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Preface 

The studies presented here have been carried out under the direction of Professor Yasushi Kai from 

2006 to 2007, Professor Susumu Kuwabata from 2007 to 2008, and Professor Tsuyoshi Inoue from 

2008 to 2009 at Department of Applied Chemistry, Graduate School of Engineering, Osaka 

University, Japan. 

 The object of this thesis is focused on structure-function studies of enzymes in the 

methionine salvage pathway from Bacillus subtilis. The author hopes these insights would 

contribute to the knowledge of novel reaction schemes and further applications for higher 

CO2-fixation to establish a sustainable development on the earth. 
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Abbreviations 

MTA  methylthioadenosine 

MSP   methionine salvage pathway 

M1Pi  5-methylthioribose 1-phosphate isomerase 

MTR-1-P 5-methylthioribose 1-phosphate 

MTRu-1-P 5-methylthioribulose 1-phosphate 

IF  translation initiation factor 

IF2B  including initiation factor 2B 

2CABP  2-carboxy-D-arabinitol-1,5-diphosphate;  

4CABP  4-carboxy-D-arabinitol-1,5-diphosphate 

DK-MTP-1P 2,3-diketo-5-methylthiopentyl-1-phosphate 

RuBisCO D-ribulose-1,5-bisphosphate carboxylase/oxygenase 

RLP  RuBisCO-like protein 

XuBP  D-xylulose-1,5-bisphosphate. 

 

Footnote 

In Chapter I, coordinates and structure factors have been deposited in the Protein Data Bank with 

accession codes 2YRF for sulfate-bound M1Pi, and 2YVK for MTRu-1-P-bound M1Pi, 

respectively.  

In Chapter II, coordinate and structure factor have been deposited in the Protein Data Bank with 

accession code 2ZVI for the apo, decarbamylated DK-MTP-1P enolase.   

 

 



 

General Introduction 

Methionine is an essential amino acid for a number of crucial cellular functions, including the 

initiation of protein synthesis, methylation of DNA and rRNA, and biosynthesis of cysteine, 

phospholipids, and polyamines (1). The biosynthesis of the polyamines is involved in the control of 

many biological processes such as carcinogenesis, cell growth and differentiation. In polyamine 

synthesis of spermidine and spermine, methionine is consumed in a one-to-one stoichiometry with 

the by-product formation of methylthioadenosine (MTA) (2). Since the amount of methionine in 

cells is typically limiting. Additionally, de novo synthesis of methionine is energetically expensive. 

Therefore, it is essential to salvage methionine, recycle the sulfur atom from MTA (3). 

 Methionine salvage pathway (MSP) is an important metabolic pathway in maintaining the 

amount of intravital methionine, which is frequent in Bacteria (and in Eukarya) (4, 5). MSP has 

attracted much attention, as one of the genes (MTA phosphorylase) in this pathway acts as a tumor 

suppressor gene (6). Recently, we have identified five additional genes (MtnA, MtnB, MtnD, 

MtnW, and MtnX) in MSP from Bacillus subtilis (7), which revealed that MSP in B. subtilis was 

 
Figure 1 Methionine salvage pathway in Bacillus subtilis (solid line) 
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composed of eleven enzymes (Fig.1) (7, 8). In MSP of B. subtilis, MtnW has a homology to the 

large subunit of photosynthetic CO2-fixation enzyme (D-ribulose-1,5-bisphosphate carboxylase/ 

oxygenase; RuBisCO). MtnW has been also characterized as an ancestral protein of RuBisCO 

because a growth-defective mutant, in which the gene for MtnW had been disrupted, was rescued 

by the gene for RuBisCO from the photosynthetic bacterium Rhodospirillum rubrum (7).  

 In this study, I focused on two enzymes in B. subtilis, MtnA (5-methylthioribose- 

1-phosphate isomerase; M1Pi) and MtnW (2,3-diketo-5-methylthiopentyl-1-phosphate enolase; 

DK-MTP-1P enolase). M1Pi and DK-MTP-1P enolase have been identified as novel enzymes, 

since there have been no reports about their substrates, which are used for other enzymatic 

reactions so far. The structural analyses of these enzymes would contribute to the knowledge of 

new reaction schemes and further applications for higher CO2-fixation to establish a sustainable 

development.  

 In Chapter I, B. subtilis M1Pi (Bs-M1Pi; E. C. 5.3.1.23) catalyzes an interconversion of 

5-methylthioribose 1-phosphate (MTR-1-P) and 5-methylthioribulose 1-phosphate (MTRu-1-P) 

(Fig. 1) (7). Despite structural analyses and genetic studies of homologous proteins, the catalytic 

mechanism of a specific isomerization by M1Pi has remained unclear. For the purpose of 

investigation into the detailed catalysis of M1Pi, it is crucial to analyze the crystal structures in 

complex with the substrate (or its analogues). In order to prepare the product complex, we had 

established the generation of MTR-1-P, M1Pi substrate, by using recombinant B. subtilis MtnK (7). 

Then, the crystallization of M1Pi in complex with MTR-1-P had been attempted. Herein, the 

crystal structures of Bs-M1Pi in complex with its product MTRu-1-P, or a sulfate have been 

determined at 2.4 and 2.7 Å resolution, respectively. The electron density clearly shows the 

presence of each compound in the active site. The structural comparison with homologous proteins 

enables to explain how the substrate uptake of Bs-M1Pi may be induced by an open/closed 
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transition of the active site. The highly conserved residue at the active site, namely Asp240 is most 

likely to be involved in the reaction mechanism as an acid/base catalyst. The structural analysis 

sheds light on its catalytic mechanism of M1Pi. 

 In Chapter II, B. subtilis DK-MTP-1P enolase (Bs-DK-MTP-1P enolase) catalyzes 

enolization of 2,3-diketo-5-methylthiopentyl-1-phosphate.and functions in the methionine salvage 

pathway (Fig.1). DK-MTP-1P enolase has attracted enormous attention because it has a homology 

to the large subunit of RuBisCO. RuBisCO plays a key role to fix CO2 into a five-carbon sugar 

phosphate in the Calvin cycle (9). But RuBisCO is an inefficient catalyst; therefore, the 

development of a super-RuBisCO is a potential avenue to improve crop productivity. On the basis 

of structural and biochemical studies (10), DK-MTP-1P enolase catalyzes the fixation reaction of 

neither CO2 nor O2, but is considered to partially share the same activation mechanism as RuBisCO. 

In order to understand the functional and evolutionary relationship between RuBisCO and 

DK-MTP-1P enolase, the crystal structure of the apo, decarbamylated (E) form of Bs-DK-MTP-1P 

enolase has been determined at 2.3 Å resolution. The structural comparison with RuBisCO in the 

discrete catalytic steps allows to elucidate the structural consistency in DK-MTP-1P enolase and 

RuBisCO, providing a clue to create super RuBisCO with the ability of higher CO2-fixation. 
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Chapter I 

Crystal structure of 5-methylthioribose-1-phosphate isomerase from Bacillus 

subtilis: Implications for catalytic mechanism 

  

1.1 Introduction 

In MSP from B. subtilis, 5-methylthioribose 1-phosphate isomerase (M1Pi; E. C. 5.3.1.23) 

catalyzes an interconversion of 5-methylthioribose 1-phosphate (MTR-1-P) and 

5-methylthioribulose 1-phosphate (MTRu-1-P) (Scheme 1-1) (7), which is classified as an 

aldose-ketose isomerase reaction. In general, two possible catalytic mechanisms have been 

proposed for an aldose-ketose isomerization (Scheme 1-2) (11). One is the cis-enediol mechanism 

that has been observed in triosephosphate isomerase, ribose 5-phosphate isomerase and 

phosophoglucose isomerase (11-13). These enzymes do not require any metals to exhibit their 

activities. The other mechanism proceeds via the hydride transfer as observed with xylose 

isomerase (XI) (14), which requires two divalent cations such as Mg2+ or Mn2+ (15, 16).  
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Scheme 1-1 5-Methylthioribose-1-phosphate isomerase (M1Pi) reaction 
 

 
 

Scheme 1-2 Mechanisms for isomerization of an aldose to a ketose. 
 

 



 

 Our recent study has shown that M1Pi does not require any metals to exhibit its catalytic 

activity, which is analogous to the enzymes that proceed via a cis-enediol intermediate. However, 

NMR and mass spectrometry suggest the isomerase reaction of M1Pi in D2O proceeds without 

incorporation of deuterium from solvent into the product (17). These spectrometric features 

resemble those of XI, which adopts the hydride transfer mechanism (14). Recently, Imker et al. has 

reported that Bs-M1Pi catalyzes stereospecific proton transfer via the hydride transfer mechanism 

by using the deuterium labeled alternative substrates, [1-2H]-D-ribose-1-phopsphate and 

[2-2H]-D-ribose-1-phosphate (10). 

 According to the Pfam database (18), M1Pi belongs to a large protein family related to 

translation initiation factor 2B alpha (PFAM family: PF01008). This family is composed of M1Pi 

and several translation initiation factors (IF) including initiation factor 2B (IF2B) alpha, beta and 

delta subunits from eukaryotes, and initiation factors 2B1 and 2B2 from Achaea (19, 20). Generally 

speaking, IF2B interacts with the IF2-GDP complex, which promotes guanine nucleotide exchange, 

while M1Pi catalyzes a specific isomerization. 

 

 Recently, high resolution crystal structures have become available for several M1Pi 

homologous proteins in the Protein Data Bank (PDB) (21). Although yeast Ypr118w (PDB code: 

1W2W: 38% identity) has been characterized as M1Pi (22), M1Pi-related proteins of Thermotoga 

maritima (PDB code: 1T9K: 50% identity), Pyrococcus horikoshii OT3 (PDB code: 1VB5: 32% 

identity) (23) and Archaeoglobus fulgidus (PDB code: 1T5O: 43% identity) have been annotated as 

putative proteins of unknown function. At present, M1Pis from B. subtilis and yeast are the only 

enzymes, whose activities have been directly measured (7, 22). Herein, we describe the crystal 

structures of M1Pi from B. subtilis (Bs-M1Pi) in complex with its product and a sulfate, 

respectively. The structural analysis explains how the substrate binding may be associated with an 

open/closed transition of the active site and also sheds light on its reaction mechanism involving 
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Asp240 as a catalytic acid/base. 

