
 

 
 

Base-modified NAD and AMP derivatives and their activity 
against bacterial DNA ligases 

 
 

Journal: Organic & Biomolecular Chemistry 

Manuscript ID: OB-ART-02-2015-000294.R2 

Article Type: Paper 

Date Submitted by the Author: 01-May-2015 

Complete List of Authors: Wagner, Gerd; King's College London, Department of Chemistry 
Pergolizzi, Giulia; John Innes Centre, Department of Biological Chemistry 
Cominetti, Marco; University of East Anglia, School of Pharmacy 
Butt, Julea; University of East Anglia, School of Chemistry 
Field, Rob; John Innes Centre, Department of Biological Chemistry 
Bowater, Richard; University of East Anglia, School of Biology 

  

 

 

Organic & Biomolecular Chemistry



 - 1 -

Base-modified NAD and AMP derivatives and their activity against bacterial DNA 
ligases 

Giulia Pergolizzi [a, b], Marco M. D. Cominetti [a], Julea N. Butt [c], Robert A. Field [b] 
Richard P. Bowater [d], and Gerd K. Wagner [a, e]* 

[a] School of Pharmacy, University of East Anglia, Norwich Research Park, Norwich, 
NR4 7TJ, UK 

[b] Department of Biological Chemistry, John Innes Centre, Norwich Research Park, 
Norwich, NR4 7UH, UK 

[c] School of Chemistry, University of East Anglia, Norwich Research Park, Norwich, 
NR4 7TJ, UK 

[d] School of Biological Sciences, University of East Anglia, Norwich Research Park, 
Norwich, NR4 7TJ, UK 

[e] Department of Chemistry, Faculty of Natural & Mathematical Sciences, King’s 
College London, Britannia House, 7 Trinity Street, London, SE1 1DB, UK. Phone: 
+44 (0)20 7848 1926; e-mail: gerd.wagner@kcl.ac.uk 

*Corresponding author 
 

 

1 May 2015 

 
  

Page 1 of 58 Organic & Biomolecular Chemistry



 - 2 -

Abstract 

We report the chemical synthesis and conformational analysis of a collection of 2-, 6- 

and 8-substituted derivatives of β-NAD+ and AMP, and their biochemical evaluation 

against NAD+-dependent DNA ligases from Escherichia coli and Mycobacterium 

tuberculosis. Bacterial DNA ligases are validated anti-microbial targets, and new 

strategies for their inhibition are therefore of considerable scientific and practical interest. 

Our study includes several pairs of β-NAD+ and AMP derivatives with the same 

substitution pattern at the adenine base. This has enabled the first direct comparison of 

co-substrate and inhibitor behaviour against bacterial DNA ligases. Our results suggest 

that an additional substituent in position 6 or 8 of the adenine base in β-NAD+ is 

detrimental for activity as either co-substrate or inhibitor. In contrast, substituents in 

position 2 are not only tolerated, but appear to give rise to a new mode of inhibition, 

which targets the conformational changes these DNA ligases undergo during catalysis. 

Using a molecular modelling approach, we highlight that these findings have important 

implications for our understanding of ligase mechanism and inhibition, and may provide 

a promising starting point for the rational design of a new class of inhibitors against 

NAD+-dependent DNA ligases. 
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Introduction 

DNA ligases are essential enzymes found in all living cells due to their involvement in 

DNA replication, repair and recombination.1 The biochemical activity of DNA ligases 

consists of the sealing of DNA strand breaks between 5′-PO4 and 3′-OH termini. These 

enzymes have been grouped into two classes depending on their co-substrate specificity 

for this reaction. All eukaryotic DNA ligases are ATP-dependent, while the essential 

bacterial DNA ligases use β-NAD+ as their co-substrate.2 3 Some ATP-dependent DNA 

ligases do occur in bacteria but they are expressed only under particular conditions and 

do not seem to participate in essential DNA replication functions.2 4 In contrast, no 

functional NAD+-dependent DNA ligases have been identified in any eukaryotic 

organisms to date.1 2 Because of their essentiality for bacterial survival and their 

absence from the human host, NAD+-dependent DNA ligases represent an attractive 

target for the development of novel antibacterial drugs,5 and several pertinent inhibitor 

discovery efforts have been reported.6  

An obvious starting point for the development of inhibitors and probes for bacterial 

NAD+-dependent DNA ligases is the co-substrate β-NAD+ itself (Figure 1). Recently, the 

crystal structures of several NAD+-dependent DNA ligases have been resolved.7 8 

Several of these structures show the existence of a hydrophobic tunnel leading from the 

protein surface to the adenylation domain.1, 7d β-NAD+ binds in an orientation in which 

positions N-1, C-2 and N-3 of the adenine ring are located adjacent to the entry of this 

tunnel, with position C-2 pointing exactly in the direction of the tunnel.1, 7d As a 

consequence, this tunnel could, in principle, accommodate additional substituents 

introduced on to the adenine base, and thus be exploited for the development of NAD+-

based inhibitors. Indeed, 2-substituted derivatives of adenosine, ADP and ATP have 

previously been reported as inhibitors of NAD+-dependent DNA ligase.9 However, base-

modified derivatives of the complete co-substrate β-NAD+ have, to the best of our 
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knowledge, not been investigated against bacterial NAD+-dependent DNA ligases. In 

contrast to simple adenine nucleosides and nucleotides, such NAD+ derivatives may be 

recognized by NAD+-dependent DNA ligases not only as inhibitors, but also as non-

natural co-substrates. They could, therefore, be highly useful as molecular probes to 

investigate the structural requirements for co-substrate utilization versus inhibition. 

Herein, we describe the synthesis of NAD+ derivatives modified in position 2 or 6 of 

the adenine ring by addition of aryl/heteroaryl substituents by Suzuki-Miyaura cross-

coupling (1 & 2, Figure 1). We report the biochemical characterisation of these new 

NAD+ derivatives, as well as a series of previously reported 8-substituted NAD+ 

derivatives 3 (Figure 1),10 as inhibitors and/or non-natural co-substrates toward two 

bacterial NAD+-dependent DNA ligases from Escherichia coli (EcLigA) and 

Mycobacterium tuberculosis (MtLigA). To assess the importance of the entire NAD+ 

scaffold for biochemical activity, we also tested the corresponding 2- and 6-substituted 

AMP derivatives in our assays (6 & 10, Figure 2). Our results highlight key interactions 

for the binding of β-NAD+ and its derivatives to NAD+-dependent DNA ligase. In addition, 

they provide insights into the structural and mechanistic factors that govern co-substrate 

utilization by, and inhibition of, bacterial NAD+-dependent DNA ligases. Our findings 

therefore provide new insight to underpin the development of improved inhibitors against 

these promising antimicrobial targets. 

 

< Figure 1 & 2 here > 
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Results 

Chemical synthesis  

Due to its labile N-glycosidic and pyrophosphate bonds and, therefore, its limited 

chemical stability, the chemical modification of β-NAD+ is not trivial. Indeed, the most 

common pathway toward adenine-modified NAD+ derivatives is multistep synthesis, 

where the substitution of the adenine ring is conducted on stable precursors of β-NAD+, 

such as adenosine or AMP.11 Our general strategy for the introduction of aryl/heteroaryl 

substituents in position 2, 6 or 8 of the adenine ring in β-NAD+ therefore started with the 

Suzuki-Miyaura cross-coupling of suitably halogenated purine nucleosides or 

nucleotides. These cross-coupled building blocks were then converted into the 

corresponding NAD+ derivatives 1-3 (Figure 1) via phosphorylation of the 5′-OH group 

(where required), activation of the phosphate in the form of its phosphoromorpholidate, 

and coupling of the activated AMP derivative to β-NMN (nicotinamide adenine 

mononucleotide). 

In order to synthesize AMP derivatives substituted at C-2 of the adenine ring, the 

commercially available 2-iodo adenosine was chosen as starting material. The synthetic 

route proceeded through the protection of the 2′, 3′-OH of the ribose by O-

isopropylidene12 to obtain 4a, which then underwent Suzuki-Miyaura cross-coupling for 

the introduction of the phenyl group (4b).13 The phosphorylation of 4a-b on 5′-OH was 

carried out using phosphoramidite chemistry14 to give 5a-b, which were used without 

further purification in the next oxidation-deprotection steps14 to afford the 2-substituted 

AMP derivatives 6a-b (Scheme 1). 

 

< Scheme 1 here > 
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The synthetic pathway to AMP derivatives substituted at C-6 started with the Suzuki-

Miyaura cross-coupling of the commercially available 6-chloro purine nucleoside to 

provide 7a-b,15 which were protected on the 2′, 3′-OH of the ribose by O-

isopropylidene12a to give 8a-b. These intermediates were phosphorylated on the 5′-OH 

with POCl3 to give 9a-b,16 which were partially deprotected from the O-isopropylidene 

protecting group under acidic reaction conditions; their complete deprotection13a afforded 

the 6-substituted AMP derivatives 10a-b (Scheme 2). The corresponding 8-substituted 

AMP derivatives 11a-e were obtained by Suzuki-Miyaura cross-coupling from 8-bromo 

AMP, as previously reported.10, 17 

 

< Scheme 2 here > 

 

In the final step, all AMP derivatives were subjected to oxidation-reduction condensation 

under Mukaiyama’s conditions10, 18 to afford the phosphoromorpholidate intermediates 

12-14, which were then coupled to β-NMN under modified Khorana-Moffatt conditions10-

11 to give the corresponding NAD+ derivatives 1-3 (Scheme 3 & Table 1). 

 

< Scheme 3 & Table 1 here > 

 

Conformational analysis 

Nucleosides and nucleotides can assume different conformations in solution depending 

on the free or restricted rotation about several bonds.19 The nucleobase is oriented 

perpendicularly to the plane of the ribose ring and can assume, by rotation about the N-

glycosidic bond, two different conformations (Table 2): in the syn conformation, the 

nucleobase is pointing towards the ribose, and away from it in the anti conformation. The 

syn/anti equilibrium can, in turn, influence the pucker of the ribose ring, which exists in 
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an equilibrium between the North (N, or C-3′ endo) and South (S, or C-2′ endo) 

conformations (Table 2).19a The preference of a given adenine nucleoside or nucleotide 

for the syn or anti conformation can be deduced experimentally from diagnostic chemical 

shift differences in the 1H and 13C NMR spectra. In particular, a downfield shift for H-2′ in 

the 1H NMR spectrum of a given derivative of AMP/β-NAD+ (∆H-2′), relative to the 

respective parent molecule, is usually indicative of a change from the anti to the syn 

orientation,19b,c as is an upfield shift for the C-2′ signal in the 13C NMR spectrum.19d With 

the nucleobase in the syn orientation, the ribose tends to favour the less hindered S 

conformation, and the percentage of the ribose population in the S conformation can be 

estimated experimentally from the coupling constant J1′,2′.
19e 

Drawing on these diagnostic parameters, a conformational analysis was 

performed on the various substituted AMP and β-NAD+ derivatives prepared in this study 

(Table 2). Natural AMP and β-NAD+ predominantly adopt the anti orientation for the 

adenine base, and the S-type conformation for the ribose.20 AMP derivatives substituted 

at C-2 (6a & 6b) or C-6 (10a & 10b) displayed the same conformational preferences. In 

contrast, AMP derivatives substituted at C-8 (11a-e) clearly preferred the syn 

conformation for the adenine base, as previously observed for other 8-substituted 

adenine nucleotides,17 while the ribose predominantly adopted the S-type conformation. 

