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ABSTRACT:  

This work describes novel in vitro inhibitors of human mitochondrial (mdN) and cytosolic 

(cdN) 5'(3')-deoxynucleotidases. We designed a series of derivatives of the lead compound 

(S)-1-[2-deoxy-3,5-O-(phosphonobenzylidene)-β-D-threo-pentofuranosyl]thymine bearing 

various substituents in the para position of the benzylidene moiety. Detailed kinetic study 

revealed that certain para substituents increase the inhibitory potency (iodo derivative; 

Ki
mdN=2.71 µM) and some induce a shift in selectivity toward cdN (carboxy derivative, 

Ki
cdN=11.60 µM; iodoxy derivative, Ki

cdN=6.60 µM). Crystal structures of mdN in complex 

with three of these compounds revealed that various para substituents lead to two alternative 

inhibitor binding modes within the enzyme active site. Two binding modes were also 

identified for cdN complexes by heteronuclear NMR spectroscopy.  
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INTRODUCTION 

5'-Nucleotidases are catabolic enzymes that catalyze the dephosphorylation of nucleoside 

5'-monophosphates. Together with nucleoside kinases and nucleoside phosphorylases, they 

regulate cellular nucleotide and nucleoside pools.1-3 There are seven human 5'-nucleotidases 

with different substrate specificities, cellular localization, and tissue-specific expression 

patterns:1, 4, 5 ecto-5'-nucleotidase (eN), cN-IA (AMP specific), cN-IB (AMP specific), cN-II 

(IMP and GMP specific), cN-III (CMP and UMP specific), and two 5'(3')-

deoxynucleotidases—cytosolic (cdN) and mitochondrial (mdN). cdN is an ubiquitous enzyme 

that, in contrast to cN-III and mdN, is not strictly pyrimidine-specific and efficiently 

dephosphorylates dIMP and dGMP as well as dTMP and dUMP. In addition, cdN exhibits 

limited activity toward dAMP and no activity toward dCMP.6 mdN is highly homologous to 

cdN (sequence homology of 78%) but has a remarkably narrow specificity toward dUMP and 

dTMP, which are considered to be its physiological substrates.7 Its high pyrimidine specificity 

suggests that mdN regulates the level of mitochondrial dTTP and prevents the accumulation 

of mutagenic dUTP.6 

In addition to their regulatory role, 5'-nucleotidases can dephosphorylate the 5'-phosphate 

esters of therapeutically relevant nucleoside analogs, thus negatively affecting their 

pharmacological efficacy. Both cdN and mdN are capable of efficiently dephosphorylating 

modified therapeutic nucleoside 5'-phosphates. In particular, cdN efficiently dephosphorylates 

the 5'-phosphates of zidovudine (AZT) and fludarabine (FUDR), which are used for HIV-1 

and cancer (leukemias and solid tumors) treatment, respectively. The rate of cleavage of 

FdUMP, an active metabolite of fludarabine, is two-fold higher than the dUMP cleavage rate.6 

Primary and acquired resistance toward nucleoside analogs is a limiting factor in their 

clinical use, and resistance seems to be linked to high expression and increased activity of 

cytosolic 5'-nucleotidases.7-9 In particular, araC-resistant leukemia cell lines with increased 
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cN-II activity are less sensitive to fludarabine,10 and recent results identified a relapse-specific 

activating mutation in cN-II in childhood acute lymphoblastic leukemia (ALL).11, 12 In 

parallel, increased activity of cdN and cN-III was found in the cells of patients with acute 

myeloid leukemia (AML) and ALL, and patients with clinical remission of ALL had even 

higher cdN activity than at the time of diagnosis.13  

Long-term treatment with antiviral and anticancer nucleoside drugs is accompanied in 

almost all cases by serious drug-induced health problems.14, 15 This is a consequence of 

mitochondrial toxicity induced in certain tissues.16, 17 Nucleoside analogs can serve as 

substrates for the less-selective mitochondrial DNA polymerase gamma, causing chain 

termination and mtDNA depletion.16, 17 Avoiding mitochondrial toxicity would require 

nucleoside analogs (i) whose 5'-triphosphates possess a low affinity toward mitochondrial 

DNA polymerase and/or (ii) whose 5'-monophosphates are good substrates for mdN.18 

Alternatively, nucleoside analogs that are good substrates for mdN could be combined with a 

selective cdN inhibitor.  

Therefore, human cdN can be considered a promising therapeutic target, as its inhibition 

may increase the effectiveness of chemotherapy and antiviral treatment. Selective inhibition 

of mdN should be further investigated for its effects on various tumor cell lines. 