 

1.2 Materials and Methods  

1.2.1 Cloning and Expression of Bs-M1Pi  

The full-length M1Pi (mtnA) gene was amplified from genomic DNA by PCR, which was 

performed with the following forward and reverse primers: 5’-GGAATTCCATATGACCCAT 

TCATTTG CTG-3’and 5’-CGGGATCCAAATGA- GCAAAGTCC-3’. The products of PCR were 

digested with NdeI and BamHI. The fragments were ligated at NdeI/BamHI site of pET15b 

(Novagen). 

 E. coli strain BL21 (DE3) cells harboring the M1Pi expression plasmid were grown for 8 

h in LB medium containing 50μg ml-1 ampicillin at 310 K. The cells were grown for a further 16 h 

at 303 K. The cells were then harvested by centrifugation at 6000g for 30 min. The cell pellet was 

resuspended in buffer A (50 mM Na HEPES pH 7.4, 500 mM NaCl and 10mM Imidazol) and 1 

mM PMSF, then disrupted by a French Press. 

 

1.2.2 Purification  

The disrupted cells were centrifuged at 400 000g at 277 K for 30 min. The supernatant was loaded 

onto a 5ml HiTrap Chelating column (Amersham Pharmacia Biotech) equilibrated with buffer A. 

The unbound proteins were flushed with buffer A. M1Pi with a N-terminal histidine tag was eluted 

with a 150-225 mM imidazole gradient. Further purification to M1Pi was carried out using a 

HiLoad 26/60 Superdex 75 prep grade column (Amersham Pharmacia Biotech) equilibrated with 

50 mM Na HEPES pH 7.4 containing 1 mM EDTA. Pooled fractions were concentrated to 30 mg 

ml-1 with Vivaspin 20 ml (5,000 MWCO PES, Vivascience), and used for crystallization without 

removal of the N-terminal histidine tag. 
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1.2.3 Crystallization 

The crystallization screen of 30 mg ml-1 M1Pi (in 50 mM Na HEPES pH 7.4 and 1 mM EDTA) 

was initially performed with Crystal Screen and Crystal Screen 2 (Hampton Research) in 96-well 

sitting-drop plates (Corning) at 293 K. The drop size was 2 μl, with protein, reservoir ratio of 1:1. 

Oval shaped crystals with maximum size of 0.15 × 0.05 × 0.02 mm were obtained using Crystal 

Screen 2 condition No.23 [100 mM MES (pH 6.5), 1.6 M ammonium sulfate, 10% (v/v) 

1,4-dioxane] within 2 weeks (Fig. 1-1A). However, the crystal diffracted with high mosaicity (1.6). 

Other small crystals appeared with Crystal Screen 2 condition No.42 [100 mM Tris (pH 8.5), 1.5 M 

ammonium sulfate, 12% (v/v) glycerol] after a month. To refine the conditions, we varied the pH, 

buffer, concentrations of protein or precipitant, and attempted the hanging-drop vapor-diffusion 

method using a 2 μl drop containing equal volumes of protein and reservoir solution suspended 

over 400 μl reservoir solution. Optimized crystallization was performed with the sitting-drop 

vapor-diffusion method at 293 K with the following: a drop (2 μl) containing equal volumes of 

protein (10 mg ml-1 M1Pi) and reservoir solution [50 mM MES, 50 mM Tris (the final pH 7.4), 

1.55 M ammonium sulfate, 5% (v/v) 1,4-dioxane, 6% (v/v) glycerol] suspended over 100 μl 

reservoir solution. Crystals suitable for diffraction with maximum size of 0.1 × 0.05 ×0.03 mm 

appeared after 1 week (Fig. 1-1B).  

 As for preparing crystals in complex with its substrate (or product), two difficulties had to 

be overcome. Firstly, the substrate MTR-1-P had to be synthesized as MTR-1-P is not 

commercially available. Secondly, the crystallization conditions included neither phosphate nor 

sulfate as these compounds are generally thought to inhibit the binding of the substrate. In order to 

solve the first problem, we synthesized MTR-1-P from S-adenosylmethionine by using an enzyme 

MtnK from B. subtilis, as reported previously (7). MTR-1-P was then rendered salt-free by 

purification (24). To overcome the second obstacle, crystallization was performed in the absence of 
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sulfate and phosphate, although we had already obtained crystals in the presence of high 

concentration of sulfate. The crystals of M1Pi complexed with its products were obtained by 

co-crystallization with the substrate 5-methylthioribose 1-phosphate (MTR-1-P). Detailed 

crystallization conditions of the product complex are as follows: drops contained a 1.6:1.4 ratio (μl) 

of a protein solution (10 mg/ml M1Pi in 50 mM Na HEPES, pH 7.4 and 1 mM EDTA, 

supplemented with 33 μM MTR-1-P) and a reservoir (0.2 M K formate and 15% (w/v) 

polyethylene glycol 3350). Crystals suitable for diffraction with maximum size of 0.25 × 0.05 

×0.05 mm appeared after 2 weeks (Fig. 1-1C). 

 

      

        

Figure 1-1 Crystals of M1Pi from B. subtilis.  
(A) Crystals of Bs-M1Pi in the initial screening (maximum dimensions  0.15 × 0.05 × 0.02 mm). 
Crystals of Bs-M1Pi in complex with a sulfate ion (B), and MTRu-1-P (C). Maximum dimensions are 
0.10 × 0.05 × 0.03 mm, and 0.25 × 0.05 ×0.05 mm, respectively. 

A B

C 
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1.2.4 X-ray data collection 

The crystals were flash-cooled in cryo-protectant containing 20% (v/v) glycerol and 2.0 M 

ammonium sulfate (for sulfate complex), 20% (v/v) glycerol (for product complex), respectively. 

For crystals in complex with a sulfate ion, the diffraction data were collected to 2.5 Å on a Rigaku 

RAXIS5 detector using synchrotron radiation of wavelength 1.0 Å at the BL38B1 beamline in 

SPring-8 (Fig. 1-2). Data collection was performed with a total oscillation range of 180°, with a 

step size of 1.0° for exposure time of 100s. Crystals belonged to the space group P41 with unit-cell 

parameters of a = b = 69.2, and c = 154.7 Å. All diffraction data were processed using the 

HKL2000 program package (25) and the CCP4 program suite (26).  

 For crystals in complex with its product, the diffraction data were collected at the 

BL44XU beamline in SPring-8. Crystals belonged to the space group P21 with the cell parameters a 

= 79.9, b = 84.4, c = 95.3, β = 92.4. Diffraction data were processed with DENZO and 

SCALEPACK from the HKL program suite (27). The crystallographic and X-ray data statistics are 

summarized in Table 1-1. 

 

1.2.5 Structure determination and Refinement 

The structure of sulfate-bound M1Pi was determined by the molecular replacement method using 

the program MOLREP (28) with a crystal structure of Ypr118w (RCSB PDB ID: 1W2W) as a 

search model. The structure of MTRu-1-P-bound M1Pi was determined by molecular replacement 

with the sulfate-bound structure. Refinement procedures for sulfate- and MTRu-1-P-bound 

structures were carried out using the program CNS (29) without non-crystallographic symmetry 

(NCS) restrains/constraints. The structures were visualized and modified using the programs O 

(Alwyn Jones, Uppsala University, Sweden), and COOT (30). The final atomic coordinates and 

structure factor amplitudes have been identified (PDB code: 2YRF for sulfate-bound M1Pi, and 
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2YVK for MTRu-1-P-bound M1Pi, respectively). The final Rwork and Rfree are 22.5 and 28.4% for 

sulfate-bound M1Pi at 2.7 Å resolution, and 21.0 and 25.5% for MTRu-1-P-bound M1Pi at 2.4 Å 

resolution, respectively. The electron density map was clear for almost the entire polypeptide of 

sulfate-bound M1Pi except for first nine and last five residues, while that of MTRu-1-P complex 

M1Pi was clear except for last five residues, which were disordered. Pro196 is in the 

cis-conformation in both structures. The stereochemical qualities of the final structures were 

assessed with programs PROCHECK (31) and WHATCHECK (32). Figures were generated by 

MOLSCRIPT (33), RASTER3D (34) and PyMOL (35), and all structural comparisons were carried 

out using the program LSQKAB (26). 

Figure 1-2 X-ray diffraction image from a sulfate ion complex M1Pi crystal 

2.5 Å 

  

- 10 - 



 

Table 1-1 Date collection and refinement statistics 

 

 Sulfate ion complex MTRu-1-P complex 

Space group P41 P21 

Unit-cell parameters (Å, ˚) a = b = 69.2, c = 154.7 a =80.0, b = 84.4, c = 95.3, β = 92.3 

Resolution range (Å) 41.4- 2.70 94.9 - 2.40  

No. of molecules per a. u.a 2 4 

VM (Å 3/dalton) 2.8  2.1 

Vsolv(%) 56 41 

No. of measured reflections 276,966 145,183 

No. of unique reflections 18,648 49,797 

I/σ(I) 24.5(3.2)b 30.1(3.1)c 

Rmerge (%)d 6.8(25.6) b 5.5(29.0) c 

Completeness (%) 94.1(76.0) b 98.4(92.7) c 

Rcryst (%) 22.5 21.0 

Rfree (%) 28.4 25.5 

Rms deviations   

 Bonds (Å) 0.011 0.007 

 Angles (˚) 2.035 1.391 
a asymmetric unit 
b Values in parentheses are for the highest resolution shell (2.80 -2.70 Å) 
c Values in parentheses are for the highest resolution shell (2.49 -2.40 Å) 
d Rmerge = Σ|I(k)-I|/ΣI(k), where I(k) is value of the kth measurement of the intensity of a reflection, I is the 
mean value of the intensity of that reflection and the summation is the over all measurements. 

