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ABSTRACT Many organisms possess pathways that regenerate NAD� from its deg-
radation products, and two pathways are known to salvage NAD� from nicotin-
amide (Nm). One is a four-step pathway that proceeds through deamination of Nm
to nicotinic acid (Na) by Nm deamidase and phosphoribosylation to nicotinic acid
mononucleotide (NaMN), followed by adenylylation and amidation. Another is a
two-step pathway that does not involve deamination and directly proceeds with the
phosphoribosylation of Nm to nicotinamide mononucleotide (NMN), followed by ad-
enylylation. Judging from genome sequence data, the hyperthermophilic archaeon
Thermococcus kodakarensis is supposed to utilize the four-step pathway, but the fact
that the adenylyltransferase encoded by TK0067 recognizes both NMN and NaMN
also raises the possibility of a two-step salvage mechanism. Here, we examined the
substrate specificity of the recombinant TK1676 protein, annotated as nicotinic acid
phosphoribosyltransferase. The TK1676 protein displayed significant activity toward
Na and phosphoribosyl pyrophosphate (PRPP) and only trace activity with Nm and
PRPP. We further performed genetic analyses on TK0218 (quinolinic acid phosphori-
bosyltransferase) and TK1650 (Nm deamidase), involved in de novo biosynthesis and
four-step salvage of NAD�, respectively. The ΔTK0218 mutant cells displayed growth
defects in a minimal synthetic medium, but growth was fully restored with the addi-
tion of Na or Nm. The ΔTK0218 ΔTK1650 mutant cells did not display growth in the
minimal medium, and growth was restored with the addition of Na but not Nm. The
enzymatic and genetic analyses strongly suggest that NAD� salvage in T. kodakaren-
sis requires deamination of Nm and proceeds through the four-step pathway.

IMPORTANCE Hyperthermophiles must constantly deal with increased degradation
rates of their biomolecules due to their high growth temperatures. Here, we identi-
fied the pathway that regenerates NAD� from nicotinamide (Nm) in the hyperther-
mophilic archaeon Thermococcus kodakarensis. The organism utilizes a four-step
pathway that initially hydrolyzes the amide bond of Nm to generate nicotinic acid
(Na), followed by phosphoribosylation, adenylylation, and amidation. Although the
two-step pathway, consisting of only phosphoribosylation of Nm and adenylylation,
seems to be more efficient, Nm mononucleotide in the two-step pathway is much
more thermolabile than Na mononucleotide, the corresponding intermediate in the
four-step pathway. Although NAD� itself is thermolabile, this may represent an ex-
ample of a metabolism that has evolved to avoid the use of thermolabile intermedi-
ates.
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NAD� is a major electron carrier in all three domains of life. Two major pathways are
known for the de novo biosynthesis of NAD� (1–4). The majority of eukaryotes

utilize tryptophan as the precursor and synthesize NAD� via formylkynurenine, kynure-
nine, 3-hydroxy-kynurenine, 3-hydroxyanthranilic acid, quinolinic acid (Qa), nicotinic
acid mononucleotide (NaMN), and nicotinic acid adenine dinucleotide (NaAD) (Fig. 1).
Most bacteria utilize another pathway and synthesize NAD� from aspartic acid via
iminoaspartic acid, Qa, NaMN, and NaAD (Fig. 1). Eukaryotes that utilize the pathway
from aspartic acid and bacteria that use tryptophan as the starting material are also
known (3, 4). Judging from genome sequence data, archaea utilize the pathway
initiating from aspartic acid.

A number of compounds are produced from the intracellular degradation of NAD�.
In bacteria, nicotinamide mononucleotide (NMN) is generated as a by-product of the
NAD�-dependent DNA ligase reaction (5). In eukaryotes and some bacteria, nicotin-
amide (Nm) is generated as a by-product when NAD� is used for ADP-ribosylation of
proteins (6, 7). Nm is also generated by NAD� glycohydrolase (NADase), which acts in
regulating and maintaining intracellular concentrations of NAD� (8, 9). Additionally, it
is well known that NAD� is a thermolabile molecule (10, 11) and that its degradation
results in the generation of ADP-ribose and Nm (12, 13). This is particularly relevant in
thermophilic organisms, and several studies have examined the mechanisms that are
involved in regenerating NAD� from its degradation products (13, 14).