Nucleoside phosphonic acids with a noncleavable P-C linkage have been studied as 

potential inhibitors of various nucleotidases. The first nucleoside phosphonate inhibitors (1a 

and 1b), which block the activity of 5'-nucleotidase from Crotalus adamanteus venom, were 

reported in 1973 by Hampton et al. (Fig. 1).19 In 1998, Garvey et al.20 described the ddTMP 

analog 2 (Fig. 1) as a potent inhibitor of rabbit heart cN-I with an apparent Ki of 63 nM. 

Recently, Meurillon et al.21 reported an inhibition study of cN-II with a variety of cytosine 

and uracil nucleoside phosphonic acids (based on scaffold 3) with millimolar Ki values.  
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Figure 1. Chemical structures of nucleotide inhibitors of snake venom (1a,b), rabbit heart 
(2), and human cN-II 5'-nucleotidases (3). 

 

 

Our group has synthesized many structurally diverse adenine, guanine, 2,6-diaminopurine, 

cytosine, uracil, and thymine nucleoside phosphonic acids.22-33  Of these compounds, two 

types of structurally diverse nucleoside phosphonic acids, 434 and 531, 32 (Fig. 2), inhibited 

cdN and mdN.18, 35 Whereas 4 inhibited both enzymes, 5 showed selectivity toward the 

mitochondrial enzyme.18  

 

 

 

 

 

Figure 2. Two structurally diverse inhibitors of human cdN and mdN. 
 

Detailed analysis of the crystal structures of mdN in complex with inhibitors 4 and 535
 

showed that 4 binds to the enzyme active site in a manner similar to the natural 5'-nucleotide 

substrate, while the binding mode of 5 is different. The phosphonate moiety of 5 does not 

interact with the nucleoside phosphoester binding site but with another site distal from the 

catalytic residues.35 A positively charged region formed by Arg163 and Arg177 and partially 

by Lys165 and Ser131 was identified in the vicinity of the para position of the benzylidene 
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ring in the crystal structure of the mdN-5 complex.35 With the aim of increasing inhibitor 

affinity, we designed a series of inhibitors with various substituents introduced at the para 

position of the benzylidene ring of 5. At the same time, we focused on fine-tuning the 

inhibitor selectivity toward either cdN or mdN. Although the active sites of the two enzymes 

are very similar in terms of sequence and overall structure, detailed structural analysis 

revealed several regions with variable sequences36 One variable region lies close to the 

positively charged region targeted by our proposed inhibitor substitutions. Specifically, this 

region comprises Ile133, Lys134, and Met135 in mdN (corresponding to cdN residues 

Leu202, Leu103, and Lys104). Also, Arg177 in mdN corresponds to Lys146 in cdN. This 

variability provides an opportunity for modification of the basal inhibitor scaffold to achieve 

specificity for cdN or mdN. 

Here, we present novel inhibitors of human mdN and cdN based on (S)-1-[2-deoxy-3,5-O-

(phosphonobenzylidene)-β-D-threo-pentofuranosyl]thymine derivatives. We synthesized 

compounds with a series of polar electron-rich substituents (some with a negative charge) in 

the para position of benzylidene ring and tested these nucleoside benzylidenephosphonates 

for their inhibitory activity toward both enzymes. Structural characterization of inhibitor 

complexes with cdN and mdN revealed the existence of two alternative binding modes of the 

substituted compounds in the active site of both enzymes and emphasized the key role of the 

para substituent of the benzylidene moiety in determining the binding specificity. In addition, 

our data suggest that each of the isoenzymes requires a specific binding mode for effective 

inhibition.  

 

RESULTS AND DISCUSSION  

Chemistry. The starting fifteen orthoesters 6a-o (Table 1) were prepared in three steps 

from the corresponding N,N-methylphenylbenzamides.37 The acid-catalyzed reaction of 
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orthoesters 6a-o with xyloT 7 in DMF yielded nucleoside orthobenzoates 9a-o in high yield 

(Scheme 1). For the preparation of nucleoside orthoesters 9a-h, we used dry HCl in Et2O as a 

catalyst, whereas for 9i-o, pyridinium tosylate provided a much cleaner reaction without 

opening the nucleoside orthoester ring or forming a mixture of 3'- and 5'-O-acyl derivatives. 

