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Our previous studies revealed that lysine is synthesized through a-aminoadipate in an extremely thermo-
philic bacterium, Thermus thermophilus HB27. Sequence analysis of a gene cluster involved in the lysine
biosynthesis of this microorganism suggested that the conversion from a-aminoadipate to lysine proceeds in
a way similar to that of arginine biosynthesis. In the present study, we cloned an argD homolog of T.
thermophilus HB27 which was not included in the previously cloned lysine biosynthetic gene cluster and
determined the nucleotide sequence. A knockout of the argD-like gene, now termed lys/, in T. thermophilus HB27
showed that this gene is essential for lysine biosynthesis in this bacterium. The lysJ gene was cloned into a
plasmid and overexpressed in Escherichia coli, and the Lys]J protein was purified to homogeneity. When the
catalytic activity of LysJ was analyzed in a reverse reaction in the putative pathway, LysJ was found to transfer
the e-amino group of N-acetyllysine, a putative intermediate in lysine biosynthesis, to 2-oxoglutarate. When
N?-acetylornithine, a substrate for arginine biosynthesis, was used as the substrate for the reaction, LysJ
transferred the 3-amino group of N*-acetylornithine to 2-oxoglutarate 16 times more efficiently than when
N?-acetyllysine was the amino donor. All these results suggest that lysine biosynthesis in T. thermophilus HB27

is functionally and evolutionarily related to arginine biosynthesis.

Two pathways have been described for lysine biosynthesis in
prokaryotes and eukaryotes: the diaminopimelate (DAP) path-
way and the a-aminoadipate (AAA) pathway (Fig. 1). In the
former pathway, found in most bacteria and plants, lysine is
synthesized from aspartate via DAP, while in the latter path-
way, found in yeast (2) and fungi (11, 35), lysine is synthesized
from 2-oxoglutarate through AAA. Recently, however, we
found that an extreme thermophile, Thermus thermophilus
HB27, which belongs to the domain Bacteria, synthesized ly-
sine through the AAA pathway (16). We also cloned a gene
cluster involved in lysine biosynthesis. Sequence analysis of the
components in the cluster indicates that the Thermus lysine
biosynthetic enzyme gene involved in the conversion of 2-oxo-
glutarate into AAA is homologous to the corresponding genes
of fungi and yeast. It was also suggested that the pathway from
AAA to lysine is dissimilar to those found in fungi and yeasts
but that it resembles the pathway from glutamate to ornithine
in bacterial arginine biosynthesis (6, 24). To establish lysine
biosynthesis in 7. thermophilus HB27 in detail, characterization
of the gene products is necessary. However, we have not yet
succeeded in enzymatic characterization of these gene prod-
ucts because of their low level of production in Escherichia coli
and the difficulty of preparing the putative substrates in several
reactions.

The gene cluster from 7. thermophilus HB27 contains sev-
eral genes encoding enzymes involved in the reactions related
to arginine biosynthesis. The cluster, however, lacks two genes
corresponding to the argD and argE homologs, which are prob-
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ably involved in the last two reactions of the putative lysine
biosynthetic pathway in 7. thermophilus HB27. In this report,
we describe the cloning of an argD homolog, termed lys/, that
is essential for lysine biosynthesis in 7. thermophilus HB27. We
also report the kinetic properties of LysJ, which uses N*-ace-
tylornithine, a precursor of ornithine in arginine biosynthesis,
more efficiently than N*-acetyllysine, a putative natural precur-
sor of lysine in 7. thermophilus HB27. The evolutionary rela-
tionship between arginine and the newly identified biosynthesis
of lysine is also discussed.

MATERIALS AND METHODS

Strains, media, and chemicals. The extreme thermophile 7. thermophilus
HB27 was cultivated as described previously (16, 17, 31). E. coli DH5« and
JM105 (28) were used for DNA manipulation, and E. coli BL21-Codon-
Plus(DE3)-RIL [F~ ompT hsdS (15~ mg ™) dem Tet" gal N(DE3) endA Hte (argU
ileY leuW Cam")] (Stratagene, La Jolla, Calif.) was used as the host for gene
expression. A medium, 2X YT (28), was generally used for cultivation of E. coli
cells.

