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It was once thought that bacteria and plants biosynthesize lysine 
(1) via the diaminopimelate (2, DAP) pathway, whereas fungi bio-
synthesize lysine from -aminoadipate (3, AAA)1–3. We previously 
found that, in fact, the bacterium T. thermophilus synthesizes lysine 
via AAA4. The enzymes involved in the first half of the lysine bio-
synthetic pathway in T. thermophilus are similar to those in the leucine 
(4) biosynthetic pathway or tricarboxylic acid cycle5–9, as is the case 
in fungal lysine biosynthesis through AAA. However, the latter half 
of the pathway is totally different from the corresponding portion of 
fungal lysine biosynthesis and involves enzymes similar to those in the 
arginine (5) biosynthetic pathway10,11 (Fig. 1a). Since our discovery 
of lysine biosynthesis through AAA, evidence has mounted that many 
microorganisms synthesize lysine by a similar pathway, indicating that 
this pathway is one of the origins of lysine biosynthesis12.

In bacteria, the arginine biosynthetic pathway commonly begin with 
the modification of the -amino group of glutamate (6) by an acetyl 
group. The reaction is catalyzed by N-acetylglutamate (7) synthase 
(ArgA)13,14 and/or N-acetylornithine (8) acetyltransferase (ArgJ)14,15, 
yielding N-acetylglutamate while avoiding an undesirable cyclization 
to form 1-pyroline-2-carboxylate (9). N-Acetylglutamate, in turn, 
is phosphorylated by N-acetylglutamate kinase (ArgB), reduced by 
N-acetylglutamylphosphate (10) reductase (ArgC), transaminated 
by N-acetylornithine aminotransferase (ArgD) and deacetylated 
by N-acetylornithine deacetylase (ArgE) to produce ornithine (11). 
Ornithine is converted to arginine by a series of reactions catalyzed 
by ornithine carbamoyltransferase (ArgF), argininosuccinate synthase 

(ArgG) and argininosuccinate lyase (ArgH). Distinct amino acid 
sequence homology between the enzyme components of the lysine 
and arginine biosynthetic pathways has led to the presumption that 
lysine biosynthesis in T. thermophilus proceeds similarly to the synthe-
sis of ornithine from glutamate. Specifically, LysZ, LysY, LysJ and LysK 
show substantial amino acid sequence identity to ArgB (29%), ArgC 
(39%), ArgD (41%) and ArgE (20%), respectively, and are thought 
to function similarly to these homologs. However, there are no para-
logs of argA and argJ in the lysine biosynthetic enzyme gene clusters. 
Instead, the major gene cluster contains two additional genes, lysX 
and lysW (Fig. 1b), whose products show no discernible homology 
to ArgA or ArgJ.

LysX shares homology with the ATP-dependent carboxylate-amine/
thiol ligase superfamily, which includes glutathione synthetase, the 
enzyme that ligates glycine (12), an amino donor, with -glutamyl-
cysteine (13), an amino acceptor, to produce glutathione (14)16. The 
enzymes in this family are known to activate the carboxyl group of 
the substrate by phosphorylation and to catalyze the condensation 
of the carboxyl group to the amino group, forming a C-N bond. A 
gene homologous to lysX is included in putative lysine biosynthetic 
gene clusters in all microorganisms that have been proposed to bio-
synthesize lysine through a pathway similar to that in T. thermophilus  
(Fig. 2). Therefore, it is likely that LysX activates a carboxyl group 
through phosphorylation using ATP as the phosphate donor and 
ligates it with the amino group of AAA to avoid the formation of a 
cyclic compound, 1-piperidine-2-carboxylate (15, Pip2C), during 
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later reactions. Yet it is unclear what substrate serves as the amino 
acceptor and becomes an N-modification group. All our attempts 
to detect the activity of LysX that modifies the amino group of AAA 
using small chemical compounds, such as acetate (16), succinate (17), 
formate (18), glutamate and AAA, have so far failed.

