
ABSTRACT 

LI, ZHIQUN. Properties of NadV / NatV Proteins in a Pyridine Nucleotide (NAD+) 

Scavenging System Encoded by Vibriophage KVP40. (Under the direction of Eric S. 

Miller.) 

Bacteriophage KVP40 is a T4-type phage that infects Vibrio species. In the phage 245 

kbp dsDNA genome, a set of bacterial-like genes, nadV, natV, pnuC, nadR and sir2 are 

predicted to be involved in the synthesis and recycling of nicotinamide adenine 

dinucleotide (NAD+). Comparison with proteins of known function indicates that NadV 

possesses a nicotinamide phosphoribosyl-transferase domain (NAmPRTase) that can 

convert nicotinamide (NAm) to nicotinamide mononucleotide (NMN). NatV has two 

predicted functional domains: the N-terminal region is a NMN adenylyltransferase (NMN 

ATase) converting NMN to NAD+, and the C-terminal region is a nudix hydrolase. NadR 

/ PnuC and Sir2 are predicted to be NAm / NMN membrane transporters and to degrade 

NAD+, repectively. The purpose of this project was to characterize the biochemical 

properties of the KVP40 NadV and NatV proteins, two critical enzymes in the 

hypothetical NAD+ scavenging system. nadV and natV were cloned into expression 

plasmids pZL405 (nadV), pZL176 (natV) and pZL166 (natV). Sequence of nadV in 

pZL405 had been confirmed as wild type. Transformation of pZL405 (nadV) into 

Salmonella typhimurium NAD+ auxotrophs restored its NAD+-independent growth, 

indicating that nadV of KVP40 is functional. NadV and NatV were expressed in an E. 

coli BL21-AI expression system and purified using metal-affinity chromatography Ni2+-

NTA binding technique. Sequences of purified NadV and NatV peptides were confirmed 

as wild type using LC-MASS Spectrometry, and were used for antibodies production. 

Western blots confirmed anti-NadV serum reacted with various NadV-containing samples. 

NadV enzyme assays were also performed, analyzed using C18 reverse phase HPLC 

  



column and confirmed the NAmPRTase function. An interesting phenomenon was 

discovered during the enzyme assay, that the NAmPRTase function of KVP40 NadV 

could be carried out with and without added ATP, indicated NadV of KVP40 also 

possesses an ATPase function, and ATP might affect the kinetics of the reactions 

catalyzed by NAmPRTase of NadV.  
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I. LITERATURE REVIEW 

 

1.1 Introduction 

The purpose of this literature review is to present background information of the 

NAD+ scavenging system encoded by Vibriophage KVP40, together with some collateral 

studies concerning bacterial enzymes that are similar to the NadV protein, a critical 

enzyme in the NAD+ scavenging system. To clarify the role of NAD+ in the 

developmental cycle of phage KVP40, the importance of NAD+ in bacteria and T4 phage 

are delineated, and these aspects are referred to phage KVP40 for current and future study. 

 

1.2 Overview of NAD+ Scavenging enzymes of Phage KVP40 

Bacteriophage KVP40 was isolated from polluted seawater off the coast of Japan 

by using Vibrio parahaemolyticus 1010 (EB101) as the indicator host [1]. The host range 

of phage KVP40 extends over at least 8 Vibrio and 1 Photobacterium species [1]. KVP40 

is a large tailed phage containing double-stranded DNA belonging to Ackermann’s 

morphotype A2, resembling T-even coliphages [1]. Like T4 phage, KVP40 belongs to the 

Myoviridae family of virues, but has a larger head that contains a linear, circularly 

permuted chromosome of 245 kbp genome. The whole genome of KVP40 has been 

sequenced and published by Miller et al [2], showing an average G+C content of 42.6%. 

There were 393 predicted open reading frames (ORFs) and 57 predicted Rho-dependent 

transcription terminators (Figure 1). A total of 125 ORFs (31.8%) were most similar to 

phage genes, with 116 from T4 and 9 from other phages. Twenty one ORFs (5.3%) were 
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   386 Predicted Coding Sequences  99 T4-like genes (26%)  
   26 related to genes of cellular genomes (8%) 
   253 unique, hypothetical (65%) 
   25 tRNAs and 5 “pseudo” tRNA genes

Figure 1. Vibriophage KVP40 CDS Map [2]. 
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most similar to genes of Bacteria, three showed close relationship to eukarya genes, and 

one ORF was most similar to an archae gene. The remaining 243 ORFs (61.8%) were 

unique to KVP40 [2]. Transcription pattern searches through the KVP40 genome 

revealed there were no T4-like early and middle stage promoters for transcription, nor 

any ModA, ModB and Alt like enzymes, which utilize NAD+ to ADP-ribosylate the E. 

coli RNA polymerase in the early stage for favoring transcription of the T4 phage 

genome [3,4]. However, many E. coli-like σ-70 promoters were found throughout the 

genome (not shown), indicating KVP40 uses an early transcription apparatus that is not 

distinguished from that of the host [2]. Late stage transcription is clearly more T4-like: σ-

55 (phage sigma factor), gp33 and DsbA (RNA polymerase-associated proteins) were all 

identified in the KVP40 genome [2]. Although the KVP40 sequence does not contain 

homologues of T4 ModA, ModB and Alt (the ADP-ribosyltransferases that are NAD+-

dependent and modify host RNA polymerase), a set of bacterial-like genes, nadV, natV, 

pnuC, nadR and sir2, were found that are predicted to comprise an NAD+ scavenging 

system (Table 1). NadV and NatV are predicted to catalyze the critical reactions in this 

scavenging system (Figure 2). According to the BlastP alignments against the NCBI 

protein databank, NadV, the 55.5 kDa NadV protein is similar to the Haemophilus 

ducreyi enzyme nicotinamide phosphoribosyl-transferase, which converts nicotinamide 

(NAm) to nicotinamide mononucleotide (NMN) [16]. A second reaction is predicted to be 

carried out by NatV, a 39.4 kDa nicotinamide mononucleotide adenylyltransferase (NMN 

ATase), that converts NMN to NAD+. PnuC and NadR possibly act as NMN transporters 

to import exogenous NMN into the host cell, and Sir2 is predicted to hydrolyze NAD+ to 

NAm, possibly for balancing the NAD+ concentration or for other NAD+-dependent uses. 

It is interesting that genome analysis did not reveal homologues of NAD+-dependent 

enzymes like T4 phage ModA, MobB and Alt, yet a set of proteins are encoded for NAD+ 
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scavenging. This project was undertaken to express and biochemically characterize the 

NadV and NatV enzymes. 

 

 

Table 1. KVP40-Encoded NAD+ Scavenging-Related Proteins for Pyridine Nucleotide Metabolism [2]. 

KVP40 

CDS (aa) 

Homolog 

(aa) 

Description Organism Identitical  

(%) 

Similar  

(%) 

E-value 

264 (497) NadV (495) Nicotinamide PRT  Haemophilus 32 48 2e-53 
162 (341) NatV (339) Nudix / NMN AT Synechocystis 33 51 3e-44 
043 (240) Sir2(234) NAD hydrolysis  Helicobacter 39 57 1e-28 
215 (221) PnuC (241) NMN transport   Yersinia 31 47 2e-19 
211 (326) NadR (323) NMN transport, 

NMN AT,  

transcrp. regulator

  

Mycobacterium 26 45 1e-13 
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Figure 2. A Hypothetical Pathway Encoded by Vibriophage KVP40 to Scavenge NAD+. 
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1.3 Vibrio parahaemolyticus 

 Vibrio parahaemolyticus is one of the bacterial hosts infected by phage KVP40 

[1]. It is a Gram-negative marine bacterium and a worldwide cause of sporadic food-

borne gastroenteritis. V. parahaemolyticus strain 1010 (EB101) was the indicator host cell 

of the Vibrio phage KVP40 used in this study [1]. The whole genome sequence of V. 

parahaemolyticus (strain RIMD 2210633) is available in the NCBI database and it has 

two circular chromosomes of 3,288,558 bp and 1,877,212 bp [5]. 

 

 

1.4 Importance of NAD+ in Bacteria 

 Nicotinamide adenine dinucleotide, NAD+, and its phosphate derivative NADP+, 

both contain a reactive nicotinamide (NAm) ring as proton or electron donor / acceptor 

during oxidation and reduction reactions [19, 20]. They are indispensable in living 

organisms for oxidizing fuel molecules and for delivery of electrons to cytochrome 

systems. The concentration of all these pyridine nucleotides are finely adjusted in 

Bacteria, such as in Salmonella typhymurium and Escherichia coli, where concentrations 

of 0.8 mM NAD+, 0.02 mM NADH, 0.05 mM NADP+, and 0.15 mM NADPH, with the 

total roughly around 1 mM, have been reported [7,8]. NAD+ is usually dedicated to 

catabolic metabolism and NADP+ is involved in reductive biosynthesis; it is predicted 

that small fluctuations of these compounds would vitally impact nearly all metabolic 

pathways in prokaryotes [6,7,8]. Pyridine nucleotides are not only involved in oxidation / 

reduction reactions, but also play an important role in energy currency. Bacteria also use 

a DNA-ligase (encoded by ligA) that is an NAD+-dependent enzyme that catalyzes the 

sealing of 5’ phosphate and 3’ hydroxyl at nicks in DNA and uses the AMP moiety 

provided by NAD+ to carry out the reaction [9]. In every bacterial species a NAD+-
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dependent DNA ligase has been found [9]. Additionally, NAD+ takes part in protein post-

translational modification, serving as a substrate contributing the ADP-ribose moiety for 

ADP-ribosyltransferase in many Bacteria; these enzymes modify proteins at specific 

amino acids [21,22]. The well-studied bacterial toxins that function as ADP-

ribosyltransferases are cholera toxin and diphtheria toxin. The cholera toxin ADP-

ribosyltransferase enters intestinal epithelial cells, and then utilizes NAD+ as the ADP-

ribosyl group donor to modify the Gs subunit of the G-protein on the epithelial cell 

membrane. This modification stimulates cAMP formation, causes inhibition of Na+ / H+ 

exchange, and overall produces a large efflux of NaCl, H2O and therefore massive 

diarrhea [10,11,12,13]. Hence, the importance of NAD+ in Bacteria is not only related to 

physiologic but also to mechanisms of pathogenesis. 

 

 

 

1.5 How Phage Use NAD+ during Infection 

 The uses of NAD+ during bacteriophage infection of host cells have been well 

studied [14, 23]. In the T-even family of bacteriophages, T4-encoded ModA, ModB and 

Alt proteins were identified as NAD+-dependent ADP-ribosyltransferases. In the work of 

Wilkens et al in 1997, Alt was shown to be a structural protein in the T4 phage head and 

enters host Escherichia coli cells with T4 DNA during infection. Alt ADP-ribosylates one 

of the α subunits of E. coli RNA polymerase at Arg265, and possibly some other E. coli 

proteins are modified as well. This pirates the host transcription machinery for favoring 

transcription from T4 early promoters, or enhances the transcription of T4 early 

promoters to out-compete host gene transcription. ModA modifies both α subunits of E. 

coli RNA polymerase at the Arg265 site to shut down all transcription from T4 early 
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promoters, especially promoters that contain UP elements, and activates middle-mode 

transcription [14]. ModB was shown to mainly ADP-ribosylate the S1 protein of 30S 

ribosome subunits, although the function of ADP-ribosylated S1 remains unknown [14]. 

However, in T7 phage, the S1 protein of 30S subunits is phosphorylated, as well as 

transcriptional initiation factors IF1, IF2 and IF3, and this enhances the translation of T7 

phage mRNA [24]. This indicates that the ADP-ribosylation of S1 protein in E. coli by T4 

phage ModB probably increases the translation efficiency of T4 phage mRNA. Overall, 

these processes in T4 infection of E. coli are NAD+-dependent, showing that NAD+ as an 

enzyme substrate is indispensable in regulating the T4 phage genome expression cycles 

[14]. However, a clear ADP-ribosyltransferase was not apparent in the sequenced KVP40 

genome [2]. 

 

 

 

1.6 NAD+ De novo and Salvage Pathways 

There are at least four distinct biosynthesis pathways to quinolinate, a major 

precursor to NAD+, and no less than 5 different pyridine nucleotide salvage cycles [25, 26, 

27, 28]. Two biosynthetic pathways use aspartate to synthesize quinolinate as a precursor 

to pyridine nucleotides and thus are called de novo pathways; the other two biosynthetic 

pathways differ only by one intermediate and use tryptophan as a precursor and are 

sometimes called aerobic pathways [29]. Escherichia coli and Salmonella typhimurium 

pyridine nucleotide synthetic pathways have been well studied and have been confirmed 

as de novo pathways that use quinolinate as the precursor [15]. 
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1.6.1 De novo Pathway Using Quinolinate Synthetase in E. coli 

Genetic analysis revealed nadA and nadB as two enzymes that synthesize 

quinolinate from L-aspartate and dihydroxyacetone phosphate, with nadB as the first 

enzyme in the pathway [Figure 3]. NadR, the product of nadR is closely linked to  the 

nadB and controls expression of nadB and nadA [30-32]. NadA is additionally controlled 

by the physiological concentrations of NAD+ and NADH [33]. For the next reaction, 

quinolinate coupled with 5-phosphoribosyl-1-pyrophosphate are converted to nicotinic 

acid mononucleotide (NAMN) catalyzed by the nadC product quinolinate phosphoribosyl 

transferase. This reaction is the convergent point of the de novo pathway and the salvage 

pathways, through which different reactions make their ways to produce NAMN. 

