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NAD is an indispensable redox cofactor in all organisms. Most of the genes required for NAD biosynthesis
in various species are known. Ribosylnicotinamide kinase (RNK) was among the few unknown (missing) genes
involved with NAD salvage and recycling pathways. Using a comparative genome analysis involving recon-
struction of NAD metabolism from genomic data, we predicted and experimentally verified that bacterial RNK
is encoded within the 3� region of the nadR gene. Based on these results and previous data, the full-size
multifunctional NadR protein (as in Escherichia coli) is composed of (i) an N-terminal DNA-binding domain
involved in the transcriptional regulation of NAD biosynthesis, (ii) a central nicotinamide mononucleotide
adenylyltransferase (NMNAT) domain, and (iii) a C-terminal RNK domain. The RNK and NMNAT enzymatic
activities of recombinant NadR proteins from Salmonella enterica serovar Typhimurium and Haemophilus
influenzae were quantitatively characterized. We propose a model for the complete salvage pathway from
exogenous N-ribosylnicotinamide to NAD which involves the concerted action of the PnuC transporter and
NRK, followed by the NMNAT activity of the NadR protein. Both the pnuC and nadR genes were proven to be
essential for the growth and survival of H. influenzae, thus implicating them as potential narrow-spectrum drug
targets.

NAD and its phosphorylated analog (NADP) are indispens-
able cofactors for numerous oxidoreductases in all living or-
ganisms (34). Systematic studies of the bacterial NAD biosyn-
thetic machinery in Escherichia coli and Salmonella enterica
serovar Typhimurium (41) revealed a complex network of de
novo, salvage, and recycling pathways. Not all of these path-
ways are present in other bacteria; e.g., Haemophilus influenzae
is incapable of synthesizing NAD de novo or of salvaging
niacin (nicotinamide or nicotinic acid; vitamin B3) from the
growth medium (Fig. 1).

The genes for all major NAD or NADP biosynthetic steps in
bacteria have been experimentally identified (for the latest
review, see reference 6). Two previously missing bacterial
genes, �-nicotinic acid mononucleotide (NaMN) adenylyl-
transferase (NaMNAT; EC 2.7.7.18) and NAD kinase (EC
2.7.1.23), were recently identified in E. coli (24, 33). Genes
encoding some of the enzymes of the NAD salvage and
recycling pathways, such as �-nicotinamide mononucleotide
(NMN) glycohydrolase (EC 3.2.2.14), NMN deamidase (EC
3.5.1.42), and ribosylnicotinamide kinase (RNK; EC 2.7.1.22),
remained unknown in spite of convincing genetic and biochem-
ical data indicating the presence of corresponding enzymes in
some bacteria (19, 28). RNK enzymatic activity was detected in
a number of prokaryotes and eukaryotes, including humans,
where it has been implicated in the activation of some clinically

important nucleoside analogs (46). Previous biochemical data
suggest that RNK must be of central importance for H. influ-
enzae (13, 23), providing an obligate step of NAD biosynthesis.
We used comparative genome analysis to search for missing
RNK gene candidates, focusing primarily on H. influenzae and
related microorganisms.

Genes encoding enzymes hydrolyzing exogenous V factors
(NADP, NAD, and NMN) to N-ribosylnicotinamide, the ulti-
mate NAD precursor required for the growth of H. influenzae,
were recently identified (25, 45, 48). However, genes involved
with the transport of N-ribosylnicotinamide and its conversion
to NAD remained unknown. Projection of NAD biosynthetic
pathways onto genomic data allow us to propose that in H.
influenzae these steps are performed by the homologs of the
PnuC transporter and NadR proteins previously described for
E. coli and S. enterica serovar Typhimurium. The multifunc-
tional NadR protein was previously implicated in the transcrip-
tional regulation of NAD biosynthesis (20, 55) and PnuC trans-
porter-mediated salvage of exogenous NMN (21, 57). Based on
sequence similarity with archaeal NMN adenylyltransferase
(NMNAT) (43), the NadR protein was also predicted to have
NMNAT (EC 2.7.7.18) activity (28, 35), which was later con-
firmed for NadR from E. coli (ecNadR) (44).

A comparative analysis of the domain organizations of var-
ious NadR homologs led us to predict and experimentally
verify that RNK activity resides within the C-terminal domain
of the NadR protein. We propose a dual functional role for
this domain in assisting PnuC-mediated transport of N-ribo-
sylnicotinamide and providing the ultimate precursor (NMN)
for NAD biosynthesis. Here we present a comparative charac-
terization of RNK and NMNAT activities of NadR homologs
from H. influenzae (hiNadR) and S. enterica serovar Typhi-
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murium (stNadR) and the results of gene inactivation experi-
ments supporting our model for a PnuC-NadR salvage path-
way. The experimentally determined essentiality of the pnuC
and nadR genes in H. influenzae suggests that the correspond-
ing proteins may be considered narrow-spectrum targets for
anti-infective agents.

MATERIALS AND METHODS

Genome comparative analysis, metabolic reconstruction, and identification of
missing genes. Comparative analysis of microbial genomes was performed using
the ERGO database (available by subscription from Integrated Genomics, Inc.,
Chicago, Ill.) as previously described (14, 22). Additional public resources for
gene and protein analysis used in this study were GenBank (http://www.ncbi
.nlm.nih.gov/GenBank/index.html), PSI-BLAST (http://www.ncbi.nlm.nih.gov
/BLAST), and PFAM (http://pfam.wustl.edu). Genomic sequences used in this
study were E. coli K-12 MG1655 (GenBank accession no. U00096; http://gib
.genes.nig.ac.jp/) (7), H. influenzae Rd (GenBank accession no. L42023; http:
//www.tigr.org) (17), S. enterica serovar Typhimurium LT2 (accession no.
AE006468), Pseudomonas aeruginosa PAO1 (GenBank accession no. AE004091;
http://www.pseudomonas.com/) (52), Mycobacterium tuberculosis H37Rv (Gen-
Bank accession no. AL123456; http://www.sanger.ac.uk/) (12), Nostoc puncti-

forme ATCC 29133 (GenBank accession no. NC_002791; http://www.jgi.doe.gov
/JGI_microbial/html/nostoc/), Lactococcus lactis IL-1403 (GenBank accession
no. AE005176; http://spock.jouy.inra.fr/) (8), Haemophilus ducreyi (GenBank
accession no. NC_002940; http://www.microbial-pathogenesis.org/H.ducreyi/),
Actinobacillus actinomycetemcomitans HK1651 (GenBank accesssion no.
NC_002924; http://www.genome.ou.edu/act.html), and Pasteurella multocida Pm70
(GenBank accession no. AE004439; http://www.cbc.umn.edu/ResearchProjects
/AGAC/Pm/pmhome.html) (31).