Organisms in many cases harbor salvage pathways that can regenerate NAD� from
these degradation products. In terms of Nm salvage, there are two major pathways that
convert Nm to NAD� (2, 3). In one pathway (the two-step pathway), Nm is directly
converted to NMN by an Nm phosphoribosyltransferase (NmPRT). NMN is then con-
verted to NAD� via an adenylyltransferase. In the second pathway (the four-step
pathway), which is also called the Preiss-Handler pathway (15, 16), the amide group of
Nm is initially hydrolyzed through the function of Nm deamidase, producing nicotinic
acid (Na) and ammonia. Na is then converted to NaMN by Na phosphoribosyltrans-
ferase (NaPRT), which is then converted to NAD� via NaAD. Most bacteria utilize the
four-step pathway, whereas the two pathways are well distributed among eukaryotes.
In terms of NMN, many bacteria can hydrolyze NMN to ribose 5-phosphate and Nm, and
Nm enters the four-step pathway. Many bacteria can also directly convert NMN to
NaMN (1, 17). In addition, organisms can utilize exogenous pyridinium compounds for
NAD� salvage. The uptake of Na and Nm in Escherichia coli was reported over 40 years
ago, and de novo synthesis is suppressed in their presence (18). Uptake of NMN has
been reported in Salmonella enterica serovar Typhimurium (17). The uptake of exoge-
nous nicotinamide riboside (NmR) has also been demonstrated in Haemophilus species
(19, 20).

NMN adenylyltransferase (NMNAT) is present in all three domains of life. NMNAT
found in eukaryotes differs in structure from those found in bacteria and archaea (21,
22). The bacterial and archaeal NMNAT proteins, along with most of the enzymes from
eukaryotes, display significant adenylyltransferase activities toward both NaMN and
NMN. On the other hand, NaMN adenylyltransferase (NaMNAT) is only found in bacteria
and exhibits relevant activity only toward NaMN (23, 24). The presence of NMNAT in
bacteria is not widespread, and bacteria that harbor an NMNAT also possess an NmPRT
homolog (Gloeobacter violaceus is an exception). This suggests that, although a minor-
ity, some bacteria utilize the two-step pathway in NAD� salvage (25).

Thermococcus kodakarensis is a hyperthermophilic archaeon with an optimum
growth temperature of 85°C (26). The genome sequence of this archaeon has been
determined (27), and versatile genetic systems have been developed (28–32). The
organism possesses a number of enzymes that utilize NAD� (33–35), and, judging from
the genome sequence data, harbors a complete set of homologs involved in the de
novo synthesis of NAD� from aspartate. The homolog presumed to be responsible for
the conversion of NaMN to NaAD is encoded by TK0067, which is a homolog of NMNAT
that displays activity toward both NMN and NaMN. We have previously shown exper-
imentally that the TK0067 protein actually displays activity toward both NMN and
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NaMN (13). An NaMNAT homolog that functions only on NaMN cannot be found on the
T. kodakarensis genome. Although the presence of a homolog of NAD� synthetase
(TK1798) that catalyzes the amide formation of NaAD suggests that T. kodakarensis (and
other archaea) utilizes the four-step pathway, the presence or absence of the two-step
pathway is still unclear, particularly as this organism utilizes an NMNAT that displays
activity toward NMN in addition to NaMN. In this study, we addressed this problem with
biochemical and genetic analyses on enzymes/genes related to this metabolism in
T. kodakarensis.

RESULTS
Preparation of the recombinant TK1676 protein. As described in the introduc-

tion, the TK0067 protein from T. kodakarensis displays adenylyltransferase activity
toward both NaMN and NMN (13). We thus set out to examine the substrate specificity
of the TK1676 protein, an NaPRT homolog predicted to display phosphoribosyltrans-
ferase activity toward Na. Among archaeal NaPRT proteins, the crystal structure of a
NaPRT homolog from Thermoplasma acidophilum has already been determined (36).
However, it has not been examined whether NaPRT homologs from archaea display
activity toward Nm. The TK1676 protein is 49% identical to the NaPRT homolog from
T. acidophilum (Ta1145). The TK1676 gene was cloned and expressed in E. coli, and the
recombinant protein was purified to apparent homogeneity, as judged from the result
of SDS-PAGE electrophoresis (see Fig. S1 in the supplemental material).

