPH 

Ssap-NtrB A2 1.37 ± 1.1 96.9 ± 21.4 117278 20.94 NADPH 

 380 

2.4. Cytotoxic activity  381 

2.4.1. Growth inhibitory effects of amides 382 

 Prodrug candidates were evaluated for cytotoxic properties against to Human Hepatoma 383 

(Hep3B), Human Prostate Cancer (PC3) cells and Human Umbilical Vein (HUVEC) cells as a 384 

healthy control model.  The cells were treated with five different concentrations (150, 75, 39, 385 
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18 and 9 µM) of prodrugs and exposed for 48h.  After 48h exposure, the cell viability results 386 

were obtained by using MTT method. % cell viability was calculated using 387 

spectrophotometric absorbance value at 550 nm wavelength. The results were divided into 388 

three groups: NT: Not Toxic (% Cell viability value > 80%; LT: Low Toxic (80% > % cell 389 

viability value > 51%) and T: Toxic (% Cell viability value < 50%). For toxic compounds, 390 

IC50 (50 % inhibition concentration) value was determined using Origin pro 8.5 program.  391 

As shown in Table 6, A1, A3-A6, A8, A11 and A16-A22 were not toxic; A2, A9, A15, and 392 

A23 were low toxic; A7, A10 and A12-A14 were toxic with 51.76 µM, 110.64 µM, 43.74 393 

µM, 11.62 µM and 30.87 µM of IC50 values, respectively against Hep3B cells. For HUVEC 394 

cells, especially A13 and A14 were toxic with 22.60 µM and 22.24 µM of 50% inhibition 395 

concentration. A7 and A10 were low toxic. The rest of the compounds showed no toxic effect 396 

against HUVEC cells as chosen a healthy model. A10, A13, and A14 compounds inhibited 397 

50% cell proliferation as indicated concentrations 43.23 µM, 17.10 µM and 19.73 µM, 398 

respectively for PC3 cells. A17 and A19 were low toxic on PC3 cells. 399 

The cytotoxicity results of the toxic compounds (A7, A10 and A12-A14) are given in 400 

Figure 9. The rest of results are represented in SI-Figure S60.  401 

 402 

Table 6. Growth inhibitory effects of prodrugs at concentration range between 150-9 µM 403 

(NT* referred as not toxic (% Cell viability value>80%). LT* referred as low toxic (80%> % 404 

cell viability value>51). T* referred as Toxic. (50% < % Cell viability value).   405 

 Cytotoxic properties (IC50-µM) 

Prodrugs Hep3B HUVEC PC3 

A1  NT NT NT 

A2 LT NT NT 

A3 NT NT NT 
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 A4 NT  NT NT 

A5 NT NT NT 

A6 NT NT NT 

A7 T (51.16 µM) LT NT 

 A8 NT NT NT 

A9 LT NT NT 

A10 T (119.64 µM) LT  T (43.23 µM) 

A11 NT NT NT 

A12 T (43.74 µM) NT NT 

A13 T (11.62 µM) T (22.60 µM) T (17.10 µM) 

A14 T (30.87 µM) T (22.24 µM) T (19.73 µM) 

A15 LT NT NT 

A16 NT NT NT 

A17 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 

 406 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 407 

Figure 9. The cytotoxic properties of prodrugs (A7, A10 and A12-A14) were determined 408 

using MTT assay against Hep3B, PC3 and HUVEC cells. 50.000 cells/well were plated out in 409 

96 well plates. Compounds were applied on plates at five different concentrations (9, 18, 39, 410 

78, 150 µM). DMSO (1%) was used as vehicle control. After 48 h incubation, MTT assay was 411 

carried out as described in ref 49. The results were obtained using spectrophotometer at 550 412 

nm optic density. The graphics were illustrated using Origin pro 8.5 program.  413 

 414 

2.4.2. The prodrug abilities of nitro aromatic amides 415 

Compounds were chosen according to cytotoxic properties. Prodrug ability was searched 416 

for nontoxic compounds. Hence, Ssap-NtrB/prodrug (A1-A6, A8, A11 and A15-A22) 417 

combinations were applied on PC3 cells. Also, CB1954, previously known to be a suitable 418 

substrate for E.coli nitroreductase was used as a positive control to compare the prodrug 419 

ability of compounds.  420 
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In this experimental design, the cells were treated with prodrug as NTR- (alone/180 nM at 421 

final concentration) and prodrug (three different concentrations of 180, 18 and 1.8 nM) 422 

+NADH(cofactor)+extracellular Ssap-NTR in 25mM Tris-HCl pH 7.5. After 48h of 423 

treatment, the growth inhibitory effects of combinations were analyzed using SRB method. 424 

Previously, it was determined that NADH had no toxic effect for PC3 cells (Data not shown). 425 

The IC50 values of amides with Ssap-NtrB (prodrug+NADH+Ssap-NTR) were shown in 426 

Table 7.  427 

Our results indicated that A5, A6 and A20 were potential candidates as a prodrug. 428 

Combinations with Ssap-NtrB of these prodrugs, which were not toxic alone, have shown 429 

significant toxic effects. For these prodrugs, IC50 values were 1.806 nM, 1.808 nM and 1.793 430 

nM, respectively (Figure 10). In addition, prodrug A20 had toxic effect comparable with 431 

CB1954. The rest of the graphics of compounds were shown in SI-Figure 61. 432 

 433 

Table 7. The prodrug abilities of amides. NTR (-) represents only 150 µM or 180 nM prodrug 434 

application. NTR (+) are values obtained from the application of final products of 435 

nitroaromatic amides/Ssap-NtrB reaction.    436 

 Prostate cancer cell line (PC3) 

Prodrugs NTR(-)    NTR(+)  IC50 value 

A1 non toxic  10.72 µM 

A3  non toxic 10.24 µM 

A4  non toxic 12.59 µM 

A5  non toxic 1.806 nM 

A6 non toxic  1.808 nM 

A8 non toxic  17.11 µM 

A11 non toxic  29.12  µM 
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 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

A15 non toxic  31.10 nM 

A16 non toxic  36.83 nM 

A17 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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 451 

Figure 10. The prodrug abilities of amides were determined using SRB assay in PC3 cells. 452 

Cells were plated out in 96 plates 10.000 cells per well. C1 represented as control group of 453 

180 nM final concentration amides alone. NT (Not Treated) was represented as vehicle 454 

control which the wells were treated with 25 mM Tris-HCl buffer. The combinations of Ssap-455 

NtrB/Prodrug (R-180 nM, R-18 nM and R-1.8 nM) that were supplemented with NADH 456 

cofactor in 25 mM Tris-HCl were referred as R (Reaction) in graphics.  After 48h of 457 

incubation with these combinations, results were obtained using spectrophotometer at 498 nm 458 

wavelength. Experiments were performed in three replicates. % SD values and % cell 459 

viability were calculated using Microsoft Excel program. 460 

2.5. Structure-Activity Relationships (SARs) 461 

Based on the results of ADMET and molecular docking studies, enzymatic and 462 

cytotoxicity experiments the preliminary SARs were characterized (Figure 11). According to 463 
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the PSA values, BBB and HIA model at ADMET studies, A1-A6, A10 and A17 compounds 464 

showed optimum cell permeability, good bioavailability and good binding properties.  465 

It was observed that compound A2, A5 and A20 formed a stronger hydrophobic 466 

interactions with the hydrophobic pocket of the enzyme.  467 

While small molecules such as A2-A4 (N-(substitutedphenyl)acetamide derivatives) and 468 

A6 (4-(4-nitrobenzoyl)morpholine) were reduced by Ssap-NtrB and produced metabolites 469 

fastly at limited cofactor system, compounds A2, A5, A9 and A12 were reacted with enzyme 470 

fastly at the regenerated system (Figure 11). 471 

Among N-(substitutedphenyl)-3,5-dinitrobenzamides (A7-A14), prodrug candidate A13 472 

and A14  contain -N(n-Bu)2 at 4-position of benzene ring were not obeying Veber and 473 

Lipinski rules unlike bearing -H, -CH3, -N(CH3)2, at the same position. A7, A10 and A12-A14 474 

derivatives in this series showed toxic effects on PC3 and Hep3B cells. We determined that 475 