In general, NAD+ derivatives substituted at position 8 (3a-e) followed approximately the 

same trend as the corresponding AMP derivatives. Interestingly, for NAD+ derivatives 

substituted at position C-2 (1a & 1b) a small downfield shift for the H-2′ signal was 

observed in the 1H NMR spectrum (Table 2b), in contrast to the corresponding 2-

substituted AMP derivatives (6a & 6b). The values for ∆H-2′ are, however, notably 

smaller for the 2-substituted NAD+ derivatives (0.03-0.13) than for the 8-substituted 

NAD+ derivatives (0.37-0.62), which unambiguously exist in the syn conformation. Also, 

the characteristic upfield shift for the C-2′ signal that is usually strongly indicative of a 
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change from the anti to the syn conformation,19d was not observed in the 13C NMR 

spectra of either the 2-substituted AMP or NAD+ series (δC-2′ (ppm): NAD+ 74.66, 1a 

75.49, AMP 74.43, 6a 75.49). It is therefore likely that the 2-substituted derivatives of 

both AMP and NAD+ exist predominantly in the anti conformation. 

 

< Table 2 here > 

 

Expression, purification and activity of Escherichia coli and Mycobacterium tuberculosis 

DNA ligases 

E. coli DNA ligase (EcLigA) is a protein consisting of 671 amino acids, with a molecular 

weight of 74 kDa. M. tuberculosis DNA ligase (MtLigA) is a protein consisting of 691 

amino acids, with a molecular weight of 75 kDa. The protocol for the overexpression and 

purification of recombinant forms of EcLigA and MtLigA, containing a 10-His-tag at the 

N-terminus of the protein, is well established in the literature21 and it was followed with 

minor changes to obtain highly pure EcLigA with 24 µM concentration and MtLigA with 

1.7 µM concentration. The activity of EcLigA and MtLigA was tested using a gel 

electrophoresis assay of the ligation of nicked DNA.21 Preliminary experiments were 

undertaken to establish the optimal enzyme concentration and, consequently, the time 

sampling, in order to achieve 40-50% ligation in the control reaction without inhibitor; 

under these conditions, varying from batch to batch of enzyme, it was possible to study 

the ligation reaction in an initial state. To validate the gel electrophoresis assay for 

inhibition studies, quinacrine, a well characterized inhibitor of EcLigA,3, 22 was tested at 

different concentrations (ESI): an IC50 value of 3.8 ± 1.5 µM was determined, which is 

comparable to the literature value of 1.5 ± 0.2 µM,3 indicating the suitability of this 

protocol for studying inhibitors. 
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Biochemical results: 2-substituted NAD+ and AMP derivatives 

First, we investigated the effect of an additional 2-substituent at the NAD+ scaffold on co-

substrate utilization. We therefore measured the enzymatic activity of EcLigA and 

MtLigA in the presence of the 2-substituted NAD+ derivatives 1a and 1b (at 200 µM) 

instead of the natural co-substrate β-NAD+. Against EcLigA, both NAD+ derivatives at 

200 µM showed co-substrate activity that was similar to (1a), or higher (1b) than that of 

the natural co-substrate β-NAD+ at 26 µM (Figure 3). Interestingly, when we repeated 

these experiments with a range of different concentrations of 1a or 1b, from 50 to 250 

µM, there was no obvious dependency of EcLigA activity on co-substrate concentration 

(data not shown). Against MtLigA, the co-substrate activities of both NAD+ derivatives (at 

200 µM) were significantly lower than that of the unsubstituted parent dinucleotide, 

despite the more than 7-fold increased concentration of the co-substrate (Figure 3). The 

corresponding 2-substituted AMP derivatives 6a and 6b were also tested under these 

conditions. As expected, they did not show any co-substrate activity with either enzyme 

(data not shown). 

 

< Figure 3 here > 

 

Next, we investigated if these 2-substituted NAD+ and AMP derivatives may act as 

inhibitors of the two bacterial DNA ligases. For these inhibition studies, EcLigA and 

MtLigA were co-incubated with β-NAD+ at 26 µM and each of the NAD+ (1a & 1b) and 

AMP (6a & 6b) derivatives at 200 µM, and ligase activity was determined at two different 

time points (Figure 4). In the presence of the 2-iodo derivatives of either NAD+ (1a) or 

AMP (6a), the activity of EcLigA was substantially reduced after 5 minutes, but returned 

to almost normal levels after 15 minutes (Figure 4a). In contrast, no such drop in EcLigA 

activity was observed with either of the 2-phenyl derivatives (NAD+: 1b, AMP: 6b) after 
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either 5 or 15 minutes (Figure 4a). MtLigA also showed reduced activity in the presence 

of the 2-iodo derivatives 1a and 6a after 5 minutes, although the effect was less 

pronounced than in the case of EcLigA (Figure 4b). Again, DNA ligase activity increased 

significantly with longer incubation time. Interestingly, and in contrast to their behaviour 

against EcLigA, the presence of either 2-phenyl derivatives reduced MtLigA activity. 2-

Phenyl NAD+ 1b in particular exhibited strong inhibition, which persisted at 20 minutes 

(Figure 4b). Finally, we determined full IC50 values for those 2-substituted derivatives 

that showed greater than 50% inhibition at 200 µM (Table 3 and ESI). 

 

< Figure 4 & Table 3 here > 

 

Biochemical results: 6-substituted NAD+ and AMP derivatives 

The 6-substituted NAD+ (2a & 2b) and AMP (10a & 10b) derivatives were tested as non-

natural co-substrates (in the absence of β-NAD+) or inhibitors (in the presence of β-

NAD+ at 26 µM) of both bacterial DNA ligases, using the protocols described above. 

Under these conditions, none of the NAD+ or AMP derivatives showed any activity as 

either co-substrates (data not shown) or inhibitors (Figure 5). These results suggest that 

the presence of an additional substituent in position 6 is detrimental for binding to both 

EcLigA and MtLigA. 

 

< Figure 5 here > 

 

Biochemical results: 8-substituted NAD+ derivatives 

The 8-substituted NAD+ derivatives 3a-e were evaluated as non-natural co-substrates (in 

the absence of β-NAD+) or inhibitors (in the presence of β-NAD+ at 26 µM) of EcLigA, 

under the conditions described above. At 250 µM, none of these derivatives showed any 
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co-substrate activity, even after 1h of incubation (data not shown). In the co-incubation 

experiments, two of these NAD+ derivatives, 3c and 3e, led to moderately reduced ligase 

activity at 10 minutes (Figure 6). One of these derivatives, 8-pyrrol-2-yl NAD+ 3e, was 

also tested against MtLigA at 200 µM, but did not act as either inhibitor or co-substrate 

of this DNA ligase (data not shown). 

 

< Figure 6 here > 

 

 

Discussion 

The different bioactivities of the 2-, 6- and 8-substituted NAD+ and AMP derivatives 

investigated in this study suggest that the nature and position of the additional 

substituent at the adenine base is critical for the interaction of these co-substrate 

derivatives with the structure and mechanism of their target DNA ligases. 

Mechanistically, NAD+-dependent DNA ligases follow a three-step ping-pong 

mechanism (Figure 7).1, 3, 9d, 23 In the first step, β-NAD+ binds to the enzyme active site, 

where a conserved nucleophilic lysine residue (Lys115 in EcLigA)7d attacks the α-

phosphate, leading to the release of β-NMN and the formation of an adenylated-ligase 

intermediate (E-AMP). In the second step, the DNA nick is positioned in the proximity of 

the adenylated-ligase intermediate and its nucleophilic 5′ phosphate attacks the 

phosphoramidate bond in the adenylated-ligase intermediate to form an adenylated-

DNA intermediate. In the final step, the nucleophilic hydroxyl group in the 3′ position of 

the DNA nick attacks the new pyrophosphate bond, resulting in the formation of a 

phosphodiester bond between the 5′ and 3′ positions of DNA and the release of AMP. 

 

< Figure 7 here > 
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Throughout these steps, both the DNA ligase itself and the bound β-NAD+ co-substrate 

undergo significant conformational changes. The N-terminal adenylation domain of DNA 

ligases is composed of two subdomains 1a and 1b, which include binding sites for, 

respectively, the NMN (subdomain 1a) and AMP (subdomain 1b) moieties of β-NAD+ 

(Figure 8). The binding of the β-NAD+ co-substrate triggers the closure of subdomain 1a 

onto subdomain 1b, and the transition from an “open” to a “closed” conformation, which 

is critical for DNA ligase activity (Figure 8).7b 8 Recent studies with Haemophilus 

influenzae LigA suggest that the initial recognition of β-NAD+ very likely occurs at the 

NMN binding site on subdomain 1a, providing an explanation for the selectivity of 

bacterial DNA ligases for β-NAD+ over ATP.8 In the closed conformation, the adenine of 

β-NAD+ is bound tightly to the ligase active site by several key interactions with 

conserved residues, such as Lys290 (H-bonding to N1), Glu113 (H-bonding to N6) and 

Tyr225 (π-π stacking) in EcLigA (Figure 9); in particular, the interaction with Lys290 is 

critical for enzymatic activity.7d All together, these interactions hold the adenine ring in 

place, while the conformation of the AMP moiety changes, through rotation of the ribose 

about the N-glycosidic bond, from syn in non-covalently bound β-NAD+, to anti in the 

adenylate-ligase intermediate, and back to syn in the adenylated-DNA intermediate.7d  

 

< Figures 8 & 9 here > 

 

In our experiments, 6-substituted derivatives were neither co-substrates (in the case of 

the NAD+ derivatives) nor inhibitors (in the case of both NAD+ and AMP derivatives). 

These results suggest that the presence of an additional substituent in position 6 is 

detrimental for co-substrate binding at both EcLigA and MtLigA. While none of the 8-

substituted NAD+ derivatives were utilised as co-substrates by EcLigA either, two 

derivatives in this series (3c, 3e) were weak inhibitors. This pattern of behaviour (no co-
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substrate activity, weak inhibition) suggests that 8-substituted NAD+ derivatives can, in 

principle, bind at the EcLigA active site, but do so in a non-productive orientation. Due to 

the proximity of the protein backbone and position 8 of the adenine ring, there is not 

enough space within the active site of EcLigA to accommodate an additional substituent 

at this position without changing the original position of the adenine (Figure 9). 

Therefore, the binding of 8-substituted NAD+ derivatives at the active site probably 

occurs in a different orientation from that of the natural co-substrate β-NAD+, precluding 

the establishment of key interactions within the active site and abolishing co-substrate 

activity. This interpretation is supported by molecular docking experiments with 6-pyrrolyl 

AMP (10b) and 8-pyrrolyl AMP (11e), which suggest that these compounds bind in a 

non-productive conformation within the active site of EcLigA (data not shown). 

