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T

NADP⫹

he pyridine nucleotide
is synthesized by 2⬘phosphorylation of NAD⫹ (EC 2.7.1.23). The responsible
enzyme, an NAD kinase (NadK), is expected to be essential
because NADPH supports reductive biosynthetic reactions and
defends cells against oxidative stress (1–3). NADH carries electrons
from oxidative catabolic reactions and is toxic during oxidative
stress, because it contributes electrons for iron reduction and
formation of damaging hydroxyl radicals from H2O2 (4–6). In
contrast, NADPH does not contribute to iron reduction but protects against stress by providing electrons for reductive repair and
synthesis of deoxynucleotides. In other aspects of metabolism,
NAD⫹ activates single-strand ends in DNA ligation (7, 8), provides
ribose in the synthesis of B12 (9), donates ADP-ribose moieties in
protein modification (10), and accepts acetyl moieties during
protein deacetylation (11). Because NAD(H) and NADP(H) play
a variety of distinct physiological roles, their levels are likely to be
subject to control and NadK is likely to be a key regulation point.
Evidence for control is the change in NAD and NADP pools seen
when growth conditions are varied (12–15). Aeration stimulates
destruction and resynthesis of NAD, the pyridine nucleotide cycle
(16, 17). After UV irradiation, pools of NAD are lost and pyridine
compounds are ultimately dumped into the medium (18). Peroxide
treatment of anaerobic cells causes a large increase in NADPH
levels with the loss of NADH (19). Especially striking, limitation of
de novo pyridine synthesis decreases NAD but not NADP pools
(14). It is suggested that all of these phenomena reflect release of
NadK from feedback inhibition.
Consistent with its essential role in metabolism, NAD kinase
activity has been demonstrated in a variety of organisms (20) and
genome sequences include at least one nadK homolog (21–23). (An
exception is the genome of the intracellular parasite Chlamidia
trachomatis, which has no homolog of any pyridine metabolic gene.)
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0602494103

In view of the importance of NADP, it is surprising that null
mutations in the single nadK homologue of Mycoplasma were found
to be unessential (24) and yeast tolerates simultaneous elimination
of all three of its nadK homologs (25–27).
The gene responsible for NADP synthesis was identified only
recently because NadK is difficult to purify and no mutants were
available. Kawai et al. (28) purified sufficient NAD kinase from
Mycobacterium flavus to allow determination of a partial amino acid
sequence. This data permitted unambiguous correlation of NAD
kinase activity with a particular DNA base sequence (28). Using this
information, nadK homologues have been cloned and the kinase
characterized from S. cerevisiae (29), E. coli (30), B. subtilis (31), and
humans (32).
Evidence is provided that the nadK gene encodes the only NAD
kinase in Salmonella enterica and is essential for growth. The NadK
enzyme of S. enterica was purified and shown to be similar to that
of Escherichia coli (30) in that both show allosteric inhibition by
NADPH and NADH. A change in subunit structure is shown to
accompany and probably underlie feedback inhibition. This inhibition is central to a model proposed here to explain the changes in
NAD and NADP pools that occur in response to aeration, peroxide
exposure, UV irradiation, and blockage of pyridine synthesis.
Results
NadK Is Essential for Growth. In the genomes of S. enterica and E.
coli, the yfjB gene is the only close homologue of the initially
identified NAD kinase gene from Mycobacterium tuberculosis (28).
This homologue encodes the NAD kinase of E. coli (30) and S.
enterica (see below) and will be referred to as nadK.
A nadK mutation was constructed in a strain that carries a
tandem duplication of the nadK gene (see Materials and Methods).
The mutant allele has a chloramphenicol-resistance determinant
(CmR) in place of nadK-coding sequence. The constructed heterozygote (TT23196) also carries a normal nadK⫹ allele with intact
control elements. At the duplication join point, this merodiploid
strain carries a MudA element with an expressed lacZ⫹ gene (top
of Fig. 1A).
To test whether the nadK gene is essential, single cells of the
duplication strain were plated on rich medium containing X-Gal (to
detect the join point lac⫹ allele). Duplication segregation (loss of
the lac⫹ join point marker) can be visualized as white (Lac⫺) sectors
in an otherwise blue (Lac⫹) colony (Fig. 1 A). With no chloramphenicol, these haploid segregants, in principle, could retain either
the nadK⫹ or nadK:Cm allele. However, if NadK is essential, only
the NadK⫹, drug-sensitive segregants can grow. In the presence of
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Formation of NADPⴙ from NADⴙ is catalyzed by NAD kinase (NadK;
EC 2.7.1.23). Evidence is presented that NadK is the only NAD
kinase of Salmonella enterica and is essential for growth. NadK is
inhibited allosterically by NADPH and NADH. Without effectors,
NadK exists as an equilibrium mixture of dimers and tetramers
(KD ⴝ 1.0 ⴞ 0.8 mM) but is converted entirely to tetramers in the
presence of the inhibitor NADPH. Comparison of NadK kinetic
parameters with pool sizes of NADH and NADPH suggests that
NadK is substantially inhibited during normal growth and, thus,
can increase its activity greatly in response to temporary drops in
the pools of inhibitory NADH and NADPH. The primary inhibitor is
NADPH during aerobic growth and NADH during anaerobic
growth. A model is proposed in which variation of NadK activity is
central to the adjustment of pyridine nucleotide pools in response
to changes in aeration, oxidative stress, and UV irradiation. It is
suggested that each of these environmental factors causes a
decrease in the level of reduced pyridine nucleotides, activates
NadK, and increases production of NADP(H) at the expense of
NAD(H). Activation of NadK may constitute a defensive response
that resists loss of protective NADPH.