Enzyme assay of the TK1676 protein. In order to examine the substrate specificity
of the TK1676 protein, we monitored the production of NaMN or NMN from Na or Nm,
respectively, using high-performance liquid chromatography (HPLC). Under the applied
conditions, we were able to separate the four compounds (Fig. S2). With 2 mM Na and
2 mM PRPP as the substrates in the presence of 1 �g of TK1676 protein, we clearly
observed the formation of a peak that corresponds to the retention time of NaMN after
a 30-min incubation at 85°C (Fig. 2A and B). This peak was not observed in the absence

FIG 1 Previously recognized de novo and salvage pathways for NAD� biosynthesis. Dotted boxes show compounds that can be taken up by the cell.
ADPR-PPase, ADP-ribose pyrophosphatase; DHAP, dihydroxyacetone phosphate; Na, nicotinic acid; NaAD, nicotinic acid adenine dinucleotide; NaMN, nicotinic
acid mononucleotide; NaMNAT, nicotinic acid mononucleotide adenylyltransferase; NaPRT, nicotinic acid phosphoribosyltransferase; NaR, nicotinic acid riboside;
Nm, nicotinamide; NMN, nicotinamide mononucleotide; NMNAT, nicotinamide mononucleotide adenylyltransferase; NmPRT, nicotinamide phosphoribosyl-
transferase; NmR, nicotinamide riboside; PRPP, phosphoribosyl pyrophosphate; Qa, quinolinic acid; QaPRT, quinolinic acid phosphoribosyltransferase; R5P,
ribose 5-phosphate.
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of the TK1676 protein. The concentration of NaMN calculated from the difference of the
two peak areas was 34 � 4 �M. By carrying out these reactions for different periods of
time, we were able to determine the initial velocity of the NaPRT activity of the TK1676
protein, which was 0.44 � 0.04 �mol · mg�1 · min�1 in the presence of 2 mM Na and
2 mM PRPP. This value can be considered comparable to the activity levels observed for
the human NaPRT (0.012 � 0.001 �mol · mg�1 · min�1) in the presence of 1 mM
substrates at 37°C (37). In order to examine whether the protein could also recognize
Nm, we performed the same experiments but with 2 mM Nm instead of 2 mM Na. We
could not detect a formation of a peak corresponding to NMN (data not shown). We
thus increased the amount of protein added to the reaction by 20-fold to 20 �g. In this
case also, we could not detect a clear formation of a peak corresponding to NMN, which
should display a retention time between 4.0 min and 4.5 min (Fig. 2C and D).

Growth properties of gene disruptants. Our activity measurements suggested
that the TK1676 protein displayed significant activity toward Na but not toward Nm. In
order to clarify whether the TK1676 protein displayed activity toward Nm and to
evaluate the function of this protein in vivo, we designed and constructed gene
disruption strains that would enable us to distinguish the contributions of the two-step
and four-step salvage pathways in T. kodakarensis.

First of all, in order to remove the effects of de novo synthesis, we disrupted the
TK0218 gene, which encodes Qa phosphoribosyltransferase (QaPRT) (Fig. 1). The ge-
notype of a selected transformant was examined by PCR analysis using one primer set
annealing outside the flanking regions for homologous recombination and another set
within the target gene (Fig. S3A and B). As expected, we observed a shorter amplified
DNA fragment in the ΔTK0218 transformant using the primer set annealing outside the

FIG 2 HPLC analysis of the products obtained after reaction with the TK1676 protein. (A) The reaction was carried out using Na and PRPP
as the substrates. (B) Enlargement of the area including the NaMN peak in panel A. (C) The reaction was performed using Nm and PRPP
as the substrates. (D) Enlargement of the area in which the standard NMN peak can be detected in panel C. Black and gray lines represent
the products of reactions with and without TK1676 protein, respectively.
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homologous region (Fig. S3A) and no product using the primer set that anneals within
the coding region (Fig. S3B). We also confirmed the absence of unintended mutations
in the homologous regions by DNA sequencing analysis.

