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We, first, expected to interpret the whole biological
phenomena of human body by identifying the structure and
function of all biological molecules making up the body.
However, Homo sapiens contains more than 30,000 proteins
and many of them are intolerable with the conditions used
presently in functional and structural analyses. It is estimated
that the minimum gene set essential for a free living organism is
about 1,500. Microorganisms living in extreme environments
often have approximately this number of genes. Then, we
intended to construct the model system that is not limited by the
aforementioned difficulties associated with Homo sapiens, and
selected an extreme thermophile, Thermus thermophilus HB8
on the basis of two criteria; (a) the organism has a “gene
manipulating system”, and (b) it is “the most thermophilic”
organism among those that meet criterion (a) (Kuramitsu et al.
(1995) Protein Eng. 8, 964-964; Yokoyama et al. (2000) Nature
Struct. Biol. 7, 943-945). This whole-cell project consists of
four parts; (1) structural genomics, (2) functional genomics, (3)
detailed analyses for each molecule, and (4) system biology
(simulation of whole biological phenomena).

Genome analysis of T. thermophilus HBS8, plasmid
preparation, protein production, and protein purification were
performed through the intimate collaboration of three teams.
Genomic analysis revealed that the number of open reading
frames was 2,200. About 2,000 over-expression plasmids
were prepared. About 1,450 proteins were overproduced, and
about 930 proteins were purified. A total of 660 proteins have
been crystallized and the structures of 272 proteins were solved.
We are also working at the functional genomics step, and
supporting many researchers working at the third and fourth
steps.

1. Protein production and purification

To accomplish structural and functional analyses, it is
essential to overproduce various proteins easily and efficiently.
The pET system (Novagen) was used for overproduction of
proteins in Escherichia coli. Expression trials either
with/without IPTG induction or utilizing different types of E.
coli host strain and culture medium achieved the overproduction
success rate of 75%. Selenomethionine-substituted proteins
have been overproduced easily in E. coli B834(DE3) with
lactose and vitamin. When protein production was
unsuccessful by using pET systems, we use cell-free protein
expression system. By establishing the dialysis method,
production of proteins was further improved to the level of
milligram quantities. The uniformly [C, '“N]-labeled
proteins were used for NMR structure determination, and
selenomethionine substituted proteins for X-ray crystallography.

2. Central-dogma related proteins (Genetic Proteins
Research Team)

Era (E. coli Ras-like protein) is a highly conserved and
essential GTPase in bacteria. It binds to the 16S ribosomal
RNA (rRNA) of the small (30S) ribosomal subunit, and its
depletion leads to accumulation of an unprocessed precursor of
the 16S rRNA. We have obtained a three-dimensional
cryo-electron microscopic map of the Thermus thermophilus
30S- T. thermophilus Era complex. Era binds in the cleft
between the head and platform of the 30S subunit and locks the
subunit in a conformation that is not favorable for association
with the large (50S) ribosomal subunit. The RNA binding KH
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motif present within the C-terminal domain of Era interacts with
the conserved nucleotides in the 3' region of the 16S rRNA.
Furthermore, Era makes contact with several assembly elements
of the 30S subunit. These observations suggest a direct
involvement of Era in the assembly and maturation of the 30S
subunit.

The hypothetical protein TTHA1280 belongs to a family
of predicted S-adenosyl-L-methionine (AdoMet) dependent
RNA methyltransferases (MTases) present in many bacterial
and archaeal species. TTHA1280 formed a homodimer in the
crystals and in solution. Each subunit folds into a
three-domain structure composed of a small N-terminal PUA
domain, a central o/Bf-domain and a C-terminal
Rossmann-fold-like MTase domain. The three domains form
an overall clamp-like shape, with the putative active site facing
a deep cleft. The architecture of the active site is consistent
with specific recognition of uridine and catalysis of methyl
transfer to the 5-carbon position. The cleft is suitable in size
and charge distribution for binding single-stranded RNA.

In living cells, a great amount of DNA damages are arisen
from UV radiation, various chemical reagents, and errors during
DNA replication and genetic recombination. These damages
are very harmful, resulting in mutagenesis and even cell death.
To remove these lesions, living cells possess various types of
DNA repair systems and most of them are common to many
organisms, including Homo sapiens.

MutS homologues are widely conserved in almost all
organisms ranging from bacteria to human, and involved in
DNA mismatch repair and recombinational events not only to
maintain genetic integrity but also to generate genetic variability.
Recent studies revealed that many species possess a novel MutS
paralogue, MutS2. MutS2 lacks the mismatch-recognition
domain of MutS, however, it contains the extra C-terminal
stretch which has no sequence similarity with known proteins
and is called small MutS-related (Smr) domain. We revealed
that T. thermophilus MutS2 (ttMutS2) has DNA-binding and
endonuclease activity, but has no specificity for mismatched
duplexes. Interestingly, we clarified that the ttMutS2
preferably bound to Holliday junction which is a general
intermediate in the homologous recombination. These results
indicate that ttMutS2 1is involved in the homologous
recombination.