NAD and NADP metabolism was reconstructed from genomic data (Table 1)
by the approach described in reference 49. We tentatively projected all the
relevant pathways over the set of genomes listed above, based on the presence or
absence of orthologous genes implicated in these pathways. Missing genes are
revealed with respect to functional roles in asserted pathways for which a cor-
responding gene is either unknown for any species or known for some species but
cannot be projected to other species by sequence similarity. A combination of
computational techniques, including analysis of chromosomal clustering de-
scribed in references 14 and 39 and protein fusion events (16, 29), was used to
infer functional coupling and to identify candidate open reading frames (ORFs)
for these missing genes. Candidate ORFs were further prioritized with additional
criteria such as occurrence (or phylogenetic) profiles (40) and conserved se-
quence motifs (using PFAM and similar resources).

Bacterial strains and DNA. E. coli strains DH5� (Life Technologies, Rock-
ville, Md.), BL21, and BL21 (DE3) (Stratagene, La Jolla, Calif.) were used for

FIG. 1. Biochemical transformations and pathways in the biosynthesis of NAD(P) in Enterobacteriaceae and Pasteurellaceae. Pathways and
individual enzymatic steps that occur only in E. coli and not in H. influenzae are outlined by dashed boxes and arrows. Common components
between E. coli and H. influenzae are shown on a black background. Gene names are given as for E. coli except with nadN (characterized for
H. influenzae), hel (characterized for H. influenzae, not present in E. coli), and nadV (characterized for H. ducreyi, not present in either E. coli or
H. influenzae). Missing genes are labeled with “(?).”
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cloning and protein overexpression. H. influenzae Rd (ATCC 51907) was used for
genetic studies. For PCR amplification of the target genes, we used total genomic
DNA purchased from the American Type Culture Collection (Manassas, Va.):
H. influenzae Rd (KW20) (ATCC 51907D) and Salmonella enterica subsp. en-
terica (Smith) Weldin serotype Typhimurium (S. enterica serovar Typhimurium)
LT2 (ATCC 700720D). Genomic DNA of P. aeruginosa PAO1 was a kind gift
from O. Zaborina (University of Illinois, Chicago). In cloning for sequencing we
used pGEM 3Z(�) (Promega, Madison, Wis.). A pET-derived plasmid vector
containing a T7 promoter, N-terminal His6 tag, and TEV protease cleavage site
described in reference 37 or a similar vector, pProEX HTa (Life Technologies)
with a Trc promoter, was used for protein expression. Enzymes for DNA ma-
nipulations were from New England Biolabs (Beverly, Mass.) and Fermentas
(Vilnius, Lithuania). Plasmid purification kits and Ni-nitrilotriacetic acid (NTA)
resin were purchased from QIAGEN (Valencia, Calif.). Reagents for DNA
sequencing were from PE Biosystems (Foster City, Calif.). Oligonucleotides for
PCR and sequencing were ordered from Sigma-Genosys (Woodlands, Tex.) and
MWG Biotech Inc. (High Point, N.C.).

Reagents. Buffer components, EDTA, dithiothreitol, and all reagents for en-
zymatic assays were from Sigma (St. Louis, Mo.). Tiazofurin was a kind gift from
V. Marquez (National Cancer Institute, Frederick, Md.). Recombinant NAD
synthetase from Corynebacterium glutamicum was a kind gift from K. Shatalin
(Integrated Genomics, Inc.).

PCR amplification, cloning, and sequencing. Pairs of 5� and 3� primers used
for PCR amplification of target genes and gene fragments are listed below.
Mutations and added nucleotides are shown in lowercase letters, and engineered
restriction sites are shown in bold.

(i) H. influenzae primers. The primers for the full-size coding region of hiNadR
were gggccATGgCAAAAACAAAAGAGAAAAAAGTCGGTGTCATTTTC
(NcoI) and ggggtcgacTCATTGAGATGTCCCTTTTATAGGAAAGGTTGTG
(SalI). The primers for the coding fragment for the NMNAT domain of hiNadR
were gggccATGgCAAAAACAAAAGAGAAAAAAGTCGGTGTCATTTTC
(NcoI) and ggggtcgactcaAAAGAAAGGACGAGCTTCTTTCGGAATAAAC
TTC (SalI). Those for the pnuC locus were ggggaaTTCTACACCTTGACATT

ACCAATTCACAATGC (EcoRI) and ggggaattcATCATTTAACGGGGATTT
TTTATAAGCTATTTACTG (EcoRI).

(ii) S. enterica serovar Typhimurium primers. The primers for the full-size
coding region of stNadR were gggtcaTGaCATCGTTCGACTATCTCAAAACC
GCG (BspHI) and ggggtcgacTTAactcgagCCCTGCTCGCCCATCATCTCTT
TC (SalI, XhoI). For site-directed mutagenesis of the ATP-binding site in the
stNadR protein (mutations H77A and H80A), the primers were CCATTGgcT
ACCGGAgcCATCTACTTGATCC (sense) and GGATCAAGTAGATGgcTC
CGGTAgcCAATGG (antisense).

(iii) P. aeruginosa primers. For PnuC-NadR of P. aeruginosa (paPnuC-NadR),
the primers were gggGAATTCTTGCCAGCCGGCGTCTG (EcoRI) and gggg
aattcGCGCCGAGACAGCTTTCCGC (EcoRI).

PCR amplification used genomic DNA as the template and Pfu DNA poly-
merase (Stratagene). PCR fragments were purified, digested with restriction
enzymes, and cloned into appropriately digested vectors. All clones were verified
by DNA sequencing by standard procedures. Additional internal primers were
synthesized when needed to complete DNA sequencing. No differences from the
originally reported genomic sequences were found, except for the correction of
a presumed sequencing error in the H. influenzae pnuC locus. Two insertions
were found: a single G at 70 bases upstream of the start codon and a single C at
position 394 of ORF HI1077.1 (17). The revised H. influenzae pnuC locus can be
translated into a 226-residue contiguous ORF with high end-to-end sequence
similarity with E. coli PnuC protein (gi�1651338).

Site-directed mutagenesis. Amino acid substitutions (H77A and H80A) in the
ATP-binding site (HTGH) of stNadR were produced using the sequential PCR
steps technique (3). Briefly, mutant primers (sense and antisense) containing the
separate base substitutions were synthesized. In the first step, two separate PCRs
were performed with two sets of primers, 5�-end-flanking and antisense mutant
primers and 3�-end-flanking and sense mutant primers, and 10 ng of the expres-
sion plasmid encoding full-sized stNadR. Both amplified mutated fragments were
purified, mixed in a 1:1 molar ratio, and used as the template for a second step
of amplification with flanking primers under standard conditions to produce the
full-length mutated fragment.

TABLE 1. Functional reconstruction of NAD(P) biosynthetic pathways from genomic dataa

NAD(P) biosynthesis EC no.

