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Previously, we characterized a pathway necessary for the processing of NAD* and for uptake of nicotinamide
riboside (NR) in Haemophilus influenzae. Here we report on the role of NadR, which is essential for NAD™
utilization in this organism. Different NadR variants with a deleted ribonucleotide kinase domain or with a
single amino acid change were characterized in vitro and in vivo with respect to cell viability, ribonucleotide
kinase activity, and NR transport. The ribonucleotide kinase mutants were viable only in a nadV* (nicotin-
amide phosphoribosyltransferase) background, indicating that the ribonucleotide kinase domain is essential
for cell viability in H. influenzae. Mutations located in the Walker A and B motifs and the LID region resulted
in deficiencies in both NR phosphorylation and NR uptake. The ribonucleotide kinase function of NadR was
found to be feedback controlled by NAD™" under in vitro conditions and by NAD™ utilization in vivo. Taken
together, our data demonstrate that the NR phosphorylation step is essential for both NR uptake across the
inner membrane and NAD™ synthesis and is also involved in controlling the NAD™ biosynthesis rate.

A well-known physiological hallmark of Haemophilus influ-
enzae is the lack of de novo biosynthetic pathways for two
essential cofactors, hemin (factor X) and NAD ™" (factor V) (8).
The NAD* dependence was described decades ago, and it was
shown that NAD™ or a precursor, such as nicotinamide ribo-
side (NR) or nicotinamide mononucleotide (NMN), must be
present in the growth medium for cell propagation (6, 14, 45).
Other related species, such as Haemophilus aphrophilus, Hae-
mophilus ducreyi, and Pasteurella and Actinobacillus spp., can
utilize nicotinamide (Nam) and are therefore referred to as
factor V independent (24). Enzymatic activities for NAD*
degradation and resynthesis have been described for H. influ-
enzae and Haemophilus parainfluenzae. These activities include
NAD™ pyrophosphatase (21), nicotinamide ribonucleoside ki-
nase (RNK), NMN adenylyltransferase (NMNAT), nucleoside
phosphorylase, NAD™ kinase, and NAD™ glycohydrolase (6,
7). Not long ago, it was found that eukaryotic cells also possess
an RNK activity (43), and only recently it was found that NR
is a substrate (4); therefore, NAD™ resynthesis can occur via a
Preiss-Handler independent route in eukaryotes. There is in-
creasing interest in this field since NR may be considered an
important nutrient factor and because the NR pathway seems
to be involved in activation of nucleotide antitumor prodrugs,
such as benzamide riboside, tiazofurin, and selenazofurin (4,
43).

As shown recently, the amino acid sequence of NadR of
Escherichia coli has a motif that is also found in adenylyltrans-
ferases, and it has been demonstrated that NadR possesses
NMNAT activity (38). Moreover, the NadR homologue of
H. influenzae was found to possess RNK activity (27). Struc-
tural and biochemical analysis proved that the NMNAT motif
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is located in the N'-terminal half of the NadR protein, whereas
the RNK domain is located in the C’-terminal half (46). The
RNK domain contains Walker A (P-loop) and Walker B motifs
responsible for ATP binding and hydrolysis, respectively (27,
46, 49). In addition, a proposed LID domain was identified.
LID domains have been found in other kinases (31), and these
domains are regions which are able to move after substrate
binding (34, 54) and are responsible for coordination of three
distinct conformations, an open state in the absence of sub-
strate, a partially closed state after substrate binding, and a
closed state if both substrates are present (29).

NadR was first described as a transcriptional regulator pro-
tein that acts as a repressor for several genes needed for de
novo NAD™* biosynthesis and pyridine nucleotide cycles in
Salmonella enterica serovar Typhimurium (11, 36, 56). The
function of NadR is to integrate the signals of NAD™ starva-
tion. Under nonstarvation conditions NadR is bound with its
corepressor, NAD™, and this leads to DNA binding activity
that represses the transcription of nadA, nadB, and pncB (10).
In the presence of a decreased concentration of NAD™, asso-
ciation between NadR and ATP seems to take place, and an
NadR-ATP complex does not act as a repressor (37). Further-
more, it was assumed that an NadR-ATP complex activates
NMN uptake via the PnuC transporter (36). Mutations which
interfered with NMN uptake were obtained in the C'-terminal
part of NadR (12). However, so far there are no direct data
which explain how NadR interacts with or activates the PnuC
permease function.

A helix-turn-helix DNA binding domain present in NadR of
S. enterica serovar Typhimurium (12) could not be found in the
NadR homologue of H. influenzae. Therefore, it was proposed
that in H. influenzae NadR has no regulatory function at the
transcriptional level (27). In H. influenzae, NR enters the
NAD™ resynthesis pathway after uptake, NR is phosphory-
lated to obtain NMN by a nicotinamide RNK activity, and
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subsequently, NAD™ is synthesized from NMN and ATP via
an NMNAT activity (6, 27). Summarizing these features, NadR
represents an amazing multifunctional regulator/enzyme com-
plex able to integrate several features, such as enzymatic, trans-
port, and transcriptional (regulatory) activities.

The NadR reaction starts with NR, and recently, the com-
ponents of the H. influenzae pathway necessary for NAD™Y,
NMN, and NR uptake were determined. We characterized two
enzymes, a nucleotide phosphatase encoded by the e(P4) outer
membrane protein and NadN, an NAD* nucleotidase locat-
ed in the periplasm (23, 40, 44). In addition, we showed that
NAD™ and NMN cross the outer membrane mainly via the
OmpP2 porin (2). However, only NR can be utilized by the
transport system located in the inner membrane (19, 42), which
is encoded by a homologue of pnuC. We characterized the
pnuC gene product as the protein that is responsible for the
main flow of the NR substrate into the cytoplasm, and we also
found that H. influenzae pnuC knockout mutants were not able
to grow under in vivo conditions (there was not invasive growth
in infected infant rats) (19).