In this context, it is interesting to note that some of these 8-substituted NAD+ 

derivatives, although inactive against DNA ligases, show activity against other NAD+-

dependent enzymes. 8-Phenyl NAD+ (3a), for example, which is neither an inhibitor nor 

a co-substrate for either of the bacterial DNA ligases, is recognised as an inhibitor, but 

not a substrate by the NAD+-dependent histone deacetylase sirtuin 2.17 Similarly, 8-

(pyrrol-2-yl) NAD+ (3e), which is a modest inhibitor, but not a co-substrate for either DNA 

ligase, is recognised as a substrate by various NAD+-consuming enzymes, including a 

nucleotide pyrophosphatase, a NAD+-glycohydrolase and an ADP-ribosyl cyclase.10 

These differential activities suggest that the modification of the adenine base, especially 

in position 8, offers an opportunity for the development of NAD+ derivatives with 

selectivity for individual NAD+-dependent enzymes or enzyme classes. This is 

particularly important given the ubiquitous use of NAD+ as a substrate, co-substrate or 

co-factor by many different enzymes. 

Against the two bacterial DNA ligases, the most pronounced activities, in both the 

AMP and NAD+ series, were observed with 2-substituted derivatives. Thus, 2-iodo AMP 
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6a was a relatively good inhibitor of EcLigA (IC50 120 µM), and a modest inhibitor of 

MtLigA (Figure 4). In contrast, 2-phenyl AMP 6b was less active as an inhibitor. This 

result indicates that the 2-substituent may be involved in direct interactions with the 

target DNA ligase. This hypothesis is supported by results from molecular docking 

experiments with 6a and 6b and EcLigA (PDB 2OWO),7d which suggest that these 2-

substituted AMP derivatives can be accommodated at the active site in an orientation 

that is nearly identical to that of natural AMP, with the adenine and ribose moieties of all 

three ligands overlapping almost perfectly (Figure 9). In this pose, the adenine ring of 6a 

and 6b maintains all key interactions with active site residues (Figure 9), while the 

substituent in position 2 fits into the hydrophobic tunnel adjacent to the adenine binding 

site (Figure 10). However, while the 2-iodo substituent in 6a may electrostatically interact 

with Lys290 at the entrance of the tunnel, the phenyl substituent in 6b does not appear 

to make any specific contacts with residues in the tunnel (Figure 10). This difference 

may provide an explanation for the superior inhibitory activity of 6a. Importantly, such a 

binding mode at the active site is also compatible with the presence of a dynamic 

equilibrium between the two states of the ligase bound and unbound to 6a. Indeed, AMP 

derivatives (in this particular case, 6a) lack the pyrophosphate bond necessary to 

catalyse the ligation activity and, thus, any ligation observed in these experiments must 

be promoted exclusively by β-NAD+, following the displacement of 6a.  

 

< Figure 10 here > 

 

The arguably most intriguing results were observed with the 2-substituted NAD+ 

derivatives 1a and 1b. In the absence of β-NAD+, 2-iodo NAD+ 1a at 200 µM behaved as 

a co-substrate of EcLigA, with similar DNA ligase activity to that of unmodified β-NAD+ at 

26 µM. However, in the presence of both 1a (at 200 µM) and β-NAD+ (at 26 µM), the 
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activity of EcLigA was lower than for either 1a or β-NAD+ alone. Indeed, in the presence 

of β-NAD+, 1a displayed comparable inhibitory activity against EcLigA as the 

corresponding AMP derivative 6a alone (IC50: 138 vs 120 µM). A possible explanation 

for this unexpected result may be found in the conformational changes required for full 

DNA ligase activity, and the involvement of two distinct nucleotide binding sites (Figures 

8 & 11). As discussed, the transition of NAD+-dependent DNA ligases from the “open” to 

the “closed” conformation involves the binding of β-NAD+, first with its NMN half to 

subdomain 1a, and then with its AMP half to subdomain 1b.7b, 7d, 8 In principle, NAD+ 

derivative 1a can also bind with its NMN moiety to subdomain 1a, like β-NAD+, and with 

its AMP half to subdomain 1b, like the corresponding 2-iodo AMP derivative 6a. 

However, our results suggest, that 1a may not be able to engage in both of these 

interactions simultaneously, in the way the natural co-substrate NAD+ does in the 

“closed” conformation. Such an inability to stabilize the classical “closed” conformation, 

due to the presence of the 2-iodo substituent on the adenine ring, would explain the 

experimentally observed behaviour of 1a both in the absence and presence of β-NAD+. 

In the absence of β-NAD+, additional conformational rearrangements may be required 

for the closure of subdomain 1a, containing NAD+ derivative 1a, onto subdomain 1b, 

which would explain the slower co-substrate activity that was observed for 1a (Figure 

11). In the presence of β-NAD+, the slow closure of subdomain 1a onto subdomain 1b 

could result in the simultaneous binding of two distinct dinucleotides at, respectively, the 

AMP and the NMN binding site (Figure 11). With both binding sites occupied by two 

distinct dinucleotides (e.g. β-NAD+ at the AMP binding site, and 1a at the NMN binding 

site), neither would be used efficiently as a co-substrate, and hence the overall DNA 

ligase activity would be lower than for either β-NAD+ or 1a alone, as observed. 

Interestingly, this inhibitory profile was dependent on the nature of the 2-substituent. In 

contrast to 1a, 2-phenyl NAD+ 1b had pronounced co-substrate activity for EcLigA, but 

Page 15 of 58 Organic & Biomolecular Chemistry



 - 16 -

did not act as an inhibitor, possibly because NAD+ derivative 1b binds as well as β-NAD+ 

to the enzyme, allowing a faster closure of the two enzyme subdomains. In the context 

of our inhibition model, these differences suggest that the 2-substituent has an important 

role for orienting the NAD+ scaffold in the active site of EcLigA, and consequently for 

subdomain closure. 

 

< Figure 11 here > 

 

Against MtLigA, the co-substrate activity of 1a and 1b at 200 µM was lower than that of 

β-NAD+ at 26 µM (Figure 3), suggesting once again that due to the presence of the 2-

substituent, these NAD+ derivatives are bound at the ligase active site in a non-optimal 

orientation. Compared to EcLigA, the general trend for inhibition (2-iodo > 2-phenyl) was 

the same in the AMP series (6a > 6b), but reversed in the NAD+ series (1b > 1a) (Figure 

4b). Indeed, the MtLigA inhibitory activity of 2-phenyl NAD+ 1b was significantly greater 

than that of the corresponding AMP derivative 6b. More interestingly, the MtLigA 

inhibition of 1b was maintained even after prolonged incubation times. This profile is 

unique amongst the NAD+ and AMP derivatives tested, and suggests that 1b may have 

an allosteric mode of inhibition, which would be largely independent from the presence 

of β-NAD+. Taken together, these results suggest that subtle differences in the shape of 

the hydrophobic tunnel between EcLigA and MtLigA (Figure 12) critically influence the 

binding of different 2-substituents and, consequently, the orientation of 2-substituted 

NAD+ derivatives in the active site of the respective DNA ligase. 

 

< Figure 12 here > 
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Conclusions 

In this study, we have evaluated a collection of 2-, 6- or 8-substituted derivatives of 

NAD+ and AMP as potential co-substrates or inhibitors of two bacterial DNA ligases, 

EcLigA and MtLigA. The different substitution patterns had a pronounced effect on 

biochemical activity: while the 6- and 8-substituted derivatives were largely inactive, 

interesting co-substrate and/or inhibitory activities were observed in the series of 2-

substituted derivatives. These results indicate that an additional substituent at the 2-

position of NAD+/AMP can be accommodated, while modifications in other positions are 

less well tolerated, most likely for steric and/or conformational reasons. The availability 

of two pairs of NAD+/AMP derivatives with the same 2-substituent (2-iodo: 1a & 6a; 2-

phenyl: 1b & 6b) has enabled, for the first time, an assessment of the role of the NMN 

fragment for DNA ligase inhibition by base-modified adenine nucleotides. Our results 

show that the presence of the complete NAD+ scaffold, while not an absolute 

prerequisite for inhibitory activity, can alter the profile of inhibition, leading e.g. to 

synergistic effects with β-NAD+ (in the case of 1a) or overcoming the time-dependence 

of inhibition (1b against MtLigA). The comparative analysis of our data from co-substrate 

and inhibition experiments raises the intriguing possibility that these unique inhibition 

profiles may result from an unexpected mode of inhibition, which targets the 

conformational changes of these DNA ligases during the catalytic cycle. Our findings 

may, therefore, provide a promising starting point for the rational design of a new class 

of inhibitors against bacterial DNA ligases. 
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Experimental 

Chemical synthesis: general conditions. All synthetic reagents were obtained 

commercially and used as received, including anhydrous solvents over molecular 

sieves, unless otherwise stated. Milli-Q water was used for the preparation of aqueous 

solutions and as solvent in the reactions. The 8-substituted β-NAD+ derivatives 3a-e 

were prepared as previously reported.10 For the synthesis of phosphoramidites, CH2Cl2 

was distilled over calcium hydride, and DIPEA was dried over molecular sieves (4 Å) for 

four days before the use. For the preparation of dinucleotides, MnCl2 solution in 

formamide was dried over molecular sieves (4 Å) and stored under nitrogen 

atmosphere. All reagents and solvents used for analytical applications were of analytical 

quality. TLC was performed on precoated slides of Silica Gel 60 F254 (Merck). Spots 

were visualized under UV light (254/365 nm). Reaction products were characterized by 

high-resolution mass spectrometry (HR-MS), 1H, 13C and 31P NMR spectroscopy, and, 

where applicable, by HPLC. 1H NMR spectra were recorded at 298 K on a Bruker 

BioSpin GmbH spectrometer at 400 MHz. 13C NMR spectra were recorded at 300 K on a 

Bruker BioSpin GmbH spectrometer at 101 MHz. 31P NMR spectra were recorded at 298 

K on a Bruker BioSpin GmbH spectrometer at 161.98 MHz. Chemical shifts (δ) are 

reported in ppm (parts per million) and referenced to D2O, CD3OD or CDCl3 

(respectively, δH 4.79, 3.31, 7.26) for 1H NMR, and to CH3 of TEA, CD3OD or CDCl3 

(respectively, δC 9.07, 49.00, 77.16) for 13C NMR. Coupling constants (J) are reported in 

Hz. Accurate electrospray ionization mass spectra were obtained on a Finnigan MAT 

900 XLT mass spectrometer at the EPSRC National Mass Spectrometry Service Centre, 

Swansea. Ion-pair and ion-exchange chromatography was performed on a Biologic LP 

chromatography system equipped with a peristaltic pump and a 254 nm UV Optics 

Module under the following conditions: 
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Preparative chromatography – purification method 1: Ion-pair chromatography was 

performed using Lichroprep RP-18 resin and a variable gradient of methanol against 

0.05 M TEAB (triethylammonium bicarbonate buffer). Product containing fractions were 

combined and reduced to dryness. The residue was co-evaporated repeatedly with 

methanol to remove residual TEAB. 

Preparative chromatography – purification method 2: Anion exchange 

chromatography was performed using BioscaleTM Mini Macro-Prep High Q cartridges 

and a gradient of 0–100% 1 M TEAB (pH 7.3) against Milli-Q water. Product containing 

fractions were combined and reduced to dryness. The residue was co-evaporated 

repeatedly with methanol to remove residual TEAB. 