Genomic data for:

E. colib N. puncti-
forme L. lactis P. aeru-

ginosa
M. tuber-

culosis
H. influ-

enzae H. ducreyi A. actinomyce-
temcomitans

P. multo-
cida

De novo pathway: aspartate to NaMN Yes Yes No Yes Yes No No No No
Aspartate oxidase 1.4.3.16 nadB � � � � � � � �
Quinolinate synthase nadA � � � � � � � �
Quinolinate phosphoribosyltransferase 2.4.2.19 nadC � � � � � � � �

Salvage I: niacin to NaMN Yes Yes Yes Yes ?c No No No No
Nicotinamide deamidase 3.5.1.19 pncAd � ? � � � � � �
Nicotinate phosphoribosyltransferase 2.4.2.11 pncB � � � � � � � �

Salvage II: niacin to NMN No No No No No No Yes Yes Yes
Nicotinamide phosphoribosyltransferase 2.4.2.12 � � � � � � nadV � �

Salvage III: NMN/ N-ribosylnicotinamide to NAD Yes Yes Yes No No Yes Yes Yes Yes
NMN phosphohydrolase (periplasmic) 3.1.3.5 ushAe � � � � nadN � � �
Pyridine nucleoside transporter pnuC � � � � � � � �
Tripartite NadR protein:

Ribosylnicotinamide kinase; domain 3 2.7.1.22 nadR � � � � � � � �
NMN adenylyltransferase; domain 2 2.7.7.1 nadR � � � � � � � �
Transcription regulator; domain 1 nadR � � � � � � � �

Universal pathways: NaMN to NAD Yes Yes Yes Yes Yes No No No No
NaMN adenylyltransferase 2.7.7.18 nadDd � � � � � � � �
NAD synthetase 6.3.5.1 nadE � � � � � � � �

Universal pathways: NAD to NADP Yes Yes Yes Yes Yes Yes Yes Yes Yes
NAD kinase 2.7.1.23 nadFd � � � � � � � �

a Representative genomes containing NadR homologs are shown. The presence or absence of an orthologous gene in a specific genome is marked by a � or �,
respectively. The deduced presence or absence of corresponding pathways is shown by “Yes” or “No”, respectively. A ? means “unknown.”

b E. coli and S. enterica serovar Typhimurium have identical genes and pathway patterns.
c In spite of the presence of all required orthologs, M. tuberculosis is believed to be unable to salvage exogenous NAD precursors (19).
d ydjB, ybeN, and yfgB are the previous gene names for pncA, nadD, and nadF, respectively, in E. coli.
e ushA is an E. coli homolog of nadN (identified in H. influenzae [45]) that was previously described as a periplasmic UDP-sugar hydrolase (5�-nucleotidase) (10).
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Protein overexpression and purification. All proteins were expressed in BL21
or BL21/DE3 strains of E. coli as N-terminal His6 tag fusion proteins with a TEV
protease cleavage site. The cultures were grown in Luria-Bertani medium with
100 �g of ampicillin per ml at 37°C in shaking flasks (200 rpm) to an optical
density at 600 nm of �0.8. The temperature was adjusted to 20°C, and expression
was induced by the addition of isopropyl-�-D-thiogalactopyranoside (IPTG) to
0.8 mM. Cells were harvested after �12 h of shaking at 20°C.

A rapid partial purification of recombinant proteins used Ni-NTA agarose
minicolumns (38). Briefly, cells harvested from a 50-ml culture were resuspended
and lysed in 10 mM HEPES–NaOH (pH 7.2) containing 100 mM NaCl, 2 mM
�-mercaptoethanol, 0.03% Brij 35, 2 mM phenylmethylsulfonyl fluoride, and 1
mg of lysozyme per ml. After lysis by freezing-thawing and sonication, the lysate
was centrifuged and pellets and supernatants were processed separately. Super-
natants (adjusted to a pH of 8 with 50 mM Tris-HCl) were loaded onto 200-�l
Ni-NTA agarose minicolumns that had been equilibrated with the same buffer.
After being washed with starting buffer containing 1 M NaCl and 0.3% Brij 35,
bound proteins were eluted with 300 �l of starting buffer containing 250 mM
imidazole. Original pellets were resuspended in the same buffer containing 7 M
urea before they were processed by the same minicolumn procedure with 7 M
urea included in all buffers. The yield and distribution between soluble and
insoluble fractions were analyzed by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis. For further enzymatic analysis, proteins were purified
from 6-liter cultures by chromatography on a Ni-NTA agarose column followed
by gel filtration on a HiLoad Superdex 200 16/60 column (Pharmacia) with an
AKTA fast protein liquid chromatography system, as described previously (14,
37).

Substrates for RNK activity assay. N-Ribosylnicotinamide was produced by
alkaline phosphatase (Fermentas) treatment of 1 mM solutions of NMN (Sigma)
at 37°C for �12 h in 200 mM Tris-HCl (pH 8.0) and 10 mM MgCl2 (described
in reference 23). The reaction was monitored by high-performance liquid chro-
matography (HPLC) (as described below). N-Ribosylnicotinate was synthesized
from NaMN by the same procedure.

Enzymatic characterization of NadR proteins. (i) Direct (HPLC-based) assay.
An HPLC-based protocol was used to directly verify the NMNAT and RNK
activities of NadR proteins. Assays were carried out with 100 mM HEPES-KOH
(pH 7.5) with 10 mM MgCl2. The enzymes (0.04 mg of hiNadR per ml and 0.02
or 0.2 mg of stNadR per ml) were incubated with 2 mM concentrations of the
substrates and 2 mM ATP at 37°C overnight. After the reaction, protein was
removed by microultrafiltration with Microcon YM-10 centrifugal filters (Ami-
con, Bedford, Mass.) and the filtrates were analyzed on 50- by 4.6-mm C18

columns (Supelco, Bellerofonte, Pa.) after appropriate dilution. Ion pair sepa-
ration was carried out isocratically in 50 mM sodium phosphate (pH 5.5) con-
taining 8 mM tetrabutylammonium bromide and 8% methanol at 1 ml/min.
Samples were monitored at 254 nm with a Gilson (Middleton, Wis.) HPLC
system. The same procedure was used to monitor the synthesis of N-ribosylni-
cotinamide and N-ribosylnicotinate.