LysX shows substantial amino acid sequence identity (28%) to 
Escherichia coli RimK, which is also a member of the ATP-dependent 
carboxylate-amine/thiol ligase superfamily and which adds 2–4 gluta-
mate molecules to the C-terminal glutamate residue of the ribosomal 
protein S6 (ref. 17). On the basis of these observations, we specu-
lated that LysX uses a C-terminal glutamate group of a small protein 
as the amino acceptor for AAA. What seemed to us the most likely 
candidate for such a small-protein amino 
acceptor for AAA is LysW, a 54-amino-acid 
acidic peptide with a conserved C-terminal 
sequence, EDWGE, encoded upstream of the 
lysX gene. All microorganisms that have been 
proposed to biosynthesize lysine through a 
pathway similar to the one in T. thermophilus 

also contain the lysW homolog in the putative 
lysine biosynthetic gene cluster (Fig. 2).

In this study, we have performed a suc-
cessful synthesis of lysine from AAA and 
shown that first AAA is attached to the  
-carboxyl group of the C-terminal Glu54 of 
LysW and then its side chain is converted to 
the lysyl side chain in the LysW-conjugated 
form. Thus, LysW functions not only as an 
N-modification group for the amino group 
of AAA but also as a carrier protein or protein 
scaffold that is well recognized by the lysine 
biosynthetic enzymes.

RESULTS
Conversion of AAA to lysine
For in vitro conversion of AAA to 

lysine, we purified the LysW, LysX, LysY, LysZ, LysJ and LysK 
proteins from recombinant Escherichia coli cells harbor-
ing appropriate expression plasmids (Supplementary Fig. 1). 
After mixing all of these protein components and the puta-
tive cofactors of the enzymes and incubating them at 60 °C for  
1 h, we detected a substantial amount of lysine (Fig. 3a). We did not 
observe lysine production when any one of the protein components 
was omitted from the reaction mixture (Supplementary Fig. 2a–g). 
Thus, the reaction mixture contained sufficient and necessary protein 
components for lysine synthesis.

In support of our hypothesis about LysW function, LysW of  
T. thermophilus is a 54-amino-acid acidic peptide with a calculated pI 
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Figure 2 Gene clusters for lysine biosynthetic 
enzymes and carrier proteins in T. thermophilus, 
D. radiodurans, and several archaea. Homologs of  
lysW, lysX, lysZ, lysY, lysJ and lysK are shown as  
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arrows, respectively. Genome sequence data 
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Figure 1 Lysine biosynthetic pathway.  
(a) Enzymes and intermediates in the bacterial 
and fungal lysine (1) biosynthetic pathways 
through AAA (3) and the related portion of the 
arginine (5) biosynthetic pathways. Identity in 
amino acid sequence between enzymes involved 
in the T. thermophilus AAA pathway and the 
corresponding homologs of arginine biosynthesis 
in T. thermophilus are shown under arrows.  
(b) Schematic representation of lysine 
biosynthetic gene clusters of T. thermophilus. 
The genes lysW, lysX, lysY, lysZ, lysJ and lysK, 
which are involved in the latter part of the AAA 
pathway, the conversion of AAA to lysine, are 
indicated by black arrows.
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of 3.7, and in silico modeling suggests that it has a quite acidic surface 
(Supplementary Fig. 3a). The modeled structure of LysW shows that 
it is composed of two structural domains, the globular domain (resi-
dues 1–43) and C-terminal extension (residues 44–54); the latter 
includes five conserved residues, both of which have considerable 
acidic surface (Supplementary Fig. 3a). All of the enzymes involved in 
the conversion of AAA to lysine (LysX, LysZ, LysY, LysJ and LysK) have 
basic regions surrounding the active sites (Supplementary Fig. 3b–f), 
indicating that they are likely to interact with LysW. In fact, several 
residues in this region are actually conserved among all the puta-
tive enzymes involved in lysine biosynthesis in hyperthermophiles 
(Supplementary Fig. 4a–e). In contrast, the corresponding regions 
of their counterparts in arginine biosynthesis, or of homologs, have 
no such large, negatively charged surface (Supplementary Fig. 3b–f). 
Therefore, it is very likely that each enzyme in lysine biosynthesis  
specifically recognizes the globular domain of LysW through electro-
static interactions around these active sites. Another feature of LysW 
is its highly conserved five-residue C-terminal sequence, EDWGE. 
Among these five residues, we hypothesized that the amino group of 
AAA is attached to the C-terminal Glu54.