 

General synthetic procedures. 

1. 2′,3′-O-isopropylidene protection of nucleosides.12a The respective nucleoside 

(1 equiv.) was suspended in acetone and 70% HClO4 (2.5 equiv.) was added to the 

mixture. The reaction was stirred at room temperature for 1.5 h. Then, NH4OH 25% (5.6 

equiv.) was added to the reaction, and the solution stirred for 3 h. The mixture was 

diluted with EtOAc and extracted with brine (3x). Then, the organic phase was dried over 

anhydrous MgSO4 and evaporated to dryness in vacuo. The crude product was purified 

as indicated for each compound. 

 

2. Suzuki-Miyaura cross-coupling on C-6.15 6-Chloro purine nucleoside (1 equiv.), 

Na2PdCl4 (0.03 equiv.), TPPTS (2.5 equiv. to Pd), K2CO3 (2 equiv.) and aryl/heteroaryl 

boronic acid (1.2 equiv.) were placed in a flask and purged with nitrogen for 15 min. 

Degassed water was added by syringe to the reaction vessel and the mixture was stirred 

at 100 °C under nitrogen for the given time. When the reaction was complete, the 
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mixture was evaporated in vacuo, and the crude product purified as indicated for each 

compound. 

 

3. Phosphorylation of 5′-OH by POCl3.
16 The respective 2′,3′-O-isopropylidene 

protected nucleoside (1 equiv.) was dissolved in anhydrous acetonitrile and the solution 

cooled down to 2 °C in ice-bath. Then, the appropriate amount of POCl3 was added 

drop-wise to the reaction mixture, which was kept at 4 °C for the given time. The 

reaction was quenched adding drop-wise 1 M TEAB buffer. Then, the aqueous solution 

was evaporated to dryness in vacuo, and the crude product was purified by purification 

method 1, as indicated for each compound, to afford a mixture of 2′,3′-O-isopropylidene 

protected and unprotected nucleotides. The 2′,3′-O-isopropylidene protected nucleotides 

were deprotected and purified as indicated for each compound. 

 

4. Synthesis of AMP-morpholidate derivatives.10, 18 The respective nucleotide (1 

equiv.) was dissolved in DMSO, and then co-evaporated with DMF (3x). The residue 

was dissolved in anhydrous DMSO and morpholine (6 equiv.) was added. After 5 min, 

2,2′-dithiopyridine (3 equiv.) was added and, subsequently, triphenylphosphine (3 

equiv.). The yellow solution was stirred at room temperature under nitrogen until TLC 

showed complete conversion. The product was isolated by purification method 1, or by 

precipitation as sodium salt with NaI in acetone (0.1 M), as indicated for each 

compound. The NaI solution was added drop-wise to the reaction mixture until a solid 

precipitate formed; then, the precipitate was washed repeatedly with acetone until the 

solution was colourless. The crude product was dried and used in the next reaction step 

without further purification. 
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5. Synthesis of NAD+ derivatives.10-11 The appropriate amounts of AMP-

morpholidate and β-NMN were co-evaporated with pyridine (3x). The flask with the 

residual solid was purged with nitrogen for 15 min. Anhydrous MgSO4 (2 equiv.) and 

MnCl2 (0.2M in formamide, 1.5 equiv.) were added and the reaction was stirred at room 

temperature under nitrogen until TLC showed complete conversion. The reaction was 

stopped by drop-wise addition of acetonitrile until a white precipitate formed. The 

supernatant was removed and the solid dissolved in water and evaporated to dryness in 

vacuo. The crude product was purified by chromatography, as indicated for each 

compound. 

 

2-Iodo-9β-(2′,3′-O-isopropylidene-D-ribofuranosyl)-adenine (4a).12b The title 

compound was prepared according to the general synthetic procedure 1, from a 

suspension of the commercially available 2-iodo adenosine (0.148 g, 1 equiv.) in 

acetone (10 mL). The crude product was purified by silica gel chromatography with an 

eluent 98:2 CH2Cl2/MeOH. 4a was obtained as colourless oil (0.160 g, 98% yield). 1H 

NMR (400 MHz; CD3OD) δ: 8.20 (1H, s, 8-H), 6.10 (1H, d, J1′,2′ = 3.2 Hz, 1′-H), 5.24 (1H, 

m, 2′-H), 5.01 (1H, m, 3′-H), 4.34 (1H, m, 4′-H), 3.79 (1H, dd, J5′a,4′ = 3.7 Hz, J5′a,b = 12.0 

Hz, 5′a-H), 3.72 (1H, dd, J5′b,4′ = 4.5 Hz, J5′b,a = 12.0 Hz, 5′b-H), 1.61 (3H, s, isoprop.), 

1.38 (3H, s, isoprop.); m/z (ESI) 432.0167 [M-H]-, C13H15IN5O4
- requires 432.0174. 

 

2-Phenyl-9β-(2′,3′-O-isopropylidene-D-ribofuranosyl)-adenine (4b).13a 4a (0.083 g, 1 

equiv.), phenyl boronic acid (1.7 equiv.), Pd(OAc)2 (0.12 equiv.), (2- 

biphenyl)dicyclohexylphosphine (0.16 equiv.) and K3PO4 (2.2 equiv.) were added in a 

sealed tube and purged with nitrogen for 10 min; after addition of anhydrous 1,4- 

dioxane (3 mL), the tube was sealed and heated at 100 °C for 24 h. The reaction mixture 
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was evaporated to dryness in vacuo and the crude product was purified by silica gel 

chromatography with a gradient 0-6% MeOH in CH2Cl2. 4b was obtained as white 

crystals (0.0318 g, 43% yield). 1H NMR (400 MHz; CDCl3) δ: 8.33 – 8.08 (2H, m, Ph), 

7.83 (1H, s, 8-H), 7.46 (3H, m, Ph), 5.90 (1H, d, J1′,2′ = 4.6 Hz, 1′-H), 5.64 – 5.41 (1H, m, 

2′-H), 5.19 (1H, m, 3′-H), 4.48 (1H, m, 4′-H), 3.81 (2H, m, 5′-H2), 1.66 (3H, s, isoprop.), 

1.41 (3H, s, isoprop.); 13C NMR (101 MHz; CDCl3) δ: 160.95, 155.71, 150.15, 140.86, 

138.12, 130.27, 128.64, 128.47, 119.71, 114.30, 93.45, 85.92, 82.60, 81.71, 63.34, 

27.76, 25.48; m/z (ESI) 384.1670 [M+H]+, C19H22N5O4
+ requires 384.1666. 

 

Phosphoric acid mono-5′-[2-iodo-9β-D-ribofuranosyl-adenine] (6a).  4a (0.0176 g, 1 

equiv.) was dissolved in anhydrous CH2Cl2 and co-evaporated twice to dryness. Then, it 

was dissolved again in anhydrous CH2Cl2 (2 mL), and DIPEA (2.5 equiv.) and 2-

cyanoethyl N,N-diisopropylchlorophosphoramidite (1 equiv.) were added via syringe. 

The reaction was stirred under nitrogen at room temperature for 2h. Then, 5.0 – 6.0 M 

tBuOOH in nonane solution (4 equiv.) was added to the reaction and stirred for 1h. The 

mixture was diluted with EtOAc and extracted with a saturated sodium bicarbonate 

solution (2x) and brine (1x). The organic phase was dried over anhydrous MgSO4 and 

evaporated to dryness in vacuo; then, the residue was suspended in NH4OH 25% (30 

equiv.) under stirring at room temperature overnight. The solution was evaporated to 

dryness in vacuo, and the crude product suspended in water and stirred with Dowex 88 

(H+) (ca 0.1 g) overnight. After filtration, the solution was evaporated to dryness in vacuo 

and the crude product purified by purification method 1 (0-50% MeOH against 0.05 M 

TEAB buffer over 350 mL, then isocratic 50% over 50 mL, flow: 3 mL/min, fraction size: 

5 mL), to obtain 6a as colourless oil (0.005 g, 1.68 equiv. TEA, 19% yield). 1H NMR (400 

MHz; D2O) δ: 8.37 (1H, s, 8-H), 5.99 (1H, d, J1′,2′ = 5.7 Hz, 1′-H), 4.68 (1H, apparent t, 2′-

H), 4.46 (1H, m, 3′-H), 4.33 (1H, m, 4′-H), 4.07 – 3.89 (2H, m, 5′-H2), 3.15 (9.5H, q, J = 
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7.3 Hz, CH2 TEA), 1.24 (15.1H, t, J = 7.3 Hz, CH3 TEA); 13C NMR (101 MHz; D2O) δ: 

156.10, 150.29, 145.45, 140.40, 120.35, 87.93, 85.06, 75.49, 71.26, 64.78, 47.49, 9.07; 

31P NMR (162 MHz; D2O) δ: 1.65; m/z (ESI) 473.9666 [M+H]+, C10H14IN5O7P
+ requires 

473.9670. 

 

Phosphoric acid mono-5′-[2-phenyl-9β-D-ribofuranosyl-adenine] (6b). 4b (0.032 g, 

1 equiv.) was dissolved in anhydrous CH2Cl2 and co-evaporated twice to dryness. Then, 

it was dissolved again in anhydrous CH2Cl2 (2.5 mL), and DIPEA (2.5 equiv.) and 2-

cyanoethyl N,N-diisopropylchlorophosphoramidite (2 equiv.) were added via syringe. 