According to the structures of nicotinamide (NAm) and quinolinate, it was first predicted 

that NAm and nicotinic acid (NA) could serve the same role as quinolinate in the de novo 

synthesis pathway in E. coli and Salmonella, since they differ by only one carboxyl group. 

Later study discovered that NAm was not an obligatory intermediate compound but rather 

a degradation product that could be salvaged and converted to NAMN through NA, and 

NA was used by NAMN phosphoribosyltransferase in E. coli and Salmonella. 

Additionally, in E. coli, NA inhibited the synthesis of quinolinate, and induced the 

enzymes for its utilization up to 100-fold. In E. coli not only NA serves as a precursor to 

NAD+, but also is involved in vitamin synthesis via the Preiss-Handler pathway [34-38]. 

After the convergent point of NAMN synthesis, the de novo pathway and the salvage 

pathway in enteric bacteria share the last two steps, catalyzed by the nadD and nadE 

products, NAMN adenylyltransferase and deamido-NAD ammonia ligase, respectively, 

forming NAAD and in the last step, NAD+. NAD+ and NADP+ are involved in different 

metabolic pathways, and two different enzymes catalyze their interconversions. 
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Nicotinamide adenine dinucleotide kinase converts NAD+ to NADP+, and the NADP+ 

phosphatase catalyzes the reverse reaction [15, 39-41]. 
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Figure 3. De novo Synthesis of Pyridine Nucleotides in E. coli and S. typhimurium [6]. 
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1.6.2 Pyridine Nucleotide Cycles: Salvage Pathways 

The half-life of NAD+ under aerobic growth conditions is 90 min regardless of the 

generation time of the cells [21]. Reasons for the degradation of NAD+ remain unknown. 

Oxidation-reduction reactions do not directly consume NAD+. E. coli DNA ligase 

regulation is not subject to any known transcription factor, and it was predicted that the 

NAD+-dependent DNA ligase might cause the turnover process of NAD+. However, 

replacing the E. coli NAD+-dependent DNA ligase with T4 phage ATP-dependent DNA 

ligase caused the NAD degradation rate to remain at about the same level [21]. Probably 

other enzymes use NAD+ as a substrate and contribute to its consumption. Candidates are 

the ADP-ribosyltransferase and the Sir2 class of enzymes [14,42]. The degradation of 

NAD+ produces intermediates of pyridine nucleotide compounds, and there are obvious 

advantages for the cells to recoup them for re-synthesis. In enteric bacteria, there are three 

pyridine nucleotide cycles (PNC) involved in recycling endogenous (PNC VI and V) and 

exogenous (PNC VI) pyridine nucleotides [43-46] [Figure 4 and 5]. PNC V begins when 

NAD+ glycohydrolase, breaking down NAD+ to NAm and ADP-ribose, and then 

nicotinamidase converts NAm to nicotinic acid (NA), followed by the NA 

phosphoribosyltransferase that produces NAMN, the convergent point of de novo 

biosynthesis and salvage pathways. PNC IV starts at NAD+ being degraded to NMN, 

most likely by NAD+-dependent enzymes such as DNA ligase (ligA), then NMN 

amidohydrolase (pncC) deamidates NMN to NAMN, which reaches the convergent point 

by only two reactions [43,44,45,46]. PNC VI first undergoes NAD+ degradation to NMN, 

and then through the action of NMN glycohydrolase produces NAm. NAm is further 

catalyzed by NAm deamidase to form NA. By converting NA to NAMN via NA 

phosphoribosyltransferase, PNC VI reaches the convergent point and NAMN goes 

through reactions as those in the last two steps of the de novo pathway and yields NAD+. 
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Interestingly, prokaryotes regulate the synthesis of NAD+ through salvage pathways by 

PncB, the product of pncB. When the internal NAD+ concentration is too high, the cells 

excrete extra NA from PNC IV and VI pathways for future scavenging [6,47,48,49,50]. 

Thus, the flow of pyridine nucleotides through salvage pathway PNC IV and VI are 

subject to the regulation of the pncB locus. 
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Figure 4. Reactions in Pyridine Nucleotide Cycles (PNCs) [6]. 
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Figure 5.  Relationships among pyridine nucleotide cycles. 
Enzymes involved in pyridine nucleotide salvage cycles are: 1. Nicotinic
acid mononucleotide adenylyltransferase; 2. NMN nucleosidase; 3. 
Nicotinamide phospho-ribosyltransferase; 4. Nicotinic acid 
phosphoribosyltransferase; 5. Nicotinamidase; 6. NMN admidase; 7. 
NAD+ synthetase [15]; 8. NMN adenylyltransferase [16]. 
The route from NAm to NAD+ (reactions 3 & 8) exists in Haemophilus 
ducreyi and other Pasteurellaceae[16]. 
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1.7 V-Factor Dependent Growth of Pasteurellaceae 

Members of Pasteurellasceae possess neither de novo nor salvage pathways such 

as those that have been characterized in Escherichia coli or Salmonella typhimurium. 

These bacteria encode a different NAD synthesis pathway that uses limited precursor 

sources; these compounds have been termed as “V-factor” and have a pyridine-ribose 

bond and the pyridine-carbonyl group must be amidated. Based on these criteria, NMN 

and nicotinamide riboside are qualified as V-factors. However, quinolinate, NA, NAMN 

and NAm are not [Figure 6]. Thus, many Pasteurellaceae can only grow on rich medium 

that contains V-factors (NMN, NAmR or NAD+). They are known as V-factor-dependent 

organisms. 

 

1.7.1  NAD+ Independent Growth in Haemophilus ducreyi 

Recently, a 5.2 kbp plasmid pNAD1 was found in Haemophilus ducreyi that 

confers V-factor independence on other Pasteurellaceae strains [16]. pNAD1 encodes an 

enzyme, nicotinamide phosphoribosyltransferase, that catalyzes the reaction from NAm 

to NMN. According to the criteria of V-factor, this plasmid complements the growth of 

Pasteurellaceae bacteria on defined medium containing only NAm as a source for 

pyridine nucleotide synthesis. The predicted pathway is shown in [Figure 7]. 

 

 

 

 

 

 

 

 13



 

V-factors NMN and NR contain amidated pyridine-carbonyl group and a pyridine-ribose bond.

N

C
NH2

O

O

OHOH

HH
HH

OP-O
O-

O
+

Nicotinamide Mononucleotide 
                 (NMN)

N

C
NH2

O

O

OHOH

HH
HH

HO

+

Nicotinamide riboside 
               (NR)

N
H

COO-

COO-

Quinolinate

N

C
O-

O

+

Nicotinic Acid 
       (NA)

N

C
O-

O

O

OHOH

HH
HH

OP-O
O

OH

+

Nicotinic acid mononucleotide
                (NAMN)

N

C
NH2

O

+

Nicotinamide
      (NAm)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Non-V-factors Quinolinate, NA, NAMN and NAm have a pyridine-carbonyl group that is not 
amidated and / or lacks a pyridine-ribose bond. 

Figure 6. Structure of V-factors and Non-V-factors of Pyridine Nucleotides [16]. 
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Figure 7. Synthesis of NAD+ via a V-factor-independent Pathway, from NAm to NAD+.  
NMN is the intermediate [16]. 
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1.7.2 Identification of the nadV gene 

Restriction analysis of pNAD1 from H. ducreyi revealed that a 3.3 kbp BamHI-

PstI fragment confered NAD-independent growth to Actinobaccilus pleuropneumoniae of 

the Pasteurellaceae family. Sequencing of this 3,307 bp fragment showed a large ORF of 

1,482 bp that encodes a 494 amino acid protein with a molecular weight of 55,619 Da. 

Deleting an AvaI site at position 230 bp of the ORF disabled the NAD-independent 

growth conferred by the gene, therefore it was named as nadV (accession number in 

GenBank is AF273842) [16]. NadV is a nicotinamide phosphoribosyl-transferase.  

 

1.7.3 Homologues of nadV in other species 

Initially NadV was aligned against 8 protein homologues [16], including human 

PBEF (Pre-B-cell colony-enhancing factor). PBEF has been confirmed as a nicotinamide 

phospho-ribosyltransferase [51]. The other 7 matches were hypothetical proteins [Figure 

8]. Alignments also showed there were two possible NadV families within these 

homologues, with NadV from Haemophilus ducreyi seeming most similar to that of 

Shewanella putrefaciens, and aligning with Mycoplasma genitalium, and Mycoplasma 

pneumoniae. Human PBEF, Actinobacillus actionmycetemcomitans, P. multocida, D. 

radidurans and Synechocystis proteins were more likely clustered together [16]. 
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Figure 8

 

 

 

 

 

. Alignment of the Predicted NadV Amino Acid Sequence from Haemophilus ducreyi pNAD1.  
Black shaded regions indicate regions that are identical in the majority of species. Species 
abbreviations: aact, Actinobacillus pleuropnewmonia; pmul, Pasteurella multocida; syn, 
Synechocystis; drad, Deinococcus radiodurans; mgen, Mycoplasma genitalium; mpne, M. 
pneumoniae; sput, Shewanella putrefaciens; haduc, Haemophilus ducreyi; hum, human PBEF.
[16] 
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1.7.4 NadV Functional Analysis 

Actinobacillus pleuropneumoniae transformed with pNAD1 grew on media that 

contained NAm as an NAD+ precursor, supporting the conclusion that the nadV product 

converts NAm (a non-V-factor), to NMN (a V-factor) to benefit the growth of A. 

pleuropneumoniae (which normally requires V-factor for growth). Enzyme assays were 

performed to confirm the NadV enzyme activity. Transformants containing nadV were 

grown, crude cell extracts were prepared, mixed with NAm, and at designated time points, 

NAD+ and NMN synthesis were measured. Data showed the NAD+ increasing 

prominently, with NMN consistently increasing as well, but most converted to NAD+. 

Radiolabelling experiments using [14C]NAm showed [14C]NMN increased as incubation 

times increase [16]. Therefore, NadV from H. ducreyi is a functional NAmPRTase [16]. 

 

 

1.7.5 Discussion of the nadV origination of pNAD1 of H. ducreyi 

 Plamid pNAD1 of H. ducreyi was sequenced, revealing 10 ORFs, including nadV 

(Figure 9). There are other ORFs that possibly reveal a bacterophage origin of nadV. The 

putative plpR protein is 55% identical to the product of rstR, a gene of the cholera toxin 

phage CTXφ from Vibrio cholerae. RtsR is a repressor that regulates transcription of rstA. 

The plpA product is 51% identical to ORF320 of bacteriophage If1 and 36% identical to 

the rstA gene product, which is required for replication of CTXφ. Close to plpA, plpD 

encodes a putative protein that is 31% identical to the product of gene V, a single-

stranded DNA binding protein, from enterobacterial phage I2-2. Furthermore, DNA 

prepared from H. ducreyi strain 35000HP that apparently contained no plasmid pNAD1 

transformed V-factor dependent H. influenzae, a member of the Pasteurellaceae family, 

to NAD+-independent growth. Probing the genome of H. ducreyi strain 35000HP with 
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pNAD1, two tandem copies of pNAD1 were found, indicating the plasmid was integrated 

in the 35000HP genome. Based on the protein aligments cited above, most of the putative 

ORFs in pNAD1 are of bacteriophage origin. Therefore nadV of H. ducreyi appears to 

reside on a mobile, 5.6 kbp DNA element [17]. It appears that pyridine nucleotide 

scavenging systems are advantageous to both bacterial cells and to bacteriophage. Roles 

in horizontal gene transfer of nadV-like genes, and the benefits they confer to bacteria are 

of great interest [17]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
  Figure 9. Map of pNAD1 of H. ducreyi. 

 

Circular map of pNAD1. nadV gene encodes nicotinamide phosphoribosyltransferase as 
described in [16]. The plpR, plpA and plpD genes are shown. Other ORFs are designated
by the number of residues in the putative protein products. GenBank accession number: 
AY434675. 
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1.7.6 Conclusion 

 NadV proteins from H. ducreyi and phage KVP40 were aligned and showed 

significant similarities in amino acid sequence. Functional analysis of the H. ducreyi 

NadV enzyme and more recently Human PBEF [16, 51], suggested that NadV from 

phage KVP40 might behave similarly. Additionally, the recently determined sequence of 

H. ducreyi pNAD1 showed a possible relationship between it, the Vibrio phage CTXφ, 

and the phage KVP40 nadV. Future analysis of nadV genes and their products might shed 

new light on their significance to the metabolism of phage and to the Bacteria on which 

they reside.  

 

 

 

1.8 Kinetic Study of Salmonella typhimurium NAPRTase 

Nicotinic acid phosphoribosyltransferase (NAPRTase) of Salmonella typhimurium 

is a facultative ATPase, catalyzing the formation of nicotinic acid mononucleotide 

(NAMN) from nicotinic acid (NA) and phosphoribosyl pyrophosphate (PRPP), with or 

without ATP involved. Kinetic studies showed the reaction rate drastically changes in the 

presence of ATP. The rate was about 1000-fold higher than with ATP than the reaction 

without ATP, where the ratio of [NAMN][PPi] / [PRPP][NA] reached 0.67 at equilibrium. 