A13 and A14 compounds are also toxic against HUVEC healthy cell model. So these 476 

compounds were eliminated to become a prodrug. IC50 values of the metabolites of other 477 

compounds (A8 and A11) that have -CH3, -N(CH3)2  at R4 position and nitro group at R6 478 

position in this series are in the range of 17-30 µM.  479 

Among N-(substitutedphenyl)acetamides (A1-A4), compound A2 was observed to be low 480 

toxic against Hep3B cells. The metabolites of other compounds have IC50 values in the range 481 

of 10-13 µM.  482 

When prodrug abilities of A15-A23 compounds were evaluated, A23 was determined as 483 

low toxic against Hep3B cells. The metabolites of other compounds (A15-A22) have IC50 484 

values in the range of 14-37 nM. Prodrug candidates of these series have smaller, more 485 

advantageous IC50 values compare to acetamide derivatives (A1-A4) and N-(substituted 486 

phenyl)-3,5-dinitrobenzamides (A7-A14). 487 
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IC50 values of A5 and A6 metabolites were found as 1.806 nM, 1.808 nM, respectively.  488 

These two compounds are 4-nitrobenzamide derivatives of piperidine and morpholine. To the 489 

best of our knowledge, although the synthesis of A5, A6 at various experimental conditions is 490 

known in the literature, there was no evidence related to nitroreductase interaction of these 491 

compounds. IC50 value of metabolites of N,Nı-(1,4-cyclohexyl)bis(4-nitrobenzamide) (A20) is 492 

1.793 nM. The common points of three nitrobenzamide compounds (A5, A6 and A20) are to 493 

have one or two nitro group (A20 is a symmetrical molecule that have two nitro) and to be a 494 

benzamide derivative of nitrogen containing heterocyclic group such as piperidine, 495 

morpholine and piperazine. As a result of all the experiment, A5, A6 and A20 can be 496 

recommended as potential prodrugs to be used for NTR based cancer therapy (Figure 11).  497 

 498 

Figure 11. Structure-activity relationship (SAR) analysis of the amide prodrugs.  499 

(theor.: according to theoretical results; exp: according to experimental results) 500 

 501 

2.6. Metabolite profiles of prodrugs A5, A6 and A20  502 

It is well known that when nitro bearing organic compounds interact with nitroreductase 503 

enzyme, nitro group converts to corresponding nitroso-unstable-, hydroxyl amine and amine 504 

metabolites, respectively. Accordingly, A5 and A6 prodrugs that contain one nitro group must 505 
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have two metobolites, hydroxylamine and amino (Figure 12A and 12B). According to HPLC 506 

chromatograms at Figure S58 and S59, while only hydroxyl amine metabolite (RT: 15.99 507 

min) was occured at the 15 min reduction reaction of prodrug A5 catalyzed by Ssap-NtrB, 508 

major hydroxylamine (RT: 14.0 min-more polar product) and minor amine (RT: 22.3 min-less 509 

polar product) metabolites were obtained at the catalysis of Ssap-NtrB and Cm-FDH cofactor 510 

regeneration conditions. Similarly, single hydroxylamine metabolite (RT: 11.71 min) of 511 

prodrug A6 was determined by HPLC chromatogram of 15 min catalytic reaction with Ssap-512 

NtrB (Figure S58). Prodrug A20 have four possible metabolites (nitro-hydroxylamine, two 513 

hydroxylamine, hydroxylamine-amino, two amino) since it contains two nitro group (Figure 514 

12C). According to experimental data, while no product formation was observed at 15 min 515 

Ssap-NtrB catalytic conditions because of limited enzyme and reaction time, three minor 516 

metabolites and one major metabolite (RT: 13.48 min) of A20 were determined at cofactor 517 

regeneration system (Figure S58-S59). 518 
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 520 
Figure 12. A5 (A), A6 (B) and A20 (C) prodrugs and their possible metabolites  521 
 522 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
3. CONCLUSION 523 

In this study, we have synthesized and characterized 23 (twenty-three) aromatic amide 524 

compounds by using different reaction conditions, in moderate-good yields. 9 compounds 525 

(A2, A4, A8-A14) were newly synthesized in this study and 14 compounds were previously 526 

known in the literature. This study consisted of three steps. The first step, within the scope of 527 

theoretical studies, in silico ADMET and molecular docking analyses were performed. With 528 

in silico ADMET studies, pharmacokinetic, toxicity features and suitability for BBB and HIA 529 

models of prodrug candidates were determined. Molecular docking studies were carried out 530 

for five compounds which were selected from biological activities. Binding forms and binding 531 

affinities of these compounds were revealed. In the next step, enzymatic reduction reactions 532 

with Ssap-NtrB were achieved using HPLC analyses. Thirdly, biological activities of the 533 

compounds and the metabolites produced after Ssap-NtrB reactions were measured for 534 

assessing their cytotoxic properties on two different cancer cell lines. Prodrug toxicities were 535 

examined on both Hep3B and PC3 cells, than metabolite toxicities of the prodrugs that were 536 

found to be nontoxic in HUVEC cells were examined on prostate cancer cells.   537 

In the theoretical part, ADMETox analysis showed that especially A3-A6 compounds are 538 

more effective on NTR based cancer therapy. In molecular docking studies revealed that the 539 

synthesized compound A5 for Ssap-NtrB has relatively optimal Binding Energy (-7.56 540 

kcal/mol), TPSA (130.459 Å2) and logP (2.055) values as compared to others. The results 541 

obtained from the docking process also supported the in vitro activity values. This study 542 

shows us not only interactions of nitro aromatic compounds but also hydrophobic 543 

substitutions such as piperidine moiety are very significant effect to display NTR based 544 

cancer terapy of any molecule. Hence, this information provides a useful insight for the 545 

development of novel prodrug(s) with specific selectivity. 546 
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According to enzymatic reduction analyses, in A5/Ssap-NtrB reaction, almost all of A5 547 

was converted to its metabolite retained ar 14 min, and upon 16 hours of incubation the 548 

stability of the metabolite was conserved. For A17/Ssap-NtrB reaction, 10 min and 200 µM 549 

NADH was not enough in order to continue the reduction reaction until the last step. Upon the 550 

reaction with the cofactor regeneration system, small amount of metabolites (around 6%) has 551 

started to be produced (Figure S59). As a similar case, the metabolite retained at 13.48 min 552 

remained stable after overnight incubation of A20/Ssap-NtrB reaction within the cofactor 553 

regeneration system. 554 

As a result of biological studies, it was determined that, A7, A10 and A12-A14 compounds 555 

were toxic  for Hepatoma and Prostate carcinoma cells and also HUVEC cells which was 556 

chosen as a healthy model. A2, A9, A15 and A23 were low toxic. Selected non-toxic 557 

compounds were searched for their prodrug ability. A20/Ssap-NtrB, A5/Ssap-NtrB and 558 

A6/Ssap-NtrB combinations were suggested to be potential prodrugs for prostate carcinoma 559 

cells according to in vitro analyses.  560 

When we combine our theoretical, enzymatic and cytotoxic results, we foresee that 561 

A5/Ssap-NtrB combination can be a new promising prodrug candidate for NTR based cancer 562 

therapy. 563 

 564 

4. EXPERIMENTAL SECTION 565 

4.1. General Information 566 

Analytical grade of all chemicals were purchased from Merck, Fluka and Sigma-Aldrich 567 

and were used as supplied without prior purification. 1,2-Diaminocyclohexane and 1,3-568 

diaminocyclohexane were used at reactions as cis- and trans- mixture. NADH and NADPH 569 

were supplied from Roche Applied Science.  570 
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Melting points were measured with X-4 Melting-point Apparatus and were uncorrected. 571 

Organic synthesis were monitored by TLC on 0.25 mm silica gel plates (60GF254) and 572 

visualized with UV light and/or KMnO4 stain. Infrared spectras were obtained by a Perkin 573 

Elmer Spectrum 100 FTIR spectrophotometer using ATR techniques. The 1H-NMR and 13C-574 

NMR spectras were recorded on Varian Mercury 500 MHz, Agilent 600 MHz and Jeol 400 575 