In contrast to compounds 9a-h and 9j, which were obtained as single R-epimers, the 

compounds 9i and 9k-o were epimeric mixtures with the R-epimer prevailing (Fig. 3). NMR 

spectroscopy revealed that the furanose ring adopts an 3
E (C3'-endo) conformation, while the 

annealed 1,3-dioxane ring is in a chair conformation. Thus, the relatively bulky phenyl 

substituent is in an equatorial position on the six-membered 1,3-dioxane ring (Fig. 3). The use 

of a strong acid (HCl in Et2O) may lead to a quasi-reversible transesterification reaction: 

partial re-opening of the formed cyclic orthoester ring and repeated closure provides the 

thermodynamic products 9a-h. On the other hand, the use of pyridinium tosylate as a weak 

acid maintains the intact cyclic orthoester ring affording the kinetic products. The epimeric 

mixtures of compounds 9i-o (the obtained ratios from the NMR spectra are given in the 

Experimental section in Supplementary information).  

 

Figure 3. Configurations of the thermodynamic and kinetic products.  

Table 1. Prepared orthobenzoates 6a-o. 
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Scheme 1. Synthesis of substituted phosphonobenzylidene derivatives of 1-[2-deoxy-β-D-
threo-pentofuranosyl]thymine. 
 

The NMR spectra showed that compounds 9a-h and 9j were obtained as only single C6’-

epimer, while compounds 9i and 9k-o were C6’-epimeric mixtures. The configuration at C6’ 

was determined from the observed NOE contacts of the C(6’)-OMe group and the 1H 

chemical shifts of the C(5)-Me group of thymine and the H-3’ of the furanose ring. The NOE 

contacts between C(6’)-OMe and the H-6 of thymine could be observed only in the C6’-

epimers with a [6’S] configuration, while for C6’-epimers with a [6’R] configuration, an NOE 

between C(6’)-OMe and H-3’ was observed (see Figure 3). In series 9a-o, both epimers 

clearly differ in their 1H chemical shifts of the C(5)-Me group of thymine and the H-3’ of the 
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furanose ring. The C6’-epimers with a [6’R] configuration show a significant upfield shift of 

the signal belonging to the C(5)-Me group as a result of the shielding effect of the phenyl ring 

(δ 1.12 – 1.20 in [6’R] compared to δ 1.77 – 1.80 in the [6’S]-epimers). A reverse shielding 

effect is observed for H-3’ (δ 4.27 – 4.35 in [6’S] compared to δ 4.66 – 4.71 in [6R]-epimers).  

The conformation of both C6’-epimers was studied by molecular modeling and theoretical 

calculations of the NMR parameters. Two potential chair conformations of the annealed 1,3-

dioxane ring stabilize either the 3
E (C3'-endo) or the 2

E (C2’-endo) conformation of the 

furanose ring. Because the interproton coupling constants in 9a-o are not influenced by the 

substitution of the aromatic ring at C6’, we have chosen the C6’-epimers of 9i as 

representative examples for a detailed conformational analysis of the of compounds 9a-o. 

Geometric optimization was performed for both the C3'-endo and C2’-endo conformers of 

each C6’-epimer, and the optimized geometries were then used to calculate the 1H and 13C 

NMR chemical shifts using the same DFT B3LYP/6-31G* method with an implicit solvent 

(PCM model; solvent = DMSO) in both steps. The vicinal couplings J(H,H) were calculated 

for the optimized geometries (shown in Fig. 5) with the MSpin program of the MESTRELAB 

package42 using the Diez-Altona-Donders equation.43 The comparison of the observed and 

calculated NMR parameters together with the calculated conformational data (P and φmax of 

the furanose ring and the χ angle for the nucleoside base orientation) and the relative energies 

of the C3’-endo and C2’-endo forms are given in Supplementary Table 1S. Mean average 

error values (MAE) are used to quantify the agreement between the observed and calculated 

data. As shown in Table 2, the relative energies, the comparison of the observed and 

calculated 3
J(H,H) values and the 1H and 13C chemical shifts clearly indicate that the C3’-

endo conformation is highly preferred (>99%) for both the [6’R]- and [6’S]-epimers. 

The reaction of xylodU 8 with orthoesters 6d, 6f, and 10 in DMF with 10 M HCl as an acid 

catalyst in Et2O yielded products 9p-r exclusively as the R-isomers (Scheme 2). 
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Scheme 2. Synthesis of substituted phosphonobenzylidene derivatives of 1-[2-deoxy-β-D-
threo-pentofuranosyl]uracil. 

 

Similar stereoselective behavior was observed with the 3',5'-O-acetal derivatives of xyloT.27 

The reaction of nucleoside orthoesters 9a-r with diethyl chlorophosphite in acetonitrile 

afforded the fully protected phosphonates 11a-r as single epimers (a-o Scheme 1 and p-r 

Scheme 2). The stereospecificity of this reaction seems to be the result of the stable 

intermediate Im2 (Scheme 3) with the phenyl substituent in an equatorial position, which 

most likely subsequently undergoes an SN1 reaction to form diethyl methyl phosphite 

(Scheme 3). The proposed mechanism is similar to that of the previously reported mechanism 

for the formation of 2',3'-O-phosphonoalkylidene derivatives of ribonucleosides.32  

  

Scheme 3. Proposed mechanism of the stereospecific phosphonylation. 
 