 

1.3 Results 

1.3.1 Overall structure 

The crystal structure of Bs-M1Pi co-crystallized with the substrate MTR-1-P appears to be a 

product MTRu-1-P complex as explained below. Firstly, a Fo-Fc omit map apparently revealed that 

the MTRu-1-P was bound to the active site (Fig. 1-3C). Secondly, the equilibrium constant, the 

concentration ratio [MTRu-1-P]/[MTR-1-P] at the equilibrium was 6.0 (17). The crystallization 

took two weeks under low salt conditions, which is long enough to reach equilibrium. The bound 
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species was therefore considered to be the product MTRu-1-P, not the substrate. On the other hand, 

the structure of sulfate-bound Bs-M1Pi shows tight binding of a sulfate at the active site, judged by 

the electron density (Fig. 1-3D). 

 The asymmetric unit (a.u.) contains two dimers for the MTRu-1-P-bound form, while one 

dimer is found in the a.u. for the sulfate-bound form. Each complex dimer in the a.u. is related by 

non-crystallographic 2-fold symmetry. In the MTRu-1-P-complex, four subunits were structurally 

similar, and their superposition gives a root mean square deviation (rmsd) ranging from 0.42 Å to 

0.47 Å. Whereas rmsd of the two polypeptides of the sulfate-bound dimer are relatively large (with 

rmsd of 0.96 Å for 339 Cα atoms), because of a conformational difference in the solvent-exposed 

loop comprising residues 70-75 (referred to as Loop 70-75 hereafter; see Fig 1-3A). Since this 

region contacts with a neighboring molecule in the crystal, the structural difference is probably due 

to the molecular packing in the crystal. By comparing MTRu-1-P- and sulfate-bound structures, 

remarkable structural changes were not observed (rmsd of 0.62 Å for 333 Cα atoms) except for this 

loop. Therefore, we will mainly describe the crystal structure of M1Pi complexed with MTRu-1-P 

(Fig. 1-3A).  

 Similar to yeast M1Pi (Yw-M1Pi), each subunit can be divided into two domains, the 

N-terminal domain (residues 1-146) and the C-terminal domain (residues 147-353), respectively. 

The N-terminal domain folds into a three-stranded antiparallel β-sheet (β1-3) followed by 5 

α-helices (α1-5). The intermolecular contacts within the dimer involve a part of the C-terminal 

region comprising residues 187-315 (α7-9 and β5-10). Tthe buried solvent-accessible surface is 

~2300 Å2 by calculation with GRASP (36). The C-terminal domain exhibits Rossmann-fold 

(αβα-sandwich; Fig. 1-3B), which participates in the binding of MTRu-1-P.  
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Figure 1-3 Structure of Bacillus subtilis M1Pi.  
(A) Stereo view of the MTRu-1-P bound Bs-M1Pi dimer, viewed with the internal 2-fold axis in the 
perpendicular to the paper. Ribbon representation of the dimer where one subunit is colored yellow and green 
and the other subunit is cyan and pink. For the respective subunits, the yellow and cyan regions correspond to 
the N-terminal domains (residues 1-146), green and pink to the C-terminal domains (residues 147-353), 
respectively. Loop 70-75 is colored in red, which is observed as a most changeable region between MTRu-1-P- 
and sulfate-bound M1Pi structures. (B) Schematic representation of the secondary structure of Bs-M1Pi. 
β-strands (shaded in gray) are represented as arrows and α-helices as cylinders. Residue numbers are indicated 
at the start and end of each secondary structural element. The secondary structure elements were defined using  
the program DSSP . Stereo view showing MTRu-1-P (C) and sulfate (D) binding sites of Bs-M1Pi. The Fo-Fc 
omit maps of the compounds are countered at 1.5σ (blue) and 5σ (magenta) levels, respectively. The side 
chains of those residues surrounding the ligands are shown as sticks, with white and skyblue carbons 
(MTRu-1-P- and sulfate-bound forms, respectively), red oxygens, blue nitrogens, and yellow sulfurs. Water 
molecules are shown as cyan spheres. Potential hydrogen bonds are shown as orange dashed lines. 



 

1.3.2 Active site structure 

The residues involved in MTRu-1-P binding can be divided into three groups: those involved in 

forming hydrogen bonds with 1) the phosphate group of MTRu-1-P, and 2) the backbone oxygens 

or hydrogens of ribulose, and hydrophobic interactions with 3) the methylthio group (Fig. 1-4A). 

Superimposed structures of M1Pi complexed with MTRu-1-P and sulfate show that the phosphate 

group of MTRu-1-P is well-fitted onto the sulfate binding position. The side chains of Arg51, 

Arg94, Gln199 and Lys251 and backbone amide group of Gly52 form hydrogen bonds with the 

phosphate group (Fig. 1-4A). The residues involved in hydrogen bonds to carbonyl and hydroxyl 

oxygens of ribulose are listed as follows: the side chains of Asn250 and Asp240 form hydrogen 

bonds to the C2 carbonyl oxygen; the side chain of Cys160 and a water molecule interact with the 

C3 hydroxyl group; the side chain of Asp240, the backbone carbonyl group of Ala239, and the 

backbone amide group of Ala53 are hydrogen-bonded to the C4 hydroxyl group. These residues are 

absolutely conserved in the M1Pi family (Fig. 1-5). Of these residues, the side chain of Asp240 

only interacts with both C2 carbonyl and C4 hydroxyl oxygens (Fig. 1-4A). 

 The hydrophobic interaction of the methylthio group includes the side chains of Pro54, 

Ala162, Ala166, and Thr167 (Fig. 1-4A). These residues are almost conserved in all M1Pis 

structures except for Ala162, which is changed to threonine in Yw-M1Pi (Fig. 1-5). Since the 

hydrophobic interaction occurs in Cα and Cβ carbons of Ala162 of Bs-M1Pi, Thr183 of Yw-M1Pi 

will probably share similar interactions to those of Ala162 in Bs-M1Pi. 

 The thiol group of Cys160 interacts with the C1  (3.6 Å) and C2 (3.5 Å) of MTRu-1-P 

through van der Waals interaction, and also makes hydrogen bonds to the amide NH group of 

Asn161 and ε-amino group of Arg51 (Fig. 1-4B). According to a previous computational study (37), 

the hydrogen bonds between the thiol group of cysteine and the amide NH group of the main chain 

lower the pKa of the thiol group by more than 1.0 pH unit. The pKa value of Cys160 would be 
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estimated at around 7, so that the thiol group of Cys160 may be deprotonated at the optimal pH of 

M1Pi (pH 8.1) (17). Accordingly, Cys160 is likely to stabilize δ+ formed transiently during 

catalysis. The side chain of Asp240 is surrounded by the hydrophobic pocket formed by residues 

Thr96, Ala97, and Phe317 (Fig. 1-4B and Table 1-2), which are absolutely conserved in all M1Pis 

(Fig. 1-5). This hydrophobic pocket appears to restrict the rotation of the Asp240 side chain, which 

may permit a favorable interaction with the substrate (or product). In addition, a hydrophobic 

environment generally allows pKa of the carboxyl group of aspartate to increase (38-40). For 

instance, the pKa of Asp26 buried in the hydrophobic cavity in Escherichia coli thioredoxin was 

changed from 4.4 to 7.5 (40). The pKa of Asp240 is likely to be increased, which might enable 

Asp240 to play a dual role as a proton donor/acceptor. 

 

A B 

Figure 1-4 Active site structure of Bs-M1Pi  
(A) Schematic drawing of the active site structure, showing the atoms and interactions around MTRu-1-P. 
Hydrogen bonds are indicated as dashed lines with the distance in angstroms. The hydrophobic interactions are 
shown as cyan semicircles. The residues involved in the binding of the phosphate group and the backbone 
oxygens of MTRu-1-P are shown in orange and green, respectively. (B) CPK representation of nonpolar residues 
(Thr96, Ala97, and Phe317) around conserved Asp240 in M1Pi. Arg51, Cys160, Asn161, and MTRu-1-P are 
shown as a stick model.
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Figure 1-5 Sequence alignment of M1Pi-related proteins.  
The sequences are M1Pi from B. subtilis (Bs-M1Pi), yeast Ypr118w (Yw-M1Pi), M1Pi-related proteins of 
T. maritima (Tm-M1PiRP), A. fulgidus (af-M1PiRP), P. horikoshii OT3 (Ph-M1PiRP), and yeast eIF-2Bα 
(GCN3, GenBank accession no. NP_012951) and human eIF-2Bα (GenBank accession no. NP_001405) 
and. Numbers above the sequences as well as the secondary structure assignment refer to the Bs-M1Pi 
sequence. Black boxes on the sequence indicate the position of six conserved sequence motifs. The 
product MTRu-1-P ligands are marked by a red star below the sequence. Residues involved in the binding 
of the phosphate group and the backbones of MTRu-1-P are highlighted in orange and green, respectively. 
The residues involved in the hydrophobic interaction are depicted in cyan. The color code is the same as 
Figure 1-4A. The residues with different hydrogen bonding network between open (PDB code: 1T5O) and 
closed (MTRu-1-P-bound Bs-M1Pi) forms are surrounded by yellow boxes.  



 

Table 1-2 Hydrophobic interactions around Asp240 

Peptide atom Contact atom Distance (Å) 

Asp240 Oδ1 Thr96 Cβ 4.1 

   Cγ 4.1 

  C 3.9 

  Ala97 N 3.5 

   Cα 3.6 

   Cβ 3.1 

  Phe317 Cδ1 4.1 

   Cε1 3.5 

   Cζ 3.6 

 

 

 

 

 

 

 

 

1.3.3 Structural comparison with other M1Pi-related proteins 

To date, several crystal structures of M1Pi-related proteins have been identified in PDB. However, 

most of these proteins were annotated as putative translation initiation factor 2Bs (IF2Bs) or 

putative M1Pis despite the fact that there is no biochemical evidence. Although Yw-M1Pi (PDB 

code: 1W2W) has been characterized as M1Pi, M1Pi-related proteins of T. maritima (Tm-M1PiRP), 

P. horikoshii OT3 (Ph-M1PiRP), A. fulgidus (Af-M1PiRP) have been annotated as proteins of 

unknown function. A careful comparative analysis would help to predict their functions.   