All the chemicals were purchased from Sigma Chemical Co. (St. Louis, Mo.)
or Kanto Chemicals (Tokyo, Japan). NAD*-dependent glutamate dehydroge-
nase was purchased from TOYOBO (Osaka, Japan). Enzymes for DNA manip-
ulation were purchased from TAKARA Shuzo (Kyoto, Japan).

Molecular cloning and sequencing. DNA manipulation was performed accord-
ing to the methods in reference 28. Based on amino acid sequence alignment
among N-acetylornithine aminotransferases from various sources, oligonucleo-
tides, 5'-GAGGC(G/C)GC(G/C)CT(G/C)AAGTTCGC(G/C)-3' (ARD1), 5'-G
CA(G/C)GC(G/C)AG(G/C)GGGTT(G/C)CC(G/C)CCGAA(G/C) GT-3'
(ARD?2), and 5'-(G/C)CC(G/C)GTCTG(G/C)ACCTCGTC-3" (ARD3), were
designed and used as degenerate primers for PCR. The following thermal cycle
was used: (step 1) 94°C for 2 min, (step 2) 94°C for 1 min, (step 3) 57°C for 1 min,
(step 4) 72°C for 2 min, and (step 5) 72°C for 5 min; steps 2 to 4 were repeated
30 times. An amplified 515-bp fragment was cloned into the pT7Blue vector by
using a Perfectly Blunt Cloning kit (Novagen, Madison, Wis.) and used as a
probe for Southern hybridization. Southern hybridization against chromosomal
DNA of T. thermophilus HB27 was carried out by using a Random Primer
Fluorescein Labeling kit (New England Nuclear, Boston, Mass.). A BamHI
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FIG. 1. Proposed lysine AAA biosynthetic pathway, aligned with the lysine DAP biosynthetic pathway, the arginine biosynthetic pathway, and
corresponding portions of the tricarboxylic acid cycle. 1, L-Aspartate; 2, L-aspartyl-y-phosphate; 3, L-aspartate semialdehyde; 4, L-dihydrodipico-
linate; 5, L-tetrahydrodipicolinate; 6, N>-succinyl-L-2-amino-6-oxopimelate; 7, N>-succinyl-L,L.-DAP; 8, L,L.-DAP; 9, b,L-DAP; 10, 2-oxoglutarate; 11,
homocitrate; 12, homoaconitate; 13, homoisocitrate; 14, 2-oxoadipate; 15, AAA; 16, N*-acetyl-L-aminoadipate; 17, Nz-acetyl—L—aminoadipyl-S—
phosphate; 18, N*-acetyl-L-aminoadipate semialdehyde; 19, N*-acetyl-L-lysine; 20, AAA semialdehyde; 21, L-saccharopine; 22, L-lysine; 23,
2-oxaloacetate; 24, citrate; 25, aconitate; 26, isocitrate; 27, 2-oxoglutarate; 28, L-glutamate; 29, Nz—acetyl-L-glutamate; 30, N*-acetyl-L-glutamyl-y-
phosphate; 31, N*-acetyl-L-glutamate semialdehyde; 32, N*-acetyl-L-ornithine; 33, L-ornithine; 34, L-arginine. COASH, coenzyme A; Succ, succinyl

moiety; Ac, acetyl moiety.

fragment of about 3.2 kb that was positive in the hybridization assay against the
515-bp probe was ligated into pUC18 digested with BamHI and then introduced
into E. coli DH5a. A colony that was positive in the colony hybridization assay
using the same probe was selected. A plasmid was recovered from the colony and
named pRDBamL. Its nucleotide sequence was determined by the method of
Sanger et al. (29).