To test our hypothesis, we performed the lysine synthesis assay 
using a LysW mutant carrying an alanine in place of the conserved 
C-terminal Glu54 and found that no lysine was produced (Fig. 3b). 
Consistent with these results, a T. thermophilus mutant whose lysW 
gene had been replaced with the mutated gene encoding LysW-
Glu54Ala (Supplementary Fig. 5) showed a lysine-auxotrophic 
phenotype (Supplementary Fig. 6a,b). These observations indicate 
that the Glu54 is very important for the function of LysW in lysine 
biosynthesis both in vivo and in vitro.

When we applied 10 mM of AAA to the reaction mixture with 
wild-type LysW, 1.5 ± 0.1 mM (all values are given as mean ± s.e.m.) 
of lysine was synthesized (Fig. 3c, lane 1) and 3.0 ± 0.2 mM of 
AAA was consumed (Fig. 3c, lane 2), indicating that two molecules 
of AAA were used to synthesize one molecule of lysine. This two- 
to-one stoichiometry can be explained by one molecule of AAA being 
used as a substrate to attach to the -carboxyl group of the C-termi-
nal Glu54 of LysW, while the other is used by LysJ for the conversion 
of LysW--AAA semialdehyde to LysW--Lys, as will be described 
below. In most cases, aminotransferases catalyze the transfer of the 
amino group of glutamate to an amino acceptor. When we added 
AAA and glutamate simultaneously to the reaction mixture at 10 mM 
each for the enzymatic conversion of AAA to lysine, we observed 

no enhancement of lysine production (1.8 ± 0.1 mM; Fig. 3c, lane 
3). However, we observed consumption largely equivalent to lysine 
production for both AAA (2.0 ± 0.05 mM) (Fig. 3c, lane 4) and glu-
tamate (2.3 ± 0.03 mM) (Fig. 3c, lane 5). This result means that 1 mol 
of lysine was synthesized from 1 mol of AAA with consumption of  
1 mol of glutamate, suggesting that LysJ used glutamate but not AAA 
for the aminotransferase reaction when both possible amino donors 
were present. This result indicates that glutamate is an intrinsic amino 
donor recognized more specifically than AAA by LysJ, although LysJ 
can also potentially use AAA as an amino donor.

Chemical structure determination of intermediates
Our results obtained using a Glu54Ala mutant of LysW suggested that 
the C-terminal glutamate group of LysW modifies the amino group of 
AAA in lysine biosynthesis. To confirm this hypothesis, we determined 
the chemical structures of the LysW derivatives in the reactions.