MHz NMR High-Performance Digital FT-NMR spectrometer, using TMS as an internal 576 

standard and using chloroform-d or DMSO-d6 as solvent. Splitting patterns are designated as 577 

follows: s, singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet; dd, double doublet; dt, 578 

double triplet; td, triple doublet and ddd, double double doublet.  579 

Ssap-NtrB recombinant enzyme was purified via Nickel HiTrap™ column (Amersham 580 

Biosciences) as stated in Celik and Yetis, 2012. Enzymatic activities were measured by using 581 

UV-VIS-NIR spectrophotometer (Shimadzu UV-3600) and microplate reader (Moleculer 582 

Devices Spectromax Plus 384). Metabolites of enzymatic reactions were determined with 583 

HPLC (Shimadzu High Performance Liquid Chromatography). CEM SP Discover Microwave 584 

Synthesis Reactor was used in microwave experiments by applying dynamic mode. Teledyne 585 

Isco Rf 200 CombiFlash Chromatagraphy was used to purify few crude products. Elemental 586 

analyses for C, H and N were obtained by Thermo, Flash 200 Organic Elemental Analyzer. 587 

Origin Pro 8.5 program was used for drawing all cytotoxicity and HPLC graphs. The 588 

measurements were performed in triplicate and error bars indicated ± standard deviations. 589 

4.2. Synthesis of Prodrugs 590 

N-(3,5-Dinitrophenyl)acetamide (A1). 3,5-dinitroaniline (16.5 mmol; 3.0 g) was 591 

dissolved in 10 mL pyridine. Acetic anhydride (39.9 mmol; 3.75 mL; 2.4 equiv.) was added 592 

dropwise to the solution in an ice bath. Mixture was stirred at room temperature for 24h. After 593 

completion of the reaction, the mixture was poured into cold water (100 mL) and the solid 594 

was filtered and dried. The crude product was recrystallized from ethyl alcohol to give green 595 
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solid A1 [50] (3.5 g, 92% yield) mp 189 °C (lit. m.p. 191°C [51]); IR (ATR) ϑ  3274, 3112, 596 

3097, 2944, 2871, 1683, 1604, 1542, 1420, 1340, 1328, 1267, 1252, 1078, 900, 818, 728 cm-597 

1; 1H NMR (500 MHz, DMSO-d6) δ10.80 (s, 1H), 8.78 (d, J= 2.08 Hz, 2H), 8.45 (t, J= 2.10 598 

Hz, 1H), 2.12 (s, 3H); 13C NMR (125 MHz, DMSO-d6) δ 170.08, 148.62, 141.67, 118.53, 599 

112.43, 24.54. 600 

N-(3,5-Dinitrophenyl)-N-ethylacetamide (A2). A solution of NaH (6.5 mmol; 0.155 g; 601 

2.5 equiv; 55 % oil dispersion) in DMF (3 mL) was added to a solution of N-(3,5-602 

dinitrophenyl)acetamide (A1) (6.6 mmol; 1.5 g) in DMF (10 mL) dropwise and stirred at 603 

room temperature for 1.5h. Then, ethyl iodide (19.8 mmol; 1.58 mL; 3 equiv.)  was added to 604 

the reaction mixture and stirred at room temperature for 24h. After completion of the reaction, 605 

the mixture was poured into cold water and extracted with dichloromethane (30 mL × 3). The 606 

organic layer was washed with water (20 mL x 2) was dried over Na2SO4 and concentrated in 607 

vacuo. The oily residue was purified by column chromatography on silica gel 608 

(dichlorometane/methanol, 50:1) to provide yellow solid A2 [52]. (0.7g, 42% yield) mp 126-609 

127 °C; IR (ATR) ϑ 3100, 3060, 2986, 2940, 2879, 1658, 1621, 1532, 1448, 1392, 1345, 610 

1292, 1268, 1154, 1076, 911, 850, 731 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 8.75 (s, 1H), 611 

8.61 (s, 2H), 3.79 (q, J= 6.78 Hz, 2H), 1.95 (s, 3H), 1.04 (t, J= 7.07 Hz, 3H); 13C NMR (125 612 

MHz, DMSO-d6) δ 198.12, 148.93, 144.82, 129.29, 117.39, 42.54, 23.04, 13.53; LC/MS 613 

(ESI) m/z: 252.0 [M - H]-. 614 

N-(2-Bromo-5-nitrophenyl)acetamide (A3). A3 was synthesized from 2-bromo-5-615 

nitroaniline and acetic anhydride by using acetic acid and sulfuric acid at reflux conditions for 616 

4h according to the procedure described in ref. 40. Yellow-green solid (81% yield) mp 182 °C 617 

(lit. m.p. 187 °C [40]); IR (ATR) ϑ 3290, 3104, 3025, 2971, 2936, 1663, 1608, 1537, 1456, 618 

1350, 1328, 1298, 1033, 894, 826, 737 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 9.74 (s, 1H), 619 
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8.56 (d, J= 2.62Hz, 1H), 7.93 (m, 1H), 7.90 (m, 1H), 2.14 (s, 3H); 13C NMR (125 MHz, 620 

DMSO-d6) δ 169.93, 147.23, 137.96, 134.35, 120.95, 120.50, 23.89.  621 

N-(2-Bromo-5-nitrophenyl)-N-ethylacetamide (A4). A4 was obtained from A3 (3.86 622 

mmol; 1.0 g; 2 equiv.) and ethyl iodide (11.6 mmol; 1.8 g; 0.92 mL; 3 equiv.) with NaH in 55 623 

% oil dispersion (4.23 mmol; 0.185 g; 1.1 equiv.) by following the procedure described above 624 

for A2. After completion of the reaction, the mixture was poured into cold water (100 mL) 625 

and brown solid was obtained. The crude product was purified by column chromatography on 626 

silica gel (CHCl3) to provide light yellow solid A4. (0.9 g, 82% yield) mp 128-129 °C; IR 627 

(ATR) ϑ 3100, 3061, 2990, 2940, 2877, 1652, 1569, 1521, 1471, 1396, 1346, 1300, 1249, 628 

1036, 998, 863, 778, 739 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 8.33 (d, J= 2.66 Hz, 1H), 629 

8.18 (td, J= 8.82 and 2.68 Hz, 1H), 8.13 (d, J= 8.81 Hz, 1H), 3.32 (q, J= 7.20 Hz, 2H), 1.70 630 

(s, 3H), 1.04 (t, J= 7.21 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) δ 168.75, 148.19, 142.44, 631 

135,23, 132.06, 126.50, 125.00, 42.76, 22.84, 13.16; LC/MS (ESI) m/z: 289.0 [M + H]+. 632 

4-(4-Nitrobenzoyl)piperidine (A5). A mixture of piperidine (5.39 mmol; 0.46 g; 0.53 633 

mL), 4-nitrobenzoyl chloride (5.39 mmol; 1.0 g) and potassium carbonate (8.08 mmol; 1.11 g; 634 

1.5 equiv.) was stirred in 10 mL acetonitrile at reflux condition for 6h. Upon completion as 635 

shown by TLC, the mixture was poured into cold water (100 mL). The resulting solid was 636 

filtered, dried in room temperature and recrystallized with ethyl alcohol. (0,8 g, 63% yield) 637 

mp 115-118 °C (lit. m.p. 120 °C) [53]; IR (ATR) ϑ 3099, 3065, 3011, 2937, 2914, 2855, 638 

1625, 1596, 1512, 1442, 1345, 1274, 1001, 849 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 8.23 639 

(d, J= 8.74 Hz, 2H), 7.60 (d, J= 8.74 Hz, 2H), 3.56 (m, 2H), 3.16 (m, 2H), 1.55 (m, 4H), 1.40 640 

(m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 167.41, 148.13, 143.39, 128.44, 124.32, 48.38, 641 