In this study, we investigated the nadR homologue gene
product (HI0763) (9) of H. influenzae. In particular, we studied
its role as an essential gene product for cell viability, the cor-
relation of RNK activity, NR uptake, and negative feedback
regulation. Based on the recent identification of spontaneous
nadR mutants, which provide 3-aminopyridine resistance (42),
and the published structure of NadR (46), we generated site-
directed nadR mutants and tested them to determine their
effects on NR transport and NAD™ synthesis. We showed in-
directly that an impaired RNK function of NadR results in
nonviable cells, which demonstrated that the RNK domain is
essential for growth of H. influenzae and that the RNK activity
determines NR transport. Furthermore, we showed that RNK
activity is negatively regulated by NAD™ feedback inhibition
and obtained evidence that NR uptake is under NadR feedback
control. Therefore, we postulate that intracellular NAD* concen-
trations control the uptake of NR and NAD™ biosynthesis.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth media. Strain H. influenzae Rd KW20
was obtained from A. Wright (Tufts University, Boston, Mass.). This strain was
manipulated to contain the sxy-/ mutation (39), which made it constitutively
competent and yielded AKO1, as reported recently (42). Strain AKO1 was used
for all genetic manipulations. In general, H. influenzae strains (Table 1) were
cultured in brain heart infusion (BHI) broth (Merck, Darmstadt, Germany) or
on BHI agar supplemented with NAD™" (15 pM) or NR (15 M) and hemin (10
pg/ml). Antibiotics were used as described by Barcak et al. (3), except that the
concentration of chloramphenicol was 0.5 pg/ml. E. coli K-12 strains (Table 1)
were cultured in Luria-Bertani (LB) broth (Merck, Darmstadt, Germany) or on
LB agar plates. Kanamycin (50 pg/ml) or chloramphenicol (30 pg/ml) was added
for selection of transformants using kanamycin. E. coli strains ER2566 (New
England Biolabs, Schwalbach, Germany) and TOP10F’ (Invitrogen) were em-
ployed for cloning plasmid constructs. BL21/pLysS (Invitrogen) was used for
protein expression.

DNA purification, hybridization, PCR, and DNA sequencing. Isolation and
preparation of chromosomal DNA were done by using the method of Grimberg
et al. (15). DNA hybridization and blotting were performed as described by
Southern (47). Briefly, chromosomal DNA was digested with restriction en-
zymes, separated on an agarose (0.7%) gel, and transferred to a Hybond N*
membrane (Amersham Pharmacia Biotech, Freiburg, Germany). DNA probe
labeling and hybridization were performed according to the manufacturer’s in-
structions with an ECL direct nucleic acid labeling and detection kit (Amersham
Pharmacia Biotech). PCRs for sequencing and subcloning were carried out using
the TripleMaster system (Eppendorf, Hamburg, Germany). DNA sequencing
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was performed with an ABI 310 genetic analyzer (Applied Biosystems, Weiter-
stadt, Germany).

NadR mutant construction. For deletion construction of the RNK domain of
NadR (amino acids 225 to 410), two PCR DNA fragments were generated. One
fragment was amplified with oligonucleotides RNK1EcoRI5" and RNK2PstI3’
(Table 2), which generated a 374-bp fragment of nadR starting from position 252
located downstream of the annotated start codon. The second PCR fragment was
generated with oligonucleotides nadR3PstI5’ and nadR4HindIII (Table 2),
which generated a 701-bp fragment starting from position 1225 located in nadR
and extending into the next open reading frame, HI0762. The PCR products
were digested with PstI, EcoRI, and HindIII (Table 2) and ligated with a PstI-
digested cat gene cassette (26) and with an EcoRI- and HindIII-digested pUC19
plasmid (55). The ligation mixture was transformed into E. coli ER2566. Chlor-
amphenicol-resistant (Cm") clones were isolated, and one of them was further
tested and found to contain a cat gene inserted in the same transcriptional
orientation as nadR, which was verified by DNA sequencing (data not shown).
This plasmid was designated pUCARNK. For nadR RNK domain deletion con-
struction pUCARNK was used as the template to amplify the nadR’-cat-'HI0762
gene fragment using oligonucleotides RNKEcoRI and nadRHindIII (Table 2).
PCR amplification resulted in a 2,063-bp fragment, which was gel purified (QIA-
GEN, Hilden, Germany) and transformed into strain SE01 (42). This construc-
tion resulted in deletion of amino acids 225 to 410 of NadR in strain SEOIARNK.

An additional nadR deletion mutant, SEO1nadRAS58::cat, which lacked the
C’-terminal 58 amino acids (amino acids 352 to 410), was generated. For mutant
construction, we used the strategy described above with oligonucleotides X1-
EcoRI and nadRAS58-2Pstl5’ upstream of the region and oligonucleotides
nadR3PstI5S’ and nadR4HindIII downstream of the region (Table 2). Transfor-
mation was carried out as described previously (19), and transformed cells were
plated on BHI agar supplemented with chloramphenicol. After 48 h of growth,
Cm" colonies were obtained and purified. Chromosomal DNA was prepared, and
the cat insertion into the chromosomal nadR locus was verified by Southern blot
analysis using the entire cat and nadR genes as labeled probes (data not shown).

An nadR complementation plasmid was constructed by generating an nadR
DNA fragment with oligonucleotides nadRKpnIup2 and nadRKpnldown (Table
2). This PCR fragment contained the nadR gene, as annotated in The Institute
for Genome Research database, with GTG as an alternative start codon (9).
After PCR amplification this 1,288-bp DNA fragment was digested with Kpnl
and ligated into a Kpnl-digested pSSkanAcm plasmid that was a derivative of
pZA31-luc (32), in which the cat gene was deleted (Table 2). Kan" clones were
verified by DNA restriction and sequencing (data not shown). The resulting
plasmid was designated pNadRkan.

Construction of an nadR His-tagged expression system. The full-size nadR
gene (annotated sequence according to Fleischmann et al. [9]) was amplified
with primers nadRtopol5’ and nadRtopo3’ (Table 2) using genomic DNA as the
template and TripleMaster Mix proofreading polymerase. The PCR fragment
was purified and ligated into the pCRT7/CT-TOPO plasmid, and the ligation
mixture was transformed into competent E. coli TOP10F' according to the
manufacturer’s instructions (Invitrogen), resulting in plasmid pMMnadR-Hisg,
in which the C terminus of nadR carried V5 and His, tags. The correct nadR
sequence was confirmed by sequencing, and plasmid pMMnadR-His, was used
for NadR-His purification and as a template for site-directed mutagenesis.

Site-directed mutagenesis. The primers used for mutagenesis were designed to
contain a specific restriction site either directly at or near the nucleotide position
coding for the amino acid that was substituted (triplets coding for substituted
amino acids and restriction sites are shown in Table 2). Using pMMnadR-His, as
a template and starting from the site of substitution, the entire plasmid was
amplified by PCR. The resulting product was purified, digested with appropriate
restrictions enzymes, relegated, and transformed into E. coli TOP10F’. Trans-
formants with plasmids carrying mutated nadR genes (Table 1) were confirmed
by digestion with appropriate enzymes and DNA sequencing (data not shown).