We incubated AAA and LysW in three different reaction mixtures 
 containing either (i) LysX; (ii) LysX, LysZ, LysY and LysJ; or (iii) all five 
protein components, LysX, LysZ, LysY, LysJ and LysK, and then examined 
the change in the mobility of LysW on 12% Tricine–sodium dodecyl sulfate 
PAGE (Tricine-SDS-PAGE). When we subjected reaction mixture (ii) to gel 
electrophoresis, we observed a new, slowly migrating protein band with an 
apparent molecular mass of 6 kDa (Fig. 4a, lane 4), whereas on the gel for 
reaction mixture (i), no band showed any mobility shift (Fig. 4a, lane 3). 
When AAA and LysW were incubated with reaction mixture (iii)—that 
is, when LysK was added to mixture (ii)—the shifted band disappeared  
(Fig. 4a, lane 5). We extracted the bands corresponding to these LysW 
derivatives in (Fig. 4a, lanes 3 and 4) from the gel and analyzed their  
C-terminal sequences by MALDI-TOF-MS and MS/MS analyses after tryp-
sin treatment. Because LysW contains two arginine residues at positions 
13 and 41 (Fig. 4b), trypsin treatment generated three tryptic peptides, 
consisting of residues 1–13, 14–41 and 42–54. Of the two bands in reaction 
mixture (ii), the fast-migrating band possessed the normal C-terminal 13 
amino acid residues of LysW, NH2-LEPAPEEAEDWGE-COOH, and had 
a molecular mass of 1,471.9 Da (Supplementary Fig. 7). In contrast, the 
corresponding C-terminal tryptic peptide from the slowly migrating band 
had a molecular mass of 1,599.7 Da (Fig. 4c), which corresponded to the 
mass of the C-terminal 13-amino-acid peptide with one lysine residue 
attached. MS/MS analysis revealed that the lysine was indeed attached to 
the C-terminal Glu54 of LysW (Fig. 4d). We next performed a similar 
analysis for the LysW protein in reaction mixture (i) that showed no appar-
ent mobility shift on Tricine-SDS-PAGE (Fig. 4a, lane 3). Trypsin treatment 
gave two C-terminal fragments with normal molecular mass of 1,471.9 
Da (minor component) and an increased molecular mass of 1,614.7 Da 
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Figure 3 In vitro lysine synthesis. (a,b) Chromatograms of amino acid 
analyses of reaction mixtures. Proteins added were: (a) LysW, LysX, LysZ, 
LysY, LysJ and LysK; (b) LysW (E54A), LysX, LysZ, LysY, LysJ and LysK. 
AAA (3) and Lys (1) are indicated by open and closed arrowheads and 
ethanolamine by an asterisk. (c) Lysine formation and AAA and glutamate 
consumption in the in vitro reaction. The vertical axis shows the amounts 
of lysine, AAA or glutamate (6) either formed or consumed as positive 
values. The amounts, which were quantified with an amino acid analyzer, 
are shown as bars with s.e.m. (n = 3). 1, lysine formation in reaction 
mixture using all active protein components in the presence of 10 mM 
AAA (as in a); 2, AAA consumption in reaction mixture using all active 
protein components in the presence of 10 mM AAA (as in a); 3, lysine 
formation in reaction mixture using all active protein components in the 
presence of 10 mM each of AAA and glutamate; 4, AAA consumption in 
reaction mixture using all active protein components in the presence of 
10 mM each of AAA and glutamate; 5, glutamate consumption in reaction 
mixture using all active protein components in the presence of 10 mM 
each of AAA and glutamate.
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(major component) (Fig. 4e). The molecular mass of the larger C-terminal 
tryptic peptide corresponded to the mass of the C-terminal 13-amino-acid 
peptide plus one AAA molecule. MS/MS analysis revealed that the AAA 
was attached to the C-terminal Glu54 of LysW (Fig. 4f).

The analysis revealed that AAA-to-lysine conversion proceeds 
with AAA and intermediates fused to the C-terminal Glu54 of 
LysW. We tried to determine the chemical structures of the LysW 
derivatives modified by LysX plus LysZ and by LysX, LysY and LysZ. 
However, we did not detect either of the two putative LysW deriva-

tives, containing (i) the AAA moiety phosphorylated by LysZ and  
(ii) the AAA semialdehyde subsequently formed by LysY, in our 
 analysis, probably because of the instability of these intermediates.

Purified LysW is red in color and produces four peaks at 345, 373, 
496 and 570 nm in the absorption spectrum (Supplementary Fig. 8a), 
indicating that Fe ion is bound18 to LysW, possibly at the four conserved 
cysteine residues (Cys5, Cys8, Cys25 and Cys28; Fig. 4b). The circular 
dichroism spectrum indicated that LysW has a specific structure even 
at a high temperature of 95 °C (Supplementary Fig. 8b).