Thus, the reaction couples ATP hydrolysis with nucleotide formation, using the energy 

from ATP hydrolysis to provide a thermodynamic drive and accelerate the reaction to the 

right. Through the kinetic study, a reaction scheme was established [Figure 10]. A 

phospho-enzyme intermediate was shown to occur. During the reaction with ATP, the 

NAPRTase underwent conformational change after being phosphorylated (E-P) at His-

219. This conformational change increased the substrate affinity: 
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Figure 10. Reaction Scheme of NAPRTase of Salmonella typhimurium. 

    E-P: phosphorylated enzyme. [18] 
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the phosphoenzyme (E-P) gained a 2000-fold lower KD (0.6 µM) value than the non-

phosphoenzyme, and the minimal rate constant for PRPP to bind E-P was 0.72 x 105 M-1 

s-1. Binding of NA to E-P-PRPP had a kon >=7.0 x 106 M-1 s-1 followed by rapid 

formation of NAMN and PPi, with k>=500 s-1[18]. The phosphoenzyme then underwent 

hydrolysis, released NAMN, PPi and Pi, at k= 6.3 s-1. Overall, the kinetic constant 

measured at each step supported the reaction sequences indicated in Figure 10, from 

phosphorylation of enzyme to binding of substrates, release of products and then followed 

by the hydrolysis of phosphoenzyme, regenerating a free enzyme for the next cycle [18]. 

It was rationalized that binding of ATP increased the substrate affinity of NAPRTase, 

driving the reaction to produce more products. PPi concentration produced by the reaction 

increases and signals the phosphoenzyme to the hydrolysis of bound phosphate and to 

release NAMN and PPi. Thus the binding of substrate was rapid when the enzyme was 

phosphorylated, and when the enzyme was de-phosphorylated the release of products was 

also rapid against the relative high concentration of end products in the medium. Another 

discovery concerning the NAPRTase reaction was that the input of ATP and the output of 

NAMN was stoichiometrically related. Interestingly, this 1:1 ratio was not an efficient 

way for the enzyme to couple all the energy released from ATP, because only 0.1% of the 

energy was utilized in this reaction [18]. In phage KVP40, the NadV enzyme also 

performs a phosphoribosyltransferase function using NAm as substrate instead of NA. 

During the present work, it was found that similar to the NAPRTase: the NadV reaction 

could go with or without ATP; analytical analysis revealed the end products ADP and 

NMN appeared stoichiometrically related (see Results). It is possible that the NadV 

NAmPRTase possesses properties similar to those of NAPRTase; including 

phosphorylation. 
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1.9 Conclusion 

 The NAD+ scavenging system encoded by phage KVP40 contains a critical 

enzyme NadV, which is significantly similar to Human PBEF and NadV protein of H. 

ducreyi, two confirmed NAmPRTases. Recent results have showed that the H. ducreyi 

nadV is contained on a mobile genetic element (pNAD1) that has gene products related to 

the integrating CTX phage of V. cholera, so a distant relationship between pNAD1 nadV 

and Vibrio phage KVP40 nadV may exist. But why phage KVP40 encodes a NAD+ 

scavenging system remains unknown. Studies on phage T4 have shown that the ADP-

ribosyltransferase ModA, ModB and Alt proteins are critical for T4 phage development.  

The host cells of phage KVP40 are marine Vibrio bacteria that occur in relatively 

nutrient-scarce environments, where NAD+ requirements for phage development may be 

more demanding. To fully appreciate the NAD+-scavenging system in phage KVP40, and 

its relationship with its Vibrio hosts and other bacterial NAD+ salvage pathways, the 

current work on KVP40 nadV and natV was undertaken.   
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III. EXPERIMENTAL WORK OF THESIS 

 

3.1 Introduction 

  Complete genome sequence analysis indicates that bacteriophage KVP40 encodes 

an entire NAD+ scavenging system in its 245 kbp dsDNA genome. nadV, natV, nadR, 

pnuC and sir2 function synergistically and construct a hypothetical salvage pathway 

to scavenge pyridine nucleotides for NAD+ synthesis [1]. NadV and NatV, products of 

nadV and natV, respectively, are predicted to catalyze two indispensable reactions. 

NadV, a 497 amino acid protein (55.5 kDa), is significantly similar to a confirmed 

nicotinamide phospho-ribosyltransferase from plasmid pNAD1 of H. ducreyi [2]. 

NatV, a 341 amino acid protein (39.4 kDa) shows two possible domains in alignments: 

the N-terminus as an NMN adenylyltransferase, and the C-terminus as a nudix 

hydrolase. For the three other proteins in the hypothetical pathway, NadR and PnuC 

are predicted to act as membrane transporters for scavenging exogenous NMN, and 

Sir2 could hydrolyze NAD+ to NAm and ADP-ribose. To confirm this pathway, nadV 

and natV were cloned and expressed, and the proteins were purified. The KVP40 

nadV  plasmid pZL405 was transformed into Salmonella typhimurium auxotrophic 

strain TT13007 (nadB499::MudJ, pncA278::Tn10cam), which was disabled in both 

the de novo pathway and salvage pathways, for complementing the NAD+ auxotrophy. 

The nadV plasmid pZL405 restored NAD+ biosynthesis capability in the Salmonella 

auxotroph strain TT13007. Enzyme assays carried out with NadV further showed that 

NadV from phage KVP40 is a functional enzyme. However, difficulties in both 

cloning and expression were encountered with NatV from phage KVP40. These two 

proteins have been purified and NadV function has been confirmed. NatV function 

remains unconfirmed. 
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3.2 Material and Methods 

3.2.1 Bacteria, Phage, Chemicals, and Growth Conditions 

Bacteriophage KVP40 was grown and the genome sequence method as described 

[1]. Alternative methods were used to make high titer lysates of phage KVP40 to infect V. 

parahaemolyticus for investigating the expression patterns of NadV and NatV. Both 

liquid lysates and plate lysates on 0.4% top agar were tested in YP [3] and M9 media. A 

liquid lysates were prepared by infecting V. parahaemolyticus culture at MOI=0.005 or 

0.01 when the Klett reading of cells reached 40~50 KU. For plate lysates, 106 KVP40 

phage and 107 V. parahaemolyticus cells were mixed in 3 ml of 0.4% YP or M9 top agar 

and plated on 1% YP or M9 agar plates then incubated overnight at 30˚C. When 

confluent lysis was observed on the top agar, phage were harvested by collecting all top 

agar into 2~3 ml YP or M9 broth media, respectively. Suspensions were incubated with 

10 drops of chloroform for 10 min with 250 rpm shaking, followed by centrifugation at 

8500 rpm for 10 min, and then the supernatant was saved. Two 1010 PFU/ml lysates were 

obtained by the plate lysate method. Concentrations of phage were determined by 

performing plaque assays [37]. 

Three vectors were used in cloning nadV and natV from phage KVP40, with 

pET101/D-TOPO (Invitrogen, CA, USA) for nadV cloning; pSMART BLUNT HK80 

and HK90 (Lucigen, USA) vectors were used for natV cloning. Pfu polymerase was a 

generous gift from Dr. Steven Libby Lab (Microbiology, NCSU). Escherichia coli 

TOP10 (Invitrogen, CA, USA) was used for transformation and subsequent propagation 

of nadV plasmid pZL405. E. cloni (Lucigen, USA) was used for natV plasmid pZL153 / 

pZL163 propagation and purification while pZL166 / pZL176 was propagated and 

purified using TOP10 cells. E. coli strain BL21-AITM (Invitrogen, CA, USA) was used for 

both NadV and NatV protein expression from pZL405, pZL153, pZL163, pZL166 and 
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pZL176. BL21-DE3 cells (Invitrogen, CA, USA) and BL21-DE3-pLysS (Invitrogen, CA, 

USA) were also used for NatV protein expression. All E.coli strains were grown at 37°C 

in Luria-Bertani (LB) media. Vibrio parahaemolyticus strain EB101 was grown on YP 

media containing 3% NaCl [3]. Phage KVP40 was propagated to high titer using the soft 

agar-confluent lysis method [4]. Salmonella typhimurium LT2 TT13007 nadB499::MudJ, 

pncA278::Tn10cam was obtained from Dr. John Roth (University of California at Davis, 

California, USA) and grown on medium supplemented with quinolinic acid (QA, 10 mM), 

and minimal medium supplemented with different concentrations of nicotinamide (NAm, 

0 M to 10-3 M). Other materials included tetrabutylammonia bromide (Fluka), ammonia 

carbonate (Fisher), HPLC grade methanol (Fisher), potassium phosphate (Fisher), 

magnessium chloride (Fisher), and Sigma products ADP, NAD+, NADH, ATP and 5-

phospho-D-ribosyl-1-pyrophosphate (PRPP). 

3.2.2 nadV Cloning 

Two primers were designed for amplifying nadV from phage KVP40 DNA. The 

nadVcacc 5’ primer was 5’-CAC CAT GCT AAA TCT TAA TCA AAA –3’,  and 

nadVHisx6 3’ primer was 5’-TCA GTG ATG GTG ATG GTG GTG CGC AGT TTG 

AAT CTT TTT CG –3’. Reaction mixtures were 50 µl in total, with 0.8 mM dNTPs, 0.4 

µM nadVcacc 5’ primer, 0.4 µM nadVHisx6 3’ primer, 1µl 70 ng/µl KVP40 genomic 

DNA, 1x Pfu polymerase reaction buffer (Stratagen, CA, USA). Pfu polymerase was used 

to generate 1.5 kbp blunt end DNA fragments, using the PCR cycles settings 2 min at 

94°C for 1 cycle, followed by 25 cycles for 1.5 min at 94°C, 1.5 min at 55 °C, 1.5 min at 

72°C and a final 10 min extension at 72°C. The PCR product concentration was 710 ng/µl 

(GeneQuant DNA reading at A280, A260 and A230. Biochrom Ltd., UK) and was used for 

cloning into the pET101/D-TOPO vector, following the protocol provided by the 
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pET101/D-TOPO cloning kit. Cloning mixtures were 3 µl of 7.1 ng/µl nadV PCR product, 

1 µl 6x salt solution, 1 µl pET101/D-TOPO vector and 1 µl sterile distilled water. 

Mixtures were incubated at room temperature for 10 min. Chemically competent E. coli 

TOP10 cells (Invitrogen, Calsbad, CA) were transformed using the heat shock method 

and used to propagate pZL405 in LB media with 100 µg/ml ampicillin. 

 

3.2.3 natV Cloning 

For natV cloning, three vectors were used, pET101/D-TOPO vector and pSMART 

BLUNT HK80 and HK90 vectors (Lucigen, MI, USA). Primers used to amplify natV for 

cloning into pET101/D-TOPO vector were natVcacc 5’ primer 5’- CAC CAT GTC ACA 

CGC AAT CTT TAT C-3’ and natVHisx6 3’ primer 5’- TCA GTG ATG GTG ATG 

GTG GTG GAT GCC AGT GAA ATA CTG AA –3’. PCR products generated using Pfu 

polymerase, natVcacc 5’ and natVHisx6 3’ primers were ligated into pET101/D-TOPO 

vector and chemically transformed into TOP10 cells using the same procedures as 

described in cloning nadV.  

Primers used for amplifying natV gene for cloning into vectors pSMART BLUNT 

HK80 and HK90 substituted the natVcacc 5’ with the natVrbs 5’ 5’-AGG AGA TTA 

ATA CAT ATG TCA CAC GCA ATC TTT ATC-3’ primer; underscored sequences 

represent the ribosome binding site. The 3’ primer remained the same as that used in PCR 

for natV cloning pET101/D-TOPO. The difference between pSMART BLUNT HK80 and 

HK90 is that the HK80 contains no ATG but HK90 has its own ATG, and HK90 contains 

22 bp more than HK80 vector between the T7 forward promoter site and the cloning site 

(Appendix A). 

When amplifing natV for cloning in the pSMART vectors, natV primers were first 

phosphorylated using T4 PNK kinase (New England Biolabs, USA), in a 40 µl reaction 
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mixtures with 1 µM natVrbs 5’ primer, 1 µM natVHisx6 3’ primer, 1x T4 PNK kinase 

buffer, 0.02 mM ATP and 3 µl T4 PNK, followed by 30 min incubation on ice. Then 20 

µl of the T4 PNK kinase reaction mixture were transferred to a 100 µl PCR reaction 

mixture that included 1x Pfu buffer, 0.8 mM dNTP, 1 µl of 70 ng/µl phage KVP40 

genomic DNA, and Pfu polymerase. The same Cycle settings as those for nadV PCR 

were used. PCR products were confirmed on 0.8% agarose gel and measured the 

concentration using GeneQuant (Biochrom Ltd, UK). Then 4 µl of 0.320 µg/µl PCR 

product were mixed with 1x CloneSMART vector premix and 0.2 units of CloneSmart T4 

DNA ligase in a total of 10 µl. The reaction was incubated at room temperature for 30 

min, and then 1 µl of the ligation reaction was transformed into 20 µl electro-competent E. 

cloni cells or 3 µl into 50 µl of chemically competent TOP10 cells. For electroporation of 

electro-competent E. cloni, 0.2 cm BioRad cuvettes and a GenePulser (BioRad, San 

Diego, CA, USA) set at 25 µF, 200-Ohm resistance and 2.5 KV were used. The 

electroporated E. cloni cells were incubated in 980 µl of terrific broth at 37°C, 250 rpm, 

for 1 hour. Cells were then plated on LB agar with kanamycin 50 µg/ml. For chemically 

competent TOP10 cells transformation, cloning mixtures were incubated with TOP10 

cells for 30 min on ice and then heat shocked at 42°C for 30 sec, followed by incubation 

at 37°C 250 rpm in 900 µl SOC broth for 30 min, then plated on LB agar (ampicillin 100 

µg/ml). 