42.78, 26.35, 25.67, 24.43. 642 

4-(4-Nitrobenzoyl)morpholine (A6). A mixture of morpholine (5.39 mmol; 0.47 g; 0.47 643 

mL), 4-nitrobenzoyl chloride (5.39 mmol; 1.0 g) and triethylamine (8.08 mmol; 0.81 g; 1.11 644 
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mL; 1.5 equiv.) was stirred in 25 mL CH2Cl2 at reflux condition for 8h. Upon completion as 645 

shown by TLC, solvent was evoparated in vacuo to dryness. 15 mL ether was added to the 646 

residue and resulting cream solid was filtered, dried at room temperature. The crude solid was 647 

recrystallized with ethyl alcohol. (1.15 g, 90% yield) mp 102-103°C [54] ; IR (ATR) ϑ 3103, 648 

3068, 2974, 2915, 2869, 1621, 1596, 1512, 1440, 1348, 1260, 1106, 1008, 836 cm-1; 1H NMR 649 

(400 MHz, DMSO-d6) δ 8.25 (d, J= 8.79 Hz, 2H), 7.65 (d, J= 8.84 Hz, 2H), 3.615 (m, 4H), 650 

3.50 (m, 2H), 3.23 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 167.71, 148.33, 142.41, 651 

128.91, 124.31, 66.44, 56.55.  652 

General procedure for synthesis of A7-A14. 4-Dibutylamino-3,5-dinitrobenzoic acid, 653 

starting material for the synthesis A13 and A14 was obtained from 4-chloro-3,5-654 

dinitrobenzoic acid and dibutylamine in methanol at reflux conditions for 3h according to the 655 

procedure described in ref. 55. Orange solid (84% yield) mp 140-141°C (lit. m.p.  139°C) 656 

[55]; IR (ATR) ϑ 3300-2243, 3074, 2960, 2934, 2874, 1690, 1609, 1530, 1421, 1349, 1095, 657 

915, 761 cm-1. 658 

A solution of aniline derivatives (1.5 equiv.), dicyclohexylcarbodiimide (DCC) (1.3 equiv.) 659 

and 4-N,N-dimethylaminopyridine (DMAP) (0.3 equiv.) was added dropwise to a stirred 660 

solution of benzoic acid derivative (1 equiv.) in 20-40 mL of dichloromethane at room 661 

temperature. After completion of the addition the mixture was stirred at room temperature for 662 

12-24h. Reaction mixture was diluted with water and extracted with ethyl acetate (3 x 50 mL). 663 

The combined organic layer was washed with water, dried with anhydrous Na2SO4, and 664 

concentrated in vacuo. The crude products were purified by washing eter, ethanol or ethyl 665 

acetate/ethyl alcohol to give A7-A14 [55]. 666 

3,5-Dinitro-N-(2,4-dinitrophenyl)benzamide (A7) . The reaction was performed under 667 

the same conditions as described above, using 3,5-dinitrobenzoic acid (5.0 mmol; 1.06 g), 2,4-668 

dinitroaniline (7.5 mmol; 1.37 g; 1.5 equiv.), DCC (6.5 mmol; 1.34 g; 1.3 equiv.) and DMAP 669 
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(1.5 mmol; 0.18 g; 0.3 equiv.) with 24h reaction time. The crude product was purified by 670 

Combi Flash chromatagraphy technique (silicagel, hexane:ethyl acetate 1:1, 60 min) to give 671 

A7. (0.5 g, 38% yield) mp 192-194 °C (lit. m.p. 213°C) [56]; IR (ATR) ϑ 3323, 3103, 1675, 672 

1624, 1607, 1534, 1339, 1311, 1242, 1079, 914, 835, 730 cm-1; 1H NMR (400 MHz, DMSO-673 

d6) δ 
1H NMR (400 MHz, DMSO-d6) δ 11.71 (s, broad, 1H), 9.08 (d, J= 2.08 Hz, 2H), 9.01 (t, 674 

J= 2.00 Hz, 1H), 8.72 (t, J= 2.68 Hz, 1H), 8.59 (dd, J= 8.94 and 2.63 Hz, 1H), 7.935 (dd, J= 675 

8.9 and 3.63 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) δ 162.47, 148.86, 144.33, 142.84, 676 

136.47, 135.84, 129.09, 128.66, 127.52, 122.63, 121.73; LC/MS (ESI) m/z: 376.0 [M - H]-. 677 

4-Methyl-3,5-dinitro-N-(4-nitrophenyl)benzamide (A8). The reaction was performed 678 

under the same conditions as described above, using 4-methyl-3,5-dinitrobenzoic acid (1.0 679 

mmol; 0.23 g), 4-nitroaniline (1.5 mmol; 0.21 g; 1.5 equiv.), DCC (1.3 mmol; 0.27 g; 1.3 680 

equiv.) and DMAP (0.3 mmol; 0.04 g; 0.3 equiv.) with 24h reaction time. The crude product 681 

was purified by washing with ethyl acetate/ethanol to give A8. (0.07 g, 20% yield) mp 246-682 

247 °C; IR (ATR) ϑ  3410, 3084, 2931, 1683, 1595, 1538, 1495, 1407, 1329, 1262, 1229, 683 

1113, 9001, 852, 744, 722 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 11.09 (s, 1H), 8.78 (s, 2H),  684 

8.27 (d, J= 8.83 Hz, 2H), 8.05 (d, J= 9.27 Hz, 2H), 2.53 (s, 3H); 13C NMR (125 MHz, 685 

DMSO-d6) δ 162.46, 151.29, 144.97, 143.44, 134.15, 130.44, 127.42, 125.27, 120.64, 15.23; 686 

LC/MS (ESI) m/z: 345.0 [M - H]-. 687 

4-Methyl-3,5-dinitro-N-(2,4-dinitrophenyl)benzamide (A9). The reaction was 688 

performed under the same conditions as described above, using 4-methyl-3,5-dinitrobenzoic 689 

acid (5.0 mmol; 1.3 g), 2,4-dinitroaniline (7.5 mmol; 1.37 g; 1.5 equiv.), DCC (6.5 mmol; 690 

1.34 g; 1.3 equiv.) and DMAP (1.5 mmol; 0.18 g; 0.3 equiv.) with 24h reaction time. The 691 

crude product was purified by washing with ethanol to give grey solid A9. (0.27 g, 48% yield) 692 

mp 180-184 °C; IR (ATR) ϑ 3324, 3083, 1702, 1686, 1601, 1497, 1331, 1259, 1141, 908, 693 

835, 739 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 11.53 (s, broad, 1H), 8.73 (s, 2H), 8.695 (d, 694 
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J= 2.6 Hz, 1H), 8.55 (dd, J= 8.99 and 2.63 Hz, 1H), 7.93 (d, J= 8.99 Hz, 1H), 2.52 (s, 3H). 695 

13C NMR (100 MHz, DMSO-d6) δ 162.57, 151.55, 143.94, 142.66, 137.18, 133.17, 131.26, 696 

129.01, 127.54, 127.20, 121.68, 15.44; LC/MS (ESI) m/z: 390.0 [M - H]-. 697 

N-(4-Chlorophenyl)-4-(dimethylamino)-3,5-dinitrobenzamide (A10). The reaction was 698 

performed under the same conditions as described above, using 4-(dimethylamino)-3,5-699 

dinitrobenzoic acid (1.0 mmol; 0.26 g), 4-chloroaniline (1.5 mmol; 0.2 g; 1.5 equiv.), DCC 700 

(1.3 mmol; 0.27 g; 1.3 equiv.) and DMAP (0.3 mmol; 0.04 g; 0.3 equiv.) with 24h reaction 701 

time. The crude product was purified by washing with ethanol to give orange solid A10. (0.27 702 

g, 74% yield) mp 170-174 °C; IR (ATR) ϑ 3240, 3323, 3070, 3034, 2928, 1672, 1619, 1528, 703 

1350, 1309, 1242, 1186, 1088, 962, 892, 827, 743, 641 cm-1; 1H NMR (500 MHz, DMSO-d6) 704 

δ 10.54 (s, 1H), 8.64 (s, 2H),  7.77 (dt, J= 8.87 and 3.1 Hz, 2H), 7.43 (dt, J= 8.86 and 3.1 Hz, 705 

2H), 2.82 (s, 6H); 13C NMR (125 MHz, DMSO-d6) δ 161.95, 143.25, 140.91, 138.03, 129.96, 706 