For transformation of recombinant nadR-His, into H. influenzae strain
SEO0IARNK, pMMnadR-His, was digested with Xbal and Pmel. The 1,404-bp
fragment carrying the nadR-His, gene sequence was gel purified and cloned into
Nhel/EcoRV-digested pBAD18Kan (16). The resulting plasmid was designated
pBADnadR-His and used for transformation of the nadR-His, gene into H. in-
fluenzae. pUC-derived plasmids cannot replicate in H. influenzae (3), and there-
fore pBAD18Kan is a suicide plasmid for this species. After transformation of
pBADnadR-His, the cells in which the plasmid had integrated into the remaining
nadR portion of the nadRARNK::cat locus via single homologous recombination
were selected by growth on kanamycin-containing agar. The colonies had a single
chromosomal copy of nadR-His, under control of the promoter and the ribo-
somal binding site of the native NadR. Correct integration of the pBADnadR-
His plasmid into the nadR locus on the chromosome was confirmed by Southern
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TABLE 1. Relevant strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid

Relevant phenotype and/or genotype

Source or reference

Escherichia coli strains
TOP10F

BL21 (DE3)/pLysS
ER2566

Haemophilus influenzae

F' [lagl? Tnl0(Tc")] merA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 recAl deoR Invitrogen
araD139 A(ara-leu) galU galK rpsL (Sm") endAl nupG
F~ ompT hsdSy (ry~ my ) gal dem (DE3)/pLysS (Cm") Invitrogen

fhuA2 (lon) ompT lacZ::T7 genel gal sulA11 A(mcrC-mrr)114::1S10 R(mcr-73::mini-
Tnl10-Tet®)2 R(zgh-210::Tnl10)(Tet®) endAI(dcm)

New England Biolabs

strains
Rd KW20 Genome determined 9
AKO1 Strain Rd (sxy-1 Strep®) constitutive competent 18
SE01 nadV, Nam™ 42
SE01ARNK nadRARNK::cat, Nam™ Cm" This study
SEO1ARNKSS nadRAS8RNK::cat, Nam™* Cm" This study
SE02ARNK SE01ARNK nadR::pBADnadR-His, Kan" This study
SE03ARNK SE01ARNK nadR::pBADnadR(G**N), Kan* This study
SE04ARNK SE01ARNK nadR::;pBADnadR(G**S), Kan" This study
SE0SARNK SE01ARNK nadR::pBADnadR(D**C), Kan" This study
SE06ARNK SE01ARNK nadR::pBADnadR(D***N), Kan" This study
SE07ARNK SE01ARNK nadR::pBADnadR(D**S), Kan" This study
SEOSARNK SE01ARNK nadR::pBADnadR(R***C), Kan* This study
SE09ARNK SE01ARNK nadR::;pBADnadR(R***M), Kan" This study
SE10ARNK SE01ARNK nadR::pBADnadR(R**N), Kan" This study
SE11ARNK SE01ARNK nadR::pBADnadR(W*°F), Kan" This study
SE12ARNK SE01ARNK nadR::pBADnadR(Y**I), Kan" This study
SE13ARNK SE01ARNK rnadR::pBADnadR(K'?°A), Kan" This study
SE14ARNK SE01ARNK nadR::pBADnadR(K'?°T), Kan* This study
Plasmids
PACYC184 Cm" Tet" New England Biolabs
pACYC184nadR(His,) Tet" This study
pMMnadR-His, Amp"; nadR-C’-terminal His tagged 42
pUCARNK Cm" Amp', nadR::cat::nadR' This study
pSSkan Kan" Cm" S. Schild
pSSkanAcm pSSkan, Cm® Kan" This study
pNadRkan pSSkanAcm, nadR™ This study
pBAD18-Kan Kan® 16
pBADnadR-His Kan', nadR-C’-terminal His tagged This study
nadR point mutants
pBADnadR(G**N)-His Kan" This study
pBADnadR(G**S)-Hisg Kan" This study
pBADnadR(D***C)-His, Kan* This study
pBADnadR(D?*"N)-His, Kan* This study
pBADnadR(D?%S)-His, Kan* This study
pBADnadR(R**C)-His, Kan" This study
pBADnadR(R*?M)-Hisg Kan" This study
pBADnadR(R**N)-His, Kan* This study
pBADnadR(W?°F)-His, Amp" This study
pBADnadR(Y?*?I)-His, Amp" This study
pBADnadR(K'?°A)-His, Amp* This study
pBADnadR(K'*T)-His, Amp* This study
pMMnadR(G**N)-His Amp” This study
pMMnadR(G***S)-His, Amp" This study
pMMnadR(D***C)-His, Amp" This study
pMMnadR (D?***N)-His, Amp" This study
pMMnadR (D*%*S)-His, Amp* This study
pMMnadR(R***C)-His, Amp* This study
pMMnadR(R*>M)-Hisg Amp” This study
pMMnadR(R**N)-His, Amp* This study
pMMnadR(W>°F)-His, Amp" This study
pMMnadR (Y?*?I)-His, Amp" This study
pMMnadR (K'?°A)-His, Amp* This study
pMMnadR(K'*°T)-His, Amp* This study

blotting and DNA sequencing of PCR-generated nadR (data not shown). All
point mutations in the nadR-His, tagged gene were subcloned into pBAD18kan
(Table 1) and were subsequently transferred into strain SEOIARNK as described
above.

NadR His-tagged protein purification. The NadR His-tagged protein was
expressed in the BL21(DE3)/pLysS strain of E. coli as a C'-terminal V5/Hisg
fusion protein. Cultures (400 ml) were grown in LB medium with ampicillin (100

pg/ml) at 37°C with shaking to an optical density at 600 nm (ODg) of 0.8. The
temperature was adjusted to 18°C, and expression was induced with isopropyl-
B-p-thiogalactopyranoside (IPTG) (0.8 mM). Cells were harvested after 18 h of
shaking at 18°C. Cells were washed and resuspended in 4 ml of NaH,PO, (50
mM)-NaCl (300 mM), pH 8, containing mercaptoethanol (2 mM), Brij 35
(0.03%), and a protease inhibitor mixture (Complete, EDTA-free; Boehringer,
Ingelheim, Germany). The cells were opened with a French press, and the lysate
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TABLE 2. Oligonucleotides used in this study

Oligonucleotide

Sequence (5" to 3")”

Oligonucleotides used for cloning
RNKI1EcoR15’
RNK2Pst123’
nadR3Pst15’
nadR4HindIII
XI-EcoR1
nadRAS582Pst1
nadRKpnlup2
nadRKpnldown
nadRtopol5’.
nadRtopo3'...