The reaction was stirred under nitrogen at room temperature for 2h. The intermediate 5b 

was isolated as a mixture of diastereomers by silica gel chromatography, with an eluent 

80:20 CH2Cl2/EtOAc with 3% TEA. 1H NMR (400 MHz; CDCl3) δ: 8.42 – 8.34 (2H, m, 

Ph), 7.98 (1H, s, 8-H), 7.49 – 7.41 (3H, m, Ph), 6.23 (0.5H, d, J1′,2′ = 2.1 Hz, 1′-H), 6.20 

(0.5H, d, J1′,2′ = 2.1 Hz, 1′-H), 5.58 (0.5H, dd, J = 6.2, 2.1 Hz, 2′-H), 5.55 (0.5H, dd, J = 

6.2, 2.1 Hz, 2′-H), 5.21 – 5.15 (1H, m, 3′-H), 4.50 – 4.45 (1H, m, 4′-H), 3.96 – 3.66 (4H, 

m, 5′-H2, P-O-CH2), 3.51 (2H, m, N-CH), 2.66 (2H, m, CH2-CN), 1.65 (3H, s, isoprop.), 

1.42 (3H, s, isoprop.), 1.14 – 1.05 (6H, m, N-isoprop.); 31P NMR (162 MHz; CDCl3) δ: 

148.98. Then, 5.0 – 6.0 M tBuOOH in nonane solution (4 equiv.) was added to the 

reaction and stirred for 1h. The mixture was diluted with EtOAc and extracted with a 

saturated sodium bicarbonate solution (2x) and brine (1x). The organic phase was dried 

over anhydrous MgSO4 and evaporated to dryness in vacuo; then, the residue was 

suspended in NH4OH 25% (30 equiv.) under stirring at room temperature overnight. The 

solution was evaporated to dryness in vacuo, and the crude product suspended in water 

and stirred with Dowex 88 (H+) (ca 0.1 g) overnight. After filtration, the solution was 

evaporated to dryness in vacuo and the crude product purified by purification method 1 

(0-50% MeOH against 0.05 M TEAB buffer over 350 mL, then isocratic 60% over 50 mL, 
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flow: 3 mL/min, fraction size: 5 mL), to obtain 6b as a colourless oil (0.0075 g, 0.92 

equiv. TEA, 17% yield). 1H NMR (400 MHz; D2O) δ: 8.35 (1H, s, 8-H), 7.90 (2H, d, J = 

7.0 Hz, Ph), 7.40 (3H, m, Ph), 6.11 (1H, d, J1′,2′ = 5.2 Hz, 1′-H), 4.68 (1H, apparent t, 2′-

H), 4.48 (1H, m, 3′-H), 4.32 (1H, br s, 4′-H), 4.17 – 3.98 (2H, m, 5′-H2), 3.13 (5.5H, q, J = 

7.3 Hz, CH2 TEA), 1.22 (9.6H, t, J = 7.3 Hz, CH3 TEA); 13C NMR (101 MHz; D2O) δ: 

156.37, 152.78, 152.38, 145.28, 134.60, 132.37, 131.31, 130.25, 129.66, 99.29, 88.30, 

84.94, 75.33, 71.21, 65.19, 59.67, 47.51, 9.07; 31P NMR (162 MHz; D2O) δ: 0.94; m/z 

(ESI) 422.0870 [M-H]-, C16H17N5O7P
- requires 422.0871. 

 

6-Phenyl-9β-D-ribofuranosyl-purine (7a).15 The title compound was prepared 

according to the general synthetic procedure 2, from the commercially available 6-chloro 

purine nucleoside (0.2 g, 1 equiv.), using Na2PdCl4, TPPTS, phenyl boronic acid and 

K2CO3 in water (6 mL) at 100 ºC. After 1 h, the reaction was cooled down and extracted 

with EtOAc; the organic phase was dried over anhydrous MgSO4 and evaporated to 

dryness in vacuo to obtain 7a as white powder (0.1136 g, 50% yield). 1H NMR (400 

MHz, DMSO-d6) δ: 9.02 (1H, s, H-2), 8.93 (1H, s, H-8), 8.84 (2H, d, J = 8.0 Hz, Ph), 7.55 

– 7.65 (3H, m, Ph), 6.11 (1H, d, J1′,2′ = 5.5 Hz, H-1′), 5.56 (1H, d, J = 5.7 Hz, OH-2′), 5.25 

(1H, d, J = 5.0 Hz, OH-3′), 5.13 (1H, t, J = 5.4 Hz, OH-5′), 4.67 (1H, m, H-2′), 4.23 (1H, 

m, H-3′), 4.02 (1H, m, H-4′), 3.76 – 3.59 (2H, m, 2H-5′). 

 

6-(Pyrrol-2-yl)-9β-D-ribofuranosyl-purine (7b). The title compound was prepared 

according to the general synthetic procedure 2, from the commercially available 6-chloro 

purine nucleoside (0.2 g, 1 equiv.), using Na2PdCl4, TPPTS, N-Boc-2-pyrrole boronic 

acid and K2CO3 in water (6 mL) at 100 ºC. After 24 h, the reaction was cooled down and 

evaporated to dryness in vacuo. The crude was purified by purification method 1 (0-50% 

MeOH against 0.05 M TEAB buffer over 350 mL, then isocratic 60% over 50 mL, flow: 2 
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mL/min, fraction size: 5 mL) to obtain 7b as a yellow oil (0.0825 g, 37% yield). 1H NMR 

(400 MHz, CD3OD) δ: 8.69 (1H, s, H-2), 8.59 (1H, s, H-8), 7.51 (1H, dd, J5,4 = 3.8 Hz, 

J5,3 = 1.4 Hz, H-5 pyrrole), 7.16 (1H, dd, J3,4 = 2.5 Hz, J3,5 = 1.4 Hz, H-3 pyrrole), 6.36 

(1H, dd, J4,5 = 3.7 Hz, J4,3 = 2.6 Hz, H-4 pyrrole), 6.09 (1H, d, J1′,2′ = 6.0 Hz, H-1′), 4.79 

(1H, apparent t, H-2′), 4.37 (1H, m, H-3′), 4.19 (1H, m, H-4′), 3.91 (1H, dd, J5′a,b = 12.4 

Hz, J5′a,4′ = 2.7 Hz, H-5′a), 3.78 (1H, dd, J5′b,a = 12.4 Hz, J5′b,4′ = 2.9 Hz, H-5′b), 2.80 (4H, 

q, J = 7.2 Hz, CH2 TEA), 1.14 (5.9H, t, J = 7.3 Hz, CH3 TEA); 13C NMR (101 MHz, 

CD3OD) δ: 153.04, 151.97, 149.51, 145.16, 129.65, 128.79, 125.20, 116.57, 111.86, 

90.92, 87.88, 75.54, 72.46, 63.29, 47.30, 10.36; m/z (ESI) 316.1046 [M-H]-, C14H14N5O4
- 

requires 316.1051. 

 

6-Phenyl-9β-(2ꞌ,3ꞌ-O-isopropylidene-D-ribofuranosyl)-purine (8a).24  The title 

compound was prepared according to the general synthetic procedure 1, from a 

suspension of 7a (0.1136 g, 1 equiv.) in acetone (8 mL). The organic phase afforded 8a 

as colourless oil (0.109 g, 85% yield). 1H NMR (400 MHz, CD3OD) δ: 8.95 (1H, s, H-2), 

8.73 (1H, s, H-8), 8.70 – 8.61 (2H, m, Ph), 7.62 – 7.50 (3H, m, Ph), 6.35 (1H, d, J1′,2′ = 

3.0 Hz, H-1′), 5.42 (1H, m, H-2′), 5.09 (1H, m, H-3′), 4.40 (1H, m, H-4′), 3.80 (1H, dd, 

J5′a,b = 12.0 Hz, J5′a,4′ = 3.8 Hz, H-5′a), 3.73 (1H, dd, J5′b,a = 12.0 Hz, J5′b,4′ = 4.4 Hz, H-

5′b), 1.64 (3H, s, isoprop.), 1.40 (3H, s, isoprop.).  

 

6-(Pyrrol-2-yl)-9β-(2ꞌ,3ꞌ-O-isopropylidene-D-ribofuranosyl)-purine (8b). The title 

compound was prepared according to the general synthetic procedure 1, from a 

suspension of 7b (0.0825 g, 1 equiv.) in acetone (8 mL). The organic phase afforded 8b 

as yellow oil (0.0367 g, 39% yield). 1H NMR (400 MHz, CD3OD) δ: 8.71 (1H, s, H-2), 

8.59 (1H, s, H-8), 7.51 (1H, dd, J5,4 = 3.8 Hz, J5,3 = 1.4 Hz, H-5 pyrrole), 7.15 (1H, dd, 

J3,4 = 2.5 Hz, J3,5 = 1.4 Hz, H-3 pyrrole), 6.36 (1H, dd, J4,5 = 3.8 Hz, J4,3 = 2.6 Hz, H-4 
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pyrrole), 6.27 (1H, d, J1′,2′ = 3.2 Hz, H-1′), 5.38 (1H, m, H-2′), 5.08 (1H, m, H-3′), 4.39 

(1H, m, H-4′), 3.80 (1H, dd, J5′a,b = 12.0 Hz, J5′a,4′ = 3.7 Hz, H- 5′a), 3.73 (1H, dd, J5′b,a = 

12.0 Hz, J5′b,4′ = 4.3 Hz, H-5′b), 1.63 (3H, s, isoprop.), 1.40 (3H, s, isoprop.).  

 

Phosphoric acid mono-5ꞌ-[6-phenyl-9β-D-ribofuranosyl-purine] (10a). The title 

compound was prepared according to the general synthetic procedure 3, from 8a (0.109 

g, 1 equiv.) and POCl3 (0.1 mL, 3.6 equiv.) in anhydrous acetonitrile (3 mL). The 

reaction mixture was kept at 4 °C for 12 h. The crude was purified by purification method 

1 (0-50% MeOH against 0.05 M TEAB buffer over 300 mL, isocratic 50% over 50 mL, 

isocratic 60% over 50 mL, flow: 3 mL/min, fraction size: 5 mL), to give a mixture of 2′,3′-

O-isopropylidene protected 9a (0.024 g, 2.4 equiv. TEA, 12% yield) and unprotected 10a 

(0.0448 g, 2.18 equiv. TEA, 24% yield) as colourless oils. 9a (0.024 g, 1 equiv.) was 

dissolved in water and stirred with Dowex 88 (H+) (ca 0.1 g) overnight. After filtration, the 

solution was evaporated to dryness in vacuo and the crude product purified by 

purification method 1 (0-50% MeOH against 0.05 M TEAB buffer over 300 mL, then 

isocratic 60% over 100 mL, flow: 3 mL/min, fraction size: 5 mL), to afford 10a as 

colourless oil (0.0064 g, 2.1 equiv. TEA, 30% yield). 1H NMR (400 MHz, D2O) δ: 8.86 

(1H, s, H-2), 8.78 (1H, s, H-8), 8.23 – 8.08 (2H, m, Ph), 7.58 (3H, m, Ph), 6.25 (1H, d, 

J1′,2′ = 5.3 Hz, H-1′), 4.68 (1H, m, H-2′), 4.51 (1H, m, H-3′), 4.40 (1H, m, H-4′), 4.14 (2H, 

m, 2H-5′), 3.17 (8.2H, q, J = 7.3 Hz, CH2 TEA), 1.25 (13.9H, t, J = 7.3 Hz, CH3 TEA); 13C 

NMR (101 MHz, D2O) δ: 156.04, 152.66, 152.25, 145.22, 134.40, 132.36, 131.13, 

130.14, 129.56, 88.31, 84.92, 75.37, 71.21, 59.70, 47.50, 9.07; 31P NMR (162 MHz, 

D2O) δ: 2.98; m/z (ESI) 407.0754 [M-H]-, C16H16N4O7P
- requires 407.0762. 