 Firstly, we compared Bs-M1Pi with Yw-M1Pi as a control model. The structurally 

superimposed regions are composed of 153 amino acid residues, where the rmsd of the 

superimposed Cα atoms was calculated to be 1.0 Å. Additionally, the 13 residues in the active site 

of Yw-M1Pi are well superimposed on those of MTRu-1-P-bound Bs-M1Pi (rmsd of 0.5 Å for 33 

atoms of side chains; Fig. 1-6A). The residues involved in ligand-binding are structurally 

equivalent in both complex structures, although the bound species in the active sites are different (a 

product for M1Pi and a sulfate for Yw-M1Pi). This analysis confirms that M1Pi shares a 

structurally conserved active site despite sequence divergence (Yw-M1Pi shows 38% amino acid 

sequence identity with Bs-M1Pi). 
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   Secondly, we compared Bs-M1Pi with the Tm-M1PiRP, whose structure has been 

determined by the Midwest Center for Structural Genomics group (MCSG) and identified as a 

probable M1Pi in PDB. Structural comparison shows that rmsd of the superimposed Cα atoms was 

markedly low (1.5 Å for 322 Cα atoms). The residues involved in MTR-1-P binding are absolutely 

conserved and superimposed well onto those of Bs-M1Pi (rmsd of 0.7 Å for 33 side chains; Fig. 

1-6A), suggesting that this protein is probably M1Pi.  

 On the other hand, Ph-M1PiRP seems to differ from these proteins. Although the structure 

can be superimposed onto Bs-M1Pi (rmsd of 1.7 Å for 222 Cα atoms) and the sequence identity is 

high (32%), the protein lacks residues involved in MTRu-1-P binding (Fig. 1-5). In addition, the 

corresponding residues in the active site are structurally rather different compared to M1Pi (Fig. 

1-6B). These observations suggest that Ph-M1PiRP is not M1Pi, but probably a translational 

initiation factor. Finally, we have noticed that the crystal structure of Af-M1PiRP had a remarkable 

structural difference (rmsd of 2.2 Å for 310 Cα atoms) despite the absolute conservation of residues 

forming the active site (see Fig. 1-5). This Af-M1PiRP had been annotated by the New York 

Structural Genomics Research Consortium (NYSGRC), as a putative protein of unknown function.  

 It should be noted that the N-terminal and C-terminal domains of Bs-M1Pi and 

Af-M1PiRP can fit well separately (rmsd of 1.3 Å for 107 Cα atoms of N-terminal and 1.2 Å for 

216 Cα atoms of C-terminal domains, respectively). The active site residues of each domain are 

also well-superimposed (rmsd values are 0.7 Å for all atoms of the active-site residues of 

N-terminal domain and 0.4 Å for those of C-terminal domain, respectively; Figs. 1-6C and 1-6D). 

These structural congruencies suggest mechanistic hypothesis, as described below. 
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Figure 1-6 Structural comparison around the active site of M1Pi with M1Pi-related proteins.  
(A) Comparison of the active sites of the Bs-M1Pi (green), yeast Ypr118w (magenta) and Tm-M1PiRP 
(yellow). The residues are shown as sticks, together with ribbon representation (grey). MTRu-1-P is shown in 
ball-and-stick representation (green transparent). Residue numbers are shown in Bs-M1Pi numbering. (B) 
Superposition of the active site residues in Bs-M1Pi (green) onto those of Ph-M1PiRP (orange). The amino 
acid residues are shown in Bs-M1Pi numbering / Ph-M1PiRP numbering. (C) Superposition of the active site 
residues in the N-terminal domain. The residues of Bs-M1Pi and Af-M1PiRP are shown in green and cyan, 
respectively. (D)  Superposition of the active site residues in the C-terminal domain. The color code is the 
same as (C).  



 

1.3.4 Open/closed conformational transition of M1Pi 

The structure of Bs-M1Pi shows that the active site is completely shielded from the solvent region 

(Fig. 1-7A). On the other hand, Af-M1PiRP shows that the active site residues are highly exposed 

to solvent, which is probably ready to bind the substrate (or product) (Fig. 1-7B). When the 

conformations of MTRu-1-P bound Bs-M1Pi and unliganded Af-M1PiRP are compared by 

program DynDom (41), the following results were obtained. (i) The conformational changes can be 

described as the rigid body movement of two domains (rotation of 21°) (Fig. 1-7C). (ii) The 

identified two rigid domains are composed of residues 1-137 and residues 138-343, which roughly 

correspond to N- and C-terminal domains, respectively. (iii) The ‘bending residues’ between the 

two domains are 11 to 53, 55-56, 60-134, and 137-137, which include two phosphate binding 

residues (Arg51 and Lys94) in the active site. It would suggest the flexibility of active site 

composed of N-terminal domain. It is thus tempting to speculate that the open/closed domain 

motion might occur upon substrate binding, since the crystal structures of Af-M1PiRP and 

Bs-M1Pi shows apo and holo (MTRu-1-P-bound) forms, respectively. Structural comparison shows 

that the water molecules in the active site are excluded upon substrate binding and the remarkable 

conformational change is observed in loop 93-98 (Fig. 1-7D). The entropically favorable binding 

could be coupled to the exclusion of hydrophobic hydration. For instance, the colicin E9 

endonuclease (E9 DNase)-immunity (Im) protein binding takes the form of rigid-body rotations 

and is driven through the loss of hydration (42). The changes in heat accompanying the complex 

binding was measured by using ITC, which shows the Im binding to the E9 DNase is entropically 

favored. Thus, MTRu-1-P-bound form of Bs-M1Pi appears to be tightly packed active-site, 

suggesting that the exclusion of water molecules from the active-site seems to stabilize entropically 

the active-site in the closed conformation.  

 As for the conformational change, loop 93-98 corresponds to one of the highest conserved 
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motifs among the M1Pis family (Fig. 1-5). The side chain of Arg94 on this loop participates 

directly in binding of the phosphate group of MTRu-1-P. This ion pair seems to lead the 

rearrangement of the loop 93-98 and the backbone shifts of approximately 8 Å (bottom arrow in 

Fig. 1-7D). Upon this conformational change, the side chain of Glu290, which originally interacted 

with Arg292, is also conformationally changed (top left arrow in Fig. 1-7D) to interact with the side 

chain of Arg94. At the same time, the conformational change of the side chain of Arg292 was also 

induced to interact with the backbone carbonyl of Val46 (top right arrow in Fig. 1-7D). Val46 is 

located at the C-terminus of α-1 helix; therefore, the side chain of Arg292 is positioned at the 

negative pole of theα-1 helix, which seems to stabilize the closed conformation. The residues 

involved in the rearrangements as described above are absolutely conserved in all M1Pis, except 

for Val46 (Fig. 1-5). Therefore, the substrate binding is likely to induce the large conformational 

changes of N- and C-terminal domains and the exclusion of water molecules from the active-site as 

well as the rearrangement of the hydrogen bond network around the loops 93-98 and 290-294 to 

stabilize the closed state of the enzyme. 
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Figure 1-7 Structural comparison of Bs-M1Pi with Af-M1PiRP.  
Molecular surfaces of Bs-M1Pi (A) and Af-M1PiRP (B) are shown in green and cyan. The residues 
involving MTRu-1-P recognition are colored in yellow. The arrow in (B) indicates the modeled MTRu-1-P, 
which suggest the opening of the catalytic site in the Af-M1PiRP structure. (C) Superposition of the 
C-terminal domain of Bs-M1Pi onto that of Af-M1PiRP; α-helices are shown in a cylinder representation. 
The N-terminal and the C-terminal domains of Bs-M1Pi are shown in light green and green, while those of 
Af-M1PiRP are shown in light blue and blue, respectively. (D) An enlarged view of the detailed hydrogen 
bond network. The color code is the same as (C). Dashed lines indicate hydrogen bonds. 
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1.4 Discussion 

M1Pi belongs to the class of aldose-ketose isomerases, which catalyzes the isomerization of its 

cyclic substrate (7). In this case, the reaction mechanism can be proposed that involves the sugar 

ring opening followed by hydrogen transfer between C1 and C2 of the substrate. 

 Distinct from the substrates of other aldose-ketose isomerases (that normally possess 

hydroxyl groups on the cyclic C1), MTR-1-P has a phosphate group on the corresponding C1 

position. Due to the electrophilicity of the phosphate group, the sugar ring of MTR-1-P would be 

much more chemically stable than the ordinary substrates possessing hydroxyl groups. The sugar 

ring opening of MTR-1-P probably requires an enzymatic mechanism. Aldose-ketose isomerase 

catalyzes the hydrogen transfer via two possible mechanisms: 1) enediol or 2) hydride transfer 

mechanisms (11). M1Pi possesses the hydride transfer mechanism in the absence of any divalent 

metal ions.  

 At the first step, the positively charged region composed of the side chains of Arg51, 

Arg94 and Lys251 participates in binding of the phosphate group of the substrate, forming a 

Michaelis complex. Simultaneously, a remarkable conformational change of the N- and C-terminal 

domains will be induced upon the substrate binding as described above, so that the pocket would be 

sequestered from the solvent region.  In the second step, the sugar ring opening is catalyzed by 

donating a proton to the ring oxygen of the substrate MTR-1-P. As described above, the side chain 

of Asp240 is expected to play a role as either a donor or an acceptor (Fig. 1-8). Compared to xylose 

isomerase (XI) (43, 44), the side chain of Asp240 superimposes well on the catalytic water 

molecule of XI, which mediates proton transfer between O1 and O2 in XI. In the similar way, 

Asp240 would accept a proton from the O2 of MTR-1-P by the nucleophilic attack and donate a 

proton to the ring oxygen (in the MTR-1-P to MTRu-1-P direction) to promote the ring opening 

step of catalysis. Then, the deprotonated Cys160 probably stabilizes the positive charge generated 
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on C1. At the end of this step, the hydride on C2 transfers to C1 accompanying the electron flow 

from O2 toward C2 to form a carbonyl double bond and then yields the product MTRu-1-P (Fig. 

1-9).  

 
Figure 1-8 Substrate MTR-1-P binding model of Bs-M1Pi in the active site. 
Hydrogen bonds are shown as orange dashed lines. Residues involved in the recognition of MTR-1-P are 
colored in white as sticks.