The growth characteristics of the ΔTK0218 mutant strain were examined in a
synthetic medium based on 0.8� artificial seawater, a mixture of 20 amino acids,
modified Wolfe’s trace minerals, a vitamin mixture and 2.0 g · liter�1 elemental sulfur
supplemented with 2.5 g · liter�1 sodium pyruvate, 10 �g · ml�1 uracil, and 10 �M
tungsten (ASW-AA-S0-Pyr-Ura-W) and compared with those of the host strain. The
ΔTK0218 mutant cells displayed growth that was indistinguishable from that of the
host strain when Na or Nm was supplemented to the medium. The concentrations of
these compounds could be decreased to 2 �M, which still supported almost the same
growth of ΔTK0218 mutant cells as that of the host strain (Fig. 3A and B). However, in
the absence of these compounds, the growth of ΔTK0218 mutant cells was slower and
ceased after a slight increase in cell density (Fig. 3B). This is the expected result for a
disruption of a gene required for de novo synthesis of NAD�, which is further supported
by the fact that the addition of Na or Nm to the medium can complement the growth
defect. We also disrupted the TK1676 gene and confirmed the genotype of a selected
transformant with procedures applied for the TK0218 gene (Fig. S3C and D). The
ΔTK1676 mutant cells did not show any growth defects in ASW-AA-S0-Pyr-Ura-W
medium without Na and Nm (Fig. 3A). This agrees well with the presumption that this
gene functions in a salvage pathway for NAD� that is not essential when de novo
synthesis is intact. The involvement of TK1676 in a (lone) salvage pathway was further
supported by the fact that we could not obtain a strain disrupted of both TK1676 and
TK0218, which would abolish both the de novo and salvage pathways for NAD�

biosynthesis, although the same disruption plasmids used for individual gene disrup-
tion strains were used for transformation.

We next disrupted the TK1650 gene, which is predicted to encode an Nm deamidase
that converts Nm to Na. As expected, the strain did not show noticeable growth defects
compared to the host strain (data not shown). In the case of the TK1650 gene, we were
able to obtain double-gene-disruption strains lacking both TK1650 and TK0218
(ΔTK0218 ΔTK1650 mutant) in a medium supplemented with NAD�, Nm, and Na (Fig.
S3E to H). The ΔTK0218 ΔTK1650 mutant strain did not grow at all in ASW-AA-S0-Pyr-
Ura-W medium without Na and Nm (Fig. 3C). The growth defect was more severe than
that observed for the ΔTK0218 mutant cells in the same medium. We next grew
ΔTK0218 ΔTK1650 mutant cells in the presence of 2 �M Na or Nm (Fig. 3C). The growth
of the strain was completely complemented in the presence of 2 �M Na. Most
importantly, however, the addition of 2 �M Nm did not lead to a recovery of growth.
Compared to the growth characteristics of the ΔTK0218 mutant strain grown in the
same medium, the result indicates that the lack of growth of the ΔTK0218 ΔTK1650
mutant strain in a medium with 2 �M Nm is due to the lack of Nm deamidase activity,
and the Nm is utilized for NAD� salvage via Na, i.e., the four-step pathway.

Detection of Nm deamidase activity in cell extracts of T. kodakarensis. In order
to confirm that TK1650 actually encodes an Nm deamidase, we examined Nm deami-
dase activity in cell extracts of T. kodakarensis. Cell extracts from the host strain KU216
and the ΔTK0218 ΔTK1650 mutant strain were prepared, and 2 mM Nm was added to
the cell extracts (100 �g). The mixtures were incubated at 85°C for 30 min, and the
reaction products were analyzed by HPLC (Fig. 4A). When the area of the peaks
corresponding to Na and Nm were quantified (Fig. 4B), we clearly observed an
accumulation of Na in the host strain. In contrast, no such accumulation was observed
in the ΔTK0218 ΔTK1650 mutant strain, indicating that the strain lost its capability to
generate Na from Nm, most likely due to the lack of TK1650.

DISCUSSION

Here, we provide biochemical and genetic evidence that clearly indicates that T.
kodakarensis utilizes only the four-step pathway for NAD� salvage, as shown in Fig. 5.
Although this organism harbors an NMNAT homolog (TK0067) that exhibits activities
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toward both NaMN and NMN, the TK1676 protein exhibits little activity toward Nm.
Moreover, when TK1650 was disrupted, exogenous Nm could no longer be utilized for
NAD� salvage, providing in vivo evidence that Nm is utilized via an Nm deamidase
reaction to produce Na, which is subsequently converted to NaMN by the NaPRT
activity of the TK1676 protein.