Oligonucleotides used for site-directed mutagenesis
LIDnadRR352C 5’
LIDnadRR352C 3’
LIDnadRR352M 5’
LIDnadRR352M 3’
LIDnadRR352N 5’
LIDnadRR352N 3’
WalkerBnadRD304C
WalkerBnadRD304C 3’
WalkerBnadRD304N 5’
WalkerBnadRD304N 3’
WalkerBnadRD304S 5’
WalkerBnadRD304S 3’
WalkerAnadRG238N 5’
WalkerAnadRG238N 3’
WalkerAnadRG238S 5’
WalkerAnadRG238S 3’
nadRK126A5
nadRK126A 3’
nadR W256F 5’
nadR W256F 3’
nadR Y2921 EcoRV 5’
nadR Y2921 EcoRV 3’

AGATTGAATTCCGCATGCCAACCGTGCAAGATC
AATCTGCAGCACCGTTTTGGCTTA GAAAGGACGAGC
AATCTGCAGTACAAAACACAACCTTTCC
CAAAAGCTTCGTGATGATGTCCGTGGAATAC
GATGAATTCTCTGACTATCCGCAAATGGC
TTTACTGCAGACGCAAGCCATCATCCACCCATTC
GAAATGGTACCGTGGGCTTTACCACCGGTAG
..AATAAGGTACCGTGCGGATCACCAGCAAAT
..GTGGGCTTTACCACCGGTAGGGAAT

.. TTGAGATGTCCCTTTTATAGGAAAG

ATTATCTGCAGCTTAGGCTCACAAAAACAACGC
CTAAAGCTGCAGAGGCCATCATCCACCCATTC
ACTGAATGGGTGGATGATGGGCTCATGAGCTTA
AGCCTAAGCTCATGAGCCCATCATCCACC
GAAGCTGAATTCATTAGGCTCACAAAAACAACGC
AAATTGAATTCAGGCCATCATCCACCCATTCAGTAT
AATTTATCATATGCACGGATTTCATCACCACGCAAGCATTC
TTTCGCACATATGAATGCAATTTTATGAGAATGGCGCAC
AAAATTTATAAATACGGATTTCATCACCACGCAA
.AAAACGTATTTATAAATGCAATTTTATGAGAATGGC
AAATTTTATAAGCACGGATTTCATCACCACGCAA
.AAAACGTGCTITATAAATGCAATTTTATGAGAATGGC
.AAAAGAGAGCTCTAACAAAAGCGTGCTAGTTAAT
AATTTGTTAGAGCTCTCTCCCCCTAAAATCGC
..AAATGAGAGCTCTAGCAAAAGCGTGCTAGTTAAT
AAATTTGCTAGAGCTCTCTCCCCCTAAAATCGC
GCGTTGGATGCAGCAAATTTTCGCATATCAAAAAAATCAGATTTTTATTCATC
GATGAATAAAAATCTGATTTTTTTGATATGCGAAAATTTGCTGCATCCAACGC
GTATTTAATACCACTTCTGCGTTCGAATACGGGCGTGAATTTG
CAAATTCACGCCCGTATTCGAACGCAGAAGTGGTATTAAATAC
TTGATATCGCCGTGCGCCATTCTCATAAAATTGC
GCGATATCAATGTATCGTTGATGACCAAGCGC

“ Boldface type indicates triplets coding for point mutations, and restriction sites are underlined.

was centrifuged to remove the cell debris (10,000 X g, 4°C, 20 min). The super-
natant was loaded onto a Protino 1000 column (Macherey-Nagel, Diiren, Ger-
many) that was equilibrated with the same buffer. The column was washed with
starting buffer containing Brij 35 (0.3%), and the bound proteins were eluted
with starting buffer containing imidazole (250 mM). Eluted fractions were ana-
lyzed by sodium dodecyl sulfate—12% polyacrylamide gel electrophoresis per-
formed as described by Laemmli (28). Fractions containing NadR-His, were
pooled and dialyzed against HEPES-NaOH (50 mM, pH 7.5), NaCl (200 mM),
dithiothreitol (1 mM). Aliquots of protein samples were shock frozen with liquid
nitrogen and stored at —80°C.

Generation of NadR antiserum. NadR antiserum was produced from rabbits at
Biotrend Chemikalien (Koln, Germany) by immunization with purified Hise-
tagged NadR (1 mg/ml). For immunoaffinity purification of the serum, 3 mg of
NadR-His, was coupled to 1 ml of Affigel-10 beads (Bio-Rad) according to the
recommendations of the manufacturer. Two milliliters of serum (preheated at
50°C for 30 min) was incubated with NadR-Hiss-containing beads overnight at
6°C. The beads were transferred to a column and washed with 50 ml washing
buffer (20 mM HEPES-NaOH, pH 7.5, 1 M NaCl, 10 mM MgCl,). The NadR-
specific immunoglobulins were eluted with 100 mM glycine (pH 2.5), 100 mM
NaCl, 10 mM MgCl,. The pH of the eluted immunoglobulins was adjusted to 7
by addition of 1 M Tris. Purified serum was aliquoted and stored at —20°C. For
Western blotting purified NadR antiserum was used at a dilution of 1:100 in 10%
milk powder. Detection was performed with an ECL detection kit (Amersham)
using horseradish peroxidase-coupled goat anti-rabbit antibodies (Dianova,
Hamburg, Germany) at a 1:7,000 dilution.

In vitro enzyme assay. To test for NMNAT and RNK activities of purified
NadR, a radioactive assay was used. Assays were carried out with HEPES-NaOH
(100 mM, pH 7.5) with MgCl, (10 mM) by using a 40-pl (final volume) mixture.
Purified NadR samples (ca. 0.04 mg/ml) were incubated with ["*C]NR (40 nM)
or ["*CINMN (45 uM) and ATP (2 mM) at 37°C for 40 min. The reaction was
stopped by incubating the samples for 3 min at 100°C. After this, the protein was
removed by centrifugation (5 min, 13,000 rpm). The NAD™ inhibition studies
were carried out in a similar way, except that the NadR protein concentration

was approximately 4 pg/ml. The concentration of NAD™ (pH 7.0) was up to 9
mM, which was about 200-fold greater than the concentration of ['*C]NR or
[““CINMN.

Nicotinamide nucleotide reagents. Carbonyl ['*C]NAD™ (specific activity, 50
mCi/mmol) was obtained from Amersham Biosciences (Freiburg, Germany), and
['*CINMN was prepared from carbonyl ['*CINAD™* by treatment with snake
venom nucleotide pyrophosphatase (Sigma). ['*C]NR was prepared by incubat-
ing carbonyl ['*C]NAD™ with snake venom nucleotide pyrophosphatase and
alkaline phosphatase in alkaline phosphatase buffer for 1 h at 37°C. Enzymes
were inactivated by heating the reaction mixture for 2 min at 100°C, and then the
supernatants were recovered by centrifugation (5 min, 10,000 rpm).