Disruption of lysJ in T. thermophilus HB27. Disruption of the chromosomal
copy of lysJ was performed as described previously (10, 17) with minor modifi-
cations. The plasmid, pUC39-442KmR (22), was digested with HindIII and blunt
ended with T4 DNA polymerase, and the 1.4-kb fragment which contained the
kanamycin nucleotidyltransferase (KNT) gene (20) was inserted into pRDBamL
at the Aor51HI site, which is present in the middle of the lysJ gene. The resulting
plasmid was named pRDKmR. T. thermophilus HB27 was cultured in TM me-
dium (17), and when the turbidity (the optical density at 600 nm) reached 0.6,
pRDKmR was added to the culture. After 2 h of cultivation, the cells were spread
on TM plates containing 50 ng of kanamycin per ml and incubated at 65°C for

2 days. Colonies that grew on these plates were picked up as putative strains with
a knockout in the lysJ gene. Disruption was confirmed by Southern hybridization.
Auxotrophic complementation test. Each /ys/ mutant was cultured in 1 ml of
TM medium overnight. After centrifugation of the culture, the precipitate was
washed with minimal medium (MP medium) (16, 31) four times and resuspended
in 1 ml of MP medium. Cells (1 ml of the resuspension) were pipetted on an MP
plate supplemented with 0.1 mM lysine, 0.1 mM ornithine, or a 0.1 mM concen-
tration of both lysine and ornithine and incubated at 65°C for 2 days.
Expression of the argD h g from T. thermophilus HB27 in E. coli. Ndel
and EcoRI recognition sites were introduced around the start codon and the
termination codon of the lysJ gene from T. thermophilus HB27, respectively, by
PCR using the synthetic oligonucleotides 5'-AAAAAACATATGGAGACGAG
AACCCTGGAAGAC-3" and 5'-AAAGAATTCCTATGCTAGCACCGCCCG
CACCGC-3'". The following program was used: (step 1) 95°C for 2 min, (step 2)
95°C for 1 min, (step 3) 68°C for 1 min, (step 4) 72°C for 2 min, and (step 5) 72°C
for 7 min; steps 2 to 4 were repeated 30 times. An amplified fragment was
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digested with Ndel and EcoRI and cloned into pET26b (+) (Novagen). The
resulting plasmid, pETTRDNE, was used for expression of the lysJ gene. E. coli
BL21-CodonPlus(DE3)-RIL cells harboring pETTRDNE were cultured in 2
liters of 2X YT medium containing 50 pg of kanamycin per ml and 30 pg of
chloramphenicol per ml. When the E. coli cells were grown to an optical density
at 600 nm of 0.5, isopropyl-B-p-thiogalactopyranoside (IPTG; final concentra-
tion, 1 mM) was added. The culture was continued for an additional 12 h after
the induction.

Purification of the recombinant Lys]. E. coli (pETTRDNE) cells (12 g) col-
lected from the 2-liter culture were suspended in 24 ml of buffer I (20 mM
potassium phosphate buffer [pH 6.5], 0.5 mM EDTA) and disrupted by sonica-
tion. The supernatant prepared by centrifugation at 40,000 X g for 20 min was
heated at 80°C for 20 min, and denatured proteins from E. coli cells were
removed by centrifugation as described above. Supernatant fractions were ap-
plied onto an anion-exchange column (DE-52; Whatman, Tokyo, Japan), pre-
equilibrated with buffer I, and eluted with buffer I containing 0.1 M NaCl. The
fractions showing LysJ activity were collected and pooled. After addition of
sodium sulfate to a final concentration of 45%, the resultant precipitate was
collected by centrifugation at 40,000 X g for 30 min. The precipitated proteins
were solubilized with buffer I, dialyzed against buffer I containing 1 M sodium
sulfate, and loaded onto a Phenyl Superose 5/5 column (Pharmacia Biotech,
Tokyo, Japan) equilibrated with buffer I containing 1 M sodium sulfate. Proteins
absorbed were eluted with a linear gradient of 1.0 to 0 M sodium sulfate. Active
fractions were pooled, concentrated, and purified using a Hi-load 26/60 Superdex
200 prep-grade column (Pharmacia Biotech) equilibrated with buffer I contain-
ing 0.2 M NaCl. The purity of the recombinant enzyme was verified by sodium
dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-PAGE). The pro-
tein amount was determined by the method of Bradford (1) using a Bio-Rad
protein assay kit (Nippon Bio-Rad, Tokyo, Japan). Molecular size was estimated
by gel filtration using Superose 12 (Pharmacia Biotech) at a 0.5-ml/min flow rate.