 

Phosphoric acid mono-5ꞌ-[6-(pyrrol-2-yl)-9β-D-ribofuranosyl-purine] (10b). The title 

compound was prepared according to the general synthetic procedure 3, from 8b 
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(0.0179 g, 1 equiv.) and POCl3 (19 µL, 4 equiv.) in anhydrous acetonitrile (0.8 mL). The 

reaction mixture was kept at 4 °C for 48 h. The crude was purified by purification method 

1 (0-50% MeOH against 0.05 M TEAB buffer over 350 mL, then isocratic 60% over 50 

mL, flow: 3 mL/min, fraction size: 5 mL) to give a mixture of 2′,3′-O-isopropylidene 

protected 9b (0.0102 g, 1.8 equiv. TEA, 33% yield) and unprotected 10b (0.0017 g, 1.8 

equiv. TEA, 6% yield) as yellow oils. 9b (0.0102 g, 1 equiv.) was dissolved in acetic acid 

solution (AcOH/H2O, 1:9) at 90 °C for 3 h. After co-evaporation with EtOH (3x) to 

remove AcOH traces, the crude was purified by purification method 1 (0-50% MeOH 

against 0.05 M TEAB buffer over 300 mL, then isocratic 60% over 100 mL, flow: 3 

mL/min, fraction size: 5 mL), to afford 10b as colourless oil (0.0084 g, 1.8 equiv. TEA, 

88% yield). 1H NMR (400 MHz, D2O) δ: 8.66 (1H, s, H-2), 8.58 (1H, s, H-8), 7.26 (1H, 

dd, J5,4 = 3.8 Hz, J5,3 = 1.4 Hz, H-5 pyrrole), 7.21 (1H, dd, J3,4 = 2.5 Hz, J5,3 = 1.4 Hz, 

H-3 pyrrole), 6.42 (1H, dd, J5,4 = 3.8 Hz, J3,4 = 2.6 Hz, H-4 pyrrole), 6.16 (1H, d, J1′,2′ 

= 5.5 Hz, H-1′), 4.75 (1H, m, H-2′), 4.52 – 4.47 (1H, m, H-3′), 4.40 – 4.35 (1H, m, H-4′), 

4.18 – 4.06 (2H, m, 2H-5′), 3.16 (10.7H, q, J = 7.3 Hz, CH2 TEA), 1.25 (16.3H, t, J = 7.3 

Hz, CH3 TEA); 13C NMR (101 MHz, D2O) δ: 152.94, 151.51, 148.03, 144.01, 128.03, 

127.34, 126.06, 115.89, 111.94, 88.04, 75.28, 71.24; 31P NMR (162 MHz, D2O) δ: 0.63; 

m/z (ESI) 396.0714 [M-H]-, C14H15N5O7P
- requires 396.0715. 

 

Morpholin-4-yl-phosphonic acid mono-5ꞌ-[2-iodo-9β-D-ribofuranosyl-adenine] 

(12a). The title compound was prepared according to the general synthetic procedure 4, 

from 6a (0.009 g, 1 equiv.). The crude was purified by purification method 1 (100% 0.05 

M TEAB over 60 mL, 0-60% MeOH against 0.05 M TEAB buffer over 300 mL, isocratic 

60% over 100 mL, flow: 3 mL/min, fraction size: 5 mL) to give 12a as colourless oil 

(0.0089 g, 1.1 equiv. TEA, 97% yield). 1H NMR (400 MHz, D2O) δ: 8.30 (1H, s, H-8), 

6.01 (1H, d, J1′,2′ = 4.7 Hz, H-1′), 4.76 (1H, m, H-2′), 4.51 (1H, t, J = 4.9 Hz, H-3′), 4.31 
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(1H, m, H-4′), 4.08 – 3.93 (2H, m, 2H-5′), 3.53 (4H, m, CH2 morpholine), 3.17 (6.8H, q, J 

= 7.3 Hz, CH2 TEA), 2.88 (4H, m, CH2 morpholine), 1.24 (9.8H, t, CH3 TEA); 31P NMR 

(162 MHz, D2O) δ: 7.37; m/z (ESI) 541.0105 [M-H]-, C14H19IN6O7P
- requires 541.0103.  

 

Morpholin-4-yl-phosphonic acid mono-5ꞌ-[2-phenyl-9β-D-ribofuranosyl-adenine] 

(12b). The title compound was prepared according to the general synthetic procedure 4, 

from 6b (0.0075 g, 1 equiv.). The crude was purified by purification method 1 (100% 

0.05 M TEAB over 100 mL, 0-50% MeOH against 0.05 M TEAB buffer over 250 mL, 

isocratic 60% over 50 mL, flow: 2.5 mL/min, fraction size: 5 mL) to give 12b as 

colourless oil (0.0086 g, 1.1 equiv. TEA, 98% yield). 1H NMR (400 MHz, D2O) δ: 8.28 

(1H, s, H-8), 8.01 (2H, m, Ph), 7.45 (3H, m, Ph), 6.10 (1H, d, J1′,2′ = 4.2 Hz, H-1′), 4.87 

(1H, apparent t, H-2′), 4.63 (1H, apparent t, H-3′), 4.30 (1H, m, H-4′), 4.00 (2H, m, 2H-

5′), 3.37 (4H, m, CH2 morpholine), 2.98 (6.6H, q, J = 7.3 Hz, CH2 TEA), 2.76 (4H, m, 

CH2 morpholine), 1.16 (10.1H, t, J = 7.3 Hz, CH3 TEA); 31P NMR (162 MHz, D2O) δ: 

7.42; m/z (ESI) 491.1452 [M-H]-, C20H24N6O7P
- requires 491.1450. 

 

Morpholin-4-yl-phosphonic acid mono-5ꞌ-[6-phenyl-9β-D-ribofuranosyl-purine] 

(13a).  The title compound was prepared according to the general synthetic procedure 4, 

from 10a (0.0191 g, 1 equiv.). The crude was purified by purification method 1 (100% 

0.05 M TEAB over 100 mL, 0-50% MeOH against 0.05 M TEAB buffer over 250 mL, 

isocratic 60% over 50 mL, flow: 3 mL/min, fraction size: 5 mL) to give 13a as colourless 

oil (0.0172 g, 1.2 equiv. TEA, 82% yield). 1H NMR (400 MHz, D2O) δ: 8.78 (1H, s, H-2), 

8.68 (1H, s, H-8), 8.05 (2H, m, Ph), 7.58 – 7.45 (3H, m, Ph), 6.16 (1H, d, J1′,2′ = 4.6 Hz, 

H-1′), 4.53 (1H, t, J = 4.9 Hz, H-3′), 4.35 (1H, m, H-4′), 4.12 – 3.96 (2H, m, 2H-5′), 3.48 

(4H, m, CH2 morpholine), 3.16 (7.4H, q, J = 7.3 Hz, CH2 TEA), 2.87 (4H, m, CH2 
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morpholine), 1.24 (11.6H, t, J = 7.2 Hz, CH3 TEA); 31P NMR (162 MHz, D2O) δ: 7.40; 

m/z (ESI) 476.1339 [M-H]-, C20H23N5O7P
- requires 476.1341. 

 

Morpholin-4-yl-phosphonic acid mono-5ꞌ-[6-(pyrrol-2-yl)-9β-D-ribofuranosyl-

purine] (13b).  The title compound was prepared according to the general synthetic 

procedure 4, from 10b (0.015 g, 1 equiv.). The crude was purified by purification method 

1 (100% 0.05 M TEAB over 100 mL, 0-50% MeOH against 0.05 M TEAB buffer over 250 

mL, isocratic 60% over 50 mL, flow: 3 mL/min, fraction size: 5 mL) to give 13b as 

colourless oil (0.0132 g, 1.1 equiv. TEA, 88% yield). 1H NMR (400 MHz, D2O) δ: 8.54 

(1H, s, H-2), 8.52 (1H, s, H-8), 7.19 (2H, m, H-5, H-3 pyrrole), 6.39 (1H, s, H-4 pyrrole), 

6.09 (1H, d, J1′,2′ = 4.6 Hz, H-1′), 4.52 (1H, t, J = 4.9 Hz, H-3′), 4.34 (1H, m, H-4′), 4.11 – 

3.92 (2H, m, 2H-5′), 3.49 (4H, m, CH2 morpholine), 3.15 (6.3H, q, J = 7.3 Hz, CH2 TEA), 

2.85 (4H, m, CH2 morpholine), 1.23 (10.1H, t, J = 7.3 Hz, CH3 TEA); 31P NMR (162 MHz, 

D2O) δ: 7.41. 

 

P1-(2-Iodo-adenine-9β-D-ribofuranos-5ꞌ-yl)-P2-(nicotinamide-1β-D-ribofuranos-5ꞌ- 

yl) pyrophosphate (1a). The title compound was prepared according to the general 

synthetic procedure 5, from 12a (0.0134 g, 1 equiv.) and β-NMN (2.4 equiv.). The 

reaction was stirred overnight. The crude was purified by purification method 1 (0-50% 

MeOH against 0.05 M TEAB buffer over 360 mL, isocratic 50% over 40 mL, flow: 3 

mL/min, fraction size: 5 mL) and treated with Chelex to give 1a as colourless oil (0.0093 

g, 0.2 equiv. TEA, 53% yield). 1H NMR (400 MHz, D2O) δ: 9.31 (1H, s, H-2N), 9.06 (1H, 

s, H-6N), 8.87 (1H, m, H-4N), 8.31 (1H, s, H-8), 8.21 (1H, m, H-5N), 6.02 (1H, d, J1′′,2′′ = 

5.0 Hz, H-1′′), 5.91 (1H, d, J1′,2′ = 5.3 Hz, H-1′), 4.74 (1H, br s, H-2′), 4.54 – 3.98 (9H, m, 

H-2′′, H-3′, H-3′′, H-4′, H-4′′, 2H-5′, 2H-5′′), 1.24 (1.8H, t, J = 7.3 Hz, CH3 TEA); 13C NMR 

(126 MHz, D2O) δ: 156.87, 147.44, 143.83, 141.65, 138.06, 130.41, 121.21, 101.62, 
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98.90, 88.71, 88.27, 85.50, 79.19, 75.49, 72.29, 71.99, 67.03, 66.57, 60.58, 9.07; 31P 

NMR (162 MHz, D2O) δ: -11.4, -11.2; m/z (ESI) 787.9967 [M-2H]-, C21H25IN7O14P2
- 

requires 787.9985. 

 

P1-(2-Phenyl-adenine-9β-D-ribofuranos-5ꞌ-yl)-P2-(nicotinamide-1β-D-ribofuranos- 

5ꞌ-yl) pyrophosphate (1b). The title compound was prepared according to the general 

synthetic procedure 5, from 12b (1.7 equiv.) and β-NMN (0.0234 g, 1 equiv.). The 

reaction was stirred overnight. The crude was purified by purification method 1 (0-50% 

MeOH against 0.05 M TEAB buffer over 400 mL, flow: 3 mL/min, fraction size: 5 mL) to 

give 1b as colourless oil (0.017 g, 1.18 equiv. TEA, 28% yield). 1H NMR (400 MHz, D2O) 

δ: 9.04 (1H, br s, H- 2N), 8.83 (1H, br s, H-6N), 8.61 (1H, m, H-4N), 8.09 – 7.86 (3H, m, 

H-5N, H-8, Ph), 7.45 (4H, m, Ph), 6.08 (1H, br s, H-1′′), 5.76 (1H, br s, H-1′), 4.84 (1H, br 

s, H-2′), 4.56 (1H, br s, H-2′′), 4.43 – 4.01 (6H, m, H-3′, H-3′′, H-4′, H-4′′, 2H-5′, 2H-5′′), 

3.16 (7H, q, J = 7.2 Hz, CH2 TEA), 1.22 (10.6H, t, J = 7.2 Hz, CH3 TEA); 13C NMR (101 

MHz, D2O) δ: 146.30, 142.68, 140.55, 138.29, 137.55, 137.23, 135.59, 131.55, 131.52, 

129.56, 129.49, 128.80, 100.61, 93.30, 87.75, 84.39, 78.37, 74.32, 71.26, 65.04, 53.17, 

52.17, 47.51, 9.07; 31P NMR (162 MHz, D2O) δ: -11.5, -11.7; m/z (ESI) 738.1324 [M-H]-, 

C27H30N7O14P2
- requires 738.1331. 