Cell extracts. The cells were grown in BHI medium supplemented with hemin
(10 pg/ml) and appropriate antibiotics at 37°C in shaking flasks to an OD 4, of
1. Cells were harvested and washed with HEPES-NaOH (50 mM, pH 7.5), and
then they were resuspended in 0.01 volume of ice-cold HEPES-NaOH (50 mM,
pH 7.5) containing NaCl (50 mM) and EDTA-free protease inhibitor cocktail
(La Roche Boehringer, Ingelheim, Germany) and opened with a French press.
The lysate was centrifuged (20 min, 10,000 X g) to remove the cell debris.
Subsequently, the supernatant was used as a crude cell extract. The crude cell
extract was further fractionated for localization studies. To obtain a soluble cell
fraction containing proteins, the crude cell extract was ultracentrifuged (30 min,
90,000 rpm, 4°C; TLA100 rotor; Beckmann TL-100 ultracentrifuge). The result-
ing pellet was resuspended in HEPES-NaOH (50 mM) containing NaCl (1 M)
and incubated for 1 h at 4°C with gentle shaking, and this was followed by
another ultracentrifugation step (see above). The supernatant contained the
membrane-associated proteins. The pellet was then extracted with HEPES-
NaOH (50 mM) containing Triton X-100 (2%) by overnight incubation with
gentle shaking at 4°C. Ultracentrifugation (see above) was used to separate the
Triton X-100-soluble membrane protein fraction from the nonsoluble material.
Protein concentrations of cell extracts were determined as described by Bradford
(5) with a Bio-Rad protein assay kit (Bio-Rad, Munich, Germany).

Whole-cell labeling with ['*CINAD™. H. influenzae cells were grown to an
OD,y of 2 in BHI medium supplemented with hemin. After cells were harvested
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by centrifugation (4,000 X g, 10 min), they were washed and resuspended in BHI
broth without supplements, the OD,q, was adjusted to 2, and the preparation was
incubated at room temperature for 1 h. Aliquots (5 ml) were taken and labeled
with ["*C]Nam (1 uM), ["*C]NR (1 pM), or ["*C]NAD™* (1 pM). Duplicate
samples (500 pl) were taken at defined time intervals. Samples were then washed
twice with HEPES-NaOH (0.1 M) and NaCl (0.1 M) and then carefully resus-
pended in HEPES-NaOH (100 mM) and boiled (5 min, 100°C). The samples
were centrifuged (10 min, 13,000 rpm), and the supernatants (10 pl) were
spotted on thin-layer chromatography (TLC) plates.

Thin-layer chromatography. Radioactive labeled samples were separated by
TLC with a solvent system consisting of ammonium acetate (1 M, pH 5) and
ethanol (30:70) (22) using Cellulose F plates (Merck, Darmstadt, Germany).
After separation, the plates were dried and exposed to radiation-sensitive film
(Eastman Kodak Co., Rochester, N.Y.). Spots were identified by comparison
with reference samples of carbonyl ['*C]NAD*, ['*C]NMN, ['*C]NR, and
[**C]Nam.

["*CINAD™ utilization studies. H. influenzae SEO1 and different nadR mutants
of SE01 derivatives (Table 1) and the nadR" complementing strain were grown
to an ODyy, of 2. After centrifugation (4,000 X g, 10 min), the pellets were
washed and resuspended in BHI broth without supplements, washed, and resus-
pended to an ODyy, of 2. Unless indicated otherwise, aliquots (2.5 ml) were
incubated for 1 h at 37°C. ["*C]NAD™ (1 pM) was added to cell samples, and
aliquots (500 pl) were removed at defined time intervals. The samples were
filtered through ME 25 filters (0.45 wm; Schleicher & Schuell, Dassel, Germany)
which were presoaked in NaCl (0.1 M). The filters were washed with NaCl (0.1
M) and placed into vials containing scintillation liquid (5 ml; Emulsifier-Safe;
Packard, Dreieich, Germany). Radioactivity was measured with a Tri-Carb 1500
scintillation counter (Packard, Frankfurt, Germany).

RESULTS

NR ribonucleotide kinase is essential. Based on a genomic
survey, NadR was recently suggested to be a novel target for
antimicrobial therapy development (13, 27). The essential role
of NadR was demonstrated indirectly, by in vitro transposon
insertions in nadR that could not be transferred onto the chro-
mosome (1, 27). This result suggested that NadR has an es-
sential function in H. influenzae and probably also in members
of Pasteurella species. To further differentiate the two enzy-
matic activities of NadR, RNK and NMNAT, we tested the
viability of RNK deletion mutants.

As reported recently (27), a truncated NadR protein con-
sisting of the NMNAT domain is functional in vitro. Here we
tested whether the NMNAT NadR alone (with a truncated
RNK domain) is sufficient for survival in vivo. For this we con-
structed nadR RNK deletions in an nadl’* background (SE01
strain). NadV, a nicotinamide phosphoribosyltransferase (33),
allows the cells to utilize Nam by converting it into NMN, thus
bypassing the first step of the NadR pathway. SEOIARNK was
constructed to delete the entire RNK domain (the C-terminal
185 amino acids) (for details see Materials and Methods). The
nadRARNK::cat mutation could be introduced into the SEO1
strain (nadV™"), and the cells were viable on BHI medium
without an additional NR source, since the Nam present in
BHI broth was sufficient for growth. A second mutation,
nadRAS8RNK::cat, was constructed and resulted in a 58-ami-
no-acid deletion at the C terminus, which affected the LID
structure but left the Walker A (P-loop) and B region intact.
This mutation could also be introduced into the chromosome
of strain SEOL.

To test if NMNAT is sufficient for survival of H. influenzae,
we used chromosomal DNA derived from strain SEOIARNK
and transformed it into AKO1 (Rd) and, as a control, into SE01
(nadV™") and AKO1l/pNadRkan (nadR™"). The ratios of Cm"
transformants of AKO1 to SEO1 and the ratios of Cm" trans-
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FIG. 1. In vivo NAD™ synthesis. Intact cells were incubated with
['*CINR, and the lysates were subjected to TLC. The positions of
nucleosides NR, NMN, and NAD are indicated on the left. Lanes 1
and 2, lysate of AKO1 (wild type) after 2 and 30 min of incubation;
lanes 3 and 4, lysate of SEOIARNK (nadV", RNK") after 2 and 30 min
of incubation; lanes 5 and 6, lysate of SEOIARNK/pNadRkan (nadV™",
RNK", nadR") after 2 and 30 min of incubation.

formants of AKO1 to AKO1/pNadRkan were about 1/400. For
the Cm" AKO1 colonies, we found that in all transformants
tested the nadRARNK::cat and nadV" gene alleles were con-
comitantly integrated into the chromosomes, as indicated by
the ability of the organisms to grow on BHI medium without
an NR source. It was also not possible to isolate nadRASS8::cat
insertions in the AKOl background without a transfer of
nadV™" at the same time (data not shown), which led to the
transformation frequency of AKO1 obtained compared with
SEO1 or AKO1/pNadRkan. These results prove that the RNK
domain and the C-terminal 58 amino acids of NadR are es-
sential for the viability of H. influenzae.