During our analyses, we were also able to actually observe the contribution of NAD�

salvage toward the growth of T. kodakarensis. The growth curves of the ΔTK0218 and

FIG 3 Growth properties of T. kodakarensis host strain KU216 and three gene disruption strains. (A)
Growth of the host KU216 strain (circles) and ΔTK1676 mutant (triangles) were examined in a synthetic
amino acid medium without Na and Nm (minimal medium, ASW-AA-S0-Pyr-Ura-W). (B) Growth of
ΔTK0218 mutant in the minimal medium and medium supplemented with Na or Nm are shown. (C)
Growth of the ΔTK0218 ΔTK1650 mutant strain in the minimal medium and medium supplemented with
Na or Nm. Open, filled, and gray symbols indicate ASW-AA-S0-Pyr-Ura-W, ASW-AA-S0-Pyr-Ura-W-Na(�),
and ASW-AA-S0-Pyr-Ura-W-Nm(�) media, respectively. Each value is an average of those from three
independent growth experiments. The vertical axis is represented on a logarithmic scale.
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ΔTK0218 ΔTK1650 mutant strains in the absence of Na or Nm are shown in Fig. 3B and
C, respectively. The curves illustrate the differences in growth of cells with and without
a salvage system, respectively, when de novo synthesis is inactivated. Although slower
than that of the host strain, the growth of ΔTK0218 mutant cells was observed for 16
h, which can be presumed to be due to the use of Nm, a major thermodegradation
product of NAD� (12, 13). No such growth was observed with the ΔTK0218 ΔTK1650
mutant cells.

Although our evidence demonstrates that T. kodakarensis utilizes the four-step
pathway for NAD� salvage, we were interested in why the organism had not come to
utilize the two-step pathway. We previously reported that NAD� displays thermal
degradation, with a half-life (t1/2) of 24.2 min at 85°C, resulting in the formation of
ADP-ribose and Nm (13). ADP-ribose, Nm, and Na display extreme thermostability (Fig.
4A) (13). Direct conversion of Nm through the two-step pathway would proceed via
NMN, whereas conversion through the four-step pathway would generate NaMN. We
thus compared the stability of NMN and NaMN at 85°C (Fig. 6). We observed a stark
difference in thermostability, with NaMN displaying a t1/2 of 431 min, whereas NMN was
relatively susceptible to degradation, with a t1/2 of 17.1 min. Moreover, the degradation
of NMN resulted in the generation of Nm, indicating that the NmPRT reaction and
thermal degradation of NMN would result in a futile cycle that would potentially waste
PRPP. As NAD� is also susceptible to thermal degradation, the advantages may be
limited, but this raises the possibility that pathways in organisms living under high
temperature, such as T. kodakarensis, evolved to synthesize NAD� through pathways
that utilize relatively thermostable intermediates or that avoid thermolabile com-
pounds as much as possible.

The presence of adenylyltransferase activity of the TK0067 protein toward NMN

FIG 4 Deaminase activity converting Nm to Na in cell extracts. (A) Black and gray lines show reaction
products in cell extracts from the KU216 host strain and the ΔTK0218 ΔTK1650 mutant strain, respec-
tively. The experiment was performed three times with cell extracts obtained from three independent
cultures for each strain, and a representative result is shown here. (B) The concentrations of Na and Nm
were quantified based on peak area in the HPLC analysis. Error bars indicate standard deviations. Filled
bars (H) indicate results with the cell extracts of the KU216 host strain, and open bars (Dd) indicate those
of the ΔTK0218 ΔTK1650 mutant strain.
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raises the possibility that the TK1798 protein generates the amide group on NaMN and
generates NMN, or in other words, the amide-forming reaction precedes the adenylyl-
transferase reaction. We presume that this is unlikely, as there is no reason to convert
the thermostable NaMN to the labile NMN prior to the synthesis of NAD�. Most

FIG 5 Predicted de novo and salvage pathways for NAD� biosynthesis in T. kodakarensis. Thick-lined boxes represent proteins or reactions that have been characterized
in T. kodakarensis. Those with stars indicate proteins examined in this study. Dotted boxes show compounds that can be taken up by the cell, based on the results
of this study. Other reactions in this figure are based on studies on homologous proteins from other archaea, such as TK0297 homologs from Pyrococcus horikoshii
(40), from Sulfolobus tokodaii (41), and from Thermococcus litoralis (42), TK0296 homologs from P. horikoshii (43) and from Pyrococcus furiosus (44), and a TK1798
homolog from Methanocaldococcus jannaschii (38). ADPR-PPase, ADP-ribose pyrophosphatase; DHAP, dihydroxyacetone phosphate; FAD, flavin adenine dinucleotide;
NaAD, nicotinic acid adenine dinucleotide; Na, nicotinic acid; NaPRT, nicotinic acid phosphoribosyltransferase; NaMNAT, nicotinic acid mononucleotide adenylyltrans-
ferase; Nm, nicotinamide; NmPRT, nicotinamide phosphoribosyltransferase; NMNAT, nicotinamide mononucleotide adenylyltransferase; PRPP, phosphoribosyl pyro-
phosphate; Qa, quinolinic acid; QaPRT, quinolinic acid phosphoribosyltransferase; R5P, ribose 5-phosphate.
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importantly, this possibility has been addressed in the enzymes from Methanocaldo-
coccus jannaschii, which grows at temperatures similar to those of T. kodakarensis and
whose NAD� synthetase protein is 49% identical to the TK1798 protein. The M.
jannaschii protein only recognizes NaAD and does not utilize NaMN as a substrate (38).
Taking these findings together, we presume that the activity toward NMN in archaeal
NMNAT proteins is not physiologically relevant.