 

P1-(6-Phenyl-purine-9β-D-ribofuranos-5ꞌ-yl)-P2-(nicotinamide-1β-D-ribofuranos- 5ꞌ-

yl) pyrophosphate (2a). The title compound was prepared according to the general 

synthetic procedure 5, from 13a (0.019 g, 1 equiv.) and β-NMN (1.8 equiv.). The reaction 

was stirred overnight. The crude was purified twice by purification method 1 (0-50% 

MeOH against 0.05 M TEAB buffer over 400 mL, flow: 3 mL/min, fraction size: 5 mL) to 

give 2a as colourless oil (0.016 g, 1.5 equiv. TEA, 56% yield). 1H NMR (400 MHz, D2O) 

δ: 9.20 (1H, s, H-2N), 9.03 (1H, d, J6,5 = 6.3 Hz, H-6N), 8.82 (1H, s, H-2), 8.79 (1H, s, H-
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8), 8.67 (1H, d, J4,5 = 8.2 Hz, H-4N), 8.11-8.09 (2H, m, Ph), 8.05 (1H, m, H-5N), 7.57 

(3H, m, Ph), 6.22 (1H, d, J1′′,2′′ = 5.7 Hz, H-1′′), 5.90 (1H, d, J = 4.7 Hz, H-1′), 4.55 – 4.09 

(10H, m, H-2′, H-2′′, H-3′, H-3′′, H-4′, H-4′′, 2H-5′, 2H-5′′), 3.13 (8.7H, q, J = 7.3 Hz, CH2 

TEA), 1.24 (13.3H, t, J = 7.2 Hz, CH3 TEA); 13C NMR (126 MHz, D2O) δ: 162.12, 156.90, 

153.67, 153.43, 147.40, 146.20, 144.11, 141.19, 138.05, 135.24, 133.34, 132.02, 

131.14, 131.00, 130.54, 130.10, 101.56, 98.89, 88.75, 85.62, 79.13, 75.74, 72.09, 67.00, 

66.49, 60.58, 48.24, 9.07; 31P NMR (162 MHz, D2O) δ: - 11.4 (d, JP,P = 20.3 Hz), -11.7 

(d, JP,P = 20.7 Hz); m/z (ESI) 723.1210 [M-2H]-, C27H29N6O14P2
- requires 723.1222. 

 

P1-[6-(Pyrrol-2-yl)-purine-9β-D-ribofuranos-5ꞌ-yl]-P2-[nicotinamide-1β-D-

ribofuranos-5ꞌ-yl] pyrophosphate (2b). The title compound was prepared according to 

the general synthetic procedure 5, from 13b (0.0084 g, 1 equiv.) and β-NMN (2.1 

equiv.). The reaction was stirred overnight. The crude was purified by purification 

method 1 (0-50% MeOH against 0.05 M TEAB buffer over 400 mL, flow: 3 mL/min, 

fraction size: 5 mL) to give 2b as colourless oil (0.0132 g, 1.3 equiv. TEA, 87% yield). 1H 

NMR (400 MHz, D2O) δ: 9.11 (1H, s, H-2N), 8.94 (1H, d, J6,5 = 5.1 Hz, H-6N), 8.69 (1H, 

s, H-2), 8.61 (1H, s, H-8), 8.57 (1H, d, J = 7.7 Hz, H-4N), 7.90 (1H, m, H-5N), 7.23 (1H, 

s, H-5 pyrrole), 7.20 (1H, d, J3,4 = 3.1 Hz, H-3 pyrrole), 6.43 (1H, m, H-4 pyrrole), 6.17 

(1H, d, J1′′,2′′ = 5.8 Hz, H-1′′), 5.91 (1H, d, J1′,2′ = 4.4 Hz, H-1′), 4.60 – 4.12 (10H, m, H-2′, 

H-2′′, H-3′, H-3′′, H-4′, H-4′′, 2H-5′, 2H-5′′), 3.18 (6.2H, q, J = 7.3 Hz, CH2 TEA), 1.25 

(12H, t, J = 7.3 Hz, CH3 TEA); 13C NMR (126 MHz, D2O) δ: 153.21, 151.85, 147.85, 

146.39, 144.16, 143.33, 143.31, 140.35, 129.02, 127.81, 127.11, 126.18, 116.04, 

112.16, 101.03, 98.14, 87.89, 87.59, 85.07, 78.47, 74.90, 71.57, 71.37, 59.83, 47.50, 

9.07; 31P NMR (162 MHz, D2O) δ: - 11.4, -11. 6; m/z (ESI) 714.1311 [M]+, 

C25H30N7O14P2
+ requires 714.1320. 
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Enzymology: general conditions. All reagents used for biochemical applications were 

of analytical quality and solutions prepared with Milli-Q water. EcLigA from E. coli and 

MtLigA from M. tuberculosis were expressed and purified as described with minor 

modifications.21 The His-tag binding column (IDA-based His-Bind Resin Ni2+ precharged) 

and its buffer kit were purchased from Novagen. Protein desalting was performed using 

a PD-10 Column (Sephadex G-25 Medium) and buffer (20 mM Tris, 200 mM NaCl, pH 

7.5). After this step glycerol was added to eluted sample to 20% and the purified protein 

was stored at -80 °C. To quantify the protein concentration according to the Bradford 

method, the Bio-Rad Protein Assay, consisting of Coomassie Brilliant Blue G-250 in 

acidic solution, was used with absorbance reading at 595 nm. Absorbance readings 

were performed in NUNC 96 plates on a BMG labtech PolarStar microplate reader 

equipped with suitable absorbance filters. The oligonucleotides for the ligation assay 

were supplied by Eurogentec. For fluorescence imaging, a Molecular Dynamics Storm 

Phosphorimager was used.  

 

Ligation assay. Separate stock solutions of EcLigA, MtLigA, DNA substrate, β-NAD+ 

and the synthesized compounds were prepared in Milli-Q water. For the inhibition and 

the non-natural co-substrate activity experiments of C-2 and C-6 substituted derivatives, 

DNA substrate (0.5 µM), C-2 substituted derivatives (200 µM), or C-6 substituted 

derivatives (250 µM with EcLigA, 200 µM with MtLigA), with/without β-NAD+ (26 µM), 

were mixed with an appropriate volume of ligation buffer (30 mM Tris/HCl pH 8, 4 mM 

MgCl2, 1 mM DTT, 50 µg/mL BSA); the reactions were started with enzyme addition 

(EcLigA at 0.07 µM, or MtLigA at 0.17 µM) and incubated at 30 °C under shaking (15 µL 

final volume, all concentrations are final concentrations). For the inhibition and the non-

natural co-substrate activity experiments of C-8 substituted derivatives, DNA substrate 

(0.125 µM), C-8 substituted derivatives (250 µM), with/without β-NAD+ (26 µM), were 
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mixed with an appropriate volume of ligation buffer (30 mM Tris/HCl pH 8, 4 mM MgCl2, 

1 mM DTT, 50 µg/mL BSA); the reactions were started with enzyme addition (EcLigA at 

0.07 µM, or MtLigA at 0.17 µM) and incubated at 30 °C under shaking (15 µL final 

volume, all concentrations are final concentrations). In all the set of experiments, a 

control reaction was included to test enzyme activity in the presence of only β-NAD+, not 

containing any tested compound. Samples were drawn at different time points and 

mixed with an equal volume of 1 x stop solution (deionized formamide, 0.5 M EDTA, 1 M 

NaOH, 20 mg bromophenol blue), then heated at 95 °C for 5 min. Afterwards, samples 

were run on a pre-warmed 15% polyacrylamide/urea denaturing gel; a potential of 400 V 

was applied for 20 min in 1 x TBE buffer (45 mM Tris/borate pH 8.3, 1.25 mM EDTA). 

The gels were visualised using a Molecular Dynamics Storm phosphorimager. 

 

Molecular docking. All calculations were performed on an Intel Core ™ i5 @ 2.30 GHz, 

Sony Vaio. The crystal structure of EcLigA in complex with nicked DNA-adenylate was 

obtained from the RCSB Protein Data Bank (PDB code 2OWO). The protein was 

prepared using UCSF Chimera.25 Explicit hydrogens were introduced on the protein, and 

protonation of the residues within the active site was evaluated for consistency with 

physiological pH. Hydrogen positions were minimized using Amber ff12SB26 (100 steps 

of steepest descent, 100 steps of conjugate gradient, step size 0.02 A). Crystallographic 

water molecules and ions were removed. Pyrophosphate bond between DNA and AMP 

was broken, and DNA was removed. AMP residue was saved as PDB file for 

subsequent modelling and reference and eventually removed from the model. The final, 

clean, protein was exported as pdb file. AutoDockTools427 was used to process the 

protein model and conversion to pdbqt for use in AutoDock Vina.28  Ligands were 

prepared by modification of the crystallographic AMP structure: MarvinSketch29 was 

used to introduce the required structural modification and the modified part was 
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minimized in UCSF Chimera (GAFF force field,30, 31 Gasteiger charges,31 to 

convergence - 0.01 kJ/mol/nm). AutoDockTools4 was used to convert and prepare the 

flexible ligands. The bonds around the ribose unit were allowed to rotate to 

accommodate repositioning of nucleobase, alkylphosphate and hydrogens of the 

hydroxyl groups. Where the substituent includes a rotable bond, rotations were allowed. 

The ligands were exported as pdbqt files. Dockings were performed within a cube 

centred on x = 27.445, y = 7.4025, z = 6.273 and having sides of 17.5 Å. 