Fig. 1. NadK is essential. (A) Segregation of a duplication with both nadK⫹
and nadK:Cm alleles. (B and C) Colonies of duplication strain carrying nadK⫹
and a nadK:CmR allele (TT23464) growing on rich medium wiith X-Gal (B) or
the same medium with added chloramphenicol (C).

Fig. 2. Evidence for a single NadK enzyme. Crude extracts were fractionated
by native PAGE. Each gel was cut, and portions were stained separately for
NadK activity or protein (see Materials and Methods). Lanes: 1, 50 mg of crude
extract stained with the complete reaction mix; 2, 50 mg of crude extract
stained with reaction mix lacking ATP; 3, 3 mg of purified Salmonella NadKtagged protein stained with Coomassie blue. The assay mix included NAD⫹,
ATP (to allow NADP production by kinase), and NADP-dependent G-6-PD to
reduce kinase product to NADPH that, in turn, reduces phenazine methosulphate and iodonitrotetrazolium, producing a colored precipitate. The assay
detects a few endogenous NAD-dependent reductases that produce NADH
and can be detected even when ATP or G-6-PD is left out of the reaction
mixture (data not shown). Only NAD kinase produces a ATP-dependent activity band (by providing NADP⫹ for included G-6-PD).

Enzyme Characterization. NAD kinase was assayed in the presence

chloramphenicol, any viable segregant must carry the nadK:Cm
allele and would lack NadK activity; these segregants can appear
only if NadK is nonessential. Thus, if NadK is essential, segregants
(Lac⫺ sectors) should not appear in the presence of chloramphenicol; if NadK is not essential, segregants will form with or without
chloramphenicol. As can be seen in Fig. 1 B and C, Lac⫺ segregants
appeared only in the absence of chloramphenicol. All of these
segregants had lost the mutant nadK:Cm allele (were sensitive to
chloramphenicol). We conclude that the nadK⫹ gene is essential.
The nadK:CmR mutation could not be transduced into a WT
haploid recipient but was efficiently transduced into a recipient
having either a nadK⫹ duplication (TT23194) or a plasmid encoding either the tagged or the untagged form of the functional nadK⫹
gene. These plasmids allowed introduction of nadK:CmR into the
chromosome, whether the plasmid nadK gene was induced by
isopropyl ␤-D-thiogalactoside, suggesting that the basal expression
level is sufficient for growth.
The essentiality of nadK in Salmonella contrasts with the finding
that a nadK insertion mutation was not lethal in Mycoplasma (24).
By PCR, the nadK insertion mutant was shown to be present in a
cell population subjected to heavy insertional mutagenesis. It is
possible that the nadK mutation detected by PCR arose in a
Mycoplasma cell with a nadK⫹ duplication. Insertions in essential
genes previously have been obtained in this way (33, 34).