We examined the distribution of the four-step pathway in a number of selected
archaeal genomes (see Table S1 in the supplemental material). Homologs of the
enzymes related to the de novo and salvage pathways were identified on all of the
Thermococcales genomes. Although the degrees of similarity were lower, homologs
were also found in Archaeoglobus fulgidus, Halobacterium salinarum, and Sulfolobus
species. Interestingly, homologs of enzymes for de novo synthesis are not found in
Thermoplasma species and Desulfurococcus amylolyticus. These organisms harbor ho-
mologs for NAD� salvage and may utilize structurally distinct enzymes for de novo
synthesis or may require Na or Nm for growth. On the other hand, the methanogens
harbor the de novo pathway but do not seem to possess salvage pathways. The
situation for Thermoproteus tenax is interesting. The organism harbors a putative NaPRT
homolog, but an Nm deamidase homolog is absent. This might be explained by the use
of the two-step pathway. Bacterial NmPRT, which displays activity toward Nm, is also
called NadV. In a previous study, the distribution of NadV homologs was examined
throughout the three domains of life (3). NadV homologs are only present in a limited
number of bacteria and eukaryotes. These organisms also harbor NMNAT, suggesting
that these organisms utilize the two-step pathway. However, NadV is not present in T.
tenax, so the function of NaPRT in this organism may be to utilize exogenous Na, or a
structurally novel Nm deamidase may be present.

MATERIALS AND METHODS
Strains, media, and culture conditions. T. kodakarensis KOD1 (wild type), KU216 (ΔpyrF mutant)

(29), and its derivative strains were cultured under anaerobic conditions at 85°C in a nutrient-rich
medium (ASW-YT) or a synthetic medium (ASW-AA). ASW-YT-S0 and ASW-YT-Pyr media were composed
of 0.8� artificial seawater (ASW), 5.0 g · liter�1 yeast extract, 5.0 g · liter�1 tryptone, and 0.8 mg · liter�1

resazurin with elemental sulfur (2.0 g · liter�1) and sodium pyruvate (5.0 g · liter�1), respectively. The
ASW-AA-S0 medium consisted of 0.8� ASW, a mixture of 20 amino acids, modified Wolfe’s trace minerals,
a vitamin mixture and 2.0 g · liter�1 elemental sulfur (28, 39). Na2S·9H2O was added to the medium until
it became colorless. In the growth experiments, the amount of Na2S·9H2O added was constant at 12.5 mg
· liter�1. For solid medium used to isolate transformants, elemental sulfur and Na2S·9H2O were replaced
with 2 ml · liter�1 of a polysulfide solution (10 g of Na2S·9H2O and 3 g of sulfur flowers in 15 ml of H2O),
and 10 g · liter�1 of Gelrite was added to solidify the medium. The ASW-AA-S0 medium was slightly
modified when used for the enrichment of transformants and growth experiments, as stated below. E.
coli strains DH5� used for plasmid construction and BL21 for gene expression were cultivated at 37°C in
lysogeny broth (LB) medium containing ampicillin (100 mg · liter�1). All chemical reagents were
purchased from Wako Pure Chemicals (Osaka, Japan) or Nacalai Tesque (Kyoto, Japan), unless stated
otherwise.