in which LysW-AAA semialdehyde is covalently attached to the active site cysteine. LysW is seen as the smallest clear bands in lanes 3, 4 and 5. A band 
shift can be seen immediately above the LysW band in lane 4. (b) Amino acid sequence alignment of LysW homologs. Four cysteine residues putatively 
responsible for metal bindings are shown by asterisks. TtLysW, DrLysW, SsLysW, PH1721.1n, PF1681, SSO5317, STS023 and APE_1462a indicate 
LysW from T. thermophilus and the LysW homologs of D. radiodurans, S. sahachiroi, P. horikoshii, S. solfataricus, S. tokodaii and A. pernix, respectively. 
(c) MALDI-TOF mass spectrum of the trypsin-treated LysW derivative after LysX, LysZ, LysY and LysJ reactions, which was extracted from the band in 
lane 4 of b. The N-terminal tryptic fragment, MVGTCPECGAER, is also shown. (d) MS/MS spectrum of the ion at m/z 1,599.7 in c. (e) MALDI-TOF mass 
spectrum of the trypsin-treated LysW derivative after LysX reactions, which was extracted from the band in lane 3 of b. AAA residue is indicated by ‘X’. 
(f) MS/MS spectrum of the ion at m/z 1,614.7 in e. AAA residue is indicated by ‘X’. For d,f, the amino acid sequence of the precursor ion is shown in 
the upper part of the figure. Theoretical molecular weights of the fragments are given above and below the sequence. Detected molecular masses of the 
fragments are indicated in the MS/MS spectrum.
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Figure 4 Analysis of synthetic intermediates. (a) Tricine-SDS-PAGE 
analysis to detect reaction intermediates. Lane 1, low-molecular-
weight marker; lane 2, peptide molecular-weight marker; lane 3, 
reaction mixture containing AAA (3), LysW and LysX; lane 4, reaction 
mixture containing AAA, LysW, LysX, LysZ, LysY and LysJ; lane 5, 
reaction mixture containing AAA, LysW, LysX, LysZ, LysY, LysJ and 
LysK. Purified lysine biosynthetic enzymes and protein are marked. 
Asterisk in lane 5 marks a putative intermediate, LysY derivative,  
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AAA is attached to -carboxyl group of Glu54 of LysW
Glutamate possesses two carboxyl groups, at the  and  positions, 
and in a C-terminal glutamate residue both are available for reac-
tion. To determine which carboxyl group of the C-terminal Glu54 
of LysW accepts the amino group of AAA in the lysine biosynthetic 
system, we prepared two synthetic oligopeptides: one possessing 
the C-terminal 13-amino-acid peptide fused with one lysine mol-
ecule by -linkage at C terminus (13--Lys) and the other with 
an identical peptide sequence but a -linked lysine residue (13-
-Lys). We also prepared C-terminal tryptic fragments from the 
LysW derivative that showed slow mobility on the gel (Fig. 4a, lane 
4) and from LysW--Lys, a genetically generated LysW derivative 
containing one additional -linked lysine residue at the C terminus. 
When we subjected 13--Lys and 13--Lys to HPLC, 13--Lys eluted 
from the column faster than 13--Lys (Fig. 5a). In contrast, the C-
 terminal tryptic fragment of the lysine-attached LysW derivative 
generated in reaction mixture (ii) (discussed in the previous section) 
eluted separately from 13--Lys or the C-terminal tryptic fragment 
of recombinant LysW--Lys but at a volume identical to that for  
13--Lys (Fig. 5a). These results indicate that AAA is attached to 
the -carboxyl group of Glu54 of LysW. We hereafter referred to the 
intermediates in reaction mixture (ii) as LysW--Lys.

To further confirm the -bond linkage specificity of the enzymes 
involved in lysine biosynthesis, we performed an enzyme assay using 
LysK. First we assessed whether the lysine-releasing activity of LysK 
is specific to -linkage. We used three compounds as substrates:  
(i) LysW--Lys, (ii) 13--Lys and (iii) 13--Lys. Incubation of these 
possible substrates with LysK resulted in the release of lysine from 
13--lysine (Fig. 5b, middle) but not from 13--lysine (Fig. 5b, top) 

or LysW--Lys (Fig. 5b, bottom). This result indicates that the bond 
at the C terminus of the intermediate has -peptide linkage and that 
LysK shows strict -linkage specificity. This result is consistent with 
the role of LysK, which is to liberate lysine from LysW--Lys in the 
last step of lysine biosynthesis.