The deprotection of the phosphonate ester groups was carried out with 

bromotrimethylsilane in acetonitrile in the presence of 2,6-lutidine, providing phosphonic 

acids 12a-r in moderate yields.  

The carboxy derivative 13 was prepared in nearly quantitative yield by saponification of 

methyl ester 12f in 0.5 M NaOH at r.t. The reaction of ester 12f with 28% aqueous NH3 at 
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100 °C for 24 h yielded carboxamide derivative 14 as the major product as well as free acid 

13 (Scheme 4). 
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Reagents and conditions: (i) 0.05 M NaOH; (ii) 28% NH4OH/100°C/24 h.   
 
Scheme 4. Transformation of the para-methoxycarbonyl group into carboxylate and 
carboxamide moieties.  
 
The same reaction conditions were used for the preparation of carboxylate 15 from para-

methoxycarbonyl derivative 12q (Scheme 4). 

The catalytic hydrogenation of nitro derivatives 11e and 12e on Pd/C yielded the 

corresponding amino derivatives 16 and 17, respectively. The obtained amino derivative 17 

was converted to formamide 18 by reaction with ammonium formate in refluxing acetonitrile, 

and this compound yielded, in a subsequent reaction with phosphoryl chloride, isocyanide 19. 

Amide 18 and isocyanide 19 were converted to free phosphonic acids 20 and 21, respectively, 

by treatment with bromotrimethylsilane (Scheme 5). 
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Scheme 5. Synthesis of the phosphonobenzylidene derivatives of 1-[2-deoxy-β-D-threo-
pentofuranosyl]thymine 16, 20, and 21. 

 

The synthesis of benzaldehyde derivative 22 (Scheme 6) started from styrene compound 

12k, which was oxidized by OsO4 in the presence of sodium periodate to afford 22 in nearly 

quantitative yield in one step. Similarly, a high yield of sulfoxide compound 23 was obtained 

by oxidation of the methylthio derivative 12g with an aqueous solution of NaIO4 (Scheme 7). 

 

Scheme 6. Synthesis of 4-formylbenzylidene derivative 22. 
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Scheme 7. Synthesis of sulfoxide derivative 23. 

 

The chlorination of the uracil base44 of derivative 12r by N-chlorosuccinimide in pyridine at 

elevated temperature provided 5-chlorouracil derivative 24 (Scheme 8). 

 

Scheme 8. Synthesis of 5-chlorouracil derivative 24. 

Iodophenyl derivative 11d was a useful starting material for several transformations on the 

phenyl ring (Scheme 9). 

Thus, compound 11d was treated45 with NaN3, L-ascorbic acid, L-proline and CuSO4 in 

aqueous DMSO to yield azido derivative 25 as the mono ethyl phosphonate. This derivative 

was treated with TMSBr and 2,6-lutidine to provide phosphonic acid 26. 

The coupling reaction46 of 11d with diethyl phosphite, catalyzed by Pd(dppf)Cl2, yielded 

tetraethyl diphosphonate 27, which afforded bisphosphonic acid 28 on treatment with TMSBr 

and 2,6-lutidine.  

The coupling reaction47 of 11d and bis(pinacolato)diboron, catalyzed by Pd2(dba)3 and 

XPhos, yielded boron derivative 29. Its treatment with TMSBr and 2,6-lutidine afforded 

boronic acid 30.  
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Scheme 9. Synthesis of azido compounds 25 and 26 and phosphoryl 28 and boronate 30 
derivatives. 

 

Iodophenyl derivatives 12d and 12p, as the free acids, were oxidized by meta-

chloroperbenzoic acid, providing iodoxy derivatives 31 and 32, respectively (Scheme 10). 

 

Scheme 10. Synthesis of iodoxy compounds 31 and 32. 

 

Biochemistry 

Inhibition studies. All synthesized phosphonic acids, as well as lead compound 5, were 

screened for their inhibitory effect on mdN and cdN activity in vitro (Table 2). Activity assay 

was based on hydrolysis of dUMP in the presence of tested coumponds. Substrate 

concentrations for preliminary tests were chosen to be similar to KM (1 mM for cdN, 100 µM 
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for mdN) and concentration of tested compounds was 10 times lower than substrate 

concentration. Seventeen selected compounds that showed similar or lower relative enzyme 

activity vi/v0 than lead compound 5 were subjected to a kinetic study to obtain the Ki values 

(Table 2). To compare the selectivity of the inhibitors toward mdN and cdN, we introduced a 

selectivity index (SI), defined as the ratio of Ki values normalized by the appropriate 

enzymatic constant KM, which was determined experimentally (86 ± 14 µM for mdN and 968 

± 79 µM for cdN). The smaller the SI (<1) is, the higher selectivity of the inhibitor for mdN 

is, and the higher the SI (>1) is, the higher the selectivity for cdN is.  