(ii) NMNAT- and NaMNAT-coupled assay. The continuous NMNAT assay
coupling NAD formation to the alcohol dehydrogenase-catalyzed conversion of
NAD to NADH was adapted from reference 4. The assay was performed with
UV-transparent plastic cuvettes in the six-cuvette autosampler of a model DU-
640 spectrophotometer (Beckman, Fullerton, Calif.) at 37°C. The 500-�l reaction
mixture contained 100 mM HEPES-KOH (pH 7.5), 115 mM ethanol, 40 mM
semicarbazide, 2 mM ATP, 3 U of alcohol dehydrogenase (Sigma), and 0.1 to 10
�g of NadR (depending on the source and specific activity). The reaction was
started by adding 10 �l of 50 mM NMN and monitored at a wavelength of 340
nm over a 20-min period. The NADH extinction coefficient of 6.22 mM�1 cm�1

was used for rate calculations. One unit of enzyme was defined as the amount
capable of producing 1 �mol of NADH per min. To measure NaMNAT activity,
the procedure was modified by introducing an additional enzymatic step: con-
version of �-nicotinic acid adenine dinucleotide (NaAD) to NAD by NAD
synthetase (EC 6.3.5.1). NAD synthetase (0.3 U) from C. glutamicum and 10 mM
NH4Cl were added to the same reaction mixture, and the reaction was initiated
by adding 10 �l of 50 mM NaMN. The pH optimum for hiNadR and stNadR
NMNAT activity was determined to be in the range 7.0 to 9.0 by the same assay.

NMNAT steady-state kinetic parameters were determined by the same pro-
tocol in a reduced volume (250 �l) in a 96-well plate format with an automated
pipetting station (Quadra-96; Tomtec, Hamden, Conn.) in combination with a
microplate reader from Spectrafluor Plus (Tecan-US, Durham, N.C.) with a
340-nm-pore-size filter at 37°C. NMN and ATP concentrations were varied
between 20 and 20,000 �M and 200 and 2,000 �M, respectively. Data was
acquired, and initial rate calculations were performed with Magellan software
(version 2.22; Tecan-US). Further analysis was performed with the software
Sigma-Plot 2000 (SPSS Science, Chicago, Ill.). A standard Michaelis-Menten

model was used to determine apparent values of Km (Km,app) and kcat (kcat,app)
at various NMN concentrations and several fixed ATP concentrations.

(iii) RNK-coupled assay. An original continuous spectrophotometric assay was
developed coupling RNK activity to NADH formation via two additional enzy-
matic steps: the conversion of NMN to NAD with an excess of recombinant
human NMNAT (O. V. Kurnasov and A. L. Osterman, unpublished data) and
the alcohol dehydrogenase-catalyzed conversion of NAD to NADH. The assay
was performed as described for the NMNAT assay, except that the preincubation
mixture contained 0.8 mM N-ribosylnicotinamide instead of NMN and 0.15 U of
human NMNAT and did not contain ATP. The reaction was initiated by adding
50 �l of 50 mM ATP. Data were collected and analyzed as described for the
NMNAT assay.

Analysis of gene essentiality. The essentiality of the nadR and pnuC genes in
H. influenzae was determined by the GAMBIT (genomic analysis and mapping by
in vitro transposition) technique (1) with some modifications. A 5.3-kb DNA
fragment containing nadR was PCR amplified with the primers TGGCTTTGC
GGGGAGTGGTTCAT (FP0) and ACGACGGTTCACCCATCATCACAAG
(RP1) and genomic DNA from H. influenzae. An 11.6-kb DNA fragment con-
taining pnuC was amplified with primers GAAGGCATCACAAATGGGAACA
TTGA and TTGCGCTGTTCAATGGTTATGATT. The PCR products were
mutagenized by in vitro transposition with the EZ::TN	KAN-2
 transposon
and the hyperactive Tn5 transposase (Epicentre Technologies, Madison, Wis.) as
recommended by the manufacturer. The 20-�l reaction mixture containing 20 ng
of target DNA per �l, 15 ng of transposon DNA per �l, 0.1 U of transposase per
�l, 50 mM Tris-acetate (pH 7.5), 150 mM potassium glutamate, 10 mM magne-
sium acetate, and 40 mM spermidine was incubated at 37°C for 2 h. The reaction
was stopped by the addition of 0.1% SDS, and transposase was removed by
phenol extraction. Gaps in transposition products were repaired with T4 DNA
polymerase and 0.1 mM concentrations of each deoxynucleoside triphosphate,
followed by ligation with T4 DNA ligase. Repaired transposition products were
transformed into H. influenzae (5). Transformants were selected on brain heart
infusion (BHI) plates supplemented with 10-�g/ml concentrations (each) of
hemin, NAD, and ribostamycin (50). Colonies were pooled after growth for 24 h,
and total genomic DNA was extracted and used to generate genetic footprints of
the region by PCR with outwardly directed transposon-specific primers and
primers specific for each of the two nadR and pnuC chromosomal loci. The PCR
products were separated on 0.65% agarose gel. The images were captured and
analyzed with 1D Image Analysis Software (Eastman Kodak Company, Roch-
ester, N.Y.). Chromosomal mapping of inserts was performed as described pre-
viously (22).

Nucleotide sequence accession number. The revised H. influenzae pnuC locus,
translated into a 226-residue contiguous ORF, was deposited in GenBank under
accession no. AF503632.

RESULTS

Reconstruction of NAD metabolism from genomic data and
RNK prediction. A simplified diagram of NAD biosynthesis
based on biochemical and genetic data, largely from E. coli and
S. enterica serovar Typhimurium, is shown in Fig. 1. Most of
the E. coli genes involved with the biochemical pathways
shown in this diagram (except for NMN deamidase and NMN
glycohydrolase) are currently known. When we began this
study, a gene for RNK had not been identified in any species,
although the corresponding enzymatic activity had been de-
tected in E. coli (41) and H. influenzae (13). In E. coli, RNK is
presumably involved with NMN recycling and does not play a
key role in the biosynthetic machinery of NAD. The two major
sources of NAD are de novo biosynthesis and salvage of ex-
ogenous niacin (Fig. 1). Based on genomic evidence, neither of
these pathways is expected to occur in H. influenzae (Table 1).
This expectation is consistent with the requirement of H. in-
fluenzae for the presence of the so-called V factors in the
growth medium (13). The minimal V factor that can support
the growth of H. influenzae is N-ribosylnicotinamide. Other
acceptable V factors include NADP, NAD, and NMN. Before
uptake, the other V factors must be degraded to N-ribosylni-
cotinamide by recently characterized extracellular and
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periplasmic phosphohydrolases (25, 45, 48). In contrast to most
bacteria, H. influenzae is incapable of attaching the pyridine
ring to a ribose and cannot amidate the nicotinate moiety (13).
H. influenzae lacks the corresponding genes (nadC, pncB, and
nadV as well as nadE orthologs) (Table 1). The only pathway
for NAD biosynthesis from exogenous N-ribosylnicotinamide
anticipated in H. influenzae consists of (i) transport of N-ribo-
sylnicotinamide across the periplasmic membrane, (ii) phos-
phorylation to NMN, and (iii) formation of NAD by NMN
adenylation, as illustrated in Fig. 2.