129.09, 128.17, 124.79, 122.37, 42.39; LC/MS (ESI) m/z: 363.0 [M - H]-. 707 

4-(Dimethylamino)-3,5-dinitro-N-(4-nitrophenyl)benzamide (A11). The reaction was 708 

performed under the same conditions as described above, using 4-(dimethylamino)-3,5-709 

dinitrobenzoic acid (1.0 mmol; 0.26 g), 4-nitroaniline (1.5 mmol; 0.21 g; 1.5 equiv.), DCC 710 

(1.3 mmol; 0.27 g; 1.3 equiv.) and DMAP (0.3 mmol; 0.04 g; 0.3 equiv.) with 24h reaction 711 

time. The crude product was purified by washing with ethyl acetate/ethanol to give orange 712 

solid A11. (0.2 g, 53% yield) mp 266-268 °C; IR (ATR) ϑ 3422, 3137, 3073, 2889, 1684, 713 

1613, 1528, 1498, 1404, 1329, 1298, 1238, 1181, 1100, 1069, 851, 749, 711 cm-1; 1H NMR 714 

(500 MHz, DMSO-d6) δ 10.88 (s, 1H), 8.64 (s, 2H),  8.255 (d, J= 8.96 Hz, 2H), 7.99 (d, J= 715 

9.01 Hz, 2H), 2.81 (s, 6H); 13C NMR (125 MHz, DMSO-d6) δ 162.58, 145.33, 143.17, 716 

143.05, 141.13, 130.29, 125.26, 124.01, 120.43, 42.42; LC/MS (ESI) m/z: 374.0 [M - H]-. 717 

4-(Dimethylamino)-3,5-dinitro-N-(2,4-dinitrophenyl)benzamide (A12). The reaction 718 

was performed under the same conditions as described above, using 4-(dimethylamino)-3,5-719 
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dinitrobenzoic acid (1.0 mmol; 0.26 g), 2,4-dinitroaniline (1.5 mmol; 0.27 g; 1.5 equiv.), DCC 720 

(1.3 mmol; 0.27 g; 1.3 equiv.) and DMAP (0.3 mmol; 0.04 g; 0.3 equiv.) with 24h reaction 721 

time. The crude product was purified by washing with ethyl acetate/ethanol to give orange 722 

solid A12. (0.21 g, 50% yield) mp 197-199 °C; IR (ATR) ϑ 3345, 3117, 3062, 2929, 1703, 723 

1602, 1536, 1496, 1456, 1334, 1241, 1131, 946, 910, 853, 740 cm-1; 1H NMR (500 MHz, 724 

DMSO-d6) δ 11.32 (s, 1H), 8.72 (dd, J= 2.61 and 0.88 Hz, 1H), 8.61 (d, J= 0.97 Hz, 2H), 8.58 725 

(ddd, J= 8.46, 2.66 and 1.04 Hz, 1H), 7.93 (dd, J= 8.92 and 0.63 Hz, 1H), 2.84 (s, 6H); 13C 726 

NMR (125 MHz, DMSO-d6) δ 162.38, 143.81, 143.02, 142.23, 141.62, 136.82, 130.42, 727 

128.97, 126.80, 122.27, 121.64, 42.52; LC/MS (ESI) m/z: 419.0 [M - H]-. 728 

N-(4-Chlorophenyl)-4-(dibutylamino)-3,5-dinitrobenzamide (A13). The reaction was 729 

performed under the same conditions as described above, using 4-(dibutylamino)-3,5-730 

dinitrobenzoic acid (2.95 mmol; 1.00 g), 4-chloroaniline (4.42 mmol; 0.56 g; 1.5 equiv.), 731 

DCC (3.83 mmol; 0.79 g; 1.3 equiv.) and DMAP (0.88 mmol; 0.11 g; 0.3 equiv.) with 12h 732 

reaction time. The crude product was purified by washing with ether and ethanol to give 733 

yellow solid A13. (1.05 g, 79% yield) mp 149-152°C; IR (ATR) ϑ 3425, 3323, 2959, 2928, 734 

2851, 1670, 1613, 1525, 1397, 1347, 1311, 1242, 1088, 919, 831, 743 cm-1; 1H NMR (400 735 

MHz, DMSO-d6) δ 10.51 (s, 1H), 8.55 (s, 2H), 7.71 (d, J= 8.93 Hz, 2H), 7.38 (d, J= 8.92 Hz, 736 

2H), 2.93 (t, J= 7.32 Hz, 4H), 1.41 (m, 4H), 1.17 (m, 4H), 0.76 (t, J= 7.35 Hz, 6H); 13C NMR 737 

(100 MHz, DMSO-d6) δ 162.10, 157.11, 145,65, 139.93, 138.08, 129.42, 129.20, 128.30, 738 

122.43, 52.01, 29.81, 19.77, 14.10; LC/MS (ESI) m/z: 447.0 [M - H]-. 739 

N-(4-Nitrophenyl)-4-(dibutylamino)-3,5-dinitrobenzamide (A14). The reaction was 740 

performed under the same conditions as described above, using 4-(dibutylamino)-3,5-741 

dinitrobenzoic acid (2.95 mmol; 1.00 g), 4-nitroaniline (4.42 mmol; 0.61 g; 1.5 equiv.), DCC 742 

(3.83 mmol; 0.79 g; 1.3 equiv.) and DMAP (0.88 mmol; 0.11 g; 0.3 equiv.) with 12h reaction 743 

time. The crude product was purified by washing with ether and ethanol to give yellow solid 744 
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A14. (0.9 g, 67% yield) mp 165-167 °C; IR (ATR) ϑ 3424, 3324, 2928, 2850, 1681, 1615, 745 

1533, 1490, 1306, 1241, 1087, 892, 739 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 10.89 (s, 746 

1H), 8.58 (s, 2H), 8.235 (d, J= 9.23 Hz, 2H), 7.955 (d, J= 9.24 Hz, 2H), 2.94 (t, J= 7.30 Hz, 747 

4H), 1.42 (m, 4H), 1.18 (m, 4H), 0.76 (t, J= 7.35 Hz, 6H); 13C NMR (100 MHz, DMSO-d6) δ 748 

162.74, 157.11, 145.21, 143.31, 140.23, 129.79, 126.35, 125.37, 120.52, 51.98, 29.76, 19.77, 749 

14.09; LC/MS (ESI) m/z: 458.0 [M - H]-. 750 

General procedure for synthesis of A15-A17. A solution of 4-nitrobenzoyl chloride (2 751 

equiv.) in DMF (10 mL) was cooled with an ice bath, then the corresponding reactant 752 

(ethylenediamine, 1,4-diaminobutane or piperazine) (1 equiv.) and triethylamine (2.1 equiv.) 753 

was added dropwise. The reaction was performed at 50 °C for 6h. Upon completion as shown 754 

by TLC, the mixture was poured into cold water (100 mL). The resulting solid was filtered 755 

and dried at room temperature. 756 

N,Nı-(Ethane-1,2-diyl)bis(4-nitrobenzamide) (A15). The reaction was performed under 757 

the same conditions as described above, using 4-nitrobenzoyl chloride (6.66 mmol; 1.24 g; 2 758 

equiv.) and ethylenediamine (3.33 mmol; 0.2 g; 0.22 mL; 1 equiv.) with triethylamine (7.0 759 

mmol; 0.7 g; 0.96 mL; 2.1 equiv.). The crude product was purified by washing with hot 760 

acetone to give white solid A15. (0.6 g, 50% yield) mp 259-261 °C (dec.) (lit. m.p. 255-257 761 

°C) [57]. IR (ATR) ϑ  3313, 3113, 3093, 3076, 3056, 2939, 2856, 1637, 1597, 1543, 1517, 762 

1487, 1444, 1331, 1106, 1011, 847 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 8.89 (m, 2H), 763 

8,.26 (m, 4H), 8.01 (m, 4H), 3.41 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ 165.44, 149.49, 764 

140.72, 129.24, 124.05, 40.01. 765 

 N,Nı-(Butane-1,4-diyl)bis(4-nitrobenzamide) (A16) [58] The reaction was performed 766 

under the same conditions as described above, using 4-nitrobenzoyl chloride (6.80 mmol; 1.26 767 

g; 2 equiv.) and 1,4-diaminobutane (3.40 mmol; 0.3 g; 0.34 mL; 1 equiv.) with triethylamine 768 