 

3.2.4 pZL405 nadV Sequence Determination 

Plasmid pZL405 was purified from TOP10 cells using the Qiagen Mini-prep kits 

(QIAGEN, CA, USA) resulting in a plasmid concentration of 0.71 µg/µl. The pZL405 
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DNA was sent to the Molecular Genetics Instrumentation Facility (Univeristy of Georgia) 

and sequenced using T7 promoter forward and T7 reverse primers.  

 

3.2.5 Complementation Assay 

Purified pZL405 was transformed into Salmonella typhimurium LT2 TT13007 

nadB499::MudJ, pncA278::Tn10cam to investigate whether the NAD-independent 

growth could be restored. Growth curves in LB media and minimal media with different 

NAm concentrations (0 M to 10-3 M) were obtained by using a Bioscreen C 

(Transgalactic Ltd, West Chester, PA, USA) to measure growth (OD600) over 36 hours. 

Overnight cell cultures were prepared, including one in LB broth, the other two were each 

in 5 ml M9 broth--TT13007/pZL405 was supplemented with 80 µl 200 mM NAm, and 

TT13007 (no plasmid) supplemented with 80 µl 400 mM QA. After overnight growth, all 

cultures reached an OD600 reading from 1.3 to 2.6. For LB cultures, 100 µl was removed 

and for all M9 overnight cultures 150 µl was removed, cells were pelleted, the 

supernatant removed, and the pellets washed 3 times with 1 ml LB or M9, respectively, 

and then resuspended in LB or M9 for inoculation. Two 200-well Bioscreen microtiter 

plates were used. All cultures were started at an OD600 within 0.100~0.180 (after 

corrected by subtracting control reading) and incubated at 37°C with vigorous shaking for 

over 32 hours using Bio-Screen C with OD600 detection at every 10 min.   

Growth on solid media was also investigated by using minimal medium agar 

plates spread with 50 µl 10-5 M NAm. A dilution inoculation method (serial toothpick 

transfers) was adopted to eliminate the extra NAm or NMN being carried over. Both 

TT13007 and TT13007/pZL405 were investigated. 
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3.2.6 NadV Expression and Purification 

For NadV expression, plasmid pZL405 DNA (Qiagen Miniprep) was transformed 

into BL21-AI cells, and the mixed transformant pool was grown overnight at 37°C in LB 

broth with ampicillin (100 µg/ml) and tetracycline (12.5 µg/ml). The overnight culture 

was transferred to fresh medium to an OD600 of 0.1. NadV expression was induced by 

adding 1 mM IPTG and 0.02% L-arabinose when the OD600 reached 0.4~0.6, and 

continued with another 3 hours growth. Cells were collected by centrifugation at 3000 

rpm for 20 mins. 20 ml induced cell pellets were resuspended in 1 ml wash buffer (50 

mM Na2HPO4, 300 mM NaCl, pH8.0), then disrupted 3 times in a French Press at 1290 

psi followed by centrifugation at 12,000 rpm for 30 min. 1.5 ml supernatant was filtered 

through 20 µm filter paper then loaded onto a 1 ml FPLC Ni2+-column (BioLogic 

DuoFlow Chromatography System, BIORAD) charged with Ni2+ for binding of the 

Hisx6-tagged NadV protein. The bound protein was washed with 5 ml wash buffer (flow 

rate 1 ml/min), then subjected to gradient elution at 100 mM to 300 mM imidazole, with 

wash buffer as buffer A, and buffer B as eluant (50 mM Na2HPO4, 300 mM NaCl, 500 

mM imidazole pH8.0). 500 µl fractions were collected, analyzed by 12% SDS-PAGE and 

stored the rest at –20°C in 20% glycerol. 

A total of 0.5 ml purified NadV was dialyzed against 800 ml 1 mM Tris-HCl, 1 

mM MgCl2, 1 mM EDTA, 1 Mm DTT and 10% glycerol, using Slide-A-Lyzer 10K 

MWCO dialysis cassette (Rockford, IL, USA), recovered ~1 ml. 

 

3.2.7 NatV Expression and Purification 

For NatV expression, several approaches were tried: 1) Expression of pZL153, 

pZL166 (pSMART-HK80) and pZL176 (pSMART-HK90) in BL21-AI cells. pZL153, 
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pZL166 and pZL176 were transformed into BL21-AI cells. Overnight growth of BL21-

AI/pZL153 and BL21-AI/pZL176 reached an OD600 of 1.5~1.7 and were transferred to 10 

ml fresh medium with a starting OD600 of 0.156. The cell cultures were induced with 1 

mM IPTG after 3~4 hours growth and incubated overnight. 2) Expression of pZL153 in 

BL21-DE3/pLysS cells. 1 mM IPTG was added for induction when the culture OD600 

reading reached 0.5~0.8. For BL21-DE3/pLysS transformants, both overnight cultures 

and next day cultures were supplemented with 1 mM NAm and 1 mM NMN for testing 

affects of nutrient requirements for NatV expression.  3) Expression of pZL153 and 

pZL176 in BL21-DE3 cells. Overnight cultures were transferred to fresh medium at an 

OD600 of 0.066 and grown to an OD600 ~0.4 or 1.088, then 1 mM IPTG was added to 

induce NatV expression. 4) Expression of pZL166 in BL21-AI. Cells were grown for 

18~20 hours with no IPTG added. 

For NatV purification, different approaches were used: 1) 20 ml induced BL21-

AI/pZL153 cell pellets and BL21-AI/pZL176 cell pellets mixtures were resuspended in 2 

ml wash buffer (50 mM Na2HPO4, 300 mM NaCl, 5 mM imidazole, pH8.0) and disrupted 

using the French Press (3 times).  400 µl of crude extract was subjected to Ni-NTA 

purification procedures by incubating the crude extract with 75 µl Ni-NTA beads for 30 

min at 4 °C, then washing 3 times with 200 to 400 µl of wash buffer (first two times 200 

µl and the third time 400 µl; each wash 5 min at 4 °C) before eluting NatV protein. 

Protein was eluted 3 times, each time with 50 µl elution buffer (50 mM Na2HPO4, 300 

mM NaCl, 200 mM imidazole, pH8.0) for 10 min at 4 °C. 2) 8 ml BL21-AI-

pLysS/pZL153 induced cell pellets were resuspended in 1.5 ml wash buffer and disrupted 

by French Press, followed by Ni-NTA bead purification (see above) of 400 µl crude 

extract. 3) 45 ml induced BL21-DE3/pZL153 and BL21-DE3/pZL176 cell pellets were 

resuspended in 1 ml wash buffer and disrupted, then the total recovered crude extract was 
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incubated with 100 µl Ni-NTA beads followed by washing and elution as described 

above in (1). 4) 40 ml uninduced BL21-AI /pZL166 cell pellets was resuspended in 1.5 

ml wash buffer and disrupted by French Press (3 times). Following centrifugation at 4000 

rpm for 20 min, both supernatant and cell debris were recovered. 200 µl supernatant was 

incubated with 75 µl Ni-NTA beads for 30 min at 4 °C followed by washing 3 times and 

eluting the NatV protein. Unpurified all debris sample was run on 12% acrylamide gel 

together with Ni-NTA bead-purified supernatant samples. 

 

3.2.8 NadV Enzyme Assays 

NadV enzyme assays were performed in two reaction buffers, one was in 

phosphate buffer and the other one was in carbonate buffer. Two reaction conditions were 

prepared in phosphate buffer. Condition I (+ATP) was 2 mM NAm, 1 mM ATP, 5 mM 

PRPP, 16 mM MgCl2, 160 mM phosphate, pH 6.75. Condition II (-ATP) was 2 mM 

NAm, 5 mM PRPP, 16 mM MgCl2, 160 mM phosphate, and pH 6.75. Assays in condition 

I with different pH were also performed, including pH 5.8, 6.7, 7.4, and 8.9. Different pH 

values were obtained by adjusting different ratios of K2HPO4 and KH2PO4 [5] in 

phosphate buffer. All reactions were incubated at 37 °C. At designated time points, 

samples were removed and quickly frozen on dry ice and cold ethanol to stop the 

reactions. Samples were stored at –20 °C and thawed immediately before HPLC analysis. 

The HPLC system used in analyzing phosphate buffer reactions was a WATERS 

MILLIPORE system, using a Turbochrom navigator software version 4.1 (Perkin Elmer 

Corp.). A Nova-PAK® C18 column (4 µm particle size, 3.9 x 75 mm, MILLIPORE) was 

used. The mobile phase was eluant A (0.1 M phosphate buffer pH 6.0, with 6 mM 

tetrabutylammonia bromide), and eluant B (HPLC grade 100% methanol). The gradient 

 37



profile was: 7% B for 5 min, then increased to 30% B in 1 min, and then back to 7% B 

after 4 min. Initial conditions were restored in 8 min. The column was washed with eluant 

B for 3 min after each run, followed by a 3 min wash with eluant A. Purified NadV 

concentrations were determined using the BioRad dye binding assay. NMN and NAm 

Standard Curves of 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, 0.5 mM, 0.6 mM, 0.8 mM, and 

1.0 mM were established on HPLC chromatography.  

For reactions in carbonate buffer, reaction conditions were 80 mM ammonium 

carbonate, pH 7.5, 8 mM MgCl2, 5 mM PRPP, 1 mM ATP and 2 mM NAm. Reactions 

were incubated in a 37˚C with 250 rpm shaking for an hour before stopping the reaction 

on dry ice and cold ethanol. Reaction samples were analyzed using a Nova-PAK® C18 

Column with phosphate buffer in the mobile phases as above, or using a Phenomenex ® 

Synergi Column (4 µm particle size, 2 x 100 mm, Phenomenex). Volatile mobile phases 

from Evans et al [37] were applied when analyzing NadV enzyme reactions in 

ammonium carbonate buffer and on the Synergi column. Eluant A was 99% 5 mM 

ammonium carbonate and 1% methanol, pH 7.5~7.6; Eluant B was 10% 5 mM 

ammonium carbonate, 90% methanol, pH 7.5~7.7. Gradient settings were the same as 

those using phosphate buffer and the Nova-PAK® C18 column. NMN and NAm standard 

profiles in the carbonate mobile phase system were established at 0.1 mM, 0.2 mM, 0.5 

mM, 1.6 mM, 2 mM. NadV assay samples in carbonate buffer were also analyzed using a 

Nova-PAK® C18 Column with phosphate buffer in the mobile phases. 

 

3.2.9 Western Blots 

A total of 120 µl NadV-Hisx6 purified recombinant protein was loaded onto 12% 

SDS-PAGE in four lanes; 40 ml BL21-AI/pZL166 cell debris (after French Press 
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disruption) was resuspended in 0.5 ml saline and 50 µl was loaded onto gel in two lanes. 

NadV and NatV bands were excised and sent to Cocalico Biologicals Inc (Reamstown, 

PA, USA) for antibody preparation in rabbits (coded as NadV NCSU 116, NatV NCSU 

115). NadV bands contained about 200~600 µg protein, NatV bands contained about 

500~1000 µg (by roughly comparing to Low Molecular Weight Marker, Amersham, UK). 

To date, 3 testbleeds were processed by western blots to test the production of antibodies. 

Antigens used in the western blot experiments were induced BL21-AI-pZL405 (nadV) 

transformants, uninduced BL21-AI-natV transformants, Vibrio parahaemolyticus, and 

purified NadV / NatV protein samples were also used. For NadV, BL21-AI/pZL405 was 

induced and pellet down 1 ml culture, then resuspended in 1 ml saline, 150 µl was 

removed and pelleted before resuspended in 15 µl 2 x SDS buffer and loading onto a 12% 

acrylamide gel. 15 µl NadV purified protein sample (0.363 mg/ml) was also run on the 

gel for testing the binding of anti-NadV. For NatV, BL21-AI-pZL166 cell debris (same 

debris as used in antibodies making) was resuspended in 1 ml saline and 10 µl was loaded 

onto the gel. 15 µl purified NatV protein was also loaded. V. parahaemolyticus was 

grown in YP medium overnight, 100 µl cultures spun down and resuspended in 15 µl 2 x 

SDS buffer before loading onto protein gels for testing the non-specific binding 

interaction with NadV / NatV testbleed. All samples were boiled for 5 min at 100°C 

water bath prior to loading. Electrophoresis was run for ~2 hours at 30 mA. The protein 

gel was then assembled in the transferring sandwich with the nitrocellulose membrane on 

top and transferred for 2 hours at 100 mA. Transfer buffer was 0.145% Tris (w/v), 

0.722% Glycine (w/v), 20% methanol (v/v), pH 8.3~8.4. The nitrocellulose membrane 

was blocked using 3% carnation milk solution (1.5 gram dry milk powder, 10x TBS 5 ml, 

and Sterile distilled water 45 ml) for overnight, followed by incubation with 5% goat 

serum (2.5 ml goat serum 47.5 ml 1 x TBS buffer) for 1 hour at 50-rpm agitation at room 
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temperature. Antibody incubation buffer was 1 x TBS, 1% milk powder, and 0.3% tween 

20. Different serum dilutions were used for membrane incubation: 1:100, 1:500 and 

1:1000. Incubation time lasted about 2~3 hours for primary hybridization at 300 rpm 

agitation at room temperature. After washing with TBS-T buffer three times, the 

membrane was incubated with goat-anti-rabbit IgG serum for secondary hybridization 

and followed by 3 times TBS-T wash and one time TBS wash. The membrane was then 

coated with chemiluminescence mixture (chemiluminescence and peroxide 1:1 ratio; 

Amersham, UK) and let sit for 1 min before being exposed to film and developed image 

in the dark room. 
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3.3 Results 

3.3.1 Cloning of nadV and natV from Bacteriophage KVP40 

The hypothetical protein NadV predicted from nadV gene of the bacteriophage 

KVP40 genome is significantly similar (32% identity, 48% similarity) to nicotinamide 

phosphoribosyltransferase (NAmPRTase) from Haemophilus ducreyi [1,2] (Figure 11). 