We next examined the effect of 13--Lys or LysW--Lys on the release 
of lysine from 13--Lys by LysK. Only slight inhibition (IC50 of 1.96 mM)  
resulted from the addition of 13--Lys to the reaction mixture at a 
concentration of 100 M. However, LysW--Lys strongly inhibited 
the reaction, with an IC50 of 0.67 M (Fig. 5c). This result indicates 
that LysK recognizes not only the scissile -linked C-N bond but also 
regions other than the C-terminal amino acid residues of LysW.

Characterization of LysX
We examined the activity of LysX for various substrates in the reaction. 
In our proposed catalytic mechanism, LysX activates the -carboxyl 
group of Glu54 of LysW by phosphorylation, with concomitant con-
version of ATP to ADP, and then the amino group of AAA attacks the 
phosphorylated carboxyl group of LysW to form LysW--AAA, with 
concomitant release of inorganic phosphate and ADP. To detect the 
activity of LysX, we monitored the released inorganic phosphate in 
the reaction mixture. Incubating 1.5 mM each of wild-type LysW, AAA 
and ATP with LysX at 60 °C for 1 h resulted in the release of 1.5 mM 
phosphate. In contrast, when we used 1.5 mM of either LysW (E54A) or 
APE_1462a—a LysW homolog in Aeropyrum pernix with 35% identity 
in the amino acid sequence with a conserved EDWGE sequence at the 
C terminus—for the reaction instead of wild-type LysW, we observed 
only negligible phosphate release (Supplementary Fig. 9a). This result 
further indicates that LysX recognizes not only the C-terminal gluta-
mate residue of LysW but also other portions—possibly the globular 
domain—of LysW specifically. We also determined that LysX discrimi-
nates AAA from glutamate in the reaction (Supplementary Fig. 9b).

We next determined the kinetic parameters of LysX for LysW, AAA 
and ATP (Supplementary Table 1). It might be considered reasonable 
that LysX would have similar apparent Km values (Km

app) for LysW, 
AAA and ATP; however, this turned out not to be the case. The Km

app 
value for LysW (0.078 mM) is markedly lower than those for the other 
substrates, which were 2.1 mM for AAA and 2.6 mM for ATP. This low 
Km

app value may ensure efficient recognition of LysW by LysX because 
the cellular concentration of LysW would be expected to be lower than 
those of small compounds such as glutamate, AAA and ATP.

DISCUSSION
Microorganisms have developed various systems for masking 
the amino group of intermediates in different metabolic path-
ways. In arginine biosynthesis, cyclization into an unproductive  
five-membered ring intermediate, 1-pyrroline-2-carboxylate, is 