LysJ assay. Ten microliters of the enzyme solution (0.5 mg/ml) was added to
the reaction buffer (50 mM N-cyclohexyl-2-aminoethanesulfonic acid [CHES; pH
8.9], 100 mM KCl, 5 mM 2-oxoglutarate, 10 mM pyridoxal-5'-phosphate, 0.15
mM NAD™, 5 to 25 mM N?-acetyllysine, and 2.37 U of glutamate dehydrogenase
per ml), which was preincubated at 45°C for 5 min. For measuring the activity of
N?-acetylornithine, 0.5 to 10 mM N?-acetylornithine was added to the reaction
buffer instead of N?-acetyllysine. The reaction was monitored at 45°C by moni-
toring the increase in absorption at 340 nm. Kinetic parameters were calculated
by using an initial velocity program of Cleland (4) with the equation for a
steady-state ping-pong bi-bi mechanism, v = VAB/(K,B + AK,, , AB), where v is
velocity, V' is maximum velocity, A is the concentration of substrate A, B is the
concentration of substrate B, K, is the Michaelis constant for substrate A, and K,
is the Michaelis constant for substrate B.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper will appear in the DDBJ sequence database under accession
no. AB055203.

RESULTS

Cloning and sequencing of lysJ, an argD gene homolog. Se-
quence analysis of each component in the cloned major lysine
biosynthetic gene cluster of the extreme thermophilic bacte-
rium 7. thermophilus HB27 revealed that the lysY and lysZ
genes have high identity to the argC and argB genes, respec-
tively, which are involved in arginine biosynthesis, suggesting
that the conversion of AAA to lysine proceeds in a manner
similar to that in arginine biosynthesis. The T. thermophilus
major lysine biosynthetic gene cluster contained several genes
probably involved in the process but obviously lacked two
genes which catalyzed the last two steps of the reactions of the
putative lysine biosynthetic pathway. To elucidate the whole
lysine biosynthetic pathway in 7. thermophilus HB27, we tried
to clone an argD homolog from T. thermophilus HB27 using
three degenerate primers. DNA fragments of 515 and 340 bp
were amplified by PCR with two combinations of degenerate
primers, ARD1-ARD2 and ARD1-ARD3, using the genomic
DNA of T. thermophilus HB27 as the template. Since both the
amplified fragments were confirmed to have sequences similar
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to that of the argD gene by sequencing and the sequence of the
smaller fragment was entirely contained in the longer one,
Southern hybridization was carried out using the 515-bp frag-
ment as the probe. A 3.2-kb hybridization-positive band was
detected when the chromosomal DNA was digested with
BamHI. The DNA fragment of 3.2 kb was recovered, ligated
into pUCIS8 previously digested with BamHI, and introduced
into E. coli DH5a cells. A hybridization-positive clone was
isolated by colony hybridization. The plasmid contained in the
cells was named pRDBamL. A faint but obvious band of about
5 kb was also detected in the Southern hybridization when the
chromosomal DNA was digested with BamHI, suggesting the
presence of an additional argD homolog in T. thermophilus.
Cloning and characterization of the homolog is under way and
will be described elsewhere in the near future.