 

 

 

 

 

 

 

 

  
Figure 1-9 Proposed reaction mechanisms of M1Pi.  
Proposed catalytic mechanism of the 1,2-hydride shift reaction of M1Pi based on the crystal structure of 
its product complex. The amino acid residues are shown in Bs-M1Pi numbering. D240 accepts a proton 
from the O2 of MTR-1-P by the nucleophilic attack and donates a proton to the ring oxygen of the 
substrate MTR-1-P. C1 is likely to become a carbocation intermediate. 
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Chapter II 

Crystal structure of the apo form of 2,3-diketo-5-methylthiopentyl-1- 

phosphate enolase from Bacillus subtilis 

 

2.1 Introduction  

D-Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO; EC 4.1.1.39) catalyzes the 

carboxylase reaction that fixes CO2 on a five-carbon sugar phosphate, D-ribulose-1,5-bisphosphate 

(RuBP), to produce two molecules of 3-phosphoglycerate (3PGA) (Scheme 2-1A) (45, 46). 

RuBisCO is the key enzyme on the initial step of photosynthetic CO2 assimilation in the Calvin 

cycle. Nevertheless, RuBisCO has two major enzymatic defects; the carboxylation reaction is 

extremely slow (kcat = 3–4-1) (47), and RuBisCO catalyzes an oxygenase reaction that fixes O2 into 

RuBP, which competes with the carboxylase reaction (45, 46). Therefore, the photosynthetic CO2 

assimilation rate in plants can be limited by RuBisCO (48, 49). In order to overcome these 

disadvantages, plants manage to perform large amounts of RuBisCO protein. Indeed, RuBisCO 

protein constitutes ~50% of the soluble proteins in plant leaves and is the most abundant protein on 

the earth (50). To date, detailed discussions of several aspects of RuBisCO research are available; 

however, it has not yet contributed to create super RuBisCO with a high CO2 fixation and a low O2 

affinity. Therefore, we have been interested in the molecular evolution of RuBisCO.  

 Based on the amino acid sequences and structures, RuBisCO is classified into three forms, 

referred to as Forms I, II, and III, and all RuBisCO in these groups catalyze both carboxylase and 

oxygenase reactions. Structures of Form I RuBisCOs have been extensively studied for various 

forms (Fig. 2-1): apo, decarbamylated form (E) (51, 52), carbamylated form complexed with Mg2+ 

(ECM) (53, 54), decarbamylated form complexed with PO4
3-/SO4

2- (E-PO4
3-/SO4

2-) (55-58), 

decarbamylated form complexed with RuBP/4CABP/XuBP (E-RuBP/4CABP/XuBP) (59-62), and 
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carbamylated form complexed with Mg2+ and RuBP/2CABP (ECM-RuBP/2CABP) (63-69). Two 

flexible loops, called loop-6 and 60's loop, have been observed to partition between "open" and 

"closed" conformations (55, 70, 71), that determine the solvent accessibility of the active site (72). 

Various RuBisCO structures have given at least three structural combinations of the two loops: both 

of loop-6 and 60’s loop in open conformations observed in the E- and E-PO4
3-/SO4

2--forms, both in 

closed conformations observed in the E-RuBP/4CABP/XuBP- and ECM-RuBP/2CABP-forms, and 

loop-6 in an open conformation and 60's loop in a closed conformation observed in the ECM-form. 

An exception has been found in the E-SO4
2--form of Form I RuBisCO from a red algae, Galdieria 

partita, which exhibits a high specificity for CO2 fixation, adopts loop-6 in a closed conformation 

and 60's loop in an open conformation (58) .  

 
  

 

 

B 

A 

 

 

Scheme 2-1 (A) Carboxylation reaction catalyzed by RuBisCO. (B)  Enolization reaction 
catalyzed by 2,3-diketo-5-methylthiopentyl-1-phosphate enolase. 
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Figure 2-1 Activation mechanism of RuBisCO. 

 Many genome projects have revealed that proteins having homology to large subunits of 

RuBisCO may be present in bacteria, including Bacillus subtilis (73). These RuBisCO homologues 

are called RuBisCO-like proteins (RLPs), because they catalyze neither carboxylation nor 

oxygenation (7, 74, 75). Phylogenetic analysis indicates that RLPs may be further classified into at 

least three groups (RLP-α, β, and γ) (76, 77). More recently, the biological functions and structures 

of RLPs have become available. RLPs from B. subtilis (Bs), Geobacillus kaustophilus (Gk), and 

Microcystis aeruginosa (Ma), all of which belong to RLP-α, have been characterized as 

2,3-diketo-5-methylthiopentyl-1-phosphate enolase (DK-MTP-1P enolase) (7, 10, 78). 

DK-MTP-1P enolase catalyzes enolization of 2,3-diketo-5-methylthiopentyl-1-phosphate

（DK-MTP-1P）(Scheme 2-1B) and functions in the methionine salvage pathway, which salvages 

methionine from methylthioadenosine (79). Another RLP from Rhodospirillum rubrum, which also 

belongs to RLP-α, has been identified as 5-methylthio-D-ribulose-1-phosphate isomerase in a new, 

as-yet-uncharacterized, pathway for sulfur salvage (80). The molecular functions of the other RLPs 
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remain unknown, although the crystal structures have been solved for RLPs from Chlorobium 

tepidum and Rhodopseudomonas palustris, both of which belong to RLP-γ (81, 82).   

 Imker et al. have reported the crystal structures of four different forms of 

Gk-DK-MTP-1P enolase (60% sequence identity with Bs-DK-MTP-1P enolase) (10): PO4
3--bound 

decarbamylated form (E-PO4
3-; PDB code: 2OEJ), carbamylated (activated) form complexed with 

Mg2+ (ECM; PDB code: 2OEK), carbamylated form complexed with Mg2+ and bicarbonate 

(ECM-HCO3
-; PDB code: 2OEL), and carbamylated form complexed with Mg2+ and alternate 

substrate 2,3-diketohexane-1-phosphate (DK-H-1P) (ECM-substrate; PDB code: 2OEM). Based on 

these structural and biochemical studies (10), the enzyme is activated via carbamylation of Lys173 

(equivalent to Lys201 in RuBisCO) at the active site and coordination with Mg2+. DK-MTP-1P 

enolase is therefore considered to share the same activation mechanism as RuBisCO (83-87). 

Mutagenesis studies have demonstrated that Gk-DK-MTP-1P enolase utilizes the Nζ atom of 

Lys98 (Lys101 in B. subtilis) as a catalytic base to abstract the 1-proS proton on C1 of DK-MTP-1P 

(10). Because a residue equivalent to Lys98 is substituted by Asn in Forms I-III RuBisCO (see 

position 123 in Fig. 2-5), proton abstraction of DK-MTP-1P enolase is achieved by a different base 

from that of RuBisCO. As for the open-closed transition of loop-6 and 60's loop, the E-PO4
3--form 

of Gk-DK-MTP-1P enolase adopts both loop-6 and 60's loop in open conformations, while the 

other three forms (ECM, ECM-HCO3
-, and ECM-substrate) adopt loop-6 in a closed and 60’s loop 

in an open conformations. Whereas the structures of each form (E, ECM, and ECM-ligand) of 

RuBisCOs are available so far, the crystal structure of the apo, decarbamylated form (E) of 

DK-MTP-1P enolase remains unknown. If the structural information of the E-form of DK-MTP-1P 

enolase is available, dynamic events that occur in the discrete catalytic steps will be elucidated. In 

addition, the structure comparison with RuBisCO in the same enzymatic state allow to clarify 

structurally consistency in DK-MTP-1P enolase and RuBisCO, which may provide clues about 
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functional and evolutionary relationships between RLP and RuBisCO.   

 Here, we present the crystal structure of the E-form of Bs-DK-MTP-1P enolase. In the 

structure, the conformation of Lys150 (equivalent to Lys175 in RuBisCO） differs particularly 

from those of the other forms of Gk-DK-MTP-1P enolase. This unique conformational change is 

accompanied by changes in the φ and Ψ angles of Gly151, which is conserved in the sequences of 

Bs- and Gk- DK-MTP-1P enolases. Unlike the E-form of RuBisCO, in the E-form of DK-MTP-1P 

enolase, the loop at 299–311 (equivalent to loop-6 in RuBisCO), is in a closed conformation; and 

the loop at 37–46 (equivalent to 60’s loop) is positioned about 15 Å apart from the active site. 

These structure features provide insights into potential functional alternations of RLP and 

RuBisCO. 

  

2.2 Materials and Methods   

2.2.1 Cloning and Expression of Bs-DK-MTP-1P enolase 

The full-length DK-MTP-1P enolase (mtnW) gene was amplified from genomic DNA by PCR, 

which was performed with the following forward and reverse primers: 

5’-GAGCTCTCATATGAGTGAGTGAGTTATTAG-3’ and 5’-GCGGATCCTCATACGGCTT C-3’. 

Because of the presence of an NdeI site in mtnW, full-length mtnW was subcloned in pBC 

(Stratagene), and then digested partially with NdeI before a digestion with BamHI. The fragments 

were ligated at NdeI/BamHI site of pET15b (Novagen). The resulting recombinant protein consists 

of the DK-MTP-1P enolase sequence with extra 20 residues (MGSSHHHHHHSSGLVPRGSH) at 

the N-terminus containing the 6× His-tag and a thrombin cleavage site. E. coli strain BL21 (DE3) 

cells harbouring the DK-MTP-1P enolase expression plasmid were grown for 8 h in LB medium 

containing 50μg ml-1 ampicillin at 310 K. The cells were grown for a further 16 h at 303 K. The 

cells were then harvested by centrifugation at 6000g for 30 min. The cell pellet was resuspended in 
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buffer A (50 mM Na HEPES pH 7.4, 500 mM NaCl, 10mM Imidazole and 10 mM 

2-mercaptoethanol) containing 1 mM PMSF, then disrupted by a French Press. 