Figure 5 -linkage-specific reactions of lysine biosynthetic enzymes. 
(a) HPLC chromatograms of trypsin-treated fragments of reaction 
intermediates and synthetic oligopeptides. (1) Co-injection of synthetic 
peptides, 13--Lys (I) and 13--Lys (II); (2) co-injection of tryptic  
C-terminal fragment of LysW generated by a series of reactions by LysX, 
LysZ, LysY and LysJ (III) with 13--Lys. (IV); (3) co-injection of tryptic  
C-terminal fragment of LysW derivative (V), the same as III in (2),  
with tryptic C-terminal fragment of recombinant LysW--Lys (VI);  
(4) co-injection of tryptic C-terminal fragment of LysW derivative, the 
same as III in (2), with 13--Lys (VII). (b) Chromatograms of amino acid 
analysis for LysK reactions. Substrates: top, 13--Lys; middle, 13--Lys; 
bottom, recombinant LysW--Lys. Arrows indicate positions of lysine.  
(c) Effect of LysW--Lys and 13--Lys addition on LysK activity for  
13--Lys. Closed and open circles show LysK activity for 13--Lys in the 
presence of LysW--Lys and 13--Lys, respectively.
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prevented by acetylation of the amino group of glutamate by ArgA 
or ArgJ13–15. Masking of the amino group to prevent intramolec-
ular cyclization is also seen in the catabolic pathway of putrescine 
(19)19. Lysine biosynthesis in T. thermophilus includes an unstable 
intermediate, AAA semialdehyde (20), which readily forms a six- 
membered ring compound, Pip2C, by intramolecular cyclization and 
must prevent efficient lysine biosynthesis. Here we determined that 
T. thermophilus follows the approach of proteinaceous modification 
but not the system of using a small chemical compound, such as the 
acetyl group, for N-modification. Therefore, it seems plausible that 
the LysW modification system must provide some advantage com-
pared to the small-compound protection systems in T. thermophilus. 
All other microorganisms that synthesize lysine through a pathway 
similar to that in T. thermophilus are hyperthermophilic archaea and 
contain LysW homologs with four conserved cysteine residues. The 
only exceptions are Deinococcus spp., which are related to Thermus 
and with it form the Deinococcus-Thermus phylum. D. radiodurans 
and D. geothermalis, whose genome sequences have been determined, 
are a mesophile and a moderate thermophile, respectively. In the 
LysW homologs of Deinococcus, four conserved cysteine residues 
at positions 5, 8, 25 and 28 are replaced by asparagine, threonine, 
aspartic acid and threonine, respectively; therefore, it is unlikely 
that deinococcal LysW homologs bind Fe ions. We assume that the 
extreme thermostability of LysW confers an advantage by provid-
ing efficient protection of the amino group of AAA at elevated tem-
perature. We also think that LysW might prevent the intramolecular 
cyclization of biosynthetic intermediates more efficiently than small  
protecting compounds.

The electrostatic potentials of LysW and lysine biosynthetic 
enzymes, calculated using the crystal structures of the enzymes or 
simulated models, are indicative of electrostatic docking between 
LysW and these enzymes. The structural feature suggests that LysW 
is designed to be transferred successively among a set of enzymes, 
functioning as a ‘carrier protein’ or ‘protein scaffold’, to ensure the 
efficient synthesis of lysine (Fig. 6). Electrostatic interactions between 
the enzymes and LysW are thought to be desirable for an efficient 
reaction at elevated temperatures because these interactions func-
tion well under conditions in which thermophiles grow. To date, 
acyl carrier protein (ACP)20 and peptidyl carrier protein (PCP)21 
are known as proteinaceous carriers of intermediates in fatty acid 
biosynthesis and peptide biosynthesis, respectively. Both are classi-
fied in the same family and function through a common mechanism 
whereby specific serine residues are modified with the phospho-
pantetheinyl group, and the acyl chain or peptidyl chain is attached 

and elongated in phosphopantetheinyl-conjugated form. In fatty acid 
synthetase (FAS), the elongating acyl group is attached to the SH 
group of the phosphopantetheinyl group of holo-ACP that is formed 
by phosphopantetheinyl transferase from apo-ACP and the phospho-
pantetheinyl group of acetyl-CoA. Holo-ACP plays a central role in 
the entire synthetic process by shuttling between the catalytic centers 
of FAS complex22. Notably, the crystal structure of FAS, which was 
recently determined, revealed specific binding through electrostatic 
 interactions between ACP and these enzymes23,24.

Most recently, biosynthesis of azinomycin B (21), a secondary 
metabolite with potent antitumor activity produced by Streptomyces 
sahachiroi, was analyzed25. Azinomycin B contains unusual build-
ing blocks derived from amino acids. Based on the sequence infor-
mation for the biosynthetic gene cluster, it was proposed that the 
building blocks derived from amino acids are synthesized similarly 
to those of the AAA-to-lysine conversion in lysine biosynthesis shown 
here, because the cluster contains genes homologous to lysX, lysY, 
lysZ and lysK. We found a putative open reading frame, in the region 
between aziC7 and aziC4, encoding a protein of 59 amino acids that 
showed 46% amino acid sequence identity to LysW, including the four 
conserved cysteine residues and the C-terminal EDWGE sequence  
(Fig. 4b), although the open reading frame is not annotated as a gene 
in the report. This observation suggests that a similar LysX-LysW 
system is used for secondary as well as primary metabolism. This 
study not only sets the stage for future structural analysis to uncover 
more details about protein-protein interaction but also elucidates 
one possible role of small proteins that are annotated as proteins with 
unknown cellular functions.