Of the five open reading frames (ORFs) found in this frag-
ment, one contained an argD homolog, but there was no argE
homolog, unlike in Pyrococcus horikoshii, which possesses
argDE homologs (PH1716 and PH1715) in a tandem manner at
a position distal to the putative lysine biosynthetic gene cluster
of this organism (14, 24). The lys/ gene encodes a 395-residue
polypeptide. The deduced amino acid sequence of LysJ
showed considerable identity to that of the DR0794 gene prod-
uct from Deinococcus radiodurans (61% identity) (36), which is
consistent with the taxonomically close relationship between 7.
thermophilus HB27 and D. radiodurans. Like many genes con-
tained in the major lysine biosynthetic gene cluster of 7. ther-
mophilus HB27, LysJ also exhibited significant identity (44%)
in amino acid sequence to a putative Pyrococcus homolog,
PH1716. It should be noted that LysJ is more closely related to
ArgD homologs from archaea than to those from bacteria (37).
Although four additional ORFs, tentatively named orfA, orfB,
orfC, and orfD, were founds in this fragment, those ORFs did
not show amino acid sequence similarity to other proteins
whose functions are identified.

Disruption of lysJ in T. thermophilus HB27. We next inves-
tigated the role of the lysJ gene in T. thermophilus HB27. For
this purpose, we constructed a mutant of 7. thermophilus HB27
with a disruption in lysJ as described in Materials and Methods.
The lysJ disruptant, RV4, could not grow on a minimal me-
dium. However, addition of lysine restored the growth of the
disruptant on minimal medium. On the other hand, the addi-
tion of ornithine, a precursor of arginine, had no effect on the
growth of the disruptant. Thus, the lysJ gene was shown to be
essential only for lysine biosynthesis in 7. thermophilus HB27.

Expression of lysJ in E. coli. LysJ was purified to homoge-
neity by SDS-PAGE (Fig. 2), and the apparent molecular
weight of 43,000 on SDS-PAGE coincided well with the mo-
lecular weight (43,503) calculated from the amino acid se-
quence. Through these five steps, 47 mg of purified LysJ pro-
tein was isolated from E. coli cells in a 2-liter culture.

The molecular size of this enzyme was estimated to be 80
kDa by gel filtration using Superose 12. This size indicated that
LysJ is a dimeric enzyme composed of two identical subunits
(data not shown).

Kinetic properties of LysJ from 7. thermophilus HB27. We
next determined the catalytic activity in the reverse reaction
using, for convenience, N*-acetyllysine and 2-oxoglutarate as
the amino donor and amino acceptor, respectively. As shown
in Fig. 3, the reaction catalyzed by LysJ proceeded through a
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FIG. 2. Purification of the Lys] protein of T. thermophilus from
recombinant E. coli cells. Lane 1, molecular mass markers; lane 2,
supernatant of the sonicate of E. coli cells; lane 3, supernatant of the
sonicate after heat treatment at 80°C for 20 min; lane 4, active fraction
after DE52 anion-exchange column chromatography; lane 5, active
fraction after Phenyl Superose 5/5 column chromatography; lane 6,
purified LysJ protein after gel filtration using Hi-load 26-60 Superdex
200. Molecular size markers used were phosphorylase b (97 kDa),
bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhy-
drase (30 kDa), and soybean trypsin inhibitor (20 kDa).

ping-pong bi-bi mechanism, similar to results obtained with
other aminotransferases. Kinetic parameters indicated that the
catalytic efficiency, k., /k,,, of LysJ using N*-acetyllysine was
low, due to the high k,, value for N*-acetyllysine (Table 1).
When similar steady-state kinetic assays were done with N>-
acetylornithine, an intermediate of arginine biosynthesis, as a
substrate, the catalytic efficiency was much higher (16-fold)
than that obtained for N*-acetyllysine. Comparison of kinetic
parameters for both the substrates revealed that the high cat-
alytic efficiency with N?-acetylornithine was attributed to the
low k,,, value for the substrate. The k_,, values were almost the

m

same for both reactions.