   

2.2.2 Purification  

The disrupted cells were centrifuged at 400 000g at 277 K for 30 min. The supernatant was loaded 

onto a 5ml HiTrap Chelating column (GE Healthcare Biosciences) equilibrated with buffer A. The 

unbound proteins were flushed with buffer A. DK-MTP-1P enolase with the N-terminal histidine 

tag was eluted with a 215-300 mM imidazole gradient. Further purification to DK-MTP-1P enolase 

was carried out using a gel-filtration chromatography column (HiLoad 26/60 Superdex 200 prep 

grade, GE Healthcare Biosciences) equilibrated with buffer B (50 mM Na HEPES pH 7.4, 500 mM 

NaCl, 10 mM DTT, and 1 mM EDTA). Pooled fractions were concentrated to 10 mg ml-1 with 

Vivaspin 20 ml (10 kDa cutoff, Vivascience), and used for crystallization without removal of the 

N-terminal histidine tag. The protein concentration was determined by measuring the absorbance at 

280 nm with a calculated molar absorption coefficient of 23 080 M-1 cm-1 (88). Recombinant 

DK-MTP-1P enolase from B. subtilis was successfully expressed and purified to homogeneity. The 

purity was checked by SDS-PAGE analysis (Fig.2-2).  

 
 

Figure 2-2 SDS-PAGE analysis of purified B. subtilis DK-MTP-1P enolase. 
Maker, molecular weight markers (kDa). Lane 1, purified B. subtilis DK-MTP-1P enolase for 
crystallization. 
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2.2.3 Crystallization 

The crystallization screen of 10 mg ml-1 DK-MTP-1P enolase in buffer B was initially performed 

with PEG/ion Screen (Hampton Research) by using the hanging-drop vapor diffusion method at 

293 K. The drop size was 2μl, with protein, reservoir solution ratio of 1:1. Crystals with maximum 

size of 0.1 × 0.05 × 0.05 mm were obtained using PEG/ion Screen condition No.13 [200 mM 

Sodium Thiocyanate, 20% (w/v) PEG3350] within a week. To refine the conditions, we varied the 

pH and concentrations of protein, salt, or precipitant. Optimized crystallization was performed with 

the hanging-drop vapor-diffusion method at 293 K with the following: a drop (2μl) containing 

equal volumes of protein (10 mg ml-1 DK-MTP-1P enolase) and reservoir solution [140 mM 

Sodium Thiocyanate, 21% (w/v) PEG3350] suspended over 300μl reservoir solution. Crystals 

suitable for diffraction appeared after five days (Fig. 2-3).  

 
 

Figure 2-3 Crystal of B. subtilis DK-MTP-1P enolase. (Maximum size: 0.1 × 0.15 × 0.3 mm.) 

2.2.4 X-ray data collection  

The crystals were soaked for a few seconds in reservoir solution containing 10% (v/v) glycerol. 

Flash-cooled crystals were then mounted into the nitrogen stream at 100 K. The X-ray diffraction 

data were collected to 2.3 Å resolution on a DIP-6040 detector (Bruker-AXS) using synchrotron 

radiation of wavelength 1.0 Å at the BL44XU beamline in SPring-8 (Fig. 2-4). Data collection  

was performed with a total oscillation range of 220°, with a step size of 1.0° and an exposure time 
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of 10 sec per frame. Crystals belonged to the space group P21 based on the systematic absences, 

with the cell parameters a = 79.3, b = 91.5, c = 107.0, β = 90.8. The crystallographic and X-ray 

data statistics are summarized in Table 2-1. The value of the Matthews coefficient is 2.2 Å3 Da-1 for 

the four monomers in the asymmetric unit, corresponding to a solvent content of 43%, a typical 

value for protein crystals (89). The self-rotation function at χ = 180° was calculated in the 15-3.5 Å 

resolution range with an integration radius of 40 Å (POLARRFN; (90)). The result indicates the 

existence of pseudo orthorhombic symmetry at (θ φ χ) = (90.3, 180, 180°) and (0.3, 180, 180°). The 

peak intensity with respect to the crystallographic axis was 64.4%. All diffraction data were 

processed using the MOSFLM program (91) and the CCP4 program suite (90). 

 

Figure 2-4 X-ray diffraction image from a B. subtilis DK-MTP-1P enolase crystal. 

2.2.5 Structure determination and Refinement 

Structure determination was performed by molecular replacement using MOLREP v.7.3 (92) from 

the CCP4 v.6.0 software suite (90). A dimer of DK-MTP-1P enolase structure of G. kaustophilus 

(PDB code: 2OEK) was used as a search model. The results of molecular replacement suggest 

these crystals contain two independent dimers per asymmetric unit. Refinement procedures for 
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Bs-DK-MTP-1P enolase was carried out using the program CNS (29) without non-crystallographic 

symmetry (NCS) restrains/constraints. The structures were visualized and modified using the 

programs O (Alwyn Jones, Uppsala University, Sweden), and COOT (30). The final Rwork and Rfree 

are 20.1 and 24.2% for the E-from of Bs-DK-MTP-1P enolase at 2.3 Å resolution. The electron 

density map was clear for almost the entire polypeptide of Bs-DK-MTP-1P enolase. The 

stereochemical qualities of the final structures were assessed with programs PROCHECK (31). 

Figures were generated by MOLSCRIPT (33) and RASTER3D (34) , and all structural 

comparisons were carried out using the program LSQKAB (90). 

 

Table 2-1  Date collection and refinement statistics  
Values in parentheses are for the highest resolution shell (2.42 -2.30 Å) 

 The apo, decarbamylated form 

Beamline SPring-8 BL44XU 
Space group P21 

Unit-cell parameters (Å, ˚) a = 79.3, b = 91.5, c = 107.0, β = 90.8 
Resolution range (Å) 30.5 - 2.30 
No. of molecules per  
asymmetric unit 

4 

VM (Å3/dalton) 2.2 
Vsolv (%) 43 
No. of measured reflections 259,484 
No. of unique reflections 64,719 
I/σ(I)  7.2 (2.4) 
Rmerge (%)+ 8.4 (27.3) 
Completeness (%) 95.0 (95.3) 
Rwork (%) 20.1 
Rfree (%) 24.2 
Rms deviations  

  Bonds (Å) 0.006 

  Angles (˚) 1.4 
Ramachandran statistics, residues in 
  Most facvoured region (%) 88.1 
  Additionally allowed region (%) 11.3 
  Generally allowed region (%) 0.6 
  Disallowed region (%) 0.0 
 

+ Rmerge = Σ|I(k)-I|/ΣI(k), where I(k) is value of the kth measurement of the intensity of a reflection, 
I is the mean value of the intensity of that reflection and the summation is the over all 
measurements. 
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Figure 2-5 Sequence alignment of Bacillus subtilis DK-MTP-1P enolase and homologous proteins.  
The sequences are five RLPs of B. subtilis (NP_389242), Geobacillus kaustophilus (YP_146806), Microcystis 
aeruginosa PCC 7806 (CAJ43366), Rhodopseudomonas palustris (NP_947514) and Chlorobium tepidum 
(NP_662651) and four RuBisCOs of Pyrococcus horikoshii OT3 (Form III; NP_142861.1), Rhodospirillum 
rubrum (Form II; YP_427487), tobacco (Form I; NP_054507), and spinach (Form I; NP_054944). Numbers 
above the sequences as well as the secondary structure assignments refer to those of Bs-DK-MTP-1P enolase. 
The secondary structures of α-helices, β-strands and 310-helices are denoted by the Greek characters, α, β and η, 
respectively. The fully conserved residues are highlighted in red boxes and the red amino acid residues are 
moderately conserved. The deletion region between β-2 and β-1 is highlighted with an orange box. 60's loop 
and loop-6 are highlighted in magenta and cyan boxes, respectively. Numbers below the sequences refer to 
those of spinach RuBisCO and are used as a general position. The residues involved in the substrate binding 
and catalytic activity of RuBisCO are marked by green triangles. In Bs-DK-MTP-1P enolase, some key 
residues described in the text, are highlighted in yellow. 
 



 

2.3 Results and Discussion 

2.3.1 Overall structure 

The final model of the apo, decarbamylated form (E) of Bs-DK-MTP-1P enolase contains two 

dimers in the asymmetric unit of the crystal (residues 11–410 except for 23–24 and 67–69 for chain 

A, residues 11–66 and 72–411 for chain B, residues 11–39, 48–66, and 73–409 for chain C, 

residues 11–36, 46–67, and 73–413 for chain D, Fig. 2-6A). Each polypeptide can be superimposed 

with an rms deviation of 0.48 to 0.97 Å for their Cα atoms. The alternative structures of individual 

polypeptides arise from differences in the crystal-packing environment. The structure of 

Bs-DK-MTP-1P enolase resembles those of four forms of Gk-DK-MTP-1P enolase (rms deviation 

of 0.59 to 0.87 Å), except for the insertion of an N-terminus (residues 1–9), a deletion between 

residues 65–72 (Figs. 2-5, 2-6B and 2-7A), and a few residues at the active site, as we discuss 

below. These insertions and deletions are between secondary structure elements and are presumably 

not implicated in catalysis. In analogy with Gk-DK-MTP-1P enolase, the active sites are located at 

the interface between a C-terminus of (β/α)8-barrel and an N-terminal domain of the neighboring 

subunit within the dimer (2-6A). The active site is composed of a glycine-rich region for a 

phosphate binding (Gly339, Gly362, and Gly363), a positively charged residue (His267) and 

hydrophobic residues (Pro268 and Leu301), which are also structurally conserved in 

Gk-DK-MTP-1P enolase (10).  