RNK deletion mutant and NAD* synthesis in vivo. The
SEO01ARNK strain was tested for RNK and NMNAT activity
and compared with the SE01 wild-type strain and SEOIARNK
complemented with pNadRkan. The activities were assessed in
intact cells and in cell lysates. In assays with intact cells when
['*C]NR was used as the substrate, no NAD™* was observed for
the SEOIARNK mutant (Fig. 1, lanes 3 and 4), whereas the
SEO1 and the complemented mutant produced NAD™ (Fig. 1).
This result led to the conclusion that presumably no ['“C]NR
label was taken up in a ARNK mutant, as shown below. To
further test if the NMNAT activity remained intact in the
mutant, we added ['*C]Nam as a substrate to intact cells.
Mutant cells could produce NAD* from Nam (data not
shown), indicating that the NMNAT of NadR in an nadV™*
background was active in this nadRARNK::cat mutant.

Characterization of the NadR RNK domain in vitro. To
further resolve the properties of the RNK domain, we per-
formed site-directed mutagenesis by targeting the Walker A
motif (P-loop), replacing G*** with N and S; the Walker B
motif, replacing D*** with C, N, and S; and the LID region,
replacing R*>? with A, C, M, and N. In particular, we studied
NR phosphorylation and NMNAT activities. To characterize
the effects of these mutations in vitro and subsequently under
in vivo conditions (see below), nadR constructs were generated
using a commercially available His-tagged expression system
(see Materials and Methods). The purified recombinant pro-
teins were tested for activity. The TLC profiles revealed that
point mutations in the Walker A (G**®) and B (D***) motifs
led to inactivation of the RNK activity by preventing NR phos-
phorylation (Fig. 2, lanes 14 and 15 and lanes 12 and 13,
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FIG. 2. Mutant analysis of recombinant NadR in vitro. NadR His-tagged and site-directed mutated proteins were purified and used under in
vitro conditions for NAD™ biosynthesis. Recombinant NadR proteins were tested for both RNK and NMNAT activities by TLC analysis. The
results for RNK activity were obtained by using [**C]NR in lanes 1 to 5 and 12 to 15, and the results for NMNAT activity were obtained by using
[**CINMN in lanes 6 to 11 and 16 to 19. The NadR-His mutant forms are indicated at the bottom.

respectively). The recombinant NadR gene products with mu-
tations in the putative LID domain (R*>?) were also negative
for RNK activity (Fig. 2, lanes 2 to 5). The mutations generated
in R*? probably affected the ability of the enzyme to form an
enzyme-substrate complex, as shown previously for other LID
domain-associated enzymes (30, 31, 41, 49). Testing the
NMNAT activity (Fig. 2, lanes 6 to 11 and 16 to 19) demon-
strated that all mutant NadR proteins were able to synthesize
NAD *; therefore, disrupting the RNK activity had no effect on
the action of NMNAT.

NR transport in RNK mutants. To address the question of
the involvement of the RNK domain in NR transport, the rate
of accumulation of [**C]NR derived from [**C]NAD uptake
over time was determined for SEOIARNK and for mutants
with point mutations in nadR located in the Walker A and B
and LID regions. To do this, the point mutations were trans-
ferred onto the chromosome. The results showed that the
uptake of ['*C]NAD was only about 2 to 5% in SEOIARNK,
compared to the 60 and 80% observed for SEO1IARNK/
pNadRKan and SEO01, respectively (Fig. 3). The RNK mu-
tated NadR His-tagged constructs were expressed in strain
SEO01ARNK, and the NR transport phenotype was character-
ized under in vivo conditions. All point mutations affecting NR
phosphorylation in vitro (see above) were accompanied by a
significant decrease in [**C]NR uptake in vivo (Table 3). This
indicates that NR phosphorylation via NadR also appears to be
essential for transport. Interestingly, the D***C and D**N
mutations, but not D3**S, resulted in attenuated NR transport
activities; this may suggest that there was some residual low
level of NR phosphorylation, but this could be not confirmed
(e.g., for D***N) (Fig. 2).

Cellular localization of the NadR protein and NadR activi-
ties. Cell fractionation and immunoblot analysis (Fig. 4)
revealed that native NadR was present in soluble as well as
membrane fractions. NadR activities were retained in the
membrane fractions (Fig. 5). Treatment with 1 M NaCl result-
ed in partial dissociation of NadR from the membranes, indi-
cating that there was an association between NadR and cyto-
solic membranes. Triton X-100 (2%) solubilized less NadR

than NaCl treatment, and no differences in NadR localization
were observed in the presence and absence of PnuC (data not
shown). Similar results were also found for the point mutants
tested (data not shown). Singh et al. (46) indicated that NadR
seems to form a homotetramer. We do not know whether
conformational changes take place and whether different con-
formations can be found in cytosolic or membrane fractions.
However, we deduced from our analysis that a functional RNK
domain does not seem to be necessary for membrane associ-
ation but may have a profound effect on protein stability, since
ARNK forms of NadR (i.e., the forms in strains SEOIARNK
and SE01nadRA58::cat) were not visible in the immunoblot
analysis (data not shown).

NadR feedback regulation and NR uptake. Crystallography
of NadR revealed that NAD™ cocrystallized with NadR at non-
active sites within the RNK domain (46). To test whether
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FIG. 3. Effect of nadRARNK on the uptake of *C-labeled sub-
strate derived from ["*C]NAD™: uptake of *C-labeled substrate by
SEO01 (wild type) (®), SEOIARNK (m), and SE02ARNK/pNadRKan
(A). The uptake of the C label was expressed as the intracellular
accumulation of cpm derived from ["*C]NAD provided in the growth
medium (100%). The standard deviations indicated by the error bars
were based on three independent measurements.
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TABLE 3. Transport ability of NadR RNK point
mutations in H. influenzae®

Strain Mutation Uptake of *C label (%) SD
SE01 Wild type 65.1 6.250
SEOIARNK ARNK 3.1 0.565
SE02ARNK NadR-Hisg 70.0 7.587
SE03ARNK G**N 4.8 2.375
SE04ARNK G>83 5.8 0.799
SEOSARNK D3%C 16.3 2.354
SEO06ARNK D3N 19.3 0.289
SEO07ARNK D3%s 4.5 3.394
SEOSARNK R*2C 4.4 1.237
SEO09ARNK R32M 34 1.414
SE10ARNK R¥*N 6.0 0.424

@ The values indicate the accumulation of ['*C][NAD*-derived substrate for
strains SEOIARNK to SEI0ARNK (Table 1) having point mutants in nadR. The
uptake of the '*C label indicates the intracellular accumulation of cpm derived
from ['“C]NAD provided in the growth medium (100%). The standard devia-
tions are based on three independent measurements.