(7.48 mmol; 0.75 g; 1.03 mL; 2.2 equiv.). The crude product was purified by washing with 769 
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hot acetone and hot CH2Cl2 to give white solid A16.  (0.81g, 62% yield) mp 268-269°C; IR 770 

(ATR) ϑ 3334, 3109, 3074, 3046, 2977, 2954, 2868, 1633, 1588, 1538, 1520, 1488, 1446, 771 

1348, 1118, 1016, 866 cm-1; 1H NMR (400 MHz, DMSO-d6) δ8.78 (t, J= 5.52 Hz, 2H), 8.265 772 

(d, J= 8.91 Hz, 4H), 8.015 (d, J= 8.94 Hz, 4H), 3.28-3.27 (m, J= 9.24 Hz, 4H), 1.55 (m, 4H); 773 

13C NMR (100 MHz, DMSO-d6) δ 164.99, 149.42, 140.74, 129.16, 124.04, 40.60, 26.97; 774 

Anal. Calcd for C18H18N4O6: C, 55.96; H, 4.70;  N, 14.50. Found: C, 55.39; H, 4.65; N, 14.03.  775 

1,4-Bis(4-nitrobenzoyl)piperazine (A17). The reaction was performed under the similar 776 

conditions as described above, using 4-nitrobenzoyl chloride (6.96 mmol; 1.29 g; 2 equiv.) 777 

and piperazine (3.48 mmol; 0.3 g; 1 equiv.) with triethylamine (7.66 mmol; 0.77 g; 1.06 mL; 778 

2.2 equiv.) at room temperature for 5h. The crude product was purified by washing with hot 779 

acetone to give white solid A17. (0.74 g, 55% yield) mp >300  °C (lit. m.p. 318 °C) [59]; IR 780 

(ATR) ϑ 3103, 3068, 3040, 3001, 2926, 2869, 1620, 1587, 1513, 1437, 1349, 1266, 1001, 847 781 

cm-1; 1H NMR (400 MHz, DMSO-d6) δ 8.26 (m, 4H), 7.67 (m, 4H), 3.80-3.20 (m, 8H); 13C 782 

NMR (100 MHz, DMSO-d6) δ 167.81, 148.35, 142.31, 128.83, 124.23, 48.61. 783 

General procedure for synthesis of cyclohexyl containing benzamide derivatives 784 

(A18-A20). 4-Nitrobenzoyl chloride (5.38 mmol; 1.0 g; 2.0 equiv.) was dissolved in 20 mL 785 

chloroform. Triethylamine (6.46 mmol; 0.65 g; 0.9 mL; 2.4 equiv.) and diaminocyclohexane 786 

derivatives (1,2-diaminocyclohexane, 1,3-diaminocyclohexane, 1,4-diaminocyclohexane) 787 

(2.69 mmol; 0.31 g) were added to the reaction mixture, respectively. After completion of the 788 

addition, the solution was refluxed at variable reaction times (8-14h). After completion of the 789 

reaction detected by TLC, the resulting solid was filtered and washed with water (50 mL) and 790 

then dried at room temperature [60]. 791 

N,Nı-(1,2-Cyclohexyl)bis(4-nitrobenzamide) (A18). The reaction was performed under 792 

the same conditions as described above, using cis,trans-1,2-diaminocyclohexane with 14 h 793 

reaction time. The crude product was purified by washing with hot methanol to give white 794 
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solid A18 [61]. (0.78 g, 70% yield) mp >300 °C (lit. m.p. 338 °C); IR (ATR) ϑ  3274, 3088, 795 

2957, 2946, 2933, 2862, 1640, 1600, 1583, 1516, 1454, 1383, 1344, 1146, 1011, 867 cm-1; 1H 796 

NMR (400 MHz, DMSO-d6) δ 8.635 (d, J= 8.19 Hz, 2H), 8.205 (d, J= 8.82 Hz, 4H), 7.86 (d, 797 

J= 8.82 Hz, 4H), 3.95-3.91 (m, 2H), 1.85-1.23 (m, 8H); 13C NMR (100 MHz, DMSO-d6) δ 798 

165.15, 149.28, 141.11, 129.09, 124.00, 123.85, 53.55, 31.86, 25.18. 799 

 N,Nı-(1,3-Cyclohexyl)bis(4-nitrobenzamide) (A19). The reaction was performed under 800 

the same conditions as described above, using cis,trans-1,3-diaminocyclohexane with 8h 801 

reaction time to give white solid A19. (0.72 g, 65% yield) mp >300 °C (lit. m.p. 329-330 °C) 802 

[62]; IR (ATR) ϑ 3264, 3109, 3078, 2942, 2857, 1637, 1600, 1543, 1514, 1448, 1341, 1151, 803 

1014, 867 cm-1; 1H NMR (400 MHz, DMSO-d6) (cis-, trans- mixture) δ 8.64 (d, J= 7.84 Hz, 804 

2H), 8.54 (d, J= 7.37 Hz, 2H), 8.26 (d, J= 8.81 Hz, 4H and d, J= 8.81 Hz, 4H), 8.03 (d, J= 805 

8.77 Hz, 4H and d, J= 8.77 Hz, 4H), 4.26 (m, 2H), 3.865 (m, 2H), 2.07-2.04 (m, 4H), 1.86-806 

1.76 (m, 4H), 1.68 (m, 4H), 1.45-1.24 (m, 4H); 13C NMR (100 MHz, DMSO-d6) (cis-, trans- 807 

mixture) δ 165.00, 164.29, 149.40, 149.35, 141.13, 140.89, 129.53, 129.33, 123.96, 123.88, 808 

48.33, 48.21, 47.85, 45.57, 45.51, 45.39, 38.87, 35.94, 34.63, 31.72, 30.98, 29.52, 23.45, 809 

21.51, 20.11.  810 

N,Nı-(1,4-Cyclohexyl)bis(4-nitrobenzamide) (A20). The reaction was performed under 811 

the same conditions as described above, using trans-1,4-diaminocyclohexane with 9h reaction 812 

time. The crude product was purified by washing with hot acetone to give white solid A20. 813 

(0.83 g, 75% yield) mp >300 °C; IR (ATR) ϑ  3293, 3109, 3070, 2946, 2867, 1633, 1600, 814 

1537, 1516), 1458, 1344, 1107, 1014, 869 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 8.59 (d, 815 

J=7.79 Hz, 2H), 8.27 (d, J=8.90 Hz, 4H), 8.03 (d, J=8.91 Hz, 4H), 3.76 (m, 2H), 1.93-1.89 816 

and 1.47-1.29 (m, 8H); 13C NMR (100 MHz, DMSO-d6) δ 164.35, 149.36, 140.82, 12923, 817 

123.86, 48.47, 28.65; LC/MS (ESI) m/z: 411.0 [M - H]-. 818 
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General procedure for synthesis of phenylene containing benzamide derivatives (A21-819 

A23). Diaminobenzene derivatives (1,2-diaminobenzene, 1,3-diaminobenzene, 1,4-820 

diaminobenzene) (2.77 mmol; 0.3g) was dissolved in 5 mL pyridine at a 35 mL microwave 821 

reaction vessel. 4-Nitrobenzoyl chloride (5.82 mmol; 1.08 g; 2.1 equiv.) and DMAP (0.138 822 

mmol; 17 mg; 0.05 equiv.) were added and stirred at room temperature for 5 min to obtain a 823 

homogeneous reaction medium. The mixture was heated at 70°C under microwave irradiation 824 

for 20-25 min. After completion of the reaction detected by TLC, the mixture was warmed to 825 

room temperature. 25 mL ice-water was added and the resulting solid was filtered. Then the 826 

crude product was washed with diluted HCl solution (40 mL x 2), water (50 mL), diluted 827 

NaOH solution (50 mL) and again water (50 mL), respectively and dried at room temperature 828 

[63]. 829 

N,Nı-(1,2-Phenylene)bis(4-nitrobenzamide) (A21). The reaction was performed under 830 

the same conditions as described above, using 1,2-diaminobenzene with 20 min reaction time. 831 