METHODS
Plasmids. Construction of expression vectors is described in Supplementary 
Methods using the oligonucleotides listed in Supplementary Table 2.

Protein purification. Procedure for protein purification is described in 
Supplementary Methods.

In vitro lysine production assay. For cell-free synthesis of lysine from AAA, 
a reaction mixture containing 10 M ZnSO4, 10 M MgCl2, 10 M CoCl2, 5 
mM pyridoxal phosphate (PLP), 10 mM NADPH, 100 mM Tris-HCl (pH 8.0) 
and 10 mM AAA was prepared. After the addition of proteins (50 g LysW, 50 
g LysX, 13 g LysZ, 37 g LysY, 33 g LysJ and 17 g LysK) and 20 mM ATP, 
the reaction mixture was incubated at 60 °C for 1 h. Similar reactions contain-
ing an equal amount of LysW mutant E54A in place of the wild-type protein, 
or lacking a single enzyme from the basic contents, were also performed. The 
reaction mixture was mixed with an equal volume of 6% trichloroacetic acid 
(TCA) and centrifuged at 20,630g for 10 min. The amino acid content of the 
supernatant was measured with an L-8500A high-speed amino acid analyzer 
(Hitachi). Three measurements were performed for each sample and results 
are shown with standard errors (s.e.m.).

Amino acid sequence alignment. Alignment was done with ClustalW26 and 
alignment with secondary structures of the modeled LysW structure was 
drawn based on ESPript27.

In vitro synthesis and determination of chemical structures of the interme-
diates. To synthesize the final intermediate, LysW--Lys, in the biosynthetic 
pathway, LysK and the putative cofactor, CoCl2, were removed from the 
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Figure 6 Proposed LysW-mediated mechanism of lysine biosynthesis. 
The conversion of AAA (3) to lysine (1) in the T. thermophilus lysine 
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 reaction mixture shown above. For synthesis of the first intermediate, LysW-
-AAA, from AAA, LysK, LysJ, LysY and LysZ and the putative cofactors for 
corresponding enzymes (CoCl2, PLP and NADPH) were removed from the 
reaction mixture. After the reaction, the reaction mixtures were directly sub-
jected to 12% Tricine-SDS-PAGE to separate LysW- and LysW-fused inter-
mediates. The chemical structures of the intermediates were determined by 
in-gel digestion followed by LC-MS/MS analysis and MALDI-TOF analysis, 
as described in detail in the Supplementary Methods.

Assay of LysK activity for synthetic oligopeptides. For the LysK activity 
assay, two synthetic oligopeptides and recombinant LysW--Lys were pre-
pared as described in Supplementary Methods. Each oligopeptide contains the  
C-terminal 13 residues of LysW fused with one lysine residue at its C-terminal 
glutamine residue. One oligopeptide had the C-terminal lysine in -peptide 
bond linkage whereas the other had the lysine residue in -peptide bond link-
age. The synthetic oligopeptides or recombinant LysW--Lys of 1 mM were 
previously mixed in a 100-l reaction mixture containing 0.2 mM CoSO4 
and 100 mM Tris-HCl (pH 8.0). The reaction was initiated by the addition 
of 0.2 g LysK to the mixtures. The reaction was carried out at 60 °C for 1 h. 
After the proteins were removed by precipitation through the TCA treatment 
described above, the amount of released lysine in the mixture was measured 
with a L-8500A amino acid analyzer (Hitachi).

To examine the inhibitory effect of LysW--Lys or 13--Lys on the LysK 
reaction using 13--Lys as the substrate, LysW--Lys or 13--Lys was added to 
the reaction mixture at concentrations ranging from 1 to 100 M LysW--Lys 
and from 1 to 10,000 M 13--Lys, respectively. IC50 values for LysK activity 
were calculated with SigmaPlot 10 (Systat Software).

Note: Supplementary information and chemical compound information is available 
on the Nature Chemical Biology website.
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