 

Table 2. Inhibition of mitochondrial and cytosolic nucleotidases by benzylidene ring para-
substituted derivatives of (S)-1-[2-deoxy-3,5-O-(phosphonobenzylidene)-β-D-threo-
pentofuranosyl] derivatives of pyrimidine nucleobasis.  

      

R Base Cmpnd 

Relative 
activity vI/v0

a 
Ki (µM) Ki/KM Selectivity 

indexb 

mdN cdN mdN cdN mdN cdN 

H 

T 5 0.61 0.67 11.6 ± 2.0 610 ± 125 0.156 0.630 0.25 

U 12r 0.44 0.97 31.1 ± 3.1 410 ± 120 0.362 0.424 0.85 

U5-Cl 
24 0.69 0.56 11.8 ± 0.87 52.2 ± 4.5 0.137 0.054 2.5 

F T 12a 0.55 1.19 13.0 ± 1.9 n.d. 0.151 n.d. n.d. 

Cl T 12b 0.63 1.03 30 ± 15 n.d. 0.349 n.d. n.d. 

Br T 12c 0.79 0.82 31.8 ± 9.8 n.d. 0.370 n.d. n.d. 

I 

T 12d 0.42 0.82 2.71 ± 0.42 416 ± 66 0.032 0.430 0.073 

U 12p 0.72 0.66 19.7 ± 4.1 115 ± 11 0.229 0.119 1.9 

T c 0.69 0,81 14.2 ± 2.9 307 ± 38 0.165 0.317 0.52 

T 11d 0.81 0.77 n.d. n.d. n.d. n.d. n.d. 

IO2 
T 31 0.44 0.07 5.90 ± 1.1 6.60 ± 1.4 0.069 0.0068 10 

U 32 0.73 0.18 43.0 ± 11 12.1 ± 1.5 0.500 0.0125 40 

NO2 T 12e 0.58 0.71 22.1 ± 3.3 950 ± 370 0.257 0.981 0.26 
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COOH 
T 13 0.73 0.44 7.90 ± 2.2 11.6 ± 1.7 0.092 0.0120 7.7 

U 15 0.70 0.22 16.9 ± 2.1 11.0 ± 0.86 0.197 0.0114 17 

COOMe T 12f 0.96 1.01 n.d. n.d. n.d. n.d. n.d. 

CONH2 T 14 0.77 0.92 n.d. n.d. n.d. n.d. n.d. 

CHO T 22 0.80 0.73 n.d. n.d. n.d. n.d. n.d. 

CN T 12h 0.54 0.77 23.0 ± 2.6 177 ± 28 0.267 0.183 1.5 

P(O)(OH)2 T 28 0.69 0.54 28.0 ± 2.0 52.7 ± 4.7 0.326 0.054 6.0 

B(OH)2 T 30 0.74 0.70 n.d. n.d. n.d. n.d. n.d. 

SCH3 T 12g 0.57 0.98 33.3 ± 4.3 n.d. 0.387 n.d. n.d. 

S(O)CH3 T 23 0.81 0.88 n.d. n.d. n.d. n.d. n.d. 

NH2 T 16 0.89 0.82 n.d. n.d. n.d. n.d. n.d. 

NHCHO T 20 0.69 0.72 n.d. n.d. n.d. n.d. n.d. 

NC T 21 1.12 1.07 n.d. n.d. n.d. n.d. n.d. 

N3 T 26 0.79 0.79 n.d. n.d. n.d. n.d. n.d. 

CF3 T 12i 1.05 0.94 n.d. n.d. n.d. n.d. n.d. 

OCH3 T 12j 1.20 0.80 n.d. n.d. n.d. n.d. n.d. 

phenyl T 12l 1.11 0.78 n.d. n.d. n.d. n.d. n.d. 

3-phenyl T 12m 0.72 0.82 n.d. n.d. n.d. n.d. n.d. 

3-I T 12n 0.87 0.64 n.d. n.d. n.d. n.d. n.d. 

3-Br-5-I T 12o 1.19 0.85 n.d. n.d. n.d. n.d. n.d. 

a Values were obtained for a ratio of the substrate (dUMP) to inhibitor 10:1 at substrate concentrations of 100 
µM (mdN) and 1 mM (cdN); b the selectivity index [(Ki/KM)mdN/(Ki/KM)cdN] is expressed as a ratio of the Ki 
values for the mdN and cdN enzymes normalized to the enzymatic constant KM of the individual enzymes 
[(KM)mdN = 86 ± 14 µM, (KM)cdN = 968 ± 79 µM]; c mono-ethyl ester of 12d. 