of a variety of metal ions and several phosphate donors. In both E.
coli (30) and S. enterica, purified enzyme and NadK activity in crude
extracts used ATP and other nucleoside triphosphates as a phosphate donor, but did not use polyphosphate or glucose-6-phosphate
(data not shown). In contrast, the M. tuberculosis enzyme (31%
identical) uses either polyphosphate or ATP (28), and other bacterial NAD kinases have been reported to use glucose-6-phosphate
(37). The Salmonella NadK enzyme uses Mn2⫹ (255%), Mg2⫹
(100%), or Zn2⫹ (117%) as metal ion, as well as Ca2⫹ (72.3%), Fe2⫹
(59.8%), and Co2⫹ (42.6%). Virtually no activity was detected with
Cu2⫹ as the metal ion. In addition, NADH could not replace NAD⫹
as a substrate. The apparent Km values of the untagged styNadK for
ATP and NAD⫹ (2.7 ⫾ 0.20 mM for ATP and 2.1 ⫾ 0.14 mM,
respectively) were very similar to those reported by Kawai et al. (30)
for E. coli NAD kinase, ecoNadK. The Km values of the native
enzyme for ATP and NAD⫹ are in the range of in vivo concentrations of these nucleotides, 4.0 mM (38) and 0.9 mM (13),
respectively, making the activity sensitive to slight variations in
substrate pools. Enzyme with a C-terminal histidine tag showed
slightly different Km values (appKm values 6.2 ⫾ 0.1 mM and 4.0 ⫾
0.3 mM) than those of the untagged protein, consistent with recent
evidence that the C-terminal domain of the M. tuberculosis NAD
kinase is important for NAD⫹ recognition (39).

Evidence for a Single NAD Kinase Activity in S. enterica. Two chro-

Inhibition of NAD Kinase by NADH and NADPH in Vitro. A variety of
NadK inhibitors, including NADH, NADPH, and quinolinic acid,
have been reported for various organisms (31). The NAD kinase of
S. enterica (styNadK) is strongly inhibited by NADPH (41% activity
at 20 M) and less strongly by NADH (40% activity at 40 M). The
feedback inhibitor NADPH shifts the NAD⫹ saturation curve from
a typical Michaelis–Menten type to a sigmoidal shape characteristic
of allosteric enzymes. The Hill coefficients were 1.5 in the presence
of 10 M NADPH and 2.0 in the presence of 20 M NADPH. This
data for Salmonella is presented as Fig. 4 and Supporting Text, which
are published as supporting information on the PNAS web site.
Similar kinetic parameters were reported for ecoNadK (30).
Because NadK is likely to be a central control point, other
metabolites were tested for inhibitory effects. No inhibition was
seen for any of the following (all tested at concentrations up to 0.5
mM): quinolinic acid, nicotinic acid, nicotinamide, nicotinamide

matographically separable NAD kinase activities were reported in
E. coli (21) and S. enterica (35). In the course of purifying NadK
⬇2,000-fold from WT S. enterica (without overexpression), we have
seen only a single activity (data not shown). However, only 10% of
the initial activity was recovered, and we were unable to obtain
N-terminal sequence. Other investigators have reported similar
activity losses and low yields of NAD kinase protein (28, 36). In
support of a single NAD kinase, only one band of NAD kinase
activity was seen when crude extracts of S. enterica were run on
Native-PAGE and stained for NAD kinase activity (Fig. 2). The
mobility of this NAD kinase activity corresponded to that of
purified NadK kinase activity run on the same gel. The previously
reported, chromatographically separable NAD kinase activities
may reflect different oligomerization states of the single NadK
protein as described below.
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Table 1. Internal pyridine nucleotide pools of S. enterica
Pyridine nucleotide
NAD⫹
NADH
NADP⫹
NADPH
NADP ⫹ ⫹ NADPH
NAD ⫹ ⫹ NADH
NADH ⫹ NADPH
NAD ⫹

Anaerobic*

Aerobic*

0.18 ⫾ 0.08 mM
0.43 ⫾ 0.08 mM (71%)†
0.012 ⫾ 0.010 mM
0.036 ⫾ 0.005 mM (75%)†

0.90 ⫾ 0.10 mM
0.16 ⫾ 0.04 mM (14%)†
0.54 ⫾ 0.10 mM
0.18 ⫾ 0.07 mM (25%)†

0.08

0.68

2.6

0.38

*Determined as described in Materials and Methods.
†Percentage of this total nucleotide present in reduced form.