 

2.3.2 Structural comparison with homologous proteins 

In the same order as the sequence conservations, the structure of Bs-DK-MTP-1P enolase most 

closely resembles those of the other groups' RLPs (25~60% sequence identity) and Form III 

RuBisCOs (~30% sequence identity), and resembles those of Form I (~23% sequence identity) and 

Form II (~23% sequence identity) RuBisCOs to some degree (Fig. 2-9). E-form RLPs from C. 
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tepidum (PDB code: 1YKW) and R. palustris (PDB code: 2QYG), both of which belong to RLP-γ, 

can be superimposed with rmsd of 2.2 and 2.3 Å for their 367 and 378 Cα atoms, except for their 

insertions at the N-terminus and the loop between β-2 and β-1. The rmsd between Bs-DK-MTP-1P 

enolase and two forms (E; PDB code: 2CWX and E-SO4
2-; PDB code: 2D69) of Form III RuBisCO 

from Pyrococcus horikoshii OT3 are both 2.3 Å for their 380 Cα atoms (Fig. 2-7B). The rmsd 

between Bs-DK-MTP-1P enolase and three forms (E; PDB code: 1RLD, ECM; PDB code: 1AUS, 

and ECM-2CABP; PDB code: 8RUC) of Form I RuBisCO from tobacco or spinach are 2.7 to 3.0 

Å for their 377 Cα atoms (Fig. 2-7D); the rmsd between Bs-DK-MTP-1P enolase and three forms 

(E; PDB code: 5RUB, ECM; PDB code: 2RUS and ECM-RuBP; PDB code: 9RUB) of Form II 

RuBisCO from R. rubrum are 3.3 to 3.5 Å for their 352 Cα atoms (Fig. 2-7C). 

Figure 2-6 Structural comparison of DK-MTP-1P enolase  
(A) Dimer structure of Bs-DK-MTP-1P enolase. Each monomer is colored in blue and gray, respectively. (B) 
Monomer structure of Bs-DK-MTP-1P enolase. The monomer can be divided into two domains: an 
N-terminal domain (residues 1-143) and a C-terminal (β/α)8-barrel domain (residues 144-414), respectively. 
Loop-6 and 60's loop are colored in cyan and magenta, respectively.  
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Figure 2-7 Structural comparisons of DK-MTP-1P enolase and RuBisCO.  
(A) Superposition of the α-carbon backbones of Bs- (blue) and Gk- (dark cyan; PDB code: 2OEM) 
DK-MTP-1P enolases (Form IV). The deletion or insertion region is shown as a cartoon diagram. 
Monomer structures of RuBisCO from P. horikoshii OT3 (B; Form III), and R. rubrum (C; Form II). (D) 
Monomer structure of RuBisCO from spinach (PDB code: 8RUC) (Form I). An N-terminal extension, 
which lacks in DK-MTP-1P enolase, is colored in blue. Loop-6 and 60's loop are colored in cyan and 
magenta, respectively.

2.3.3 Induced fit of Lys150 to the active site 

In DK-MTP-1P enolase, the substrate binding appears to undergo an induced fit of Lys150 at the 

active site. Lys150 (at position 175 in Fig. 2-5) is completely conserved among Forms I-III of 

RuBisCOs and RLPs, and is a key residue to participate in binding to the 1-phosphate group of the 

substrate during catalysis (Figs. 2-8A and 2-8B). The side chains of Lys150 exhibit a disordered 

conformation in chains B and C, but they are ordered in chains A and D, pointing toward a water 

molecule in the solvent region (Fig.s 2-8C and 2-8D). In the latter case, both the main chain N 

atom of Lys150 and the main chain O atom of Gly151 form hydrogen bonds with the side chain of 

Gln163 (Table 2-2). It undergoes a flip of the main chain carbonyl group of Lys150, thus giving an 

opposite orientation of the Lys150 side chain to the active site (Figs. 2-8A and 2-8C). Upon this 

conformational change, the active site prior to substrate binding becomes solvent accessible.  

 Meanwhile, in the ECM-, ECM-HCO3
--, and ECM-substrate-forms of Gk-DK-MTP-1P 

enolase, both of the main chain N and C atoms of Lys147 (Lys150 in B. subtilis) form 
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water-mediated hydrogen bonds to the side chain of Glu160 (Gln163 in B. subtilis), resulting in the 

side chain of Lys147 lying inside the active site (Fig. 2-8A and Table 2-2). This conformational 

change of Lys150 side chain, depending on the enzymatic states, is induced by changes in the φ 

(-153 to +58 degrees) and Ψ (+67 to +38 degree) angles of Gly151 (at position 176 in Fig. 2-5). 

Because this Gly is conserved in Bs- and Gk-DK-MTP-1P enolases (but not in Ma-DK-MTP-1P 

enolase), the conformational change might be the common event in Bs- and Gk-DK-MTP-1P 

enolases.  

 Such a dynamic conformational change of Lys175 (Lys150 in B. subtilis) has never been 

observed in the structures of various forms of RuBisCOs (Fig. 2-8B). One reason for this different 

behavior of RuBisCO may come from Pro176 conserved in RuBisCOs (at the same position as 

Gly151 in B. subtilis). Pro must impose the rigid constraints on its φ and Ψ angles; indeed, the two 

angles of Pro176 are virtually invariant (φ (-74 to -64 degrees) and Ψ (+151 to +158 degrees)) in 

the distinct states of RuBisCOs. Another reason could be highly conserved Thr71 (or Ser71) at the 

carboxyl end of 60’s loop in RuBisCOs. In RuBisCOs from spinach and tobacco, the side chain of 

Thr71 interacts with carbonyl group of Lys175, which must stabilize the conformation of Lys175 

(Table 2-2). Such an interaction is not observed in DK-MTP-1P enolase, because DK-MTP-1P 

enolase lacks the same Thr (or Ser) and the loop at 37–46 (equivalent to 60’s loop in RuBisCO) is 

located 15 Å apart from the active site. Exceptions are found in some Form III RuBisCOs, which 

do not conserve the Thr or Ser at the position 71 (e.g. P. horikoshii RuBisCO). However, in that 

case, Lys175 is sandwiched between Pro174 and Pro176, both of which are conserved in their 

sequences (e.g. P. horikoshii, see position 174 and 176 in Fig.2-5). The two Pro residues perhaps 

contribute to the conformational rigidity of Lys175. Thus, the difference on the primary and tertiary 

structures between RLP and RuBisCO is likely to affect the structural property of Lys175, which 

may reflect the functional alternation of RLP and RuBisCO.    
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Figure 2-8 Active site structures of DK-MTP-1P enolase and RuBisCO. 
(A) The inactivated form (E) of Bs-DK-MTP-1P enolase is colored in blue. The activated unliganded form (ECM) 
of Gk-DK-MTP-1P enolase (PDB code: 2OEK) is in yellow and it is bound to the alternate substrate 2, 
3-diketohexane-1-phosphate (DK-H-1P) (ECM-substrate; PDB code: 2OEM) that is in magenta. The structures are 
superimposed via their (β/α)8-barrel domains. The side chains of residues involved in conformational change are 
shown as stick, with oxygen in red and nitrogen in dark blue. The water molecules, which is involved in the 
conformational change of Lys150 (Lys147 in G. kaustophilus) are shown as CPK in the same color as each form. 
Hydrogen bonds are shown as dashed lines and colored as well as each form. (B) The E-form of tobacco RuBisCO 
(PDB code: 1RLD) is colored in blue. The ECM-form of spinach RuBisCO (PDB code: 1AUS) is in yellow, and it 
is bound to transition state analogue 2-carbox-D-arabinitol-1,5-bisphosphate (2CABP) (ECM-2CABP; PDB code: 
8RUC) that is in magenta. 60's loops from the opposite monomers are shown as green line representations. The 
ligands and residues are colored in the same as in (A). Enlarged view and the electron density around Lys150 for 
chains A (C) and C (S). The Fo-Fc omit maps of Lys150 is countered at 2.5σ level (colored in magenta). Hydrogen 
bonds are shown as orange dashed lines with the lengths indicated [Å].  



 

 Table 2-2 Hydrogen bonds involved in Lys150 (Lys175 in RuBisCO) 

 DK-MTP-1P enolase RuBisCO 

Active state Interacting atoms Distance (Å) Interacting atoms Distance (Å) 

E Lys150      N Gln163  Oε1 2.7 Lys175    O Thr71  O 2.6 

             Nζ Water1 3.6               

ECM Lys147 (150) N Water2 2.7 Lys175    O Thr71  Oγ1 2.4 

             O Water2 3.1                

              Nζ Water3 3.5              

ECM-ligand Lys147 (150) N Water2 3.1 Lys175    O Thr71  Oγ1 2.6 

             O Water2 2.9           Nζ CABP O1 3.4 

             Nζ Substrate O1 3.3  CABP O2 3.2 

  Substrate O2 2.9    

 

 

2.3.4 Open/closed conformational changes of loop-6 and 60's loop 

As described above, RuBisCO adopts an open or a closed conformation accompanied by large 

structural change of loop-6 and 60’s loop. Although DK-MTP-1P enolases have the equivalent two 

loops, the strong correlations between the conformations of two loops and the activation or binding 

states are not seen in Bs- and Gk-DK-MTP-1P enolases. Loop-6 and 60’s loop of the E-PO4
3--form 

of Gk-DK-MTP-1P enolase are both in open conformations, while the E-form of Bs-DK-MTP-1P 

enolase, and the ECM-, ECM-HCO3
--, ECM-substrate-forms of Gk-DK-MTP-1P enolase adopt 

loop-6 in an open conformation and 60’s loop in a closed conformation (Fig. 2-9A). However, if we 

focus on available crystal structures of other RLPs, a rule for loop-6 conformation can be found 

between primary and tertiary structures. The RLP structures of B. subtilis, C. tepidum, and R. 
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palustris, all of which have been solved as E-forms, show loop-6 in a closed conformation. And all 

three proteins conserve Pro at position 338 in Fig. 2-5, which is located at the carboxyl end of 

loop-6 (Fig. 2-9B). On the other hand, the corresponding residue is substituted with Glu in 

Gk-DK-MTP-1P enolase and loop-6 of the E-PO4
3--form of Gk-DK-MTP-1P enolase is in a 

disordered open conformation. These observations suggest that rigid constraints on the φ and Ψ 

angles on Pro at position 338 may stabilize loop-6 in a closed conformation, in the absence of any 

ligands. In Bs-DK-MTP-1P enolase, the interactions involved in two residues (Tyr306 and Arg313) 

on loop-6 and two residues (Arg350 and Asp351) on a neighboring helix (α7) also support to 

stabilize the closed conformation of loop-6 (Fig. 2-9B); however, these residues are not primary 

and structurally conserved in the other RLPs. Therefore, Bs-DK-MTP-1P enolase may have a 

tendency to adopt loop-6 in a closed conformation; this tendency is probably not common in the 

other DK-MTP-1P enolases, although several RLPs that conserve the residue Pro at position 338 

may have. 