The crude product was purified by washing with hot acetone and hot toluene to give yellow 832 

solid A21 (0.56 g, 50% yield) mp >300 °C (lit. m.p. 300 °C) [64]; IR (ATR) ϑ 3274, 3136, 833 

3114, 3058, 1659, 1597, 1529, 1509, 1343, 1108, 1012, 862, 766 cm-1; 1H NMR (400 MHz, 834 

DMSO-d6) δ 10.27 (s, 2H), 8.32 (d, J= 9.09 Hz, 4H), 8.13 (d, J= 9.12 Hz, 4H), 7.63 (t, J= 835 

5.10 Hz, 2H), 7.29 (t, J= 4.97 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 164.54, 149.68, 836 

140.75, 131.76, 129.74, 126.79, 126.46, 124.16. 837 

N,Nı-(1,3-Phenylene)bis(4-nitrobenzamide) (A22). The reaction was performed under 838 

the same conditions as described above, using 1,3-diaminobenzene with 25 min reaction time. 839 

The crude product was purified by washing with hot acetone and hot hexane/cyclohexane to 840 

give green solid A22 (0.73 g, 65% yield) mp 269-271 °C (lit. m.p. 271 °C) [65]; IR (ATR) ϑ 841 

3330, 3110, 3082, 3053, 3037, 1645, 1603, 1537, 1323, 1116, 1014, 868, 842 cm-1; 1H NMR 842 

(600 MHz, DMSO-d6) δ 10.63 (s, 2H),  8.36 (d, J=8.53 Hz, 5H), 8.185 (d, J=8.59 Hz, 4H), 843 
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7.525 (d, J=8.11 Hz, 2H), 7.36 (t, J=8.09 Hz, 1H); 13C NMR (150 MHz, DMSO-d6) δ 164.39, 844 

149.61, 141.03, 139.44, 129.70, 129.28, 123.96, 116.93, 113.32.  845 

N,Nı-(1,4-Phenylene)bis(4-nitrobenzamide) (A23). The reaction was performed under 846 

the same conditions as described above, using 1,4-diaminobenzene with 20 min reaction time. 847 

The crude product was purified by washing with hot chloroform and hot acetone to give grey 848 

solid A23 (0.79 g, 71% yield) mp >300 °C (lit. m.p. 350 °C) [65]; IR (ATR) ϑ 3311, 3151, 849 

3109, 3086, 3049, 1650, 1606, 1542, 1515, 1345, 1104, 1015, 870, 856, 823 cm-1; 1H NMR 850 

(600 MHz, DMSO-d6) δ 10.57 (s, 2H), 8.34 (d, J= 8.77 Hz, 4H), 8.15 (d, J= 8.83 Hz, 4H), 851 

7.74 (s, 4H); 13C NMR (150 MHz, DMSO-d6) δ 164.17, 149.58, 141.04, 135.33, 129.61, 852 

123.99, 121.29. 853 

4.3. Theoretical Calculations  854 

4.3.1. ADMET studies 855 

The entitled compounds were filtered using Lipinski [41]   and Veber [42] rules to define 856 

drug-like compounds. Then, computer aided ADMET were used to help identify their 857 

pharmacokinetic properties and to select a lead candidate for further development. In this 858 

way, we can easily predict biological activities of the new chemical structures (ligands) and 859 

define the relationship between ligands and target based on experimental and clinical results. 860 

ADMET studies; were employed using DS 2017 program of BIOVIA molecular modeling 861 

package [43]. These applications are only based on the chemical structure of the molecules. 862 

Firstly, the structures were (Figure 2) drawn and the descriptors were calculated. These are 863 

Aqueous solubility, Blood brain barrier penetration, Cytochrome P450 2D6 binding 864 

(CYP2D6), Hepatotoxicity, Intestinal absorption, Plasma protein binding and toxicities of the 865 

compounds using DS 2017.  866 

4.3.2. Molecular Docking 867 
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This method to estimate small molecule, ligand-active sites in the enzyme was generated 868 

using ligand–enzyme molecular docking calculations with different approaches. The study 869 

involve five compounds which have three different analog frameworks and chosen based on 870 

the biological activity studies and ADMET analysis (Table 2). 871 

4.3.3. Ligand structures optimization 872 

All calculations were performed using Gaussian09 [66] and Discovery Studio softwares 873 

[43]. Each compound was minimized using DFT at the B3LYP hybrid functional and 6-31G* 874 

basis set in G09. The lowest energy conformations for all compounds were also determined 875 

by using conformational analysis technique in DS 2017. 876 

4.3.4. Enzyme structure optimization 877 

In our previous study [18, 39], the enzyme was modelled, optimized with applying 878 

homology modeling subprotocol and protein preparation tool in DS 2017 for molecular 879 

docking. CHARMm [67] based molecular dynamics (MD) was implemented to dock ligands 880 

into the enzyme active site.  881 

Finally, ligand(s) and enzyme were interacted with default settings for all docking 882 

processes. Binding site was defined by using the related tool in DS 2017 and/or knowledge 883 

from literature. Based on i) Interaction types including hydrogen bond and non-bond 884 

interactions, ii) Energy and iii) TPSA and AlogP values of ligand in active site of the target 885 

protein were used to define selection of the compound in the studied compounds (Figure 7 886 

and Table 3). 887 

4.4. S. Saprophyticus nitroreductase assay 888 

 Recombinant Ssap-NtrB was expressed and purified as stated previously [18]. Ssap-NtrB 889 

activity against test compounds was assessed with the following protocol: Stock solutions of 890 

compounds were added to Tris/Cl buffer (25 mM, pH 7.5) in 5 % DMSO at 21-25 oC. A5-A6 891 

and A15-23 compounds were able to dissolve in 15 % DMSO due to the solubility limits. 892 
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Upon the enzyme (2,5-30 µg/mL Ssap-NtrB) addition, the reaction was initiated by adding 893 

NADH (200-700 µM). Specific reaction conditions for each compound are given below: 894 

A1, A2: 150 µM substrate was added to Tris/Cl buffer (25 mM, pH 7.5) in 5% DMSO 895 

including 30 µg/mL Ssap-NtrB and 636 µM NADH. The reaction mixture was incubated at 21 896 

oC.  A3, A4, A8, A11, A12: 100 µM substrate was added to Tris/Cl buffer (25 mM, pH 7.5) in 897 

5% DMSO including 37 µg/mL Ssap-NtrB and 429 µM NADH. The reaction mixture was 898 

incubated at 21 oC.  A7, A9, A10, A13, A14: 111 µM substrate was added to Tris/Cl buffer 899 

(25 mM, pH 7.5) in 5% DMSO including 44 µg/mL Ssap-NtrB and 444 µM NADH. The 900 

reaction mixture was incubated at 21 oC. A5-A6 and A15-A23: 100 µM substrate was added 901 

to Tris/Cl buffer (25 mM, pH 7.5) in 15% DMSO including 30 µg/mLSsap-NtrB and 100 µM 902 

NADH in cofactor regeneration system (30 ug/mL CmFDH, 200 µM sodium formate and 10 903 

µM NAD+. The reaction mixture was incubated at 25 oC. A5, A6: 100 µM substrate was 904 

added to Tris/Cl buffer (25 mM, pH 7.5) in 10% DMSO including 2.5 µg/mL Ssap-NtrB and 905 

200 µM NADH. The reaction mixture was incubated at 25 oC. 906 

Aliquots from control and reaction samples were collected, the reaction was stopped with 907 

1:1 cold acetonitrile and analyzed by RP-HPLC (RPC18 column:250 mm x 4.6 mm, 5 µm, 908 

UK) with acetonitrile (ACN) as the mobile phase. Analyses were performed with a flow rate 909 

of 1 mL/min and a gradient of 20-80% ACN (two HPLC programs were used; I: 0-5 min at 910 

20% ACN, 15-22 min at 80% ACN, 27-32 min at 20% ACN. II: 0-5 min at 20% ACN, 25-35 911 

min at 80% ACN, 40-45 min at 20% ACN). 912 

The peak areas under HPLC chromatogram at 254 nm and 340 nm were used to determine 913 

the reduction of the starting compound as well as the appearance of reaction products. 914 