We used a comparative genomics approach to search for a
missing RNK gene candidate in the genomes of H. influenzae
and related bacteria, based on the fact that this activity is
expected to be indispensable for NAD metabolism in these
organisms. None of the genes involved in the N-ribosylnicoti-
namide salvage pathway was previously identified in H. influ-
enzae. Among all of the genes involved in NAD metabolism in
other organisms (Table 1), only two, nadR and pnuC, have
reliable homologs in the H. influenzae genome. Relatively low
NMNAT activity (0.05 U/mg) and an approximately 170-fold
preference for NMN over NaMN were previously reported for
recombinant ecNadR (44). These properties markedly contrast
with NadD, the major adenylyltransferase involved with NAD
biosynthesis in E. coli, which displays very high NaMNAT
activity (120 U/mg) and a 
500-fold preference for NaMN
over NMN (O. V. Kurnasov and A. L. Osterman, unpublished
data). A universally conserved NadD-NadE pathway (Table 1
and Fig. 1) represents the major NAD biosynthetic route in
E. coli and many other bacteria. Neither NadD nor NadE
orthologs are present in H. influenzae or any other sequenced
members of the Pasteurellaceae (Table 1), suggesting that in
these organisms NadR is the major (and likely the only) en-
zyme responsible for the adenylyl transfer step in NAD bio-
synthesis. Based on this hypothesis, we expected hiNadR to
differ significantly from ecNadR in at least two aspects: (i)
higher catalytic efficiency and (ii) essentiality for growth and
survival.

In addition to the role of stNadR in the transcriptional
regulation of early NAD biosynthetic genes, this protein was
also implicated in PnuC transporter-mediated NMN salvage by
an unknown mechanism (20, 58). PnuC (in the TC 9.A.4.11

family according to the existing classification [http://tcdb.ucsd
.edu/tcdb]) was characterized as an integral membrane protein
involved with the active transport of exogenous NMN (56).
The pnuC gene was not properly identified in the original
version of the H. influenzae genome (17) due to sequencing
errors. We have cloned and sequenced the corresponding
800-bp fragment of the H. influenzae chromosome and shown
that it contains a full-size homolog of the canonical pnuC gene.
Based on analogy with E. coli and S. enterica serovar Typhi-
murium, we suggest that the H. influenzae PnuC transporter
homolog is the most likely candidate for an N-ribosylnicoti-
namide transporter in the V factor salvage pathway of NAD
biosynthesis (25). A key prediction of this hypothesis is that the
pnuC gene is expected to be essential for the growth and
survival of H. influenzae, although it is not essential in S. en-
terica serovar Typhimurium (56).

A putative identification of two components of H. influenzae
NAD biosynthesis prompted us to use genome comparative
analysis techniques, such as chromosomal clustering (39) and
protein fusion events (29), to search for the last missing com-
ponent of this pathway, the gene encoding RNK. Orthologs of
pnuC and nadR are not clustered in the Enterobacteriaceae or
the Pasteurellaceae, but they occur next to each other in some
other genomes, as illustrated in Fig. 3. The pnuC orthologs in
P. aeruginosa (PA1958) and some related species form a tight
operon (Fig. 3A) with an uncharacterized protein (PA1957)
corresponding to the “stand-alone” C-terminal domain of the
NadR protein (residues 238 to 416 of ecNadR). Based on a
multiple alignment of NadR homologs from various sources,
this C-terminal domain represents a putative P-loop kinase
(Fig. 3) with the predicted characteristic fold and conserved
Walker-type ATP-binding motifs A and B (11, 26). The NadR
protein was previously predicted to possess ATPase activity
(35), but no specific functional role for this activity was pro-
posed. Therefore, we considered the C-terminal domain of
NadR protein to be a likely candidate for the missing RNK
enzyme. Some representatives of the nucleoside and nucleo-
tide kinase superfamily, uridine kinase (EC 2.7.1.48) and thy-
midylate kinase (EC 2.7.4.9), are distantly related to the NadR
C-terminal domain, indirectly supporting this prediction.

FIG. 2. Schematic of the N-ribosylnicotinamide salvage pathway of NAD biosynthesis.
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FIG. 3. Gene clustering, domain organization, and amino acid sequence conservation in NadR homologs. (A) Homologous ORFs that clustered
in the vicinity of pnuC genes on the chromosomes of several species are outlined by matching patterns. For nadR homologs, the presence of
the corresponding domains (HTH, NMNAT, and RNK) is shown. (B) Domain organization and approximate domain boundaries in ecNadR pro-
tein. (C) Alignment of multiple amino acid sequences of representative NadR homologs from P. aeruginosa (PA; gi�15597153), M. tuberculosis (MT;
gi�15607353), N. punctiforme (NP; http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/framik?taxid � 63737), E. coli (EC; gi�730107), P. multocida (PM;
gi�15603252), and H. influenzae (HI; gi�1171638). Conserved amino acids are outlined by black (for identity) and gray (for similarity) backgrounds
based on a larger alignment of 15 NadR homologs produced by using ClustalW (http://dot.imgen.bcm.tmc.edu:9331/multi-align/Options/clustalw
.html) and Boxshade 3.21 (http://www.isrec.isb-sib.ch:8080/software/BOX_form.html). Conserved sequence motifs characteristic of nucleotidyl-
transferases (HXGH motif) and P-loop kinases (Walker A and B motifs) are indicated. The N-terminal extension in hiNadR preceding the
alternative translation start (Met-53) is shown in lowercase letters.
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Enzymatic characterization of NadR protein. We cloned,
expressed, purified, and characterized stNadR and hiNadR. An
expected, NMNAT activity was experimentally confirmed for
both proteins by HPLC analysis (Fig. 4). Steady-state kinetic
data were generated by using a continuous coupled assay (Fig.
5). Due to the very poor affinity of stNadR for its substrate,
only rough estimates of NMNAT kinetic parameters could be
obtained (Km,app, �8 � 2 mM, and kcat,app, �0.26 � 0.04 s�1

at a saturating concentration of 0.2 mM ATP). The NMNAT
enzymatic efficiency of hiNadR is �200-fold higher than that of
stNadR, based on the kcat/Km ratio, in agreement with the
presumed biological significance of NMNAT for H. influenzae
NAD biosynthesis. This difference is manifested mostly at the

substrate affinity level (Km,app � 0.14 � 0.01 mM and kcat,app �
0.92 � 0.02 s�1 at 0.2 mM ATP). Both the stNadR and hiNadR
proteins reveal equally strong (�250-fold) preferences for
NMN-to-NaMN substrates, based on their respective specific
activities at a 1 mM concentration of either substrate (Table 2).
This substrate preference is consistent with the biological role
of the NadR protein in NMN salvaging and recycling in each
organism (Fig. 1).