NatV, another predicted protein from KVP40, aligns well to the Synechocystis sp. protein 

Slr0787, which shows two active site domains: an N-terminal nicotinamide 

mononucleodtide adenylyl-transferase (NMN ATase) and a C-terminal nudix hydrolase. 

These functions of Slr0787 have been recently confirmed [8]. Furthermore, the NatV N-

terminal alone aligned the best to NMN ATase from Methanococcus jannaschii (35% 

identity), a confirmed function enzyme [9], and the C-terminal is significant similar to a 

nudix protein from Pyrobaculum aerophilum (42% identity) [10] (Figure 12, Table 2). 

NadV and NatV are predicted to catalyze two critical adjacent reactions in the 

hypothetical NAD+ salvage pathway encoded by phage KVP40 (Figure 2). NadV 

catalyzes conversion of NAm to NMN, and NatV catalyzes converstion of NMN to 

NAD+. To confirm and study the catalytic properties and expression patterns of NadV and 

NatV, the nadV and natV genes were amplified using KVP40 genomic DNA as template. 

Single bands on 0.8% agarose gel were observed for nadV (1.49 kb) and natV (1.1 kb) 

(Figure 13). As detailed in Materials and Methods, a six Histidine extension was added 

by the PCR primers to the C-terminals of each protein. Therefore, the NadV-Hisx6 

recombinant protein is 56.4 kDa, and NatV-Hisx6 is 40.2 kDa. 

3.3.1.1 Cloning of nadV  

The nadV PCR products were cloned into pET101/D-TOPO [6,7] and transformed 

into TOP10 cells. Colony 405 was obtained with the desired nadV orientation. This 
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plasmid, pZL405 (7.3 kbp, Figure 14), was purified to yield a 0.3575 µg/µl. pZL405 

confers kanamycin resistance and nadV expression is inducible by arabinose and IPTG in 

BL21-AI expression cells. 

 

 

 

 

 Figure 11. Alignments Show KVP40 NadV is Related to Other NAmPRTases. 

Three homologues are from Aeromonas phage Aeh1, Aeromonas phage 44RR2.8t and 
Staphylococcus phage K [13,14,33]. These are all NadV of bacteriophage whose function has not 
yet been confirmed. Two homologues from bacteria are shown, Mycoplasma pneumoniae and 
Haemophilus ducreyi. NadV from M. pneumoniae is a theoretical protein. NadV from H. ducreyi 
is a functional NAmPRTase enzyme [2]. Human sapiens PBEF, pre-B-cell-colony enhancing 
factor, is a confirmed functional NadV enzyme [24, 26]. Black shaded boxes mean identical amino 
acids residues; grey boxes mean similar amino acids residues; dots mean gaps. 
Listing of abbreviation notes, percentage of identity to NadV of KVP40 and E-values: 
Aerom_phage_Aeh1: Aeromonas phage Aeh1, 41%, e-100; 
Aerom_phage_44rr2.8t: Aeromonas phage 44RR2.8t, 43%, 1e-90; 
Staph_phage_K: Staphylococcus phage K, 28%, 3e-42; 
M_pneumoniae: Mycoplasma pneumoniae, 26%, 4e-35; 
H_ducreyi: Haemophilus ducreyi, 32%, 2e-44; 
X_campestris: Xanthomonas campestris, 41%, 2e-95; 
H_sapiens: Homo sapiens, 37%, 2e-79. 
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Figure 11 (continued) 
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Figure 11 (continued) 
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Figure 11 (continued) 
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igure 13. PCR Amplified natV and nadV from the Phage KVP40 Genomic DNA

 

Both nadV and natV were amplified from the phage KVP40 genomic DNA 
using Pfu polymerase. The size of nadV fragment is 1516 bp; natV fragment is 
1100 bp. nadV PCR products concentration was 710 ng/µl; natV PCR products
concentration was 320 ng/µl.
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GGGAA G TGG

AAG GGC
TTC  CCG

TOPO

T7
Term

TOPO

1516 bp
nadV-6xHis

 

 

 

 

nadV pZL405 
7.3 kbp 

re 14. Construction of nadV Plasmid pZL405 [6,7]. 
pZL405 was constructed using the pET101/D-
TOPO vector, with the 1516 bp nadV gene 
insert.  
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3.3.1.2 Cloning of natV  

Three vectors were used to clone natV, the pET101/D-TOPO vector [6,7] and the 

pSMART HK80/HK90 vector [11, 12]. pET101/D-TOPO contains a T7 promoter and 

RBS; the pSMART vector only contains a T7 promoter. The natV PCR products were 

cloned into pET101/D-TOPO and transformed into TOP10 competent cells, which 

yielded very few colonies, and none of them contained the natV gene. Alternatively, for 

expression of natV from pSMART, the 5’ primer was designed to contain an RBS and the 

3’ primer adds the His tag. These PCR products were cloned into pSMART HK80 and 

HK90 vectors, and then transformed into TOP10 and E. cloni competent cells. Both 

yielded hundreds of colonies on agar plates. Screening of 13 colonies for transformants 

containing natV in the desired orientation yielded two E. cloni pSMART HK80 colonies, 

one E. cloni pSMART HK90 colony; eight TOP10 pSMART HK80 colonies and one 

TOP10 pSMART HK90 colony (Table 3). In total five plasmids prep were prepared from 

these transformants using a Qiagen MiniKit (Table 4). For the plasmid construction see 

Figure 15.  

Cloning of natV using pET101/D-TOPO and transformation into TOP10 cells 

failed, probably due to the low cloning efficiency in the pET101/D-TOPO kit. Different 

ratios of vector and PCR products were tried. nadV cloning also yielded a very low 

number of colonies: total colonies obtained were 20 and only 2 of them had the desired 

nadV orientation. 
Table 3. natV Clone Screening Results. 

 

 

natV orientation was detected using PCR, with  primers combination as T7 forward promoter primer
(binds to the vector upstream of natV insert) and natV Hisx6 3’ primer. HK80 and HK90 vectors are
belong to pSMART vector from Lucigen Inc, with HK90 contains 22 bp more than HK80 between
T7 promoter and cloning site; E. cloni electrocompetent cells were provided by Lucigen Inc. 
Colony numbers Cell lines & Vectors used natV orientation 

150 E. cloni; HK80 Correct 
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Table 3 (continued) 

Colony numbers Cell lines & Vectors used natV orientation 

153 E .cloni: HK80 Correct 

155 E. cloni: HK80 Reversed 

163 E. cloni: HK90 Correct 

166 TOP10; HK80 Correct 

169 TOP10; HK80 Correct 

170 TOP10; HK80 Correct 

172 TOP10; HK80 Correct 

176 TOP10; HK90 Correct 

178 TOP10; HK80 Correct 

179 TOP10; HK80 Correct 

180 TOP10; HK80 Correct 

181 TOP10; HK80 Correct 

 

 

 

 

Table 4. List of  natV Plasmid Preparations (QIAgen Miniprep). 
Plasmid concentrations were determined by readings at 280 nm, 260 nm and 230 nm obtained from 
GeneQuant DNA spectrometry readings.( Biochrom Ltd, UK).   

Plasmid / vector Size Concentration 

pZL150 / HK80 2883 bp 0.312 µg/µl 

pZL153 / HK80 2883 bp 0.362 µg/µl 

pZL163 / HK90 2905 bp 0.322 µg/µl 

pZL166 / HK80 2883 bp 0.363 µg/µl 

pZL176 / HK90 2905 bp 0.362 µg/µl 
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2.8~2.9 
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Figure 15. Construction of natV Plasmid [11,12]. 
natV plasmid construction was using pSMART vector 
HK80 and HK90, with HK90 contains 22 bp more than 
HK80 between T7 promoter and cloning site. 

 

 

 

3.3.2 pZL405 nadV sequence 

The sequence of pZL405 was wild type except that at 200 bp (from +1 at the A of 

ATG start) four possibilities for the base were observed, with peaks of G and A at 1/3 

higher than those of C and T bases. The genomic sequence reports a G at this position. In 

NadV protein expression and enzyme assays, positive activity was observed. Since the 

enzymatic activity of NadV of KVP40 has not been quantitatively compared to other 

NAmPRTases, therefore, it’s hard to predict if the mutation at 200 bp would cause any 
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enzymatic differences or not compared to the NAmPRTase of H. ducreyi. nadV sequence 

of pZL405 aligns against nadV of KVP40 see Appendix B. natV plasmids are not 

sequenced yet. The sequences of natV plasmids have not been analyzed yet. 

 

3.3.3 Complementation Assays 

Salmonella typhimurium LT2 TT13007 nadB499::MudJ, pncA278::Tn10cam is 

unable to synthesize NAD through either the de novo pathway or the recycling pathways 

due to mutations in nadB and pncA. There is no growth of TT13007 in M9 minimal 

medium without addition of an intermediate compound of the NAD pathway, such as QA 

(Figure 3 and 16). NadV encoded by pZL405 was predicted to provide a nicotinamide 

phosphoribosyl-transferase function, which can catalyze conversion of nicotinamide 

(NAm) to nicotinamide mononucleotide (NMN), an intermediate in the NAD salvage 

pathway that can restore the NAD+ endogenous synthesis in strain TT13007. To 

investigate this function, pZL405 was transformed into TT13007 on LB medium 

selecting for ampicillin (100 µg/ml), chloramphenicol (34 µg/ml) and kanamycin (50 

µg/ml) resistances. Colonies were then screened on M9 with or without NAm plus 

ampicillin. Complementing transformants were selected, including strain 

TT13007/pZL405 (EM346). A dilution transfer method was adopted where TT13007 and 

TT13007/pZL405 were inoculated using a sterile toothpick onto M9 minimal agar media 

plates, which were spread with or without 50 µl 10-5 M NAm. After 24 hrs of growth, as 

indicated in Figure 17, colonies of strain TT13007/pZL405 grew across the dilution series 

and strain TT13007 failed to grow (Figure 17). Growth curves of TT13007/pZL405 

transformants and TT13007 were also obtained in both LB and and M9 minimal media 

with different NAm concentrations over 32 hours incubation. In LB broth, both 

TT13007/pZL405 and TT13007 grew effectively reaching a plateau stage
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Aspartate

Quinolinic Acid (QA)
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Nicotinic Acid Mononucleotide
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nadC
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Nicotinamid Adenine
Dinucleotide (NAD+)

Nicotinamide
Mononucleotide (NMN)

       natV
(NMN ATase)

natV (nudix?)

nadV
(NAmPRTase)

Nicotinamide (NAm)
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Nicotinic Acid

Salvage Pathway

 

Figure 16. De novo Pathway and Salvage Pathway in Salmonella typhimurium. 
Salmonella typhimurium LT2 TT13007 nadB499::MudJ, pncA278::Tn10cam is disabled at
nadB in the de novo pathway (left column), and at pncA in the salvage pathway ( right 
column). The pathway constructed by nadV complementation to restore the NAD+ 
synthesis is also shown in the right column, followed by the NMN ATase reaction in 
Salmonella typhimurium catalyzed by another enzyme. 

 

 

 

 

 

 M9 agar spread with 50 µl of 10 µM NAm  

 

 

 

 

TT13007/pZL405
 

 

 TT13007
 

Figure 17. Growth of Salmonella typhimurium strains TT13007 and TT13007/pZL405 on an M9 solid medium. 
TT13007 showed no growth, TT13007/pZL405 grew across the dilution series. 
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of OD600 1.3~1.4 (Figure 18-1). In supplement-free M9 minimal media, both OD600 

values were below 0.420 (Figure 18-2). Growth of both strains was also determined in 

M9 minimal media with different NAm concentrations (Figure 18-3 to 18-5). With 10-3 

M NAm, strains TT13007 and TT13007/pZL405 reached an OD600 of 0.5~0.6 similar to 

that observed in M9 with 10-3 M quinolinic acid. TT13007/pZL405 obtained about 0.1 

units more OD600 than strain TT13007. At between 10-4 M to 10-8 M NAm, strain 

TT13007 dropped to an OD600 of only 0.1~0.27, while strain TT13007/pZL405 still 

remained high at 0.51~0.63, indicating a prominent difference in NAm recycling between 

the two strains, although when NAm is 0 M, a growth of 0.414 was still seen in strain 

TT13007/pZL405 (Figure 18-4). Given that TT13007/pZL405 was inoculated with 

overnight cultures from M9 broth with 80 µl 200 mM NAm, and although the cells were 

washed three times with 1 ml M9 medium each time, it was still possible that the cells 

carried over trace amounts of NAm or NAD+  to the new media benefiting the growth of 

TT13007/pZL405 culture in M9 medium. The TT13007/pZL405 strain showed only 

modest growth at the first 10~12 hours then, then dropped to a lower OD600 of only 0.4. 