 

The inhibitory effect of compound 5 on mdN had been previously investigated by others, 

and a Ki value of 70 µM had been determined using specific assays with labeled dUMP.18 In 

our HPLC assay, we followed the quantity of 2'-deoxyuridine released from dUMP by a 

nucleotidase-catalyzed hydrolysis. This method provided a Ki value for compound 5 and mdN 

of 11.6 ± 1.6 µM. A mixed inhibition mode for compound 5 was proposed from the analysis 

of the linearized Lineweaver-Burk plots. For the analysis of the inhibition mode, we did not 

use the Lineweaver-Burk plots because of the possible misinterpretation of the linearized data 

described for tightly binding inhibitors.48 Instead, we used a non-linear regression fit of the 
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non-transformed data into the Williams-Morrison equation for the respective inhibition 

modes. The direct comparison of the inhibition data fit into the equations describing 

competitive, uncompetitive and noncompetitive48 inhibition modes clearly indicated the 

competitive inhibition of mdN and cdN by compound 5. 

The introduction of iodo, iodoxy and carboxy substituents onto the para position of the 

phenyl ring of lead compound 5 improved the inhibitory effect of the iodo compound 12d, 

iodoxy compound 31, and carboxy compound 13 toward mdN by factors of five, two and 1.7, 

respectively (Table 2). In contrast to carboxy derivative 13, aldehyde 22, which could form a 

hemiacetal linkage with the hydroxyl of Ser131, showed weak inhibition activity. The 

inhibitory effect of iodo compound 12d toward the cdN enzyme was not significantly 

affected; therefore, its selectivity toward mdN is more than three times higher compared to 

that of lead compound 5. On the other hand, the presence of many other substituents improved 

the inhibition of cdN. Specifically, the compounds bearing iodoxy (31, 32) and carboxy (13, 

15) groups showed the highest inhibition of cdN, with Ki values more than a hundred times 

lower than that of lead compound 5. Additionally, the selectivity towards cdN changed 

dramatically; in the case of iodoxy derivative 32, the selectivity index reached a value of 40 

(Table 2, Supplementary Figure 3S). 

The additional preference of mdN to bind the thymine over the uracil inhibitors was 

identified by comparing the Ki values of the compounds with the same substituent on the 

phenyl moiety but a different nucleobase (compounds 5/12r, 12d/12p, 13/15, and 31/32). 

However, an analogous preference for cdN was not established due to the lack of structural 

information. 

We also evaluated the inhibition properties of two anionic compounds related to carboxy 

compound 13: dihydroxyboryl derivative 30 and phosphoryl derivative 28 bearing an 

additional phosphoryl group. Compound 30, which could form a hemiacetal bond with the 
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Ser131 hydroxy group and thus strengthen binding of 30 to the catalytic site, exhibited only 

weak inhibition. On the other hand, the phosphoryl derivative 28 was less than half an order 

of magnitude weaker than carboxy derivative 13 for inhibition of both enzymes but showed 

selectivity for cdN (SI = 6). 

 

 

Structural studies. To determine the binding mode and interactions contributing to the 

inhibitory properties of this class of compounds, selected compounds were soaked into a 

crystal of mdN. The crystal structures of the mdN complexes with 12d, 12e, and 13 were 

determined by a difference Fourier technique using the structure of free mdN as a model 

(PDB code 4L6A36). The statistics for the diffraction data and structure refinements are 

summarized in Supplementary Table 3S. In all cases, the asymmetric unit contained one 

molecule of mdN with one compound bound in the active site. All mdN residues could be 

traced in a well-defined electron density map.  

 

The structure of the complex with iodo compound 12d, the most potent inhibitor of mdN 

from our series, was refined using diffraction data to a resolution of 1.78 Å. The electron 

density map used to model the inhibitor was of excellent quality (Figure 4A); the occupancy 

factor for the inhibitor was reduced to 0.85 to correctly explain the density. 

The structure of the mdN complex with 12e was refined using diffraction data to a 

resolution of 1.37 Å. The electron density map used for inhibitor placing clearly showed the 

position of the inhibitor, which was modeled with an occupancy factor of 0.7 (Figure 4C). 

Other non-protein electron densities in the active sites of the structures were modeled as 

phosphate and magnesium ions (Figure 4). The phosphate ion originated from the 

crystallization solution, which contained 20 mM potassium phosphate. Phosphate binding was 
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observed in the other structure of the free enzyme (PDB codes 1MH9,49 4L6A36) and in the 

structure of the mdN complex with compound 5 (PDB code 1Q9235).  