FIG 6 Thermal degradation rates of NaMN and NMN at 85°C. Ct indicates the concentration of NaMN or
NMN after heat treatment for t min. Ln Ct denotes natural logarithm of Ct. Filled and open circles indicate
NaMN and NMN, respectively.
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Overexpression of T. kodakarensis NaPRT gene and purification of the product. To construct the
TK1676 (T. kodakarensis NaPRT) gene expression vector (pETK1676), the TK1676 gene was amplified by
PCR from genomic DNA of T. kodakarensis KOD1 with the primer set eTK1676-F/eTK1676-R (see Table S2
in the supplemental material). The primers contained 14 bp- and 15 bp sequences flanking the NdeI and
BamHI restriction sites of pET21a(�) (EMD Millipore, Billerica, MA), respectively. The amplified fragment
and pET21a(�) digested with NdeI/BamHI were fused by fusion PCR using the In-Fusion HD cloning kit
(TaKaRa Bio, Shiga, Japan). After confirming the absence of unintended mutations by DNA sequencing
analysis, pETK1676 was introduced into E. coli strain BL21-CodonPlus(DE3)-RIL (Agilent Technologies,
Santa Clara, CA). The transformant was cultivated until the optical density at 660 nm (OD660) reached 0.3
to �0.6, and isopropyl-1-thio-�-D-galactopyranoside (IPTG) was added at a final concentration of 0.1 mM
to induce gene expression. After a further 4 h of culture, cells were harvested, resuspended in 50 mM
Tris-HCl buffer (pH 7.5), and disrupted by sonication. After centrifugation (4°C, 5,000 � g, 10 min), the
soluble cell extract was incubated at 85°C for 20 min to remove thermolabile proteins. After
centrifugation (4°C, 5,000 � g, 20 min), the supernatant was applied to an anion-exchange column,
ResourceQ (GE Healthcare, Chicago, IL), and proteins were eluted with a linear gradient of NaCl (0 to 1.0
M) in 50 mM Tris-HCl (pH 7.5) at a flow rate of 2.0 ml · min�1. After concentrating relevant fractions using
an Amicon Ultra centrifugal filter unit (molecular weight cutoff [MWCO], 30,000; EMD Millipore), the
proteins were separated with a Superdex 200 Increase 10/300 gel filtration column (GE Healthcare), with
a mobile phase of 50 mM Tris-HCl (pH 7.5) with 150 mM NaCl at a flow rate of 0.4 ml · min�1. Protein
concentration was determined with the Protein assay system (Bio-Rad, Hercules, CA) using bovine serum
albumin (Thermo Fisher Scientific, Waltham, MA) as a standard.

Enzyme assay of the recombinant T. kodakarensis NaPRT. NaPRT and NmPRT activities were
measured in 100-�l reaction mixtures containing 50 mM HEPES-NaOH (pH 7.0 at 85°C), 10 mM MgCl2, 2
mM Na or Nm, 2 mM PRPP, and 1 to 20 �g of the purified TK1676 protein. For determining the presence
of NaPRT and NmPRT activities, reaction mixtures were incubated at 85°C for 30 min. For examining the
initial velocity of the TK1676 reaction toward Na, the reaction mixture without Na was preincubated at
85°C for 1 min, and the reaction was initiated by adding Na. The reactions were carried out at 85°C for
1, 3, and 5 min. In both cases, reactions were terminated by rapid cooling on ice for 10 min, followed by
removal of protein with an Amicon Ultra centrifugal filter unit (MWCO, 10,000). NMN or NaMN present
in the filtered reaction mixtures was quantified by HPLC using a Cosmosil 5-�m C18 (5C18)-PAQ column
(Nacalai Tesque, Kyoto, Japan) with 50 mM sodium phosphate (pH 6.8) as the mobile phase. The flow rate
was set to 0.8 ml · min�1, and the column temperature was set at 40°C. Absorbance at 254 nm (A254) was
monitored for the detection of compounds, including NMN and NaMN.

Construction of gene disruption strains of T. kodakarensis. To construct TK0218 (QaPRT), TK1650
(Nm deamidase), and TK1676 (NaPRT) gene disruption vectors, the respective genes with their 5=- and
3=-flanking regions were amplified by PCR with the primer sets dTK0218-F/dTK0218-R, dTK1650-F/
dTK1650-R, and dTK1676-F/dTK1676-R (Table S2), respectively, and were inserted into the HincII site of
plasmid pUD3, which harbors a pyrF gene. The coding regions of each gene were removed by inverse
PCR with the primer sets invdTK0218-F/invdTK0218-R, invdTK1650-F/invdTK1650-R, and invdTK1676-F/
invdTK1676-R (Table S2), and the amplified DNA fragments were self-ligated. The three disruption vectors
were named pDTK0218, pDTK1650, and pDTK1676.