In Figure 18-5, after 10 hours incubation, TT13007 cultures grown in M9 and M9 with 

10-7 M and 10-8 M NAm reached the same maximum OD600 reading. However, for the 

TT13007/pZL405 cultures, the OD600 in M9 only medium reached 0.4, about 0.1 lower 

than that of cultures in M9 plus 10-7 M and 10-8M NAm. This indicated that 

TT13007/pZL405 has the ability to utilize trace amounts of NAm in the medium to 

synthesize NAD+ for growth. For the relatively high OD600 reading in M9 with 10-4 M to 

10-3 M NAm, regardless whether the cells contained pZL405 or not, a possible 

explanation could be that high concentrations of NAm added into the medium may have 

brought over NAD+-related compound contaminants at concentrations that could support 

growth of the auxotrophs. Therefore, although the T7 promoter for high level 
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transcription of nadV on pZL405 could not be induced in Salmonella, sufficient 

uninduced expression occurred to complement the pnc defects in strain TT13007. 

Generation time calculations according to OD600 readings at early log phase (the first 

three hours) support that the growth of TT13007/pZL405 were better than those of 

TT13007 when low concentrations of NAm were available. The OD600 results and the 

calculations of generation time based on OD600 readings and incubation time are listed in 

Table 5, 6, 7 and figure 19. 

 

 

 

Table 5. Growth of Salmonella enterica Typhimurium LT2 strain TT13007 and TT13007/pZL405 in M9 minimal 
media with different concentrations of NAm. OD600 readings were obtained after 32 hrs incubation. 

NAm 10-3 M 10-4 M 10-5 M 10-6 M 10-7 M 10-8 M 0 M 

TT13007 0.510 0.272 0.205 0.200 0.109 0.133 0.130 

TT13007 

pZL405 

0.647 0.63 0.566 0.583 0.532 0.519 0.414 

 

 

 

 

Table 6. Growth of Salmonella strains TT13007 and TT13007/pZL405 in LB broth and M9 minimal 
medium with quinolinic acid (QA). OD600 readings were obtained after 32 hrs incubation. 

Media TT13007 TT13007 pZL405 

LB 1.314 1.337 

M9+QA 0.518 0.553 
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Figure 18. Growth Curves of Salmonella typhimurium strains TT13007 and TT13007/pZL405. 
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Figure 18-1: TT13007 and TT13007/pZL405 in LB. The growth rates and plateau readings were about the 
same. 
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Figure 18-2: TT13007 and TT13007/pZL405 in M9 minimal media, with the growth curve of TT13007 in 
LB as a comparison. TT13007 barely grew, however, TT13007/pZL405 showed a modest grow rate in M9 
within first 10~12 hrs. Compared the slopes of growth curves, TT13007 in LB > TT13007/pZL405 in M9 > 
TT13007 in M9. 
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Figure 18-3

 

Figure 18-3: TT13007 and TT13007 in M9+0.006 M QA, and M9+0.001 M NAm. With 10-3 level NAm, 
TT13007 showed a growth rate similar to that when in M9+QA. TT13007/pZL405 showed the same 
growth rates in both media as TT13007. 
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Figure 18-4: TT13007 and TT13007/pZL405 in M9 with three different NAm concentrations. Overall, 
TT13007/pZL405 exhibited a higher OD600 reading than TT13007 in every medium. TT13007/pZL405 
showed about the same growth rate with these three concentrations of NAm. TT13007 in 10-4 M NAm grew 
better than in 10-5 and 10-6 M NAm. 
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Figure 18-5: TT13007 and TT13007/pZL405 in M9, M9 with 10-7 and 10-8 M NAm. Growth Curves of 
TT13007 in these three media plotted flat. For TT13007/pZL405, growth in M9 went up more rapidly than 
TT1300 in M9, then showed a bump and deceased to a lower reading. TT13007/pZL405 grew in M9 with 
10-7 and 10-8 M NAm exhibited a higher OD reading than in M9. 

 

 

Table 7. Strain Generation Times from Growth Curves.  

 

 

Calculations of generation time used the formula: generation time=(T2-T1)/[(Log10(OD2/OD1))/0.301].
T is in minute unit. The generation time in this table was calculated using the first 3 hours growth data. 
TT13007 in M9 has a longer generation time; in LB broth and M9+QA, TT13007 and 
TT13007/pZL405 are about the same. 

Generation Time (Min) TT13007 TT13007/pZL405 

LB 80 76 

M9+QA 112 124 

M9+10-3 M NAm 113 126 

M9+10-4 M NAm 205 121 

M9+10-5 M  NAm 218 122 

M9+10-6 M NAm 306 117 

M9+10-7 M NAm 391 125 

M9+10-8 M NAm 390 127 

M9 446 107 
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Figure 19.  Comparisons of generation times of Salmonella typhimurium strains TT13007 and 
TT13007/pZL405 in different medias. 
The Generation times of TT13007 and TT13007/pZL405 in different medias were calculated from the 
OD600 readings of the growth curves in the first 3 hours using the formula: generation time=(T2-T1) / 
[(Log10(OD2/OD1))/0.301]. Black bar: TT13007; grey bar: TT13007/pZL405. With the decreasing of 
NAm concentrations in M9 media, the generation time of TT13007 increased; however, the generation 
time of TT13007/pZL405 remained below 150 min. The appropriate NAm concentrations in M9 were 
listed on top of the bars. 
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3.3.4 NadV Overexpression and Purification 

pZL405 (nadV) DNA was transformed into BL21-AI cells and expression induced  

with 1 mM IPTG and 0.02% L-arabinose in LB with 100 µg/ml ampicillin. Expression 

was detected running whole cell samples on 12.5% acrylamide gels. Cells were all grown 

for 3 hours following induction (Figure 20). Induced cell pellets from 20 ml cultures 

were lysed and the NadV-Hisx6 recombinant protein was successfully purified using a 1 

ml Ni2+-charged metal affinity column (Amersham Pharmacia, UK). When the mobile 

phase reached 100~300 mM imidazole, the NadV protein was eluted (Figure 20). To 

confirm the identity of the eluted protein, NadV-Hisx6 was run on SDS-PAGE (12.5%) 

and subjected to electrospray ionization Mass Spectrometry (kindly performed by Dr. 

Jonathan Bundy, RTI, RTP, NC, USA). Results indicated the protein sequences had a 

match to several peptides in the database that derive from the NadV protein of 

bacteriophage KVP40 (Table 8). Purified NadV concentrations were determined using 

the BioRad Protein Assay. Results were shown in Table 9; standard data and curve not 

shown. A total of 0.5 ml NadV purified sample was dialyzed and about 1 ml was 

recovered. A prominent band was still seen on the SDS-PAGE after dialysis (not shown). 

Figure 20. NadV Overexpression and Purification. Left column, NadV induction at different time points, (-) 
uninduced; (+) induced. Right column, Ni2+-NTA method purified NadV-Hisx6 recombinant protein. 
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Each well run 12.5 µl samples. Wild type NatV molecular weight is 55.5 kDa, the recombinant NatV-Hisx6 
molecular weight is 56.4 kDa. 

56.4 kDa 

 59



Table 8. LC Mass Spectrometry Identified the NadV-Hisx6 Protein. 

Observed Mr(expt) Mr(calc) Delta Miss Score Rank Peptide

 961.43 960.42 960.49 -0.07 0 39 1 IAEQEPFK

1143.49 1142.48 1142.56 -0.08 0 42 1 VSHWSQFPR

1179.46 1178.45 1178.54 -0.08 0 49 1 HFGSEVFNDK

1186.57 1185.56 1185.64 -0.08 0 31 1 GWDIIVNELK

1405.64 1404.63 1404.74 -0.10 0 45 1 HPILTIENTDPR

1455.68 1454.68 1454.77 -0.10 0 52 1 IIQGDGVNIEEIR

1493.59 1492.58 1492.68 -0.10 0 82 1 GLEYSQYYVESR

1552.55 1551.54 1551.65 -0.11 0 88 1 GYVTFSSEDYDNR

1611.77 1610.76 1610.87 -0.11 1 55 1 IIQGDGVNIEEIRR

1628.74 1627.73 1627.83 -0.09 0 32 1 MSAAIINGEYVSVFK

1750.72 1749.71 1749.82 -0.11 0 78 1  LSDVQADFLNEGEWK

1808.81 1807.80 1807.91 -0.11 0 90 1 MLNLNQNIAIATDSYK

1878.80 1877.79 1877.92 -0.13 1 79 1 KLSDVQADFLNEGEWK

1930.89 1929.88 1930.00 -0.12 0 29 1 GGTFVARPDSGVPVDVVMK

2215.05 2214.04 2214.20 -0.16 1 53 1 EGTVVPVKHPILTIENTDPR

2444.06 2443.05 2443.16 -0.11 0 100 1 SVMQTIFEDGVTVADFSLEEAR

2460.02 

 

2459.02 

 

2459.15 

 

-0.14

 

0 

 

(20)

 

1 

 

SVMQTIFEDGVTVADFSLEEAR 

+ Oxidation (M) 

 

Results: Significantly matched to gi|34419497  nicotinamide phosphoribosyl transferase of [Bacteriophage 
KVP40]. Mass: 55516   Total score: 945  Peptides matched: 17.  
 

 
 
 
 
 
 
 
 
Table 9. Concentrations of Purified NadV-Hisx6 Protein determined by the BioRad Protein Dye Assay.  

Sample description NadV 7/17/03 fractions 

Undialyzed 

NadV 7/21/03 fractions  

Dialyzed 

Concentration 1.060 mg/ml 0.363 mg/ml 
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3.3.5 NatV Expression and Purification 

For NatV protein expression, several methods of induction and purification were 

tried as described in Materials and Methods. 1) All induced and uninduced samples of 

BL21-AI/pZL153 and BL21-AI/pZL176 showed similar protein banding pattern. No 

distinguishing induced protein appeared, although Ni-NTA binding showed a 40.2 kDa 

protein band in the elution samples (Figure 21-1). 2) For BL21-DE3/pLysS/pZL153 cells, 

no apparent NatV band showed on SDS-PAGE. Ni-NTA binding analysis showed no 

eluted band at 40.2 kDa. 3) BL21-DE3/pZL153 and BL21-DE3/176 cells showed an extra 

30 kDa protein band in the induced sample lane (Figure 21-2), however, when Ni-NTA 

binding was performed, no Hisx6 tagged protein was purified (Picture not shown). 4) 

BL21-AI/pZL163 cells showed a 40.2 kDa protein band in both induced / uninduced 

samples, BL21-AI/pZL166 had a thicker band at 40.2 kDa in the uninduced sample lane 

(Figure 21-3). The Ni-NTA binding test was applied to BL21-AI/pZL166 samples, and a 

more prominent band appeared at 40.2 kDa in the cell debris sample lane (post French 

press disruption) (Figure 21-4). Therefore, while NadV expression and purification 

progressed smoothly, NatV expression and purification encountered difficulties. 

Expression in BL21-AI cells showed NatV expression without induction with IPTG, and 

confirmed by Ni-NTA binding. Additionally, via Ni-NTA binding analysis, the cell 

debris showed a more prominent NatV protein band on SDS-PAGE, which indicated that 

NatV was a membrane-associated, insoluble protein, or an aggregated protein due to over 

expression. NatV was not expressed in BL21-DE3/pLysS cells and Ni-NTA binding tests 

were negative. Another observation was that expression of NatV in BL21-DE3 cells 

yielded an apparent truncated protein (40.2 kDa to 30kDa). For both BL21-DE3/pZL176 

and BL21-DE3/pZL153 cells, an extra protein band was seen at 30 kDa. However, 

through Ni-NTA binding analysis, there was no Hisx6 tagged protein purified, indicating 
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that the NatV may have been truncated at the C-terminal in the cells (Figure 21-2). 

Overall, the expression of NatV in BL21 cell lines was not consistent, and expression was 

not always observed. The best expression was from the BL21-AI/pZL166 transformant 

after overnight growth without IPTG, as indicated in Figure 20-3, lane “166 (-)”. Purified 

NatV obtained from BL21-AI/pZL176 and BL21-AI/pZL153 cells was subjected to Mass 

Spectrometry and results indicated that the NatV sequences match KVP40 NatV (Table 

10). 

 

 

 

 

 

Figure 21. Expression and Purification of NatV-Hisx6 in BL21 cell lines. 
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Figure 21-2: NatV Expression in BL21-DE3 cells. Both BL21-DE3/pZL153 and BL21-DE3/pZL176 have 
an extra band at around 30 kDa in induced sample lanes. Samples subjected to Ni-NTA binding test eluted 
no protein. 
 

 

 

 

Figure 21-3: NatV Expression in BL21-AI/pZL163 and BL21-
AI/pZL166. Cells were grown overnight. Both cells had a 40.2 kDa 
band in uninduced sample lanes, BL21-AI/pZL166 uninduced cells 
exhibited a better expression. (-): without IPTG; (+): with IPTG. 
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Figure 21-4: NatV Purification from BL21-
AI/pZL166 uninduced cells. 40 ml uninduced BL21-
AI/pZL166 cells pellet was resuspended in 1.5 ml 
wash buffer followed by 3 times French Press 
disruption. The cell extract was centrifuged at 4000 
rpm for 20 min to separate crude extract and debris. 
200 µl crude extract was subjected to 70 µl Ni-NTA 
beads binding and eluted 3 times. Debris sample and 
elution samples were all run on SDS-PAGE. At 40.2 
kDa, a prominent band was seen in the cell debris 
lane; a relatively thick band was observed in the 
elution sample lane. 