Nudix proteins catalyze the hydrolysis of nucleoside
diphosphates linked to other moieties X, and contain the Nudix
motif (GX;EX;REUXEEXGU, where X = L, I or V). Their
postulated role is to control the cellular concentration of toxic
nucleoside  diphosphate  derivatives and  physiological
metabolites.  T. thermophilus HB8 genome contains eight
genes coding for Nudix proteins (Ndx1-Ndx8). We have
identified the substrates of Ndx1, Ndx2, Ndx3, Ndx4, Ndx6 and
Ndx8, and determined the structures of Ndx1 and Ndx4. In
this year, we obtained an initial structure of Ndx2 and collected
diffraction data sets of selenomethionine Ndx3 crystals. Ndx4
hydrolyzes ADP-ribose to AMP and ribose 5'-phosphate.
Guided by the crystal structure of Ndx4, we performed kinetic
analysis of mutants of Ndx4 to elucidate the substrate
recognition and the catalytic mechanism. Our results indicate
interactions responsible for the substrate recognition. Notably,
mutation of Glu-82 and Glu-86, conserved in the nudix motif
and essential for catalysis, shows that the dependence of k¢, on
pH is almost the same as that of the wild-type enzyme,
suggesting that Glu-82 and Glu-86 are essential for catalysis but
unlikely to act as a catalytic base.

3. Metabolism
Research Team)

Degradation of phenylacetic acid is different from those
of most aromatic compounds. Phenylacetic acid is firstly
activated by being charged with coenzyme A, followed by
hydroxylation and ring-opening.  Crystal structure of a
homolog of phenylacetic acid degradation protein PaaG was
determined, revealing a trimeric overall structure with a
monomer structure of a spiral fold, a typical fold observed for
hydratase/isomerase superfamily.

4-hydroxyphenylacetate, is degraded by two-component
flavin-diffusible monooxygenase, HpaB and HpaC. We have
focused on the structure-based functional analysis of HpaC, and
so far determined the structures of apo-HpaC and the
HpaC-FAD-NAD complex. Activity measurements showed
that HpaC utilizes NADH, but not NADPH as an electron donor,
and both FAD and FMN as electron acceptors. Kinetic
analyses showed that the K, for FAD, FMN, and NADH are
comparable with those for other reductases, of the TC-FDM
family, which suggests that HpaC uses flavins as substrates not
as prosthetic groups.

ABC-transporters ~ are ~ membrane-bound  protein
complexes which transport various compounds with
ATP-hydrolysis energy. Crystal structures of solute-binding
proteins from T. thermophilus have been determined. The
TTHAO0979 protein is a periplasmic solute binding protein of an
ABC transporter. We determined the crystal structure of the
protein at 1.7 A resolution. Although the whole structure is very
similar to a maltose binding protein, the local feature of the
binding site is dissimilar. Research of the substrate of the
protein is now in progress. We also determined the crystal
structure of a pyruvate/lactate binding protein (TTHA0766)
assisting a TRAP-type secondary transporter which is thought to
be an ancient type of ABC-transporters. The protein has a
typical fold for the type-1I periplasmic solute binding protein.
However, structural elements are observed in the C-terminal
region representing a unique feature to this protein. Calcium
ion as well as lactate molecule are identified in the substrate
binding site.

Stationary-phase survival protein SurE is a metal
ion-dependent phosphatase, and is required for viability under
stressful conditions in E. coli. So far, we have determined the
crystal structures of SurE from T. thermolhilus HBS in different
crystal systems. SurE forms a tetramer mediated by B-hairpins.
To know the biological implications of the changes in
quaternary structure, enzymatic assays and cocrystallization
with metal ion and substrate are in progress.

related proteins (Metabolic Proteins

4. New functional related proteins (New Functional Proteins
Research Team)

An interesting feature of the genomic sequence
information from many organisms is that from one third to the
half of the predicted open reading frames encode hypothetical
proteins of unknown function. Because three-dimensional
structure of a protein is more conserved than amino acid
sequence during evolution, structure of a hypothetical protein
can infer its function. About forty percent of predicted
proteins from T. thermophilus HB8 are classified as
hypothetical proteins.  To infer the function of these
hypothetical proteins, we determined the crystal structures of
hypothetical proteins from this bacterium.

The crystal structure of TTHAO0845, a stand-alone RAM
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(regulation of amino-acid metabolism) domain protein has been
determined at 2.4 A resolution. The structure revealed that
five dimmers are arranged to form a ring.