 Unlike RuBisCO, loop at 37–46, equivalent to 60’s loop (residues 61–70 in RuBisCO), is 

positioned about 15 Å apart from the active site in Bs- and Gk-DK-MTP-1P enolases (Figs. 2-9A 

and 2-9C). This tendency can be seen in all structurally available RLPs. The primary structure of 

loop at 37-46 is less conserved within RLPs, and the conformation of loop 37–46 is mainly 

stabilized by the main chain hydrogen bonds (Fig. 2-9C and Table 2-3). Therefore, the unique 

conformation of 60’s loop in RLPs is not caused by RLP-specific amino acid residues on the loop 

at 37-46. On the other hand, in RuBisCO, 60's loop is partially disordered in the E-form and then 

becomes an ordered, closed conformation in the ECM- and ECM-ligand-forms (Fig. 2-9C). The 

ordered conformation of 60’s loop is stabilized by an N-terminal extension (at position 1–24 in Fig. 

2-5) of RuBisCO, where seven amino acid residues (Phe13, Lys14, Gly16, Val17, Lys18, Tyr20, 

and Tyr24) participate in the tight interaction with 60’s loop. Meanwhile, DK-MTP-1P enolases 
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lack the corresponding N-terminal domain (Figs. 2-5, 2-6B, and 2-7D). Thus, a lack of N-terminal 

domain may be one reason for the invariant structure of loop at 37–46 in DK-MTP-1P enolase.  

 

Figure 2-9 Structural comparison of the two loops equivalent to loop-6 and 60’s loop in 
DK-MTP-1P enolase and RuBisCO 
(A) The E-form of Bs-DK-MTP-1P enolase is colored in blue and the E-PO4

3--form of Gk-DK-MTP-1P 
enolase (PDB code: 2OEJ) is in yellow. The ECM-form of Gk-DK-MTP-1P enolase (PDB code: 2OEK) is 
colored in skyblue, and it is bound to 2,3-diketohexane-1-phosphate (DK-H-1P) (ECM-substrate; PDB code: 
2OEM) that is in dark cyan. (B) Enlarged view of loop-6 in Bs-DK-MTP-1P enolase and superpositions of 
loop-6 with C. tepidum and R. palustris. The side chains of those residues involved in hydrogen bonds or 
structural stabilization are shown as sticks with oxygen in red and nitrogen in dark blue. Hydrogen bonds are 
shown as orange dashed lines with the lengths indicated [Å]. (C) Superposition of each form’s DK-MTP-1P 
enolase and RuBisCO. Bs- and Gk-DK-MTP-1P enolases are in the same colors as in (A). The E-form of 
tobacco RuBisCO (PDB code: 1RLD) is shown in pink. The ECM-form of spinach RuBisCO (PDB code: 
1AUS) is in orange, and it is bound to 2CABP (ECM-2CABP; PDB code: 8RUC) that is in red. The side 
chains of those residues involved in hydrogen bonds on 60's loop of DK-MTP-1P enolase are represented as 
sticks. The color coding is the same as in (B). 
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Table 2-3 Hydrogen bonds on 60's loop in DK-MTP-1P enolase 

Active state Interacting atoms Distance (Å) 

E Trp42      O Ala44      N 3.1 

  Leu45      N 3.4 

ECM Trp32 (42)  O Ala34 (44)  N 3.1 

       Leu35 (45)  N 3.0 

                     Gln40 (50)  Nε2 3.2 

ECM-ligand Trp32 (42)  O Ala34 (44)  N 3.2 

          Leu35 (45)  N 3.1 

         Gln40 (50)  Nε2 3.2 

 

2.4.5 Structural comparison of loop-6 with a high CO2 fixation RuBisCO 

The gaseous CO2 and O2 are the competitive substrates in RuBisCO, the activity of which is 

characterized by the specificity factor, SC/O (= VCKO/ VOKC, where VC, VO and KC, KO are the Vmax 

and Km values for CO2 and O2, respectively). A thermophilic red alga, RuBisCO from Galdieria 

partita has the highest SC/O (238 at 25˚C) among the RuBisCOs reported so far (93). Unlike other 

RuBisCO structures, loop-6 in the closed conformation has been observed in the E-SO4
2--form of 

Galdieria RuBisCO (58). Thus, a tendency to stabilize loop-6 in the closed state may be related to 

the efficient CO2 fixation of RuBisCO. Structural comparison of loop-6 between Bs-DK-MTP-1P 

enolase and Galdieria RuBisCO revealed their structurally common stabilization. Galdieria 

RuBisCO has Pro339 at the carboxyl end of loop-6, which corresponds to the next residue of 

Pro312 in Bs-DK-MTP-1P enolase. The main chain carbonyl oxygen of Val332 (corresponds to 

Tyr306 in Bs-DK-MTP-1P enolase) forms a hydrogen bond with the side chain of Gln386 on α-7 

helix (Fig. 2-10). In RuBisCO structures, loop-6 appears to undergo the transition from the open to 
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the closed state by the changes in the φ and ψ angles of residues Val332 and Glu338 (Tyr306 and 

Pro312 in Bs-DK-MTP-1P enolase, respectively). Therefore, similarly positioned Pro (at the 

position 338 or 339 in Fig. 2-5) and hydrogen bonds between loop-6 and α-7 helix seems to 

stabilize loop-6 in the closed conformation.  

 In future work, the enzymatic activities of RuBisCO need to be measured in order to 

examine the effects of site-specific mutations, which have Pro at the position 338 or 339, or 

hydrogen bond network between loop-6 and α-7 helix. Additionally, the detailed X-ray structural 

analysis for these mutated enzymes will be required to explain how the stabilization of loop-6 in the 

closed state affects a high CO2 fixation. Based on these results, the creation of super RuBisCO with 

much higher SC/O, will take a new turn to realize the sustainable development on the earth.  

 

 
 

Figure 2-10 Structural comparison of loop-6 
Enlarged view of superpositioned loop-6 in Bs-DK-MTP-1P enolase (colored in blue) and G. partita 
RuBisCO (colored in red). The side chains of those residues involved in hydrogen bonds or structural 
stabilization are shown as sticks with oxygen in red and nitrogen in dark blue. Hydrogen bonds are shown 
as orange dashed lines with the lengths indicated [Å]. 
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Conclusion 

The study was undertaken for obtaining insight into structure-function relationship on enzymes of 

the methionine salvage pathway in Bacillus subtilis. Here the structural analyses of two enzymes 

(M1Pi and DK-MTP-1P enolase) are reported. Structural comparison with homologous proteins 

revealed the reaction mechanism and characteristic structural features to explain their functions in 

detail. These results would contribute to the knowledge of new reaction schemes and applications 

for higher CO2-fixation to establish a sustainable development on the earth. 

 In Chapter I, the purification and preliminary crystallographic studies of B. subtilis M1Pi 

(Bs-M1Pi) are reported. Additionally, the crystal structures of Bs-M1Pi in complex with its product 

MTRu-1-P, or a sulfate have been determined at 2.4 and 2.7 Å resolution, respectively. The electron 

density clearly shows the presence of each compound in the active site. Several high resolution 

crystal structures have become available for M1Pi homologous proteins in the Protein Data Bank. 

Although yeast Ypr118w has been characterized as M1Pi, three M1Pi-related proteins of T. 

maritima, P. horikoshii OT3 and A. fulgidus have been annotated as putative proteins of unknown 

function. The structural comparison with these homologous proteins enables to predict their 

functions and to explain how the substrate uptake of Bs-M1Pi may be induced by an open/closed 

transition of the active site. The highly conserved residue at the active site, namely Asp240 is most 

likely to be involved in the reaction mechanism as an acid/base catalyst. The structural analysis 

sheds light on its catalytic mechanism of M1Pi. 

 In Chapter II, the purification and preliminary crystallographic studies of B. subtilis 

DK-MTP-1P enolase (Bs-DK-MTP-1P enolase) are reported. The crystal structure of the apo, 

decarbamylated (E) form of B. subtilis DK-MTP-1P enolase (Bs-DK-MTP-1P enolase) has been 

also determined at 2.3 Å resolution. To date, the crystal structures of four different forms of 

Geobacillus kaustophilus DK-MTP-1P enolase (Gk-DK-MTP-1P enolase; 60% sequence identity) 
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have been reported: the PO4
3--bound decarbamylated form (E-PO4

3-), the carbamylated (activated) 

form complexed with Mg2+ (ECM), and the ECM forms complexed with bicarbonate 

(ECM-HCO3
-), or alternate substrate 2,3-diketohexane-1-phosphate (ECM-substrate). On the other 

hand, structures of RuBisCOs have been extensively studied for various forms; including E-, 

E-ligand-, ECM-, and ECM-ligand-forms. The structural comparison between DK-MTP-1P enolase 

and RuBisCO in the discrete catalytic steps, revealed that Lys150 (equivalent to Lys175 in 

RuBisCO) adopts an induced fit to the active site. This unusual conformational change appears to 

be induced by changes in the φ and Ψ angles of Gly151, which is well conserved in the sequences 

of Bs- and Gk-DK-MTP-1P enolases but not in those of RuBisCOs. As for the loop at 303-312, 

equivalent to the catalytic loop termed “loop-6” in RuBisCO, the loop possesses a closed 

conformation in the E-form of Bs-DK-MTP-1P enolase. The closed conformation is stabilized by 

Pro312, which is conserved in the sequences of several RLPs (equivalent to Glu338 in RuBisCO). 

Then, we discuss the common structurally stabilization of loop-6 between Bs-DK-MTP-1P enolase 

and a high CO2-fixation RuBisCO. 

 As the future work, the enzymatic activities of RuBisCO need to be measured in order to 

examine the effects of site-specific mutations, which lead to stabilize loop-6 in the closed 

conformation. Additionally, the detailed X-ray structural analyses for these mutated enzymes will 

be required to explain how the stabilization of loop-6 affects a high CO2 fixation. Based on these 

results, a new turn will began to create super RuBisCO with higher SC/O, realizing the sustainable 

development on the earth. 
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