 

 

Table 10. LC-Mass Spectrometry Identified the NatV-Hisx6 Protein. 

Observed Mr(expt) Mr(calc) Delta Miss Score Rank Peptide 
957.48 956.47 956.53 -0.06 0 31 1 LFQPEPVK 

1009.47 1008.46 1008.53 -0.07 0 48 1 FVPLGDYAK 
1035.48 1034.47 1034.54 -0.07 0 29 1 ETFLDAAIR 
1049.48 1048.47 1048.53 -0.07 0 38 1 WYPLSEVR 
1091.52 1090.51 1090.58 -0.07 0 5 5 MTILIGSSNR 
1118.45 1117.44 1117.52 -0.07 0 73 1 DDVWQSNVR 
1136.50 1135.49 1135.57 -0.07 0 71 1 NPFVFEEVR 
1265.55 1264.54 1264.62 -0.08 0 70 1 VHPNPDNTFPK 
1354.58 1353.57 1353.65 -0.08 0 40 1 DMMGVALPDHIR 

1370.57 1369.57 1369.65 -0.08 0 (36) 1 DMMGVALPDHIR +  
Oxidation (M) 

1401.54 1400.53 1400.61 -0.08 0 30 1 ETMMFLDNWSK 

1417.53 1416.52 1416.61 -0.09 0 (11) 1 ETMMFLDNWSK + 
 Oxidation (M) 

1450.68 1449.67 1449.76 -0.09 1 12 1 SVKNPFVFEEVR 
1556.73 1555.72 1555.81 -0.08 1 47 1 ELQEETNIKVPEK 
2045.86 2044.86 2044.97 -0.12 1 123 1 GATHIVGYDKDESSYYLK 
2108.91 2107.90 2108.03 -0.13 1 53 1 FVPLGDYAKDDVWQSNVR

 
Results: Significantly matched to gi|34419395 NMN adenylyl tranferase; Nudix hydrolase of 
[Bacteriophage KVP40]. Mass: 39371   Total score: 669  Peptides matched: 16  
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3.3.6 NadV Enzyme Assays 

The NadV hypothetical protein from bacteriaphage KVP40 is significantly similar 

to nicotinamide phosphoribosyl transferase from H. ducreyi and Human PBEF (Table 1 

and Figure 11).  Therefore, the enzymatic activities of these proteins were expected to be 

related. NAmPRTase assays for the Haemophilus ducreyi enzyme [2] were modified to 

evaluate the activity of purified KVP40 NadV-Hisx6 recombinant protein. Two buffers 

were used as described in Materials and Methods. Phosphate buffer I pH 6.75 contained 

0.138 mg/ml (56.4 kDa) NadV-Hisx6 recombinant protein in a reaction volume was 1000 

µl with 1 mM ATP. Phosphate buffer II had no ATP. In later reactions, the volumes were 

reduced to 500 µl, 200µl, 50 µl or 30 µl. The enzyme amount used was proportionally 

adapted from the 1000 µl reaction and remained about 0.138 mg/ml. Reactions for testing 

pH effects on enzyme activities were carried out in Buffer I, by adjusting the ratio of 

K2HPO4 and KH2PO4 to obtain a different pH [5]. Reaction products were analyzed using 

reverse phase C18 HPLC. The NMN peak was detected at 254 nm and appeared within 

0.5 min immediately after the start of the reaction (with ATP; for no ATP reaction, only 

assay after 60 min). The standard elution profiles of NAm and NMN were first 

established (Table 11 and Figure 22). HPLC A254 chromatograms are shown in Figure 

24-1 for reaction samples without ATP terminated at 60 min; Figure 24-2 shows reaction 

samples with ATP terminated at 60 min; Figure 24-3 shows overlays of reactions with 

ATP at 0min, 5 min and 15 min, showing the increased NMN peak with increased time; 

and Figure 24-4 shows NMN, NAm, ATP and ADP standard chromatograms. Control 

reaction chromatograms were shown in Figure 25. Based on the NMN standard curve, 

NMN production rates and specific activities were calculated and are compared in Table 

12. The reaction rate reached the maximum within 0.5 minute (Figure 23). In addition to 

the NMN peak (0.6~0.7 min), a peak at 3.2~3.6 min was also observed to increase in an 
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apparent stoichiometric proportion with NMN. This compound was suspected to be ADP 

(Figure 24-4), and was confirmed by LC/MS analysis (kindly performed by Matthew M. 

Lyndon, NCSU Mass Spectrometry Facility). A Phenonenex Synergi Column and 

ammonium carbonate buffer were used.  For the pH effects on NadV enzyme activities, 

pH 6.8 and pH 7.4 showed higher peaks of NMN production than that at pH 5.8 and pH 

8.9 (data not shown). The ADP peak remained at the same ratio relative to NMN on 

chromatograms when the pH was 5.8, 6.8 and 7.4; however, when the pH was 8.9, the 

ADP peak was 2-fold higher than the NMN peak (calculated by Peak Area Reading; 

Figure 26).  

 The reactions in carbonate buffer yielded the same peak patterns as that of Figure 

24-2 (Figure 27) when analyzed using the Nova-PAK C18 column with mobile phases in 

phosphate buffer. When analyzed using Nova-PAK C18 and mobile phases in carbonate 

buffer, the peak patterns produced were inconsistent. NadV reaction samples in carbonate 

buffer were later subjected to tandem Synergi LC-Mass Spectrometry analysis confirming 

that ADP was produced. 

Table 11. Peak Areas at A254 of NMN and NAm Standards in phosphate buffer (mobile phases).  

Standard 

Concentration (mM) 

NMN 

HPLC Peak Area 

NAm 

HPLC Peak Area 

0.1 613838.4 648819 

0.2 962792.3 1013311 

0.3 1474451 1602576 

0.4 1861530 2061785 

0.5 2160969 2240600 

0.6 2262933 2361181 

0.8 3362736 3533703 

1.0 3775166 3983116 
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Figure 22. HPLC Standard Curves of NMN and NAm. 

 

 

Table 12. NadV Reaction Rate Calculations. NadV at 138 µg/ml  (2.45 x 10-3 µM) in reaction mixture. 
Calculation based on standard curves in Figure 21. NMN concentration increased as reaction time 
increasing. NAm concentration was decreasing (data not shown). Reaction was in phosphate buffer 
condition I with ATP.  

 
Time  

(min) 

NMN 

concentration 

(mM) 

Reaction rate  

(mM⋅ min-1⋅ mg-1 ) 

0.5 0.197 2.849 

5 0.408 0.592 

15 0.474 0.229 

35 0.560 0.116 

55 0.583 0.077 

95 0.583 0.044 
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Figure 23. NMN Production during a Reaction Time Course. 

 

NMN Production rate reached maximum within 5 min, as 
indicated in Table 12. 
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Figure 24. HPLC Chromatograms of NadV Enzyme Assays. 

 

 

 

 

 

 

 

 
Figure 24-1. NadV Enzyme Assay in phosphate buffer II (without ATP). The reaction was 
terminated at 60 min. Only substrate NAm and endproduct NMN are seen.  
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Figure 24-2. NadV Enzyme Assay in phosphate buffer I (with ATP). The reaction was 
terminated at 60 min. Four peaks were seen in the chromatogram at A254. Two substrate peaks, 
NAm and ATP; two product peaks, NMN and ADP were identified. 
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 Figure 24-3. Overlays of NadV Enzyme Assays Analysis at 0.5 min, 5 min, and 15 min. NMN  
and ADP peaks increased as reaction time increased. NAm and ATP peaks also exhibited a 
decreasing trend.  
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Figure 25-2 
Control reaction: NAm, PRPP, ATP and phosphate buffer only. No NadV enzyme, pH6.8 

Figure 25-1 
Control reaction: added NadV enzyme and phosphate buffer only, pH6.8 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Chromatograms of the Control Reactions.
25-1: NadV enzyme in phosphate buffer without substrate, no peak was seen; 25-2: 
NAm, PRPP, ATP and phosphate buffer, without NadV enzyme, only NAm and 
ATP peaks were seen. Both control reactions were performed at pH6.8, incubated 
for 60 min at 37°C and shaked at 250 rpm. Samples were frozen on dry ice and cold
ethanol, and then thawed immediately before being analyzed on the Nova-PAK 
C18 column. 
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Figure 26-4: Reaction in phosphate buffer, pH 8.9, ATP 1 mM 

Figure 26-3: Reaction in phosphate buffer, pH 7.4, ATP 1 mM 

Figure 26-2: Reaction in phosphate buffer, pH 6.4, ATP 1 mM 

Figure 26-1: Reaction in phosphate buffer, pH 5.8, ATP 1 mM 

Figure 26. Chromatograms of the Reactions in different pH. Reaction conditions: NadV enzyme, 2 mM 
NAm, 1 mM ATP,  5 mM PRPP and 80 mM phosphate buffer, pH 5.8 in Fig 26-1; pH 6.8 in Fig 26-2; pH 
7.4 in Fig 26-3; pH 8.9 in Fig 26-4. All reactions were incubated at 37°C for 60 min with 250 rpm shaking. 
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Figure 27-3. Reaction in carbonate reaction buffer, pH 7.5 Mobile phases: carbonate 
buffer. 

Figure 27-2. Reaction in carbonate reaction buffer, pH 7.5 Mobile phases: phosphate 
buffer. 

Figure 27-1. Control reaction: NAm, PRPP, ATP in carbonate reaction buffer, pH 7.5
Mobile phases: phosphate buffer. 

Figure 27. Chromatograms of the Reactions in Carbonate Buffer, pH 7.5. 
Reactions in carbonate buffer showed the same peaks patterns as reactions in 
phosphate buffer did when eluted with phosphate buffers, as shown in Fig 27-1 
and 27-2. Fig 27-3 showed the peaks pattern when eluted in carbonate buffer. 
All these analysis were performed on the Nova-PAK C18 column. 
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3.3.7 Western Blot 

NadV anti-serum NCSU 116 reacted with a band at about 56.4 kDa after 

incubating with purified NadV (7/21/03, dialyzed purified sample) and NadV in E. coli 

BL21-AI induced whole cell samples, which indicated the antibody was positive (Figure 

28). Testbleed of NatV NCSU 115 intereacted with multiple proteins, and prominent 

bands showed at 56.4 kDa and between 30~45 kDa positions. Vibrio parahaemolyticus 

whole cell samples were also incubated with testbleed from both rabbits and showed a 

number of reactions, including bands at 56.4 kDa and between 30~45 kDa positions. Thus, 

testbleeds from these rabbits interacted with some proteins that are of the same size as 

NadV and NatV. In future western blot experiments, strategies will be needed for 

eliminating these background bands for a more specific antibody-antigen binding. A 

possible method is to run two sets of samples, one set used for pre-treating the antibody 

incubation solution to consume the non-specific antibodies and eliminate the overlapping 

binding at positions of NadV and NatV. Then one can incubate the test samples with the 

pre-treated antibody incubation solution. 
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Figure 28. Western Blots of NadV and NatV Anti-sera from Rabbit Testbleeds. 

           1           2           3             4       5      6 
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 116 anti-NadV serum 1:100, purified NadV protein (15 µl 0.380 mg/ml on gel);  
116 anti-NadV serum 1:100, BL21-AI/pZL405 induced cell sample (150 µl pellet on gel);  
116 anti-NadV serum 1:100, V. parahaemolyticus cells (100 µl pellet on gel);  
115 anti-NatV serum 1:100, purified NatV protein (concentration not available);  
 115 anti-NatV serum 1:100, BL21-AI/pZL166 uninduced cell debris resuspension (40 ml debris 
ed in 1 ml saline, loaded 10 µl on gel);  
115 anti-NatV serum 1:100, V. parahaemolyticus cells (100 µl pellet on gel);  
hibits an obvious NadV band; land 2 and 3 showed NadV band as well as other background bands; 
6 show a band at about 40.2 kDa but also contains a band at 56.4 kDa. 
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3.4 Discussion 

3.4.1 Cloning of nadV, Expression of NadV, pZL405 Complementation Experiment, 

and NadV Enzyme Assays 

Cloning of nadV in pET101/D-TOPO vector [6,7] yielded a 7.3 kbp plasmid 

pZL405 that contains a T7 promoter for regulated high level protein expression in the E. 

coli BL21-AI expression system. Sequence analysis revealed both pZL405 and its 

product NadV amino acids match KVP40 wild type sequences. In complementation 

assays, the growth of TT13007/pZL405 in M9 with 10-7 M to 10-4 M NAm indicated even 

in a non-T7 expression system such as S. typhimurium, nadV in pZL405 still was 

expressed at a level to restore a NAD+ salvage pathway for the growth. Therefore, 

through the complementation of S. typhimurium auxotrophs, nadV and NadV of KVP40 

were confirmed to be functional.  

NadV of KVP40 aligns to NadV of H. ducreyi and human pre-B-cell colony 

enhancing factor (PBEF), whose functions have been confirmed as nicotinamide 

phosphoribosyltransferases [2, 16]. Enzyme assays adapted from the work of Martin et al 

[2] proved that NadV of KVP40 does display a NAmPRTase activity; the NMN 

production rate reached maximum at 0.5 min in the reaction in buffer containing ATP. 