In addition to NMNAT activity, both proteins possess the
predicted RNK activity, directly confirmed by HPLC analysis
(Fig. 4). In the case of stNadR, formation of an NMN inter-
mediate could be observed, while in the case of hiNadR, the
two-step reaction proceeded to NAD without detectable NMN

FIG. 4. Direct verification of NMNAT and RNK activities of hiNadR and stNadR. Reaction products were analyzed by ion-pair HPLC. Shown
are the HPLC profiles of the N-ribosylnicotinamide substrate before (A) and after incubation with hiNadR (B) and stNadR (C) and of the NMN
substrate before (D) and after incubation with hiNadR (E) and stNadR (F). Substrates and product retention times are shown with dotted vertical
lines. Unidentified peaks are marked by “x” and “xx.” ATP and ADP were eluted at higher retention times (data not shown).
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accumulation. These results are also consistent with a differ-
ence in the relative efficiencies of the NMNAT and RNK
half-reactions observed between stNadR and hiNadR (Table
2), when they were measured independently by the coupled
assay. In this test, stNadR displayed significantly higher RNK
activity than hiNadR (Table 2).

In order to refine the functional assignment for the NadR
RNK domain, we analyzed its substrate specificity towards
structurally similar nucleosides. For this purpose, we used st-
NadR, which displays significantly higher RNK activity than
hiNadR. Based on HPLC analysis, no nucleoside phosphory-
lation was detected after overnight incubation of 0.2 mM con-
centrations of ribosyl derivatives of nicotinic acid, uracil,
and cytosine in the presence of 5 mM ATP with 0.02 mg of
stNadR per ml. The same stringent preference towards the
natural substrate N-ribosylnicotinamide is also characteris-
tic of hiNadR, evidenced by its inability to phosphorylate
N-ribosylnicotinate (Table 2). This result is in contrast to the
substrate specificity of human RNK purified from placenta,
which efficiently phosphorylates a broad spectrum of nucleo-
side analogs, including the antitumor agent tiazofurin (47). No
tiazofurin phosphorylation could be detected after extensive
incubation with hiNadR or stNadR protein.

Domain organization of NadR protein. A multiple align-
ment of NadR proteins from various sources suggests the ex-
istence of three distinct functional domains (Fig. 3). (i) The
N-terminal helix-turn-helix (HTH) domain (corresponding to
amino acids [aa] 1 to 63 in ecNadR) is characteristic of the
DNA-binding proteins involved in the transcriptional regula-
tion of the early NAD biosynthetic genes nadB, nadA, and
pncB (42). This assertion is in agreement with the localization
of mutations affecting the regulatory function of NadR protein
from S. enterica serovar Typhimurium (21). (ii) The central
NMNAT domain (aa 64 to 233 in ecNadR) has a recognizable
Rossman fold with a conserved ATP-binding site in the N-
terminal part of the sequence, characteristic of the nucleoti-
dyltransferase superfamily (9). (iii) The C-terminal RNK do-
main (aa 234 to 417 in ecNadR) has a Rossman-like fold and
recognizable Walker A and B motifs typical of members of the
P-loop kinase family (11, 26).

The HTH domain is not preserved in hiNadR, and the
reliable sequence similarity between hiNadR and other NadR
homologs starts only within the boundaries of the NMNAT
domain (Fig. 3). In the absence of direct experimental data,
this observation may be explained by imprecise identification
of the translational start site, a known limitation of the existing
ORF-prediction algorithms. Among the two possible alterna-
tive hiNadR start positions at Met-15 and Met-52 (by numer-
ation of the corresponding protein [gi�1573771] in GenBank),
the latter is more consistent with the predicted start sites of N.
punctiforme and M. tuberculosis NadR homologs (Fig. 3).

Overexpression of the extended version of hiNadR (N-ter-
minal His6 tag fusion at Met-15) generated two products (re-
vealed by SDS-polyacrylamide gel electrophoresis [data not
shown]), consistent with an alternative translation initiation
point at Met-52. A similar construct with a fusion at Met-52
produced a single protein of the predicted size, supporting its
role as a possible hiNadR translation start site. Both short and
extended forms of hiNadR have the same NMNAT and RNK
specific activities (data not shown).

To verify the distribution of NMNAT and RNK activities
within the domain boundaries predicted from the multiple
alignment, we have attempted overexpressing the correspond-
ing hiNadR domains individually. The NMNAT domain (aa 52
to 226) has the same specific NMNAT activity as the full-size
protein, but no RNK activity could be detected (Table 2). All
attempts to overexpress the C-terminal RNK domain failed to
produce any soluble and active protein, regardless of the
source (hiNadR or stNadR), type of fusion (His6 or thiore-

FIG. 5. NMNAT steady-state kinetics of hiNadR and stNadR. Ap-
parent kinetic parameters derived at ATP concentrations close to
saturation (0.2 mM) are shown for each enzyme. Only an estimate of
kinetic parameters could be obtained for stNadR, due to its poor
affinity for NMN. V/E, ratio of initial reaction rate (V, in micromoles
per second) to enzyme concentration (E, micromolar).

TABLE 2. NadR substrate preferencesa

Protein, size
Sp act of
NMNAT
(U/mg)

NMNAT/
NaMNAT

ratio

Sp act
of RNK
(U/mg)

RNK/
RNaK
ratio

RNK/
NMNAT

ratio

stNadR, full size 0.04 �250 1 �10,000 25
hiNadR, full size 0.90 �250 0.04 �10,000 0.04
hiNadR, NMNAT domain 3 None

a Specific activities of stNadR and hiNadR were determined at 1 mM NaMN,
NMN, and N-ribosylnicotinamide in the presence of 1 mM ATP by coupled
assays. No N-ribosylnicotinate kinase (RNaK) activity could be detected by
HPLC after overnight incubation with the corresponding substrate and 1 mM
ATP. In the case of the NMNAT domain of hiNadR, no RNK activity could be
detected; NaMNAT and N-ribosylnicotinate kinase activities were not measured.
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doxin tag), or expression protocol (different temperatures).
The NMNAT domain may be required for the proper folding
of the RNK domain or to prevent its self-aggregation or se-
questration within the insoluble membrane fraction. Earlier
experimental data implicated the C-terminal part of stNadR in
PnuC-mediated association with membranes (21). As men-
tioned before, a stand-alone RNK gene in P. aeruginosa (en-
coding a paNadR protein corresponding to the ecNadR C-
terminal domain) occurs in an operon with the pnuC gene. All
paNadR protein was found in an insoluble form when it was
overexpressed in E. coli, either as a single ORF or as a part of
the pnuC-nadR operon.

Full-size NadR contains two putative ATP-binding sites in
the NMNAT and the RNK domains (Fig. 3). Enzymatic char-
acterization of C-terminally truncated hiNadR protein con-
firmed that only the first ATP-binding site is required for
NMNAT activity (Table 2). Directed mutagenesis of this site
(H77A and H80A of the HXGH motif) in stNadR produced
the full-size protein completely lacking NMNAT activity.
These mutations had no effect on RNK activity (data not
shown), confirming that the first ATP-binding site is not in-
volved with the enzymatic activity of the RNK domain. Crys-
tallographic studies of hiNadR (51) show that the NMNAT
and the NRK domains are well separated in the tertiary struc-
ture, consistent with their independent action.