The structure of the mdN complex with carboxy derivative 13 was refined to a resolution of 

1.67 Å using diffraction data. The electron density map of the active site of the protein shows 

two alternative arrangements of ligands in the enzyme active site: carboxy compound 13 with 

an occupancy factor of 0.6 is overlaid with a phosphate ion with an occupancy factor of 0.4. 

Interestingly, the magnesium ion in this structure was replaced by a potassium ion (Figure 

4E). The identity of the metal ion was confirmed by the level of the electron density map and 

also by the coordinating distances (Supplementary Table 3S).  

The binding modes of iodo compound 12d and nitro compound 12e are similar to each 

other (Figure 4 A, C); the phosphonate group interacts with the areas of the active site distal 

from the catalytic residues, while the base moiety is deeply buried in the active site. This 

binding mode is very similar to that of compound 5, as published by others;35 the root-mean-

square deviations (RMSD) for the superposition of the 28 corresponding atoms of 5 with 12d 

and 12e are 0.407 and 0.614 Å, respectively.  

Although similar in structure, carboxy compound 13 binds to the mdN active site differently 

from 12d and 12e, with the phosphonate group coordinating to the catalytic magnesium ion. 

This binding pose is unique among all published mdN inhibitors35 and resembles the binding 

mode of substrates (2’-deoxythymidine, uridine, and 2’-deoxyuridine 5’-monophosphates) in 

crystal structures of D41N (PDB codes 1Z4L, 1Z4M, and 1Z4I, Figure 4F).50 
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Figure 4. Details of the active site of the enzyme in crystal structures of mdN complexes with 
12d (panels A, B), 12e (C, D), and 13 (E, F). The inhibitors are shown as stick models, and 
carbon atoms are yellow, oxygen atoms are red, nitrogen atoms are blue, phosphorus atoms 
are orange and iodine atoms are purple. In the protein, the carbon atoms are colored green. 
Phosphate and magnesium ions bound to the enzyme are also shown as sticks and balls, 
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respectively. In panels A, C and E, the 2FO-FC electron density map is contoured at 1.0σ. In 
panels B, D and F, the polar interactions between the inhibitor and mdN are represented by 
dashed lines. Direct hydrogen bonds and water-mediated hydrogen bonds are colored black 
and light blue, respectively. Halogen bonds in panel B are shown in purple. Residues 
participating in direct and water-mediated hydrogen bonds are named in black and gray, 
respectively. In panels B and D, the structure of lead compound 5 from crystal structure 
1Q9235 is shown in black lines. In panel F, the structure of the substrate analog from crystal 
structure 1Z4L50 is shown in black. 

 

 

Iodo compound 12d and nitro compound 12e participate in numerous polar interactions 

with the mdN active site (Figure 4B, D), and most of them are analogous to the interactions 

described previously for compound 5.35 The thymine base 3-NH group of 12d or 12e forms a 

hydrogen bond with the main chain carbonyl of Phe75. The O2 carbonyl oxygen of the 

thymine forms a hydrogen bond with the main chain amide of Val77 and a water-mediated 

hydrogen bond with the Ser78 hydroxyl group. The carbonyl oxygen at C4 of the base forms 

bonds with two water molecules; one of them is coordinated by a Mg2+ ion, and the other 

water forms a hydrogen bond with a carboxyl group of Glu50. The polar interactions of the 

pentofuranosyl moiety of 12d or 12e include one water-mediated hydrogen bond to Ser78 and 

the interaction of the hydrogen atoms at C1' and C2' with the π-electrons of the Trp96 

aromatic side chain. The phosphonate groups of 12d and 12e bind to a positively charged 

pocket and form direct hydrogen bonds with the main chain amide of Lys134 and the side 

chains Nη1 and Nη2 of Arg163. Additionally, the phosphonate group forms water-mediated 

hydrogen bridges with Glu97 and Trp96. 

The iodo or nitro substituents at the para position of the phenyl ring provide additional 

interactions not present in complexes with lead compound 5. The iodo group of 12d forms 

two halogen bonds51, 52 (Figure 4B). The first interaction is with a partially negatively charged 

carbonyl oxygen of Arg163 at distance of 3.6 Å with a C-I-O angle of 166º. The second 

interaction, is the hydrogen bond with the hydroxyl group of the Ser131 side chain (distance 
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4.0 Å, C-I-O angle 106º). The bond distances and angles are in agreement with the values 

expected for the interaction of a halogen with a Lewis base (carbonyl oxygen) and a Lewis 

acid (H-atom of the hydroxyl group).51-53 

The nitro group of 12e forms direct hydrogen bonds with the side chains of Ser131 and the 

Nη1 atom of Arg177. The larger volume of the nitro group compared to the iodine in 12d 

results in a slight shift of the nitrophenyl moiety away from Ser131 (0.47 Å) and also a small 

rotation (~15.4º) of the phosphonate group (Figure 4D). Because of this small structural 

change, the hydrogen bond network of the 12e phosphonate group differs marginally from 

those in 12d and 5.   