structure for styNadK, whereas a hexameric structure was reported
for the 96% identical E. coli protein (30). The conclusions are likely
to reflect different standards used for the interpolation, and the
conflict is resolved in favor of tetramers by the equilibrium sedimentation assays (for both ecoNadK and styNadK).

mononucleotide, reduced nicotinamide mononucleotide, nicotinic
acid mononucleotide, NADP⫹, AMP, ADP, and 2⬘5⬘ ADP.
The Effect of NADPH on the Oligomerization of NadK. Sedimentation

equilibrium analysis was used to assess the subunit structure of
purified styNadK (Fig. 3) and ecoNadK (data not shown). In the
absence of inhibitors, both proteins were best described by a
dimer-tetramer equilibrium, with a KD of 1.0 M ⫾ 0.9 M and
0.73 ⫾ 0.5 M, respectively.
In the presence of its inhibitor NADPH, styNadK existed entirely
as a tetramer as judged by equilibrium sedimentation (molecular
mass 145,727 ⫾ 1,000 Da). Simultaneous absorbance and interference data were taken with and without NADPH; however, only the
interference data could be used in the presence of this inhibitor
because of the high absorbance of NADPH (see Materials and
Methods). Without an inhibitor, both absorbance and interference
data suggested a dimer-tetramer equilibrium model, with a KD of
0.22 ⫾ 0.06 M. Thus, feedback inhibition of NadK by NADPH
favors the tetrameric state and is likely to be caused by this
oligomerization.
Although both styNadK and ecoNadK oligomerize reversibly in
the absence of inhibitors (see above), they both appear as a single
species when analyzed by gel filtration or native gel electrophoresis,
presumably due to the high local protein concentration (data not
shown). Our early gel filtration results suggested a tetrameric
Grose et al.

Evidence for inhibition of NadK in Vivo. When the NadK protein was
overexpressed 1,000-fold from a plasmid, no adverse effects on
growth were seen, consistent with the idea that excess NadK
enzyme was strongly inhibited. The effect of excess NadK on NAD⫹
level then was tested more directly by using a nadB:lac fusion, which
is known to be repressed by NAD⫹ (40, 41). Plasmids encoding
NadK were introduced into a duplication-bearing strain with a WT
nadB⫹ allele and a nadB:lac fusion allele. Transcription of nadB was
measured by assaying ␤-gal activity produced by the fusion allele.
Overexpression of NadK caused no change in nadB transcription
(␤-gal level) in this strain (data not shown). It seems likely that slight
increases in NADP⫹ (and secondarily in NADPH) inhibit the
excess NAD kinase activity and prevent depletion of NAD⫹ pools
or overproduction of NADP⫹.
Additional evidence for in vivo inhibition of NadK is the surprising observation by Lundquist and Olivera (14), who placed a
pyridine-requiring (nadB) mutant of E. coli into unsupplemented
minimal medium. With time, the NAD pool dropped, whereas the
NADP pool remained almost constant; the NAD:NADP ratio
dropped from 2.00 to 0.3. Maintenance of the NADP pool in the
face of reduced total pyridine is consistent with the feedback
PNAS 兩 May 16, 2006 兩 vol. 103 兩 no. 20 兩 7603
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Fig. 3. Sedimentation equilibrium analysis of styNadK protein. (Lower) Data
for three protein concentrations (0.26, 0.13, and 0.065 mg兾ml) with the
corresponding calculated curve fit (solid line). The data fit a dimer-tetramer
equilibrium with a KD ⫽ 1.0 ⫾ 0.9 M. (Upper) The closeness of the fit is evident
by the small random residuals.