Essentiality of pnuC and nadR genes in H. influenzae. Mu-
tations of both pnuC and nadR genes were previously de-

scribed for S. enterica serovar Typhimurium as having no effect
on growth in rich medium (20, 55, 56). Both of these genes are
also dispensable in E. coli in rich medium, as shown by a
genetic footprinting technique (22). We used a similar tech-
nique to address the essentiality of pnuC and nadR homologs
in H. influenzae. As illustrated in Fig. 6, no transposon inser-
tions were detected within nadR after aerobic growth in BHI
medium, while multiple inserts were present in ORFs HI0762,
HI0765, and HI0766. This result suggests that transposon in-
sertions in nadR were lethal under the experimental conditions
but that inserts in HI0762, HI0765, and HI0766 could be tol-
erated. Likewise, we detected no insertion within the pnuC
gene (data not shown), demonstrating that this gene is also
required for H. influenzae growth in BHI media. These results
are in agreement with recently published data on genome-scale
gene essentiality in H. influenzae (2).

The difference between Enterobacteriaceae and V factor-
dependent Pasteurellaceae with respect to the essentiality of
the pnuC and nadR genes is consistent with their expected
differences in levels of NAD biosynthesis (Fig. 1). Since the
hiNadR protein contains two functional domains involved in
the same pathway, our transposon mutagenesis results do not
allow us to assert whether only one (NMNAT domain) or both
are essential. However, the absence of transposon insertions in
the C-terminal part of the gene (Fig. 6) may be an indication
of the essentiality of RNK activity in H. influenzae.

FIG. 6. Genetic footprinting of the H. influenzae chromosomal region containing nadR. (A) Random insertions were introduced into the nadR
locus via transposition in vitro and the transformation of H. influenzae. (B) Transformants capable of forming colonies on BHI plates were pooled,
and their genomic DNA was isolated and used for insert detection. Detection of insertions was performed by PCR as illustrated. In each PCR,
one chromosome-specific primer (FP0, FP1, or RP1) and one transposon (Tn10 or Tn12)-specific primer were used (marked above each lane of
the gel image; only three out of six used primer combinations are shown). Each band on the gel originates from a specific transposon insertion,
which can thus be mapped in the H. influenzae chromosome (C). Note that areas on the gel that correspond to nadR do not contain any PCR
products. This indicates that all insertions in this gene were lethal and were not represented in the analyzed pool of viable mutants. Lane M,
molecular size markers. (C) ORFs of the H. influenzae chromosome containing transposon insertions (nonessential) are shown by white arrows,
and those without insertions (essential) are shown by black arrows. PCR primers used for the fragment amplification and for insert detection are
shown with arrows under the map. Detected transposon insertions are shown with vertical lines above the map.
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DISCUSSION

Using a comparative genomics approach, we established that
RNK, involved with the N-ribosylnicotinamide salvage path-
way of NAD biosynthesis (Fig. 1), is encoded in the previously
uncharacterized C-terminal domain of NadR protein. This
pathway was hypothesized to be of critical importance for V
factor-dependent Pasteurellaceae, such as H. influenzae, due to
its role in the only biosynthetic route of NAD and NADP
biosynthesis in these organisms (13). At least one of the four
known V factors, NADP, NAD, NMN, and N-ribosylnicoti-
namide, must be present in the medium to support the growth
of H. influenzae. However, only a nonphosphorylated V factor,
N-ribosylnicotinamide, can be transported across the inner
membrane and converted to NAD or NADP in the cytoplasm
(13). Extracellular and periplasmic enzymes degrading phos-
phorylated V factors to N-ribosylnicotinamide prior to uptake
were recently identified (25, 45, 48), while genes encoding
other components of NAD biosynthesis remained unknown.
Based on genomic reconstruction of the NAD biosynthetic
machinery in various species, including H. influenzae, we pro-
pose that the pnuC and nadR genes encode all the necessary
components of the N-ribosylnicotinamide–NAD salvage path-
way (Fig. 1, Fig. 2, and Table 1).

After correction of a sequencing error, the reconstructed
H. influenzae PnuC homolog was identified as the most likely
candidate for a putative N-ribosylnicotinamide transporter.
This integral membrane protein, previously implicated in the
NMN salvage of S. enterica serovar Typhimurium, is conserved
in all Enterobacteriaceae and Pasteurellaceae and in a limited
number of other gram-negative bacteria (Table 1). Local sat-
urating transposon mutagenesis studies confirmed that the
pnuC gene is essential for the growth and survival of H. influ-
enzae, consistent with its proposed role in V factor utilization.
In E. coli (22) and S. enterica serovar Typhimurium (56) the
pnuC gene is not essential, due to the existence of alternative
pathways such as de novo biosynthesis from aspartate and
niacin salvage (Table 1 and Fig. 1).

Our model, implicating PnuC protein in N-ribosylnicoti-
namide transport, seems to contradict the earlier results for S.
enterica serovar Typhimurium (27), which suggested a PnuC-
dependent transport of intact NMN. This apparent contradic-
tion may be the result of (i) fundamental functional differences
between H. influenzae and S. enterica serovar Typhimurium
PnuC transporters, (ii) the presence of an NMN transport
mechanism unrelated to PnuC in S. enterica serovar Typhi-
murium, or (iii) the existence of a PnuC-unrelated mechanism
of N-ribosylnicotinamide transport in H. influenzae. However,
all of these alternative explanations are inconsistent with other
observations and considerations. For example, the sequence
similarity between PnuC homologs in H. influenzae and S.
enterica serovar Typhimurium appears to be too high to ac-
commodate such a dramatic difference in transporter specific-
ities. Earlier genetic data for S. enterica serovar Typhimurium
consistently identify PnuC as the only transporter involved with
NMN salvage (20, 56). In addition, the identification of pnuC
as an essential gene in H. influenzae is consistent with its
unique role in the V factor salvage pathway.

Additional experiments are required to reconcile these con-
tradictory observations. By a combination of arguments, we

assume that the model of PnuC-mediated N-ribosylnicoti-
namide transport can be generalized and projected to E. coli
and other related bacteria. Notably, NMN phosphohydrolase
homologs (nadN gene of H. influenzae) are present in E. coli
and S. enterica serovar Typhimurium (Table 1), supporting the
idea that they are able to convert exogenous NMN to N-
ribosylnicotinamide prior to transport.