DISCUSSION

Our previous study suggested that in 7. thermophilus HB27
lysine is biosynthesized through the AAA pathway, which con-
tains AAA as a biosynthetic intermediate of lysine, as in the
fungal AAA pathway (16). However, that study also suggested
that the Thermus AAA pathway is different from the fungal
pathway in that the conversion of AAA to lysine proceeds in a
manner similar to that of ornithine synthesis from glutamate in
arginine biosynthesis (6). In the present study, we demon-
strated that the argD homolog lys/ is essential for lysine bio-
synthesis in 7. thermophilus HB27. This finding indicated that
a homolog of a gene involved in arginine biosynthesis is actu-
ally responsible for lysine biosynthesis in 7. thermophilus HB27
and that the Thermus AAA pathway is related evolutionarily to
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FIG. 3. Lineweaver-Burk plots of LysJ activity. (A) N*-Acetylorni-
thine; (B) N?-acetyllysine. Diamonds, circles, triangles, and squares
indicate results with 1, 2, 5, and 10 mM 2-oxoglutarate, respectively.

the arginine biosynthetic pathway. This result is further sup-
ported by our recent detection of the activity converting N>-
acetyllysine to lysine in the crude extract of 7. thermophilus
(unpublished result).

When the evolutionary relationships between LysJ, ArgDs,
and their homologs were phylogenetically analyzed, LysJ was
found to be closely related to DR0794 of D. radiodurans (61%
identity), which is a bacterium closely related taxonomically to
T. thermophilus HB27 (36) (Fig. 4). The phylogenetic tree also
shows that LysJ is grouped with ArgD homologs of two ar-
chaea, Pyrococcus horikoshii (PH1716) (14) and Pyrococcus
abyssi (PAB2440), and ArgD-1 of another archaeon, Archae-
globus fulgidus (15). Both Pyrococcus strains have a gene clus-
ter similar to that for lysine biosynthesis in 7. thermophilus
HB27 (24). Our previous study also showed that each compo-
nent of the cluster of 7. thermophilus HB27 is related evolu-
tionarily to each counterpart in P. horikoshii. That study there-
fore suggested that, in Pyrococcus, lysine is synthesized through
the bacterial AAA pathway found in T. thermophilus HB27.
The Thermus lysine biosynthetic gene cluster lacks two genes
corresponding to PH1716 and PHI715 in the putative lysine
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TABLE 1. Kinetic parameters of LysJ

Substrate Ko M) ke (S healh (STTMTY)
N>-Acetyllysine 10.0 = 1.6 0.8 +0.1 78.6
N?-Acetylornithine 0.8 0.1 1.0 = 0.0 1,266.1

biosynthetic gene cluster of P. horikoshii. Based on homology
and phylogenetic analysis, we concluded that the lys/ gene
cloned in this study corresponds to PH1716 and PAB2440 of P.
horikoshii and P. abyssi, respectively.

In addition to lys/, genes corresponding to the components
for lysine biosynthesis in 7. thermophilus HB27 are all present
in D. radiodurans, suggesting that this bacterium also synthe-
sizes lysine through the bacterial AAA pathway. Interestingly,
the corresponding genes are not clustered but are spread over
the genome of D. radiodurans, which is in contrast to what
occurs in Thermus and Pyrococcus. In a recent review,
Makarova and coworkers indicate that the absence of all key
enzymes for lysine biosynthesis through the DAP pathway is a
puzzling feature of Deinococcus metabolism since it does not
require lysine for growth (21). The absence of typical prokary-
otic lysine biosynthetic enzymes may be compensated for by
the presence of all the enzyme homologs for prokaryotic lysine
biosynthesis through AAA in the D. radiodurans genome. It
should be noted that although D. radiodurans possesses all the
components for the bacterial AAA pathway, the microorgan-
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FIG. 4. Phylogenetic tree of various N’-acetylornithine amino-
transferases, LysJ, and related transferases. A phylogenetic tree was
constructed by using maximum-parsimony and neighbor-joining meth-
ods. Sequence data for the analysis were obtained from the GenBank
and Protein Information Resource databases. The amino acid se-
quences were aligned by using CLASTAL W (33). Using this aligned
data, a phylogenetic tree was constructed by the computer program
Mega (18). Numbers on selected nodes indicate bootstrap values. This
figure includes LysJ and related transferases from E. coli (9), Pseudo-
monas aeruginosa (12), Yersinia pestis (GenBank accession no. GI
4106567), Neisseria meningitidis group B (32), Bacillus subtilis (25),
Synechocystis sp. strain PCC6803 (13), Anabaena sp. strain PCC7120
(8), Thermotoga maritima (23), Aquifex aeolicus (7), Corynebacterium
glutamicum (27), Mycobacterium tuberculosis (5), Streptomyces coeli-
color A3 (2) (GenBank accession no. GI 7106695), Methanococcus
Jjannaschii (3), Methanobacterium thermoautotrophicum (30), Archaeo-
globus fulgidus (15), D. radiodurans (36), P. abyssi (GenBank accession
no. GI 5457730), and P. horikoshii (14).
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ism also has a homolog (DR1758) of lysA which is possibly
involved in the decarboxylation of DAP to produce lysine using
the typical DAP pathway for lysine biosynthesis. Therefore,
lysine biosynthesis in D. radiodurans may be a new target for
elucidating the evolutionary relationship between the DAP
pathway and the prokaryotic AAA pathway for lysine biosyn-
thesis.