NAD™, as a product of NadR, feedback controls NadR ac-
tivity, we incubated purified NadR-His, with ['*C|NR or
["*CINMN and with a 200-fold excess of NAD* (9 mM) and
determined the RNK and NMNAT activities by TLC analysis.
The results show that the RNK activity was significantly re-
duced in the presence of NAD™ (Fig. 6A and B), whereas the
NMNAT activity was only slightly affected (Fig. 6A and C).
Quantification of the reaction in the presence of different
NAD™ concentrations showed that increased NAD " concen-
trations reduced the RNK activity gradually, as shown in Fig.
6B, but not the NMNAT activity (Fig. 6C).

In order to test whether NAD™ utilization is controlled by
NAD™ feedback mechanisms, cells were incubated with and
without NAD™ (15 wM) in a preincubation phase prior to
washing and analysis. By comparing the two conditions, we
found a threefold reduction in the uptake rate over time for
[**CINAD*-derived [**C]NR accumulation (Fig. 7).

To further address the question of feedback inhibition of
NadR by NAD™, amino acids K'?¢, W2°°, and Y?°? were
changed to K'?°A/T, W?*°F, and Y?°1. These amino acids
were suggested to interact with non-active-site-bound NAD™
(46), but there was no experimental proof for this. The mu-
tated and recombinant expressed NadR His-tagged proteins
were purified, and the reaction was monitored in vitro. As a
result, we found that the amino acid change K'*°A or K*?°T
resulted in a significant reduction in RNK activity and also

1 2 3 4 5 6

FIG. 4. Cellular localization of native NadR: immunoblot analysis
with polyclonal anti-NadR serum (see Materials and Methods). The
amount of protein used was 60 pg for all fractions except the NaCl
fraction (40 pg). Lane 1, crude cell fraction; lane 2, soluble fraction;
lane 3, membrane pellet; lane 4, supernatant after NaCl (1 M) treat-
ment of the membrane pellet; lane 5, supernatant after Triton X-100
(2%) treatment of the membrane pellet; lane 6, nonsoluble membrane
pellet. The positions of molecular mass protein standards (New En-
gland Biolabs) (in kilodaltons) are indicated on the left.
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FIG. 5. NadR localization and activity. Cell fractions were incu-
bated with ["*C]NR (A) or with ["*CINMN (B) for either 5 min (lanes
a) or 30 min (lanes b), and samples were subjected to TLC. Lanes 1,
crude extract; lanes 2, soluble extract; lanes 3, membrane fraction.

impairment of the NMNAT activity in an assay using protein
concentrations of 0.04 mg/ml (data not shown). The Y***I
change worked well for the RNK and NMNAT activity assay
when 0.04 mg/ml was used but was deficient at lower protein
concentrations compared with NadR-His. However, the activ-
ity after the W*°F change was comparable to the NadR-His
activity under standard reaction conditions (0.04 mg/ml), but
a less responsive NAD™ feedback inhibition effect was ob-
served (Fig. 8). In a semiquantitative analysis, in which we
monitored the product ['"*CINAD™" (by determining the cpm
for ["*CINAD™ spots derived from TLC plates [Fig. 8]) (for
instance, at 80 min), an inhibition level of 4% was found for
W?2SF NadR-His, compared with the 80% inhibition of NadR-
His activity. The level of inhibition was calculated by deter-
mining the ratio of the cpm derived from reactions with unla-
beled NAD™ (9 mM) to the cpm derived from reactions with-
out unlabeled NAD ™.

DISCUSSION

H. influenzae probably arrived at an evolutionary bottleneck,
reflected by significant genome reduction and strict host de-
pendence (25). NAD™ biosynthesis deficiency is one charac-
teristic of H. influenzae which makes this organism dependent
on host nicotinamide sources, and NadR seems to play an
essential role (13, 27). Therefore, in this study we aimed to
further characterize NadR, a putative target protein for the
development of a novel antimicrobial treatment. Considering
the Nam and NR dependence, deduced from the genomic
information for some members of the family Pasteurellaceae,
the NadR/PnuC or NadR/NadV pathways are probably the
only routes for recovering NAD* from a mammalian host. The
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FIG. 6. NAD*-mediated inhibition of NadR activity. (A) NAD"
synthesis with purified recombinant NadR His-tagged protein was an-
alyzed by TLC (see Materials and Methods). (Left panel) ["*C]NR
substrate without and with unlabeled NAD™ (9 mM) for 0 to 80 min.
(Right panel) [**C]NMN substrate without and with unlabeled NAD*
(9 mM) for 0 to 80 min. (B) Inhibition of the RNK activity dependent
on different NAD™* concentrations at 0 to 80 min. (C) Inhibition of the
NMNAT activity dependent on different NAD™ concentrations at 0 to
80 min. The analysis was performed as described in Materials and
Methods. Briefly, ["*C]NAD *-containing spots on TLC plates were cut
out and counted with a Tri-Carb 1500 scintillation counter. The stan-
dard deviations indicated by the error bars were based on two inde-
pendent measurements.

biochemical properties of NadR of H. influenzae (hiNadR) and
NadR of S. enterica serovar Typhimurium (stNadR) reveal
some interesting differences. stNadR can act as an NAD™-
responsive transcriptional regulator, harboring an N'-terminal
helix-turn-helix motif and recognizing operator sites termed
“NAD boxes” (37). stNadR acts as an important control circuit
component for NAD ™ biosynthesis, regulating the transcrip-
tion of genes encoding enzymes used for de novo NAD™
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FIG. 7. NAD™ utilization with NAD™" preincubation. The strain
used was AKO1, and ["*CINAD* accumulation was determined over
time. An AKO1 culture was divided and washed, and one sample was
incubated in BHI medium with unlabeled NAD™ (15 pM) (m) and the
other sample was incubated in BHI medium alone (#). Cells were then
washed in fresh BHI medium and resuspended in BHI medium; sub-
sequently, ["*CINAD* (1 uM) was added. Accumulation was deter-
mined by filtering the cells and determining the incorporated radioac-
tivity. The uptake of the *C label was expressed as the accumulation
of intracellular cpm derived from ['*C]NAD provided in the growth
medium (100%). The standard deviations indicated by the error bars
were based on three independent measurements.