In compound 13, the phosphonate group is buried in the mdN active site and contributes to 

the coordination of the potassium ion (Figure 4F). In addition, several water-mediated 

hydrogen bonds are formed between the phosphonate group and Asp41, Ser131, Lys165, 

Asp175, Asp176, and Arg177. The base moiety forms direct hydrogen bonds via the N3 atom 

with the Ser78 hydroxyl group and via the O2 atom with the main chain amide of Val77. A 

water-mediated hydrogen bond is also formed between the base carbonyl and Trp96. The 

carboxyl group at the para position of the phenyl ring forms one direct hydrogen bond with 

the guanidine group of Arg163 and one water-mediated hydrogen bond with the carbonyl of 

Pro132.  

We have characterized the interactions of cdN with selected compounds (12d, 13, 15, 31 

and 32) using protein-detected NMR spectroscopy, as the extensive soaking trials did not 

yield crystals of cdN with bound small molecules. cdN provides well-resolved NMR spectra, 

which allowed for the backbone resonances to be completely assigned.54 The effects of the 

added compounds were followed using 2D 15N/1H TROSY spectra of 15N-labeled cdN. The 

chemical shift perturbations induced by the selected compounds are summarized as graphs of 

the minimal shift values (Figure 2S; Supporting Information). As expected, the most 
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perturbed residues were localized around the active site of cdN, suggesting that all the tested 

compounds bind to the same region of the enzyme, possibly with similar conformations. In 

particular, two regions of cdN, Gly13-Asp16 and Phe44-Arg47, were found to be consistently 

affected by all inhibitors. However, a detailed analysis revealed certain differences in the 

distribution of changes in the cdN backbone signal positions upon binding of various 

compounds. Significant differences were first observed between compounds 12d and 13; 12d 

affected Arg47, and 13 strongly perturbed the signal from Arg132 and its neighboring 

residues Thr131, Asp133, Lys134 and Thr135. Considering the relatively small difference 

between the covalent structures of 12d and 13, the distribution of the compound-specific local 

changes observed in the cdN spectra suggests a different orientation of these compounds in 

the active site, with the carboxylic group of 13 displacing the side chain of Arg132 in a 

manner similar to that observed in the X-ray structure of the complex with mdN (Figure 4F); 

12d adopts the reverse orientation. The presence of two different binding modes for the highly 

similar compounds 12d and 13 is further supported by the difference of > 2 ppm between the 

positions of the 31P signals from the phosphonate groups in the 1D 31P NMR spectra obtained 

for both complexes. Compound 15 showed overlapping perturbations with 13 within the 

region around Arg132, although there were additional changes in other residues, including 

Val61-Phe71 and Lys104-His106, suggesting that different contacts were established by the 

uracil base (15) compared with the thymine base of 13. The additional effects of 31 and 32 

cannot be unambiguously interpreted. 

 

 

CONCLUSION 

 

We have shown that the introduction of various substituents into the para position of the 

phenyl ring of the mdN-specific inhibitor 5 can lead to improvement in the inhibitory activity 

toward mdN and also fine tune the selectivity toward cdN. To our knowledge, compounds 
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12d and 31, with different substituents (iodo and iodoxy), are the most potent and specific 

inhibitors of mdN and cdN, respectively, reported to date. On the other hand, uracil iodoxy 

compound 32 exhibited four times higher selectivity index towards cdN than compound 31, 

suggesting the important role of the pyrimidine nucleobase type on the selectivity (compare 

also 12d and 12p).  

The crystallographic data provided evidence for the existence of two different binding 

orientations for compounds 12d and 13 in the active site of mdN and underlined the crucial 

role of the substituent on the binding specificity. The NMR data obtained for the analogous 

cdN complexes confirmed similar binding behavior. Based on the inhibition kinetics and 

structural data, we propose that inhibitors more specific towards mdN are preferentially 

binding to the mitochondrial and cystosolic enzyme in the orientation represented by lead 

compound 5, while for inhibitors more specific towards cdN, the proteins favor the opposite 

orientation, similar to that observed for the complex of mdN with compound 13. This 

suggests that each of the isoenzymes requires a specific binding mode for effective inhibition.  
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