The lysJ mutant of T. thermophilus HB27 showed only a
lysine-auxotrophic phenotype. This result may indicate the
presence of other argD homologs that play a role primarily in
arginine biosynthesis in 7. thermophilus HB27. On the other
hand, kinetic analysis for LysJ revealed that LysJ preferred
N?-acetylornithine to N*-acetyllysine as the substrate. The ki-
netic data suggest that LysJ may function in supporting argi-
nine biosynthesis when the activity of the ArgD homolog re-
sponsible for arginine biosynthesis is lost. Thermus species
possess ornithine in place of DAP as a cell wall component,
which may confer an advantage for growth at high tempera-
tures and render dispensable the synthesis of DAP acid for
growth (26). Furthermore, ornithine is a precursor for not only
arginine but also polyamines, which are involved in several
cellular processes, such as the stabilization of a ternary com-
plex consisting of a ribosome, mRNA, and aminoacyl-tRNA in
T. thermophilus cells (34). Thus, species of the genus Thermus
are able to grow at an extremely elevated temperature by
producing a large amount of polyamines to protect their own
machinery. These observations suggest the importance of or-
nithine-synthesizing activity for the growth of the microorgan-
ism at an elevated temperature and therefore may explain the
presence of an isozyme(s) having ornithine-synthesizing activ-
ity. Recently, E. coli ArgD was shown to catalyze the N>
succinyl-L,L.-DAP-dependent transamination of 2-oxoglutarate,
which is the sixth reaction in the DAP pathway for lysine
biosynthesis (19). In that study, Ledwidge and Blanchard sug-
gested that E. coli ArgD has key functions in the biosynthetic
pathways for both arginine and lysine in E. coli. Their study as
well as ours demonstrates that arginine and lysine biosyntheses
functionally correlate with each other, although both lysine
biosynthetic pathways are totally different from each other.

N?-Acetyllysine and NZ?-acetylornithine are compounds
structurally related to each other, which may explain the dual
functions of LysJ and ArgD. Based on homology in amino acid
sequence and by analogy to reactions mediated by two en-
zymes, it is evident that LysJ shares an ancestor with ArgD.
Similarly, other members of lysine biosynthesis in 7. ther-
mophilus HB27 share common ancestors with counterparts in
arginine biosynthesis (6). In addition, several reactions, from
citrate to 2-oxoglutarate, in the tricarboxylic acid cycle are
related evolutionarily to those of the first half of the lysine
AAA biosynthetic pathway (3, 6).

LysJ has become the first well-characterized enzyme in the
lysine AAA pathway in T. thermophilus HB27. We have shown
that the lysine biosynthetic pathway is clearly related to the
arginine biosynthetic pathway. In consideration of the fact that
the corresponding enzymes in both pathways have evolved
from a single common ancestral enzyme, these two pathways
have probably diverged from a common ancestral pathway.
Through further detailed studies of the lysine AAA biosyn-
thetic pathway in 7. thermophilus HB27, for example, struc-
tural and biochemical analyses, we expect to reveal principles
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for the evolution of the enzyme along with its amino acid
biosynthesis.
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