Estimates of in Vivo NAD Kinase Activity. To estimate the activity of
NadK in vivo, purified, untagged styNadK was assayed at the
concentrations of substrates and inhibitors found within cells.
Because published values for pool sizes vary significantly, these
pools were redetermined by the extraction procedure of Lundquist
et al. (13), which does not allow oxidation, reduction, or breakdown
of nucleotides during sample preparation and is not sensitive to
variation in the concentration of cells used. The pool sizes found for
S. enterica during aerobic growth (Table 1) agree closely with those
determined previously for E. coli by using the same extraction
method (13). During aerobic growth on glucose, the NadK substrate NAD⫹ was present at 0.90 mM, and the inhibitory species
were present at 0.16 mM (NADH) and 0.18 mM (NADPH).
Published values for ATP levels are 4 mM (38).
When NadK was assayed in vitro by using substrate concentrations that prevail in vivo (but without inhibitory effectors), purified
untagged protein produced 1.6 mol䡠min⫺1䡠mg⫺1 NADP⫹. However, activity dropped 100-fold when inhibitory nucleotides were
added at concentrations that prevail during aerobic growth. This
drop suggests that NadK is heavily inhibited during normal aerobic
growth and, therefore, can increase its activity substantially in
response to occasional increases in the level of substrate (NAD⫹)
or decreases in the pool of inhibitory reduced nucleotides (NADH
and NADPH).

sensitivity of NadK reported here. That is, any marginal decrease
in the NADPH level would release NadK from inhibition and
maintain NADP(H) levels at the expense of the NAD pool. This
response would allow biosynthetic processes to continue in the face
of pyridine starvation.
Levels of the Four Pyridine Nucleotides During Anaerobic and Aerobic
Growth. Pool sizes were determined as described in Materials and

Methods and are presented in Table 1. During anaerobic growth, the
total NADP(H) pool is low compared with those of NAD(H). This
ratio is higher during growth in the presence of oxygen, as expected
if NadK activity increases (next-to-last line in Table 1). Furthermore, the level of NadK activity would be expected to reflect the
ratio of the summed inhibitory pools to the pool of the substrate
(NAD⫹); this ratio is much lower during anaerobic growth than
aerobic, suggesting that aerobiosis is accompanied by activation of
NadK. Possible biological significance of these changes and the
response of these pools to stress are discussed below.
Discussion
A Rationale for the Existence of Two Biochemically Similar Electron
Carriers. It seems likely that living things employ two structurally

and biochemically similar electron carriers (NAD and NADP) to
control cellular processes. The large NAD⫹ pool (0.9 mM; 86% of
total NAD) seen under aerobic conditions may serve to drive
oxidative catabolic reactions that support respiration. The high level
of NADH (0.41 mM; 71% of total NAD) seen under anaerobic
conditions may support growth when the rate-limiting step in
providing energy is reoxidation and recycling of NADH by using
electron acceptors that are less avid than oxygen. The NADPH level
is lower (0.036 mM) during anaerobic growth when growth is slow
and higher (0.18 mM) during more rapid aerobic growth, consistent
with the idea that the NADPH level increases to meet the higher
demand of reductive biosynthetic reactions when growth is rapid.
Thus, one can at least rationalize the observed pool changes in
terms of cellular metabolism. Later in this section, we discuss the
changes in pyridine nucleotide pools during periods of oxidative
stress.
Proposal that NadK Inhibition Controls Pyridine Nucleotide Pool Sizes.

Comparing NadK enzymatic kinetic parameters with in vivo pool
sizes suggests that NADH is the primary inhibitor of NadK during
anaerobic growth, and NADPH takes over under aerobic conditions. A drop in NADH caused by more rapid aerobic NAD
oxidation would release NadK from inhibition (by decreasing
NADH level) and provide more NadK substrate (by increasing
NAD⫹). These two changes would combine to increase the NadKdependent production of NADP. The increase in NADP would
drive reactions that reduce NADP and cause a secondary increase
in the rate of NADPH production. We suggest that this increased
flux allows the cell to keep pace with the demands of reductive
biosynthesis and protects against reactive oxygen species. Several
lines of evidence support this rationalization.
As expected if NadK is activated during aerobic growth, the ratio
of total NADP(H) to total NAD(H) was 8-fold higher under
aerobic conditions (next-to-last line in Table 1). Also consistent
with aerobic NadK activation, the combined level of inhibitors
(NADH plus NADPH) was lower and the level of NAD⫹ (NadK
substrate) was higher during aerobic growth; the ratio of total
inhibitors to substrate was 2.6 during anaerobic growth and 0.38
under heavily aerobic conditions (last line in Table 1). These results
are consistent with a higher level of NadK activity during aerobic
growth.
A Model for Control of Pyridine Pools in Response to Oxidative Stress.