The TK0218 disruption strain (ΔTK0218 mutant), TK1676 disruption strain (ΔTK1676 mutant), and
TK0218-TK1650 double-disruption strain (ΔTK0218 ΔTK1650 mutant) were prepared as follows. For the
ΔTK0218 and ΔTK1676 mutants, T. kodakarensis KU216 cells were grown in ASW-YT-S0 for 12 h, harvested,
resuspended in 200 �l of 0.8� ASW, and kept on ice for 30 min. pDTK0218 or pDTK1676 (3 to 5 �g) was
added to the cells, and the mixtures were kept on ice for over 1 h. After heat shock at 85°C for 45 s, the
mixtures were kept on ice for 10 min. Cells were inoculated into ASW-AA-S0 liquid medium supple-
mented with 10 �M tungsten (ASW-AA-S0-W) and incubated at 85°C for over 1 day twice in order to
enrich transformants harboring the pyrF gene due to single-crossover recombination. Cells were then
grown at 85°C for 3 to 5 days on ASW-AA solid medium with 0.75% 5-fluoroorotic acid (FOA), 10 �g ·
ml�1 uracil, 0.1 mM NAD�, 0.1 mM Na, and 0.1 mM Nm to select transformants in which target genes
were removed along with the pyrF gene due to a second recombination. Genotypes of the transformants
were examined by PCR with primer sets that anneal within the target genes (idTK0218-F/idTK0218-R or
idTK1676-F/idTK1676-R) and outside the homologous regions for homologous recombination (odTK0218-
F/odTK0218-R or odTK1676-F/odTK1676-R) (Table S2). DNA sequencing analysis was also carried out to
confirm the absence of unintended mutations within the homologous regions. To construct the ΔTK0218
ΔTK1650 double mutant, the ΔTK0218 mutant was transformed with pDTK1650 with the same method
described above. The genotypes of the transformant were examined by PCR with the primer sets idTK0218-
F/idTK0218-R, idTK1650-F/idTK1650-R, odTK0218-F/odTK0218-R, and odTK1650-F/odTK1650-R (Table S2), and
the absence of mutations in the homologous regions was confirmed by DNA sequencing.

Growth measurements of T. kodakarensis. The growth properties of the host strain KU216 and the
constructed gene disruption strains were mainly examined in ASW-AA-S0 supplemented with 2.5 g ·
liter�1 sodium pyruvate, 10 �g · ml�1 uracil, and 10 �M tungsten, but without Na, which is usually
present in the vitamin mixture (39). This minimal medium (ASW-AA-S0-Pyr-Ura-W) contains neither Na
nor Nm. When necessary, this medium was supplemented either with 2 �M Na or 2 �M Nm [ASW-AA-
S0-Pyr-Ura-W-Na(�) or ASW-AA-S0-Pyr-Ura-W-Nm(�), respectively]. Cells were grown in ASW-YT-S0 me-
dium for 12 to 16 h until the stationary phase, harvested, resuspended in 200 �l of 0.8� ASW, and
inoculated into each synthetic medium. Growth experiments were performed at 85°C and in triplicate,
and the OD660 was monitored.
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Assay of Nm deamidase activity in cell extracts of T. kodakarensis. KU216 and ΔTK0218 ΔTK1650
mutant cells after cultivation in ASW-YT-Pyr for 16 h were harvested by centrifugation (4°C, 5,800 � g,
15 min) and washed with 0.8� ASW. After centrifugation (4°C, 5,800 � g, 15 min), cells were lysed in
approximately a 1/20 volume of 50 mM HEPES-NaOH (pH 7.0) containing 0.1% Triton X-100. After
pipetting and mixing with a vortex, the supernatant after centrifugation (4°C, 20,400 � g, 15 min) was
used as the cell extract. To examine Nm deamidase activity, a reaction mixture containing 50 mM
HEPES-NaOH (pH 7.0), 100 �g of cell extract, 10 mM MgCl2, and 2 mM Nm was incubated at 85°C for 30
min. After proteins were removed with an Amicon Ultra centrifugal filter unit (MWCO, 3,000), Na and Nm
accumulation levels were quantified by HPLC using the same methods described above.

Determination of the degradation rates of NaMN and NMN at 85°C. To examine the degradation
rates of NaMN and NMN, 2 mM NaMN and 2 mM NMN in 50 mM HEPES-NaOH (pH 7.0) were incubated
at 85°C for 5, 10, 15, 20, 25, 30, 45, and 60 min. The residual concentrations of NaMN and NMN were
quantified by HPLC using the same methods described above.
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