The crystal structure of the hypothetical protein
TTHA0281 has been determined at 1.9 A resolution. The
TTHAO0281 protein forms a homotetramer, in which each
monomer adopts an a-B-B-f-a fold. Based on the properties
and functions of the structural homologs of the TTHA0281
monomer, the TTHA0281 protein is speculated to be involved
in RNA metabolism, including RNA binding and cleavage.

TTHA1462 is a conserved hypothetical protein with a
predicted phosphoribosyltransferase (PRTase) domain. The
2.01 A crystal structure of TTHA 1462 reveales that it comprises
a core domain consisting of a central five-stranded p-sheet
surrounded by four a-helices, and a subdomain in the C
terminus. The core domain structure resembles those of the
type I PRTase family proteins. The C-terminal subdomain
corresponds to the "hood," which contains a substrate-binding
site in the type I PRTases. The hood structure of TTHA 1462
differs from those of the other type I PRTases, suggesting the
possibility that TTHA 1462 binds an unknown substrate.

TTHAOQ727 is a conserved hypothetical protein, which
belongs to the carboxymuconolactone decarboxylase (CMD)
family. The TTHA0727 monomer structure consists of seven
a-helices and one short 3jp-helix. The crystal structure and the
analytical ultracentrifugation revealed that TTHA0727 forms a
hexameric ring structure in solution. The electrostatic potential
distribution on the solvent-accessible surface of the TTHA0727
hexamer showed that positively charged regions exist on the
side of the ring structure, suggesting that TTHA0727 interacts
with some negatively charged molecules.

TTHA1554 was found as a hypothetical protein, the
homologs of which are conserved in several bacteria and
archaea, although their functions are unknown. TTHA1329,
which is glutamine synthetase, and TTHA1620, which has
cystathionine [-lyase enzymatic activity, were identified as
TTHA1554 binding proteins. When TTHA1554 was added to
the reaction mixtures, the glutamine synthetase and
cystathionine P-lyase enzymatic activities both increased by
approximately two-fold. These results indicate that
TTHA1554 is a novel protein that binds to glutamine synthetase
and cystathionine B-lyase.

The crystal structure of the hypothetical protein
TTHA1013 has been determined at 2.2 A resolution. The
overall folding is arranged as a B1-B2-B3-al-p4 fold, and it
forms a dimer with the symmetry-related molecule. The dimer
interface is composed of the P4-strands. This protein might
interact with negatively charged molecule at the positively
charged cluster of the molecular surface.

TTHAO0613 is a homolog of rhodaneses, which catalyze
the transfer of the sulfane sulfur from thiosulfate to cyanide,
forming thiocyanate and sulfite in vitro. The crystal structure
of the TTHA0613 determined at 2.2 A resolution revealed that
the protein formed a homodimer, in which each monomer
consists of a five stranded parallel B-sheet, surrounded by three
a-helices. This structure shares high structural similarity to
rhodaneses homology domain.

The isoprenoid quinones exist widely among prokaryotes
and eukaryotes. They play essential roles in respiratory
electron transport and in controlling oxidative stress and gene
regulation. In the isoprenoid quinone biosynthetic pathway,
polyprenyl pyrophosphates are used as isoprenoid side-chain

precursors. Here we report the crystal structure of a novel
polyprenyl pyrophosphate binding protein, TTHY7070
complexed with its ligand. The structure consists of an
extended, eight-stranded, antiparallel [-barrel. In the
hydrophobic pore of the barrel, the protein binds the
polyisoprenoid chain by hydrophobic interactions. Its overall
structure resembles the lipocalin fold, but there is no sequence
homology between TTHY7070 and the lipocalin family of
proteins.

The crystal structure of conserved hypothetical protein
TTHAO0849 has a compact alphatbeta motif, forming a
hydrophobic cavity in the molecule. Structural similarity
search reveals that it resembles those steroidogenic acute
regulatory proteins that contain the lipid-transfer (START)
domain, despite the comparatively weak sequence identity to
polyketide cyclases. However, the size of the ligand-binding
cavity is  distinctly smaller than other = START
domain-containing proteins, suggesting that it catalyses the
transfer of smaller ligand molecules.

As part of the functional genomics studies, we have
constructed the gene disruption plasmids (760 genes including
functionally-uncharacterized gene) using the thermostable
selective marker, and proceeded to analyze mRNA expression
(transcriptomics), protein  expression (proteomics) and
metabolite dynamics (metabolomics) of the gene disruptants.

Research subjects

1. Protein production and purification

2. Structural studies of central-dogma related proteins
3. Structural studies of metabolism related proteins

4. Structural studies of new functional related proteins
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