Just as NAD and NADP play different roles in normal cellular
metabolism (degradative vs. synthetic reactions), they also play
opposite roles during oxidative stress (19). During oxidative stress,
7604 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0602494103

NADH is thought to be dangerous because it contributes to
reduction of Fe3⫹ and, hence, to the formation of damaging
hydroxy radicals through the Fenton reaction (4–6). In contrast,
NADPH does not contribute to iron reduction but defends cells
against oxidative stress by supporting reductive repair reactions
(1–3). Cells with impaired ability to reduce NADP⫹ (as in G6PDH
mutants) are sensitive to oxidative stress (2, 3, 42, 43).
Oxidative stress is expected to impose a drain on NADH and
NADPH because it activates a variety of repair processes that
consume reduced pyridine nucleotides [i.e., glutathione reductase
(44), alkyl hydroperoxide reductase (45), thioredoxin reductase
(46), methionine sulfoxide reductase (47), and NADH-dehydrogenase (3)]. During periods of stress, many enzymes are induced that
reduce NADP⫹ to NADPH (19, 48, 49), so an increase in NADP
levels would support the formation of NADPH and compensate for
the demands placed on this protective molecule.
The regulation of NadK activity by reduced nucleotides NADH
and NADPH allows this enzyme to sense oxidative stress; reduced
NADPH has been suggested as an indicator of oxidative stress (50).
In response to this signal, NadK would convert NAD⫹ to NADP⫹
and, thereby, achieve two useful effects. It would reduce the level
of toxic NADH and stimulate maintenance or increase in the pool
of protective NADPH. This regulatory response could be initiated
by any stress that reduces the pool of NADPH, including exposure
to reactive oxygen species, UV irradiation, and aldehyde accumulation. A drop in NADPH after UV exposure seems likely in view
of the recent demonstration (in yeast) that DNA damage stimulates
ribonucleotide reductase and greatly increases deoxynucleotide
production, which uses NADPH as a reducing agent (51). A drop
in NADPH in response to aldehyde exposure is predicted based on
the requirement for glutathione to permit growth on ethanolamine,
which is associated with release of acetaldehyde (52–54).
A Test of the Oxidative Stress Model. A test of the model is inherent

in previous work by Brumaghim et al. (19), who treated anaerobic
cells with hydrogen peroxide, imposing a severe oxidative stress.
They observed a 90-fold increase in the NADPH:NADH ratio
within 15 min; the total NADP(H) level increased 2.5-fold. They
saw no increase in NAD kinase activity (assayed under standardized conditions in vitro), suggesting that the nadK gene did not
derepress on this time scale. We suggest that the observed increase
in NADP was due to the release of NAD kinase from feedback
inhibition after marginal decreases in the levels of NADH and
NADPH.
Two Additional Stress-Induced Changes in Pyridine Nucleotide Pools.

Feedback inhibition of NadK is likely to be involved in the oxygenstimulated pyridine nucleotide cycle and the UV-induced loss of
NAD pools. Olivera et al. (12, 13, 17) demonstrated that pyridine
nucleotides are continuously broken down to nicotinamide mononucleotide (NMN) and recycled to NAD⫹ by using NMN deamidase and the last two biosynthetic enzymes, NadD and E. Flux
through this cycle is independent of DNA ligase and is stimulated
⬇4-fold by aeration (16). A possibly related phenomenon is the
observation of Swenson et al. (18, 55) that UV irradiation causes E.
coli to stop respiring, lose its NAD pools, and release pyridine
compounds from the cell. Loss of these pools suggests that de novo
pyridine synthesis may be blocked by stress. The pyridine biosynthetic enzyme NadB is known to be oxygen-sensitive (56–58).
Another biosynthetic and recycling enzyme (NadE) has sequence
motifs that suggest existence of an oxygen-sensitive iron-sulfur
cluster. We speculate that heavy stress both blocks de novo NAD
synthesis and stimulates nucleotide splitting, as seen in the cycle.
Under such conditions, NAD is destroyed by NadK and by splitting
of nucleotides to NMN, which can accumulate and escape from the
cell as nicotinamide nucleoside (NmR) by using the NmR diffusion
facilitator (41). It should be noted that activity of the NADdependent repair enzyme DNA ligase can tolerate a severe drop in
Grose et al.