Additionally, HPLC analytical methods also showed an extra ADP peak appearing when 

ATP was added to the reaction. The production of ADP in these mixtures was confirmed 

by LC / MS. According to the chromatograms, the areas of NMN and ADP were nearly at 

a 1:1 ratio (stoichiometric). Therefore NadV of KVP40 has a facultative requirement for 

ATP in the reaction, possessing an ATPase function. Whether the ATPase would 

synergistically facilitate the NAmPRTase reaction by affecting the enzyme kinetics 

remains unclear. Gross et al [17] reported the NAPRTase of Salmonella typhimurium, a 
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phosphoribosyltransferase, that catalyzes conversion of nicotinic acid (NA) to nicotinic 

acid mononucleotide (NAMN), is a facultative ATPase. This NAPRTase utilized ATP to 

phosphorylate the His-219 site, which increased the affinity for NA [17]. The effect was 

to enhance the enzyme kinetic rate through enzyme coupled phosphorylation by ATP. 

With this modification, the reaction thermodynamics favored the production of NAMN 

and the reaction speed was expedited 1000-fold [17]. After NMN was made, the enzyme 

was de-phosphorylated, which decreased the affinity for the substrate NA, as well as the 

end product NAMN, enabling the rapid release of these compounds and generating more 

free enzyme for phosphorylation [17]. Interestingly, the ATP and NAMN ratio in 

NAPRTase reaction was 1:1; for NadV of KVP40, the ADP peak and NMN peak also 

appeared to be near stoichiometric. These similarities showed a possible property shared 

by characterized NAPRTase and the KVP40 NAmPRTase NadV. Thus, ATP might play 

a similar role in optimizing the NadV reaction kinetics. Since the NadV reaction rate 

reached maximum production formation in the first half-minute with ATP added (Figure 

22), an easy step to check if ATP affects the NadV reaction is to measure the reaction in 

the first half-minute without ATP. Additional studies can be conducted to determine the 

KM for NAm with and without added ATP. Radiolabeled substrate enzyme assays and 

NadV site-directed mutagenesis, particularly of the essential histidine residue, would help 

to define how phosphorylation and protein conformational changes the enzyme catalytic 

functions. 

 

3.4.2 Cloning of natV and Expression of NatV 

 Difficulties were encountered in cloning natV into the pET101/D-TOPO vector 

[6,7]. Cloning in pSMART vectors [11] yielded good results and 5 plasmids were 

obtained: two pSMART-HK90 plasmids and three pSMART-HK80 plasmids (Table 4). 
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But expression of NatV in BL21 systems was relatively inconsistent and needed no IPTG 

induction. BL21-DE3/pZL153 and BL21-DE3/pZL176 showed no NatV band if induced 

at OD600 0.4~0.6, but exhibited a prominent band at 30 kDa after being induced at OD600 

1.0~1.1 (Figure 20-2). BL21-DE3-pLysS/pZL153 showed no expression. BL21-

AI/pZL153, BL21-AI/pZL176 induced culture only exhibited 40.2 kDa protein after 

being purified by Ni-NTA beads binding. And BL21-AI/pZL163, BL21-AI/pZL166 

needed no induction for expression of NatV. It was predicted at first that natV would have 

a better expression from pSMART-HK80 than from pSMART-HK90 vector due to the 

different distances between the T7 promoter, RBS and ATG site, which in HK90 vector is 

longer than that of HK80 vector (Appendix A). However, BL21-AI/pZL163 and BL21-

AI/pZL176 (HK90) showed better expression than BL21-AI/pZL153 (HK80).  NatV 

expressed from BL21-AI/pZL176 and BL21-AI/pZL153 had been confirmed matching to 

the KVP40 wild type sequence (Table 10). According to the cloning and expression 

results, it is not clear if NatV is a toxic product to E. coli. NatV is predicted to be a NMN 

adenylyltransferase with NAD+ as its end products and the C-terminal half probably 

functions as nudix hydrolase to degrade NAD+ to NMN (Figure 2). Berrios-Rivera et al 

recently reported a metabolic redistribution due to the change of NAD+/NADP ratio 

caused by the over-expression of NAD+-dependent formate dehydrogenase in E. coli [18]. 

The cellular concentrations of NAD+ and its derivatives had been quantitated and very 

subtle changes of them would cause large effects on nearly all metabolic pathways within 

the cells [19,20,21]. Whether the over-expressed NatV could cause adverse effects to 

metabolic pathways by impacting on the cellular NAD+ concentration, resulting in 

mutagenic NatV or low-level expression remains unclear. In the future, larger amounts of 

recombinant NatV may be obtained by using BL21-AI/pZL163 and BL21-pZL166 

transformants for expression of NatV for a better yield (no IPTG needed). Alternatively, 
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simply changing cloning strategy may be helpful. For example, a fusion protein technique 

could be pursued. 

 

 

3.4.3 Expression of NadV and NatV of KVP40 

 Antisera to NadV and NatV were produced using rabbits. If a certain level of 

NAD+ is beneficial for KVP40 development, then NadV and NatV proteins should be 

expressed soon after the phage enters the host cell. V. parahaemolyticus can be infected, 

cells collected and used for western blot experiments for detecting NadV and NatV 

expression at various time points after infection. To date, three Anti-NadV and anti-NatV 

sera blotting tests indicated NadV antibodies production was positive, however, NatV 

antibodies production remains less so. Furthermore, V. parahaemolyticus samples showed 

multiple cross-interactions on the nitrocellular membrane, with one band at 56.4 kDa and 

one at 40.2 kDa overlapping with both NadV and NatV (Figure 24). The purpose of the 

western blot is to determine when and how NadV and NatV are being expressed after 

KVP40 infection of V. parahaemolyticus. Aligned nadV and natV against V. 

parahaemolyticus genome sequences revealed there are no significant matches for NadV 

and NatV (data not shown). Thus, if V. parahaemolytius contains its own 

phosphoribosyltransferase and adenylyltransferase with about the same mass as those of 

NadV and NatV, and they cross-react with anti-NadV and anti-NatV, that could cause 

uninterpretable results. To eliminate the overlapping bandings, the antibody incubation 

sera chould be pretreated with lysed V. parahaemolyticus cells to remove the non-specific 

binding from the sera sample, followed by incubation of the pre-treated sera with phage 

infected cell samples, to detect the NadV and NatV expression. 
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 An alternative method to detect the expression of NadV and NatV during KVP40 

infection is to perform quantitative real time PCR measuring nadV and natV mRNA 

during the infection time course. Primers have been designed targeting 100 bp fragments 

within the genes for using the SYBR Green qRT-PCR method and a Bio Rad iCycler. 

 

 

 

3.4.4 Relationship between NadV of KVP40 and Other NAmPRTases 

 NadV alignments against proteins in the database showed it shares conserved 

residues with certain phage-encoded proteins, the eukaryotic protein PBEF and the 

confirmed NadV protein of H. ducreyi (Figure 11). Domain and gap analysis show NadV 

of KVP40 is most similar to Human pre-B-cell-colony enhancing factor (37% identity), a 

confirmed nicotinamide phosphoribosyltransferase. There are also some other 

hypothetical proteins from other phages, such as Aeromonas phages Aeh1 and 44R3.8t 

[13,14], and Staphylococcus phage K [34]. The function of these NadV homologs is 

unknown. While the NadV of KVP40 is the first discovered active phage NAmPRTase, it 

is possible that other phages encode a similar protein with the same function. Martin et al 

confirmed that H. ducreyi is a functional NAmPRTase, and Rongvaux et al. proved that 

PBEF is a bacterial-like NAmPRTase, possibly functioning to assist the stem cell factor 

and interleukin 7 to promote development of B-cells [2, 24, 26]. Recently, Munson et al. 

suggested that NadV of H. ducreyi might have originated from KVP40 or a KVP40-like 

phage [25]. The plasmid pNAD1, which encods NadV of H. ducreyi, contains phage-like 

genes, and some are similar to V. cholerae phage CTXφ, which carries cholera toxin [25]. 

Thus, there is the clear possibility for lateral transfer of natV among bacteria and phages, 

especially given their noted location on phage and plasmid-like elements.  
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3.4.5 Why KVP40 Might Encode a NAD+ Scavenging Pathway 

 To date, extensive studies have delved into pyridine nucleotides metabolism from 

both physiological and pathogenesis aspects. In bacteria, pyridine nucleotides are 

involved in oxidation / reduction reactions mainly as coenzymes [28,29,30]. Additionally, 

some enzymes use NAD+ as a substrate to carry out poly-ADP-ribosylation or mono-

ADP-ribosylation to modify proteins for functional control; enzymes that can do these are 

Poly(ADP-Ribose) synthetase and cholera toxin (mono-ADP-ribosyltransferase) [22]. 

The other class of enzyme that utilizes NAD+ as substrate is NAD glycohydrolase 

(NADases) [22]. The NADase performs a role of hydrolysis of NAD+ yielding free ADP-

ribose, NAm and a proton or further catalyzes it forming NAD+ analogs [22]. Pyridine 

nucleotide metabolism also connects to the Preiss-Handler pathway via nicotinic acid and 

hence plays a role in vitamin synthesis [23, 27]. For bacterophage, phage T4 modifies 

RNA polymerase by transferring an ADP-ribose moiety from NAD+ for discriminatory 

transcription of phage DNA [31,32]. From recent research on pyridine nucleotides, one 

notices that the functions of this coenzyme substrate have been found in vital energy 

transduction, protein modifications, and precursor synthesis for vitamins and DNA 

transactions. For a bacterium that must encode all necessary genetic information for 

surviving in different environments, encoding a salvage pathway for NAD+ appears to be 

advantageous, such as PNC IV, V, and VI salvage pathways in Salmonella typhimurium 

[19]. This would be an advantage for recycling endogenous and exogenous pyridine 

nucleotides [19]. For bacteriophage, that salvage systems had not been previously found. 

Recently, hypothetical NadV and NatV like proteins were also reported to be present in 

sequenced genomes of Aeromonas phage Aeh1 and 44RR2.8t [13, 14]. The Aeromonas 

host cells of these phages, like V. parahaemolyticus, are aquatic bacteria. Unlike the 

enteric bacterium E. coli, they live in relatively nutrient-scarce environments, where 
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pyridine nucleotide concentrations within the cells may not be as flexible as those in the 

enteric bacteria. KVP40, and possibly the Aeromonas phages, have a system to sequester 

the limited pyridine nucleotide source, for modifying RNA polymerase, favoring 

transcription of their own DNA, or to serve in the DNA replication. Interestingly, 

although KVP40 encodes a scavenging system for pyridine nucleotides, to date there is 

no NAD+-dependent ligase or ADP-ribosyltransferase found within its 245 kbp genome 

[1]. Given that NadV has been found in a wide span of species, including bacteriophage, 

bacteria and vertebrate genomes, and nadV was reported to be present on the mobile 

element pNAD1 [25], it is possible that KVP40 might have obtained this scavenging 

system by chance and retained its functions to benefit its development. Alternatively, the 

scavenging system could sequester pyridine nucleotides by the NadR, NadV and PnuC 

enzymes [Figure 2] to produce NAD+. NatV could also exert its nudix hydrolase activity 

to cleave NAD+ for using AMP in the synthesis of DNA precursors. Being deprived of 

critical cofactors for cellular metabolism, the host cell may lyse faster. Possibly NatV 

function in this system is important for balancing the NAD+ requirement of KVP40, and 

due to the NAD+ degrading function, cloning of natV and expression of NatV may disturb 

metabolism in the host cells leading to the poor expression observed. 
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V. APPENDICES 

A. Illustration of the distance between T7 promoter, RBS and cloning site of 

pSMART-HK80 and HK90. 

pSMART-HK80: 

AAATTAATACGACTCACTATAGGGGAAGATATCGTCAGGAGATTAATACA

Blunt 80 
cutting site

e S 

TATGTCAC

pSMART-HK

AAATTAAT

TGAATGTC

gene insert). 

* 5’ primer co

Reference:  

Sambrook, J. 
2001. Cold Sp
 
Thorstenson Y
hydrodynami
 

 

T7 Promoter Sit
ACGCAATCTTTATCATG (natV gene insert). 
) 

90: 

ACGACTCACTATAGGGGAAGATATCGTCGACGAATTCGGATCC
e 
T7 Promoter Sit
AGGAGATTAATACATATGTCACACGCAATC

Blunt 90 
cutting site 

  

ntains RBS sequence. 

and Russell, DW. Molecular Cloning: A Laboratory
ring Harbor Laboratory Press, Cold Spring Harbor, 

R, Hunicke-Smith SP, Oefner PJ, Davis RW. 1998.
c process for controlled, unbiased DNA shearing. Ge

88
natV 5’ primer + RB
natV 5’ primer + RBS (continued
TTTATCATG (natV 
natV 5’ primer + RBS
 Manual (Third Edition). 
New York. 

 An automated 
nome Res 8:848-55. 



B. Alignment of nadV of pZL405 and nadV of KVP40. 

nadV gene length 1,491 bp, 5’ primer 24 bp, 3’ primer 41 bp.  
 
Sequencing was performed using T7 forward promoter and T7 reverse promoter: 
 
From T7 promoter to cloning site (5' PRIMER): 93 bp 
TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGA
AATAATTTTGTTTAACTTTAAGAAGGAATTCAGGAGCCCTT 
 

FRom the end of 3' primer end to T7 reverse promoter: 169 bp 

AAGGGCGAGCTCAATTCGAAGCTTGAAGGTAAGCCTATCCCTAACCCTC

TCCTCGGTCTCGATTCTACGCGTACCGGTCATCATCACCATCACCATTGA

GTTTGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCT

GCCACCGCTGAGCAATAACTA 

 

Picture see next two pages. 
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