The next step of the pathway, phosphorylation of N-ribo-
sylnicotinamide to NMN, is catalyzed by RNK. We predicted
the C-terminal domain of NadR to be a candidate for this
functional role based on cumulative genomic evidence, such as
(i) clustering on the chromosome with the pnuC gene (Fig. 3),
(ii) translational fusion with the NMNAT domain, (iii) cooc-
currence of pnuC and nadR in all Pasteurellaceae and Enter-
obacteriaceae, and (iv) a recognizable Rossman-like fold with
Walker A and B sequence motifs, characteristic of the P-loop
kinase superfamily. The predicted functional activity was ver-
ified and quantitatively characterized for two representatives
of the NadR family from Pasteurellaceae (hiNadR) and Entero-
bacteriaceae (stNadR).

Sequence similarity searches revealed that this RNK family
is present in a limited set of bacteria (Table 1) and not present
in human or any other eukaryotic genome. Human RNK was
previously partially purified and characterized (47). This en-
zyme, together with human NMNAT (15, 54), presumably
form a similar N-ribosylnicotinamide salvage pathway, impli-
cated in the activation of the anticancer prodrug tiazofurin.
Thus, the human RNK, by phosphorylating the nucleoside
analog tiazofurin, displays relatively broad substrate specificity
(47) in contrast to the very stringent preference of bacterial
RNK for its natural substrate N-ribosylnicotinamide (Table 2).
This observation is consistent with the assertion that the un-
identified human RNK gene is structurally unrelated or very
divergent from its bacterial counterpart.

Early genetic studies of S. enterica serovar Typhimurium
implicated the C-terminal segment of NadR in the salvage of
exogenous NMN mediated by the PnuC transporter (21). This
finding indicates that RNK activity may be directly involved
with the PnuC transporter mode of action. Although the mech-
anism is unknown, one may hypothesize that ATP-dependent
phosphorylation of N-ribosylnicotinamide by RNK occurs as a
concerted process with PnuC-mediated transport, “trapping” a
transported molecule within the cell. Therefore, RNK activity
may play a dual role in assisting vectorial transport by prevent-
ing the efflux of negatively charged NMN through the phos-
pholipid bilayer and providing an intermediate substrate for
the next step of NAD biosynthesis.

Based on metabolic reconstruction from genomic data, we
suggested that the last step of the N-ribosylnicotinamide sal-
vage pathway in H. influenzae is performed by the NMNAT
domain of hiNadR. We have shown that the NMNAT specific
activity of hiNadR is at least 200-fold higher than the cor-
responding activities of ecNadR (44) and stNadR (Table 2)
in correlation with our previous data, suggesting that the
NMNAT activity of NadR is not sufficient to support the
growth of an E. coli nadD mutant on the media supplemented
with NMN (22). These observations are consistent with the
unique role of the NadR-dependent NAD biosynthetic path-
way in H. influenzae (Fig. 1). Another remarkable difference
between hiNadR and stNadR is the relative catalytic effi-
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ciencies of the two consecutive enzymatic steps, RNK and
NMNAT (Table 2). In the case of H. influenzae, where the
NadR-dependent pathway is the only route for NAD forma-
tion, the higher catalytic efficiency of NMNAT compared to
that of RNK is critically important for avoiding the potentially
harmful accumulation of NMN (36).

In E. coli and S. enterica serovar Typhimurium, the major
flux to NAD involves a two-step transformation of NaMN by
NaMNAT (the nadD gene product) and NAD synthetase (the
nadE gene product). In these bacteria, NMN utilization occurs
mostly via NMN deamidase (18) (Fig. 1), which alleviates the
risk of NMN accumulation due to the higher catalytic efficiency
of RNK than that of NMNAT as observed with stNadR (Table
2). A gene encoding NMN deamidase has not been identified,
and based on the absence of the NadD-NadE pathway, it is not
expected to occur in H. influenzae. In P. aeruginosa and a few
other bacteria containing RNK without NMNAT (Table 1),
the NMN deamidase-dependent pathway appears to be the
only possible route of N-ribosylnicotinamide salvage.

Comparative analysis and reconstruction of the NAD bio-
synthetic machinery suggest that the PnuC-NadR salvage path-
way is the only route for NAD formation in H. influenzae. This
pathway is expected to be present in Enterobacteriaceae, pre-
sumably with a minor flux, unlike the de novo biosynthesis and
niacin salvage pathways (Fig. 1). In agreement with this hy-
pothesis, both pnuC and nadR are essential genes in H. influ-
enzae (our data and that in reference 2) while neither is essen-
tial in E. coli (22) or S. enterica serovar Typhimurium (20, 55,
56).

H. influenzae is the only representative of the V factor-
dependent Pasteurellaceae with a publicly available genome
sequence, although other related V factor-dependent species
were previously described (53). Recently, the nadV gene en-
coding a nicotinamide phosphoribosyltransferase (EC 2.4.2.12),
a novel enzyme of the niacin salvage pathway, was identified in
V factor-independent H. ducreyi (30). This enzyme provides V
factor-independent Pasteurellaceae with the ability to grow in
the presence of nicotinamide via an alternative route to NAD
(Fig. 1). This is likely to make the PnuC transporter and RNK
activity dispensable in these organisms. In contrast, the
NMNAT component of NadR is expected to remain essential
in the V factor-independent Pasteurellaceae, since this activity
is involved with the salvage of either precursor, nicotinamide
or N-ribosylnicotinamide. NadV homologs are conserved in a
number of diverse species (30), including humans (pre-B-cell
colony-enhancing factor protein [32]), where they probably
have a similar functional role (A. Rongvaux, R. J. Shea, M. H.
Mulks, D. Gigot, J. Urbain, O. Leo, and F. Andris, Abstracts
of the Meeting of the Belgian Society of Biochemistry and
Molecular Biology, abstr. 10, 2002; [online]http://www
.biochemistry.be/22feb2002/list_of_abstracts.htm).

In contrast to hiNadR, all of the sequenced NadR homologs
from V factor-independent Pasteurelaceae contain a recogniz-
able HTH domain (Table 1). However, none of these organ-
isms contain the nadA, nadB, or pncB gene, known to be
regulated by NadR in Enterobacteriaceae. It is tempting to
propose that the nadV gene may provide a point of regulation
by NadR in H. ducreyi and similar organisms. However, insuf-
ficient sequence data on V factor-dependent Pasteurellacae, as
well as the absence of recognizable NAD boxes upstream of

nadV (or elsewhere in Pasteurellacae genomes), make this sug-
gestion highly speculative.

In summary, a comparative genome analysis and reconstruc-
tion of NAD metabolism from genomic data allowed us to
predict and experimentally confirm that the C-terminal domain
of the multifunctional NadR protein constitutes the previously
uncharacterized RNK. Based on the characterization of RNK
and NMNAT enzymatic activities of recombinant NadR pro-
teins and on genetic analysis, we propose a model for the
complete PnuC-NadR salvage pathway from exogenous N-
ribosylnicotinamide to NAD. The essentiality of the pnuC and
nadR genes in H. influenzae, together with their absence in the
human genome, identifies the corresponding proteins as po-
tential narrow-spectrum drug targets.
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