Comparing Bacterial NadK with Enzymes of Other Organisms. The

NadK kinase of E. coli and S. enterica share a structural fold with
a class of distantly related kinases, including 6-phosphofructokinases, diacylglyceride kinases, and sphingosine kinases (59). Interestingly, the structurally related rabbit muscle phosphofructokinase
also shows a change in oligomerization state in response to its
inhibitor, citrate, which favors the less active dimeric state over the
more active tetramer (60).
Although the model presented above is based on data obtained
in bacteria, it is likely to be broadly applicable. All organisms share
use of NAD and NADP in metabolism and stress response. In yeast,
three NadK homologs have been reported and deletion of all three
is not lethal (54), suggesting the existence of a nonhomologous
NAD kinase. The three yeast enzymes all convert NADH directly
to NADPH, achieving in an only slightly different way the decrease
in NADH and increase in NADPH inferred to occur in bacteria.
Mutants lacking one NadK homologue (Pos5) are sensitive to
peroxide (26). Another homologue (Utp1) is needed during growth
on low iron to supply NADPH to release metal ions (ferric and
cupric) from binding proteins during import (27). Both phenotypes
suggest roles of NadK in oxidative stress response consistent with
the model proposed here.
Materials and Methods
Construction of a Chromosomal nadK Mutation. A chromosomal

nadK duplication was constructed by two-fragment transduction as
described in refs. 41, 61, and 62. One donor carried an argA:MudA
(Arg⫺ Lac⫹ AmpR; Amp, ampicillin) insertion; the other carried a
nadB:MudA (Nad⫺ Lac⫺ AmpR) insertion. Transductants (AmpR)
made by using a 1:1 mixture of these lysates were screened to
identify those with a nadK duplication, which are stably Arg⫹, Nad⫹
and unstably Lac⫹ AmpR (see Fig. 1). One of the two nadK copies
was replaced by a CmR by using linear transformation methods (63,
64). The nadK:CmR transformants were verified by PCR and
genetic linkage tests.
Cloning the nadK Gene. The nadK gene (GenBank accession no.
16421206) was amplified by PCR and cloned into vector pTrcHis2TOPO (Invitrogen) to form plasmids that produce NadK with or
without a C-terminal histidine tag (pJG101 or pJG102, respectively). These plasmids carry an ampicillin resistance gene and
express NadK from an isopropyl ␤-D-thiogalactoside-inducible lac
promotor.
Expression and Purification of NadK Enzyme. To prepare tagged or
untagged NadK protein, cells carrying the appropriate plasmid
were grown aerobically to A600 ⫽ 0.6 at 37°C on LB medium
supplemented with 100 mg/ml ampicillin兾1% glucose; cells were
transferred to LB Amp medium containing 1 mM isopropyl ␤-Dthiogalactoside and incubated 8 h to express NadK. Cells were
washed in 50 mM phosphate buffer (pH 7.8) with NaCl (50 mM)
and frozen at ⫺70°C. Frozen-cell pellets were resuspended in 20
mM phosphate buffer containing 50 mM NaCl and 1 mg兾ml
lysozyme. After 1 h on ice, cells were disrupted by sonication and
debris was removed by centrifugation at 30 min at 20,000 ⫻ g.
The histidine-tagged proteins were purified from the above
extracts by using the ProBond resin (Invitrogen) and eluted by an
imidazole step gradient. The active fractions were concentrated by
using a Centriprep 50 device (Amicon), and transferred to storage
buffer (50 mM phosphate butter, pH 7.3, containing 0.1 mM
ATP兾0.3 mM MgCl2兾1 mM DTT兾20% glycerol). The purified
protein remained active for months at ⫺70°C in this buffer. Purity
was determined by SDS兾PAGE. This procedure gave a 10-fold
purification of the 1,225-fold overexpressed-tagged NadK protein.
Grose et al.

This purified, histidine-tagged NadK protein was used to characterize the enzyme unless otherwise stated.
Untagged NadK was partially purified by 5⬘ AMP affinity
chromatography. After cell lysis, DNA was precipitated by streptomycin sulfate (1.5%). The protein in this supernatant was transferred by dialysis to 100 mM Tris䡠HCl buffer (pH 7.5) with 10 mM
MgCl2兾1 mM ATP, loaded onto a 5⬘ AMP Sepharose column
(Amersham Pharmacia Biotech) and eluted with 10 mM NAD⫹.
This fractionation resulted in a 4-fold purification of the 600-fold
overexpressed-untagged NadK protein.
NAD Kinase Assay. NAD kinase was assayed as described by Korn-