Time dependent product profiles were assessed by coupled enzyme system (Ssap-915 

NtrB/CmFDH) in order to allow cofactor regeneration. 100 µM prodrugs were dissolved in 916 

pH 7.5 Tris/Cl buffer with 5-15%  DMSO. 100 µM NADH, 10 µM NAD+, 0.1 mg/mL BSA, 917 
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200 µM sodium formate, 30 µg/mL Ssap-NtrB and 30 µg/mL FDH were included in the 918 

reaction mixture and the reaction was incubated at 25 oC. 50 µL aliquots were taken with 919 

different time intervals and the reaction was stopped with 1:1 cold acetonitrile. HPLC analysis 920 

were performed at 254 nm and 340 nm as a function of time.  921 

Michaelis–Menten kinetic parameters of Ssap-NtrB with prodrugs A1 and A2 were 922 

determined spectrophotometrically at 25 ºC in 25 mM Tris-CI buffer (pH 7.5) containing 5% 923 

DMSO as cosolvent. In a typical reaction, 0.4-31 µg/mL Ssap-NtrB was reacted with 0-800 924 

µM substrate in the presence of 200 µM NADPH. Reactions were followed by the initial 925 

decrease in the amount of cofactor at 340 nm (NAD(P)H Ɛ340= 6220 M-1 cm-1). One unit was 926 

defined as 1 µmol of NADPH catalyzed by Ssap-NtrB per minute. 927 

4.5. Cytotoxic Assays 928 

4.5.1. Cell culture and growth inhibitory effect of amides 929 

Hep3B (Human Hepatoma carcinoma Cell line), PC3 (Human Prostate Carcinoma Cell 930 

line) and HUVEC (Human Umbilical Vein Cell line) cells were a kind gift from Cardiff 931 

University (Dr. Dipak Ramji), Ege University (Dr. İsmet GÜNERHAN) and Bilkent 932 

University (Dr. Ayşe Begüm Tekinay), respectively. Hep3B and HUVEC cells were cultured 933 

in High Glucose medium (High Clone) supplemented with 10% heat-inactivated (sterilized) 934 

fetal bovine serum (FBS;High Clone) and glutamine (2 mM-Sigma). For PC3 cells, low 935 

glucose medium (High Clone) was used. Cells were incubated in conditions of 37°C and 5% 936 

CO2. To assess the cytotoxicity of the compounds against Hep3B and HUVEC cell lines, the 937 

cells were seed in 96 well plates (5x104 cells/well). After 24 h of attachment, the cells were 938 

treated with compounds at five different concentrations (150, 75, 39, 19 and 9 µM). DMSO 939 

was used as a vehicle control at final concentration of 1 %. After 48 h of exposure, MTT 940 

assay was performed as described in ref 49. The results were obtained using 941 
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spectrophotometer at 550 nm wavelength. % Cell viability value was calculated using this 942 

formula: (OD 550 sample/OD 550 control)*100. 943 

 944 

4.5.2. Extracelluler Ssap-NtrB studies (Prodrug abilities of amides) 945 

After MTT analyses, non-toxic compounds were referred to prodrug for using in reaction 946 

with Staphylococcus saprophyticus Nitroreductase (Ssap-NtrB). Previously, Ssap-NtrB was 947 

expressed and purified from E. coli strain by Gebze Technical University research group. The 948 

prodrug abilities of amides were determined using SRB assay against PC3 cells. The log-949 

phase cells were seeded in 96-well plates in 200 µL DMEM containing 10% FBS (10.000 950 

cells/well). After 24h incubation, cells were exposed to prodrug alone and to the mixture of 951 

prodrugs (150, 39 and 9 µM or 180, 18 and 1.8 nM) with cofactor (final concentration: 600 952 

µM) and enzyme (final concentration 31 µg/mL) for 48h in 96-well plates under aerobic 953 

conditions. For CB1954 the quantity of NADH and Ssap/NtrB was 900 µM and 31 µg/mL, 954 

respectively. Cell survival was measured using the SRB assay [68]. Briefly, cells were plated 955 

in a 96-well plate, fixed in trichloroacetic acid (TCA) at final concentration of 12.5% for 1h at 956 

4°C and washed with dH2O then air-dried. Fixed cells were then stained with 0.4% 957 

sulforhodamine B in dH2O for 30 min at room temperature, washed four times in 1% glacial 958 

acetic acid, and air dried. Bound sulforhodamine B was then solubilized in 100 µL of 10 mM 959 

Tris HCl pH 7.5. The extinction at 492 nm was read using thermo spectrophotometer, and 960 

results were expressed as a percentage of cell growth (cell survival). The IC50s were evaluated 961 

by Origin pro 8.5. CB1954 was used as a positive control of Ssap-NtrB activity.  962 

 963 

SUPPORTING INFORMATION 964 
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Supplementary data to this article can be found online at …… These document include 965 

spectroscopic datas of prodrugs, molecular docking outputs, detail enzymatic and cytotoxicity 966 

results. 967 
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 975 

ABBREVIATIONS  976 

1H NMR, proton nuclear magnetic resonance; GDEPT, Gene-directed enzyme prodrug 977 

therapy; NTR, nitroreductase; CB1954, 5-aziridinyl-2,4-dinitrobenzamide; SN 23862, 5-[N,N-978 

bis(2-chloroethyl)amino]-2-hydroxyamino-4-nitrobenzamide; DNBM, dinitrobenzamide 979 

mustards; FT-IR, Fourier-transform infrared spectroscopy,  1H NMR, Proton nuclear magnetic 980 

resonance;  13C NMR, carbon nuclear magnetic resonance; MS, Mass spectroscopy;  TLC, 981 

Thin-layer chromatography; UV, Ultraviolet; ATR, Attenuated Total Reflection; TMS, 982 

Tetramethylsilane; DMSO, dimethyl sulfoxide; SAR, Structure−activity relationship; Hep3B, 983 

Human Hepatoma Cell line); PC3, Human Prostate Carcinoma Cells; HUVEC, Human 984 

Umbilical Vein Cells; MTT, (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 985 

Bromide); OD, Optical density; SRB, Sulforhodamine B (SRB) Assay; IC50 , 50 % inhibition 986 

concentration; ADMET, absorption, distribution, metabolism, and excretion - toxicity in 987 

pharmacokinetics; Comp, compound; ALogP, octanol/water partition coefficient, a measure 988 

for lipophilicity; MW, molecular weight; MPSA, molecular polar surface area; HA_Lipinski, 989 
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Number of hydrogen bond acceptors; HD_Lipinski, Num_H_Donors_Lipinski; Number of 990 

hydrogen bond donors; NRB, Number of Rotatable bonds; HA_Veber, Number of hydrogen 991 

bond acceptors based on Veber; HD_Veber, Number of hydrogen bond donors based on 992 

Veber; PSA, polar surface area; AlogP98, the logarithm of the partition coefficient between n-993 

octanol and water; HIA, Human Intestinal Absorption, BBB blood brain barrier; CYP2D6 994 

cytochrome P450 2D6 binding, PPB plasma protein binding, ∆G, Binding Energy; Ki, 995 

inhibition constant; TPSA, Topological polar surface area; CHARMm, Chemistry at 996 

HARvard Macromolecular Mechanics; MD, molecular Dynamics; G09, Gaussian 09; DS, 997 

Discovery Studio. 998 

 999 
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Highlights 

� Nitro containing aromatic amide prodrugs (A1-A23) were designed and synthesized. 

� Enzymatic interactions of prodrug candidates with a novel nitroreductase enzyme, 

Ssap-NtrB were investigated. 

� Prodrug candidates and their metabolites were tested against different cancer cells. 

� Enzyme-prodrug interactions by in silico ADMET and molecular docking techniques 

were analyzed. 

� Some prodrugs were found toxic against PC3 cell (IC50 values of some metabolites 

were determined at nM level) 

� In a result of theoretical and biological studies, combinations of A5, A6 and A20 with 

Ssap-NtrB can be suggested as potential prodrugs/enzyme combinations to be used for  

NTR based cancer therapy compared with CB1954/NfsB. 

 

 