Exhaustiveness parameter was set to 100. For validation, AMP was re-docked after 

randomization of rotable bond’s angles. After docking, the resulting poses are evaluated 

in respect of key interactions and orientation within the active site. RMSD of re-docked 

AMP was 0.702 Å. 
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Figures, Schemes & Tables 

 

 

Figure 1 β-NAD+, and base-modified β-NAD+ derivatives 1a-b, 2a-b and 3a-e 
investigated in this study. 
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Figure 2 AMP and AMP derivatives 6a-b and 10a-b investigated in this study. 
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Figure 3 Non-natural co-substrate activity for 2-substituted NAD+ derivatives 1a & 
1b at a single concentration. Conditions: DNA substrate (0.5 µM), EcLigA (0.07 µM), 
MtLigA (0.17 µM), 1a (200 µM) or 1b (200 µM) in 1 x buffer (30 mM Tris/HCl pH 8, 4 mM 
MgCl2, 1 mM DTT, 50 µg/mL BSA). All concentrations are final concentrations. 
Reactions were incubated at 30 °C under shaking and sampled at 5 minutes. Control 
reactions were carried out under the same conditions with β-NAD+ (26 µM) instead of a 
2-substituted NAD+ derivative. Ligase activity is shown relative to full ligation of the 
nicked DNA substrate (= 100% activity). Bars indicate mean values ± S.D. of triplicate 
experiments. 
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Figure 4 Inhibitory activity of 2-substituted AMP/NAD+ derivatives at 200 µM: (a) 
with EcLigA (0.07 µM) and sampled at 5 and 15 minutes; (b) with MtLigA (0.17 µM) and 
sampled at 5 and 20 minutes. Conditions: DNA substrate (0.5 µM), enzyme at noted 
concentration, β-NAD+ (26 µM), 2-substituted derivative (200 µM) in 1 x buffer (30 mM 
Tris/HCl pH 8, 4 mM MgCl2, 1 mM DTT, 50 µg/mL BSA). All concentrations are final 
concentrations. Reactions were incubated at 30 °C under shaking. Control reactions 
were carried out under the same conditions without any 2-substituted derivative. Ligase 
activity is shown relative to full ligation of the nicked DNA substrate (= 100% activity). 
Bars indicate mean values ± S.D. of triplicate experiments. 
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Figure 5 Inhibitory activity of 6-substituted AMP/NAD+ derivatives: (a) with EcLigA 
(0.07 µM), 6-substituted derivative (250 µM) and sampled at 7 and 15 minutes; (b) with 
MtLigA (0.17 µM), 6-substituted derivative (200 µM) and sampled at 5 minutes. 
Conditions: DNA substrate (0.5 µM), enzyme at noted concentration, β-NAD+ (26 µM), 6-
substituted derivative at noted concentration in 1 x buffer (30 mM Tris/HCl pH 8, 4 mM 
MgCl2, 1 mM DTT, 50 µg/mL BSA). All concentrations are final concentrations. 
Reactions were incubated at 30 °C under shaking. Control reactions were carried out 
under the same conditions without any 6-substituted derivative. Ligase activity is shown 
relative to full ligation of the nicked DNA substrate (= 100% activity). Bars indicate mean 
values ± S.D. of triplicate experiments. 
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Figure 6 Inhibitory activity of 8-substituted NAD+ derivatives at 250 µM against 
EcLigA. Conditions: DNA substrate (0.125 µM), EcLigA (0.07 µM), β-NAD+ (26 µM), 8-
substituted derivative (250 µM) in 1 x buffer (30 mM Tris/HCl pH 8, 4 mM MgCl2, 1 mM 
DTT, 50 µg/mL BSA). All concentrations are final concentrations. Reactions were 
incubated at 30 °C under shaking and sampled at 10 minutes. Control reactions were 
carried out under the same conditions without any 8-substituted derivative. Data are 
normalized to the control reaction. Bars indicate mean values ± S.D. of triplicate 
experiments. 
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Figure 7 General reaction pathway of NAD+-dependent DNA ligases (abbreviations: 
E: enzyme; β-NAD+: nicotinamide adenine dinucleotide; β-NMN: nicotinamide 
mononucleotide; AMP: adenosine monophosphate. 
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Figure 8 Overlay of EcLigA (green, in complex with nicked DNA-adenylate, PDB 
2OWO)7d and the homologous DNA ligase from Enterococcus faecalis (purple, in 
complex with β-NAD+, PDB 1TAE),7b illustrating the different positions of subdomain 1a 
in the “open” and “closed” DNA ligase conformations. Proteins are shown in cartoon 
representation, ligands as space-filled models (green: AMP; purple: β-NAD+). The box 
indicates the β-NMN binding site. Residues 294-308 (2OWO) have been removed for 
clarity. 
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Figure 9 Overlay of 2-iodo AMP 6a (green) and 2-phenyl AMP 6b (orange), docked 
into the active site of EcLigA (PDB 2OWO),7d and AMP (yellow) from the crystal 
structure. Hydrogen bonding interactions between the adenine base of AMP and 
residues Glu113 and Lys290 are indicated with broken lines. 
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Figure 10 Overlay of docking solutions for 2-iodo AMP 6a (green) and 2-phenyl AMP 
6b (orange) in the NAD+-binding site of EcLigA (PDB 2OWO).7d EcLigA is shown in 
surface representation. Residues in the foreground have been removed for clarity. The 
hydrophobic tunnel extends to the left of the ligands. Lys290 sits at the entrance to this 
tunnel and is shown in red. Fragments of DNA (salmon) are shown in the DNA binding 
site. 
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Figure 11. Hypothetical model for the binding and utilisation of 2-iodo NAD+ 1a by 
DNA ligases. (a) Binding of the natural co-substrate β-NAD+ at subdomain 1a triggers 
the formation of the “closed” ligase conformation, which has full catalytic activity. (b) 
Binding of NAD+ derivative 1a also leads to a productive ligase conformation, but more 
slowly. In the presence of β-NAD+, the separate binding of the two dinucleotides to, 
respectively, subdomains 1a and 1b may occur, abolishing catalytic activity. 
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Figure 12 Overlay of EcLigA (full surface, PDB 2OWO)7d and MtLigA (mesh surface, 
PDB 3SGI). Left: view into the hydrophobic tunnel, view point rotated by ca 90° from Fig. 
10. Right: same view as in Fig. 10. Residues in the foreground have been removed for 
clarity. The AMP molecule in the active site of each ligase is shown in stick 
representation (EcLigA: green; MtLigA: blue). The lysine residue at the entrance to the 
hydrophobic tunnel is shown in red for EcLigA (Lys290, full surface), and in yellow for 
MtLigA (Lys300, mesh surface). 
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Scheme 1 Synthetic route to 2-substituted AMP derivatives. (i) Acetone, 70% HClO4, 
rt, 1 h; then, NH4OH, rt, 3 h; (ii) phenyl boronic acid, Pd(OAc)2, (2-
biphenyl)dicyclohexylphosphine, K3PO4 in dry dioxane, 100 °C, 24 h; (iii) 2-cyanoethyl 
N,N-diisopropylchlorophosphoramidite, DIPEA, dry CH2Cl2, rt, 1 h (5a-b); (iv) 5-6 M 
tBuOOH in nonane, rt, 1 h; NH4OH, rt, 3 h; Dowex 88 (H+), rt, 12 h; 19% (6a), 17% (6b). 
Overall yields: 18% (6a), 7% (6b). 
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Scheme 2 Synthetic route to 6-substituted AMP derivatives. (i) Phenyl or N-Boc-2-
pyrrole boronic acid, Na2PdCl4, TPPTS, K2CO3, H2O, 100 °C, 1-24 h, 50% (7a), 37% 
(7b); (ii) acetone, 70% HClO4, rt, 1 h; then, NH4OH, rt, 3 h, 85% (8a), 39% (8b); (iii) 
POCl3, dry acetonitrile, 4 °C, 12-48 h; (iv) Dowex 88 (H+), rt, 12 h (10a), or AcOH/H2O 
(1:9), 90 °C, 3 h (10b); overall yield for steps (iii) and (iv): 28% (10a), 47% (10b). Overall 
yields: 12% (10a), 7% (10b). 
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Scheme 3 Synthesis of base-modified NAD+ derivatives. (i) Morpholine, 2,2′-
dithiopyridine, PPh3, dry DMSO, rt, 1 h; (ii) β-NMN, anhydrous MgSO4, 0.2 M MnCl2 in 
formamide, rt, 12 h. For substituents X and individual yields see Figure 1 and Table 1. 
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Table 1 Base-modified NAD+ derivatives 1a-b, 2a-b and 3a-e.a 

cmpd 
Position of 
substitution 

X (substituent) Yield (%)
b 

1a 2 Iodo 53 
1b 2 Phenyl 28 
2a 6 Phenyl 56 
2b 6 Pyrrol-2-yl 87 
3a 8 Phenyl 41c 
3b 8 3-(N-Boc-aminomethyl)phenyl 61c 
3c 8 Pyridin-3-yl 24c 
3d 8 2,4-DMT-pyrimidin-5-yl 43c 
3e 8 Pyrrol-2-yl 30c 

asee Scheme 3 for structures; bisolated yields; creference 15 
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Table 2 Conformational analysis of AMP and NAD+ derivatives 

(a) AMP derivatives 

 

cmpd 
Position of 
substitution 

X (substituent) 
S-type 

conformer 
(%)

a
 

H-2′ 
(ppm) 

∆H-2′ 
(ppm)

b syn/anti 

AMP - H 52 4.75 – anti 
6a 2 Iodo 57 4.72 -0.03 anti 
6b 2 Phenyl 49 4.68 -0.07 anti 
10a 6 Phenyl 53 4.68 -0.07 anti 
10b 6 Pyrrol-2-yl 55 4.75 0 anti 
11a 8 Phenyl 62 5.21 0.46 syn 
11b 8 3-(N-Boc-aminomethyl)phenylc 58 5.51 n/a syn 
11c 8 Pyridin-3-yl n/a 5.22 0.47 syn 
11d 8 2,4-DMT-pyrimidin-5-yl 62 5.19 0.44 syn 
11e 8 Pyrrol-2-yl 62 5.19 0.44 syn 

acalculated as 10 x J1ꞌ,2ꞌ;
 b∆H-2′ has been calculated as the difference between the chemical shift 

of H-2′ of the adenine-substituted AMP derivative and H-2′ of AMP (4.75 ppm) in D2O 
(referenced for D2O, δ = 4.79 ppm). c 1H NMR spectrum for 11b recorded in CD3OD. n/a = not 
available. 

 

(b) NAD+ derivatives 

cmpd 
Position of 
substitution 

X (substituent) 
S-type 

conformer 
(%)

a
 

H-2′ 
(ppm) 

∆H-2′ 
(ppm)

b syn/anti 

NAD+ - H 55 4.71 – anti 
1a 2 Iodo 53 4.74 0.03 anti

c
 

1b 2 Phenyl n/a 4.84 0.13 anti
c
 

3a 8 Phenyl 59 5.14 0.43 syn 
3b 8 3-(N-Boc-aminomethyl)phenyl n/a 5.16 0.45 syn 
3c 8 Pyridin-3-yl 57 5.24 0.53 syn 
3d 8 2,4-DMT-pyrimidin-5-yl 55 5.08 0.37 syn 
3e 8 Pyrrol-2-yl 48 5.33 0.62 syn 

acalculated as 10xJ1ꞌ,2ꞌ;
 b∆H-2′ has been calculated as the difference between the chemical shift 

of H-2′ of the adenine-substituted NAD+ derivative and H-2′ of β-NAD+ (4.71 ppm) in D2O 
(referenced for D2O, δ = 4.79 ppm); c

anti assignment based on 13C NMR analysis (see main text 
for details) 
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Table 3 IC50 values for the 2-substituted derivatives 1a, 1b and 6a against EcLigA 
and MtLigA. 
 

cmpd scaffold 2-substituent 
IC50 (µM) 

EcLigA MtLigA 

1a NAD+ iodo 138 ± 18 > 200 

1b NAD+ phenyl n.d.
2 73 ± 153 

6a AMP iodo 120 ± 23 16 ± 81 
1residual enzyme activity ca. 30%; 2not determined; 3residual enzyme activity ca. 20% 
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ToC Entry 

 

 

2-Substituted NAD+ derivatives are poor substrates, but moderate inhibitors for NAD+-

dependent bacterial DNA ligases, acting synergistically with NAD+ 
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