berg (65). The reaction was run at 37°C in a 1.0-ml reaction mixture
containing 5.0 mM NAD⫹, 10 mM MgCl2, 5 mM ATP, and 100 mM
Tris䡠HCl (pH 7.5) and was stopped by heating (100°C for 90
seconds) followed by centrifugation to remove denatured protein.
The produced NADP⫹ was reduced to NADPH and quantified by
absorbance at 340 nm; reduction was achieved by adding glucose6-phosphate (G6P; final concentration 10 mM) and 2 units of yeast
glucose-6-phosphate dehydrogenase (G6PDH; Sigma). Metal ions
were used at 10 mM.
Determination of Kinetic Parameters. The NAD kinase activity was

assayed (as above) by using concentrations of ATP and NAD⫹
from 0.5 mM to 5.0 mM. The Km values were determined by
fitting a Michaelis–Menten curve to the kinetic data by
nonlinear least squares with KALEIDAGRAPH (Synergy Software, Reading, PA).
Gel Electrophoresis. Native PAGE and SDS兾PAGE were performed according to Laemmli (66) by using Precast 12% (for
SDS兾PAGE) and 8–16% (for native PAGE) gradient gels (Gradipore, Frenchs Forest, Australia). For electrophoretic fractionation of native proteins, cells were grown aerobically in LB medium
to an OD600 of 0.6, pelleted, and resuspended in phosphate buffer
(pH 7.8) containing 0.1 mM ATP, 0.1 mM EDTA, and 1.0 mM
DTT. Crude extracts were made by sonication, debris was removed
by centrifugation, and the soluble extract was desalted by using a
pd10 column (Amersham Pharmacia). Electrophoresis was performed on 50 mg of crude extract protein at 4°C by using Tris兾
glycine buffer (pH 8.8) containing 1 mM DTT and 0.1 mM ATP.
After electrophoresis, NAD kinase activity was detected by
incubating gels at 37°C in a 10-ml staining mixture containing 2.25
ml of nitroblue tetrazolium (NBT; 2 mM), 150 l of phenazine
methosulfate (2.7 mM), 300 l of G6P (0.1 M), 25 l of G6PDH
(0.5 units兾L), 250 l of NAD (100 mM), 500 l of ATP (60 mM),
300 l of MgCl2 (100 mM), and 1.0 ml of Tris䡠HCl (1.0 M; pH 7.5).
In this reaction mixture, NADP produced by the kinase is reduced
to NADPH by G6PD. The resulting NADPH was oxidized by
phenazine methosulfate, which then reduces the NBT dye, forming
a purple precipitate that marks the position of NAD kinase activity.
Sedimentation Equilibrium. Sedimentation equilibrium experiments

used a Beckman Optima XL-1 analytical ultracentrifuge equipped
with scanning absorbance optics and interference optics by using
six-channel, 12-mm-thick, charcoal-epon centerpieces at 20°C.
Each of the three sample channels contained a different concentration (between 1–20 M) of protein in 50 mM KPO4 (pH
7.5)兾0.15 M NaCl with or without 100 M NADPH, whereas
reference channels contained the dialysate. Equilibrium was confirmed by no change over four 1-h intervals. Data were collected by
using both absorbance and interference optics for the samples
without NADPH and interference optics only for the sample with
NADPH. Values of -bar and the extinction coefficients for each
protein were calculated from the amino acid sequence as described
in ref. 67.
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NAD⫹ because its Km for NAD⫹ is surprisingly low (30 nM) (8)
compared with the normal NAD⫹ pool (1 mM).

Sedimentation Data Analysis. Various structural models (absor-

bance兾interference versus radius) were fit to data by using
nonlinear least squares via NONLIN (68). For the absorbance
data, the final model was chosen based on its fit to protein
distributions observed in the centrifuge for three to six different
initial protein concentrations.
Determination of the Intracellular Pyridine Nucleotide Concentrations. Duplicate logarithmic cultures of WT S. enterica strain LT2

(TR10000) were grown aerobically in E media with glucose (100 ml
of cells in a 1-liter flask with vigorous shaking) or anaerobically (100
ml of cells in a 125-ml flask with minimal shaking). When the
culture reached an OD600 ⫽ 0.6, pyridine nucleotides were extracted by the method of Olivera and Lundquist (13) by using acid
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