synthesis (nadAB) and nicotinic acid recycling (pncB). stNadR
becomes a repressor at a cellular NAD ™ concentration around
1 mM, while at lower NAD™" concentrations the repressor
function is abolished (20, 37). hiNadR lacks the helix-turn-
helix region, which commits it to NAD ™ synthesis only (27). A
comparison of in vitro biochemical properties of #iNadR and
stNadR showed that #iNadR has been optimized for NAD™
formation (e.g., by having approximately 22-fold greater NMNAT
activity than stNadR) (27). However, based on a comparison of
the RNK activities, stNadR seems to have significantly higher
activity. Overall, these results may indicate that there is a
minor flux via NadR to the NAD™ pool in the Enterobacteri-
aceae, while de novo biosynthesis and pyridine nucleotide sal-
vage pathways operate (27).
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FIG. 8. NAD" feedback inhibition with NadR-His and NadR W**°F-
His: sections of TLCs showing NAD™ synthesis with ['*C|NR as the
substrate with and without unlabeled NAD™. At different time samples
were taken and analyzed by TLC. The upper two rows show the results
for reactions performed with NadR-His, and the lower two rows show
the results for reactions performed with NadRW?*°F-His. An NAD™*
control sample was included, and the results obtained are indicated on
the left.
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With research directed at determining the in vivo role of
hiNadR, we unraveled the essential functions of NadR repre-
sented by two domains, NMNAT and RNK. With a combina-
tion of transformation experiments, we demonstrated that an
nadRARNK mutation could only be introduced into the chro-
mosome of H. influenzae nadV'* or cells harboring nadR™ on a
plasmid. This demonstrated that not only the NMNAT activity
but also the RNK activity of NadR is essential for survival. In
addition, these experiments showed that in the presence of
NadV, the RNK activity is redundant and not essential, which
should be the case for other Pasteurellaceae species that harbor
nadV, including Pasteurella multocida, Actinobacillus actinomy-
cetemcomitans, and H. ducreyi. NadV corresponds to PncB in
S. enterica serovar Typhimurium. In that organism, PncB is a
key enzyme for nicotinic acid scavenging and catalyzes the for-
mation of nicotinic acid mononucleotide from nicotinic acid,
phosphoribosylpyrophosphate, and ATP (51, 53). Regulation
of PncB activity is achieved by autophosphorylation of PncB
depending on the cellular ATP level (50). Whether NadV is
regulated by a similar mechanism is not known.

As reported here, mutants with site-directed mutations in
the Walker A and B and LID motifs of NadR showed no RNK
activity under in vitro conditions, but the NMNAT activity
remained intact. This finding is consistent with data presented
previously which showed that NMNAT activity in vitro was
derived from a partial NadR protein (N’-terminal half) lacking
the RNK domain (27). By testing site-directed mutations of
nadR in H. influenzae in vivo, we found that all mutants caused
an NR transport deficiency, which was also observed for the
nadRARNK mutant. As reported previously (11, 12, 56), nadR
mutations in S. enterica serovar Typhimurium, which resulted
in a marked decrease in NMN uptake, mapped in the C’ ter-
minus, but the molecular details were not resolved. These early
observations were confirmed and extended with our data,
which showed that this effect correlates with disruption of the
NadR RNK activity. This result also shed new light on the
mechanism of NR uptake by PnuC. PnuC acts specifically as an
NR permease in H. influenzae, and as recently shown by us,
PnuC derived from E. coli also acts as an NR permease with no
specificity for NMN. Hence, we postulated that all PnuC ho-
mologous transporters probably act as NR permeases (42).
Previous approaches (6) indicated that ATP depletion but not
disruption of the proton motive force decreased NR uptake in
Haemophilus; hence, it is assumed that PnuC is related to
uniport-based permease systems. A well-investigated uniport
system is represented by the glycerol facilitator channel GlpF
of E. coli (48). In this organism, the glycerol kinase seems to
direct the substrate flow direction by phosphorylating glycerol
in the cell, hindering glycerol efflux. An interaction between
the kinase and permease was suggested (52). Our data also
suggest that NR phosphorylation by NadR is the driving force
for PnuC-mediated NR transport. A concerted activity could
be envisaged, in which NadR facilitates the dissociation of NR
from PnuC by phosphorylating it to NMN, thus preventing
retrograde diffusion (efflux) of NR. The fact that NadR can be
found as a soluble cytosolic protein as well as a membrane-
associated protein may indicate that NadR and PnuC are in
close proximity, which is necessary to promote NR influx and
to prevent efflux. If this is true, then substrate flow across the
membrane is coupled to the rate of NR phosphorylation. At
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this point it is not clear whether the permease or the NadR
activity is rate limiting for substrate flow.

As reported recently, by using NadR structure resolution
(46) several specific interaction sites were found with a non-
active-site NAD* molecule bound between W**° and Y*2, In
the established protein structure, interaction of NAD™ with
K'2°, W?3° and Y?*° of the tetrameric conformation model of
NadR was suggested, which led to the idea of biological con-
sequences (46). NAD™ binding to stNadR was postulated to
switch the NadR conformation to an active repressor form
(36). Recently, it was shown that NAD™" binding to stNadR
makes it active for binding to “NAD boxes” of the nadA op-
erator region (37). We also investigated whether RNK and
NMNAT are under feedback control by the end product
NAD ™. Feedback inhibition was observed mainly for RNK in
vitro, and indirectly we showed that the NR uptake rate is
influenced by NAD™ depletion under in vivo conditions. Fur-
thermore, we constructed point mutations, addressing the non-
active NAD™ binding site. The amino acid change W**°F re-
sulted in an NadR mutant protein which was less affected in
the presence of the inhibitor NAD* than NadR-His under in
vitro conditions. This indicates that W*°° has an important role
in the interaction with NAD™ and that this amino acid might
be involved in forwarding feedback inhibition in an allosteric
way to the reactive centers of NadR. Interestingly, the other
mutations, especially the change at K'?® to T or A, impaired
the RNK function, although they were not located in the
Walker A or B or LID motif. Further analysis is necessary to
more specifically assign a role to these amino acids in enzyme
activity and feedback inhibition. Consequently, it seems that
feedback regulation controls NR uptake and NR phosphory-
lation mainly by regulating the RNK activity, which is mediated
by intracellular NAD™ concentrations.

The biological half-life of NAD™ in bacterial cells grown
aerobically is about 90 min (35); thus, there is NAD™ turnover,
and pyridine nucleotide cycles have been identified (36). With-
in these cycles a few control points for regulation have been
identified, such as those described for NadR and PncB. Other
activities, such as NAD or NMN glycohydrolases, have been
described for several organisms, including H. influenzae (6, 37).
However, to our knowledge, no corresponding gene products
which have a physiological role in cellular NAD™ turnover
have been identified. There is one open reading frame, anno-
tated as a NUDIX motif harboring NADH pyrophosphorylase
(HI0432) (9), which might have a role in NADH turnover. So
far, a mutant of HI0432 has been isolated and has been found
to be attenuated in the infant rat infection model; however,
there is no direct evidence concerning its function (17). Since
in H. influenzae NadR does not have a repressor function (27)
and no pyridine nucleotide cycles are present (9), it seems
unlikely that the transcriptional regulation feedback systems
observed in S. enterica serovar Typhimurium and in E. coli
work in H. influenzae. A final conclusion of this work, there-
fore, is that hiNadR is the key component for both NAD*
synthesis and control of the NAD™ biosynthesis rate in H. in-
fluenzae.
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